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Abstract

Genetic maps of entire chromosomes are constructed on the basis of recombination

relationships between genes or anonymous DNA markers. Multipoint linkage analysis

determines the order of loci, the likelihood support for that order, and the distance in

centiMorgans between the loci. These maps enable chromosomal assignment and

regional localisation of genes for familial disorders. This information is applied to

genetic counselling of family members and represents the starting point for positional

cloning of the disease gene.

Multþint genetic linkage maps of human chromosome 16 were constructed in three

stages. Firstly, an integrated genetic and physical map covenng 99% of the

chromosome was developed (Kozman et al., 1992; NIH/CEPH collaborative mapping

group, 1992). This was followed by the construction of a high resolution PCR based

microsatellite map (Shen et al., 1994). Finally the CEPH consortium ffiâP,

recognised internationally as the ultimate map from the current CEPH database was

constructed (Kozman et a1.,1994). These genetic maps provide a firm basis for the

assignment and regional localisation of disease genes to this chromosome. I-ocalised

high resolution linkage maps were developed during the same period for specific

regions of the chromosome immediately prior to more detailed physical mapping.

Thes regions were targetted because they contained fragile sites (FRzll6B, FRAL6A)

or disease genes (CLN3, FMÐ (Kozman et a1.,1991; 1993; Mitchison et al., 1993;

1994). FRALíA was subsequently isolated (Nancarrow et al., 1994), and work

continues on the isolation of FRA16B, CLN3 and FMF.

A total of 191 polymorphic loci (79 PCR formatted markers, 102 classical RFLP loci

and 10 VNTR markers) were incorporated within these maps of chromosome 16.

Markers were genotyped on the panel of forty reference families made available by
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CEPH (Centre d'Etude du Polymorphisme Humain). Multipoint linkage analysis was

performed by the computer program packages LINKAGE and CRI-MAP.

The genetic and cytogenetic-based physical maps were constructed simultaneously as a

part of the process of map validation and refinement of map distance.

The goal of the human genome project addressed in this thesis, was the construction

of a genetic linkage map with a resolution of betwæn 2-5 cM by the year 1995

(Collins and Galas, 1993). The CEPH consortium map, with framework loci (loci

placed with odds of 1000:1 or greater) of resolution 2.8 cM, and resolution 1.6 cM

with all loci included, has easily achieved this aim for chromosome 16.
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1.1. Introduction

Like every organism, mankind owes its characteristics to the inherited b_lpe-pri¡1!,

!!l e9n"¡, !!9* nediqm- th.g-1¡gl,.w_fich_ living. olcanisms transmit genetic

information from one generation to the next. A genetic linkage map specif,res the

relative order of genes and marker loci along the chromosome and the distances

between them, as determined by recombination. Linkage mapping of Mendelian

diseases for which the gene product is unknown remains a pre-requisite for the

identification of the gene responsible for the disease. Linkage to a specific

i/ chromosome is detected when a genetic marker of known location is shown to co-

, segregate with a disease phenotype. The location of the marker allows the

position of the gene on the chromosome to be determined, leading to the eventual

isolation of the gene by focusing on that region of the genome. Once the gene is

isolated, the spectrum of genetic defects leading to disease pathology can be

determined from the study of affected families. Thus, the evolving human

genetic linkage map is an essential tool for the localisation and the eventual

isolation of many human disease genes.

The linkage approach can be powerful when applied to large families; however,

this strategy has been hampered in the past by the paucity and poor utility of

available polymorphic loci. This limitation is being removed, gs technofogy has

progressed in the last two decades to uncover numerous highly polymorphic

markers which are easily genotyped. When more than two loci are involved in

any mapping problem, ordering of genetic loci belonging to a linkage group, and

determination of distances between them, requires the analysis of joint

segregation. This presents a computational challenge. due to the mathematical

complexity in modelling genetic recombination with the exponential increase in the

number of possible multilocus genotypes and possible gene orders as additional

multiallelic loci are studied jointly. Methods for efficient multilocus analysis were

devised to meet this challenge.
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The aim of this project was to develop the multipoint genetic linkage map of

human chromosome 16. This linkage map, together with maps from all the other

chromosomes, will represent the linkage map of the entire human genome.

In this literature review a brief history of the development of human gene mapping

and linkage analysis will be presented. The evolution of genetic markers and the

establishment of a panel of reference pedigrees will be reviewed and their utility to

genetic mapping will be discussed. The role of human genetic linkage mapping in

human genome science will be .onrid"r.d, with particular reference to the Human

Genome Project and its contribution in furthering genetic linkage studies for

localising genes of unknown function. The methodologies involved in multipoint

linkage analysis will be reviewed and the status of the chromosome 16 linkage

map, at the commencement of this project, will be described. The review will

conclude with a description of the rationale for the research presented in the

remainder of this thesis.

1.2. Historical Review

The foundations of genetic linkage were discovered by Gregor Mendel in his

breeding experiments with peas, described in his famous paper in 1865. He

I
proposed thatt hereditary characteristics are determined by elementary units

transmitted between generations in a uniform, predictable fashionl Mendel's

achievement lay dormant until the turn of the century when it was rediscovered by

de Vries and Morgan, and Mendel's laws received the plaudits that they deserved.

The laws formulated by Mendel are the fundamental principles of genetics. The

first law states that alleles for different characters segregate in families (law of

segregation), and the second law states that genes are inherited independently (law

of independent assortment). The second law is true if genes are not linked;

linkage was subsequently discovered and is now utilised for building genetic maps.
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In 1911, Morgan suggested that genes are linked as a result of being carried on the

same chromosome. The alleles of genes which were closer would be inherited

together more frequently than those of genes more distant from one another. The

chiasma frequency increases proportionately to the distance between loci. The

first notion of a genetic map was documented when, from Morgan's postulations,

Sturtevant (1913) proposed that it should be possible to map genes in linear order

using the frequency of recombination as an index of relative position on the

chromosome. He determined the relative position along a chromosome of five

sex-linked genes in Drosophila melanogaster. This was the f,rrst multilocus map to

be reported, and has since been proven to be remarkably accurate (Crowe, 1988).

Soon after, a genome map of D. melanogmter was established, when Bridges and

Morgan reported the second and third maps of this organism (Bridges and

Morgan, 1919; L923; Morgan et al.,1925)-

Progress in human gene mapping was slow, since humans cannot be

experimentally manipulated, and specifred genotypes cannot be constructed to test

hypotheses. The scarcity of large families with known phase in the informative

parent(s) was another major diff,rculty, as was the deficiency of informative

genetic markers. These analytical problems were addressed by a number of earlier

investigators, who proposed a variety of mathematical approaches to analyse the

linkage relationship between two loci (a two point linkage analysis) in human

pedigrees. More recently, the lack of informative markers was overcome by the

discovery of highly polymorphic genetic markers.

penrose introduced the sib-pair method of analysis in 1935. The principle of this

method is that if tinkage exists between two conditions, examination of large

numbers of pairs of siblings with these conditions would show an excess of cases

where the siblings are similar in both characters, over those cases in which the

siblings are similar for one character a¡rd dissimilar for another. At the same
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time, Fisher (1935), proposed the hrst likelihood approach in linkage analysis and

developed a maximum likelihood scoring procedure in the form of u statistics.

I-ater Haldane and Smith (1947) applied Bayes Theorem to linkage analysis and

developed the probability ratio test, where the ratio is the probability of a specified

value of the recombination frequency, O given the data, divided by the probability

of independent assortment (O : r/z)-

In order to allow additivity of scores among families, the decimal logarithm of the

probability ratio (L(O)) was used; hence the term lod (log odds) score (Z(O)), as

introduced by Barnard in 1949.

z(e) : loslo L@)lL(Vz).1. e.

The best estimate of O is when Z(O) is at its maximum. Because of a variety of

complicating factors such as incomplete penetrance, missing data, and unequal

male and female recombination values, the lod scores of modern genetics are

rarely calculated manually, and computer programs have been designed to perform

these arduous tasks (see Section 1.6.6).

In 1955, Morton proposed a method of two point linkage analysis involving a

sequential test. This combined the advantages of Fisher's u statistics and the

probability ratio test of Haldane and Smith, and Barnard. This test involved

collecting data from separate families sequentially, until there was sufficient

information to accept or reject the hypothesis of linkage. The end point of this

sampling was defined in terms of the risk of falsely detecting linkage (Type I

error) and the risk of falsely not detecting linkage (Type II error) (Morton, 1955;

Conneally and Rivas, 1980). Morton suggested certain criteria for linkage,

designed to help the researcher decide if the test of an hypothesis of linkage was

significant of not. Lod scores (decimal log of the probability ratio as developed

by Haldane and Smith (1947) and Barnard (1949)) were accumulated over

families; if the total is 3 or greater, Morton concluded that the frequency of
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recombination is signifrcantly less than Vz (i.e. the two loci are linked); if the total

is -2 or less, he concluded that the frequency of recombination is significantly

greater than the value of O for which the lods were calculated, i.e. linkage can be

ruled out at that value of O or less. If the total lod score lies between -2 a¡d 3, no

conclusion can be drawn, and more dat¿ needs to be accumulated.

Another method proposed for linkage analysis was the general approach of Elston

and Stewart (lg7l) which allows the likelihood estimation for pedigrees of greater

complexity, using maximum likelihood estimation and likelihood ratio test

procedures. They presented a recursive method, the Elston-stewart algorithm, lor

fast and exact calculation of pedigree likelihoods.

These above methods were applicable to two point analysis only, and linkage

analysis was carried out for a disease gene versus a marker locus, as a sequence of

two point analyses. The computer program LIPED was developed, implementing

Morton's concepts and the algorithm of Elston and Stewart (Ott, 1974; 1991)' to

perform a two point linkage analysis on any number of families of arbitrary size

and structure.

1.3. DNA Polymorphisms

Genetic mapping advanced dramatically when the hundred or so cell surface

antigen and isozyme markers (Race and Sanger, 1968; Harris et al., 1977) were

supplemented by Restriction Fragment Length Polymorphisms (RFLPs), of which

there are many (Botstein et a1.,1930). RFLPs are genetic loci def,rned by cloned

DNA segments which can represent genes of known specihcity, or represent

anonymous non-coding sequences. These common polymorphisms in the DNA

sequence provided sufficient amount of DNA sequence variation among

individuals to allow the systematic study of linkage in humans. Botstein et al.

proposed that using RFLPs, it would be feasible to construct a complete linkage

map of the human genome. Linkage analysis was revolutionized, and human
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genetics revitalised. They suggested that a genetic map of the genome could be

developed with just several hundred polymorphic loci. Such a map could be used

to position disease genes within the human genome.

With the discovery of RFLPs, a great interest developed to analyse the linkage

relationships of three or more loci simultaneously (multipoint linkage analysis).

Consequently, more efficient methods of analysis also had to be developed

(Section 1.6) for estimating the linkage distances and gene orders of all markers

simultaneously.

Within seven years of the discovery of these markers, sufficient RFLP loci had

been identified to generate the first multipoint genetic linkage map, of the human

genome, covering approximately 95% of the genome (Donis-Keller et al., 1987).

This increased the efficiency of the localisation of genetic loci causing diseases

where there was no prior knowledge of the function of the responsible genes.

polymorphic loci must have high heterozygosity for efficient linkage mapping, and

although systematic screening of the human genome has revealed that RFLP loci

are abundant throughout the genome (Willard et al., 1986), many of them show

only moderate heterozYgositY.

Another source of polymorphisms was discovered by Jeffreys et al., (1985) and

Nakamura et aI., (1987). These were regions containing tandem repeats of short

DNA sequences called variable number tandem repeats (VNTRs), or mini

satellites (Jeffreys et al., 1985; Nakamura et al., 1987). These were identified

with GC-rich oligonucleotide probes derived from previously identified

hypervariable regions in the genome found within the myoglobin, insulin and a

and r globin genes @owcock and Cavalli-Sforza, 1991). VNTR markers were

good for linkage mapping since they were more polymorphic then their less

heterozygous counterparts, the common RFLPs. However, it was soon discovered

that they were non randomly distributed with greater concentration at the telomeric

regions (Armour et al., 1989; Royle et al., 1988; Nakamura et al., 1988). Using
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a combination of RFLP and VNTR loci, the next genetic map for the entire

genome was developed (NIH/CEPH Collaborative Mapping Group, 1992).

Further advances in molecular biology lead to the isolation of many microsatellite

repeat elements known as simple tandem repeats (STRs). A microsatellite is a

genomic sequence that consists of a mono-, di-, tri-, or tetra- nucleotide repeated

in multþle tandem copies. Although microsatellites containing all nucleotide

combinations have been identified, the class found most commonly in mammalian

genomes contains a (AC)n.$G)n dinucleotide repeat, and is often referred to as

an AC-repeat. The high density of AC-repeats (50,000 to 100,000 copies in the

genome) and their random distribution throughout the genomes of a variety of

higher eukaryotic species (they are now known to occur on average every 20-60

kb, (Bowcock and Cavalli-SforzÃ et al., I99l; Staltings et al., 1991)), was first

demonstrated a decade ago (Hamada et al., 1982). In 1989, Weber and May

found va¡iation in the AC-repeat number among alleles at 90% of microsatellite

loci examined and developed a method for typing polymorphic microsatellites by

pCR. They also proposed that in general, the longer the AC repeat, the greater

the probability it is polymorphic, and the greater its heterozygosity is likely to be.

Many tri- and tetra-nucleotide repeats have also been shown to be polymorphic

(Economou et a\.,1990; Hoffman, 1994).

These highly polymorphic loci, abundant and ubiquitous throughout the genome,

were thus exploited for genetic mapping by assay using PCR and DNA sequence

gels (Weber and May, 1989; Litt and Luty, 1989). There is no need for cloning

of probes, Southern blotting or hybridisation, and results can be obtained

relatively rapidly compared with Southern analysis. Many of these PCR formatted

markers now exist as primer sequences and have been incorporated into high

resolution genetic maps (Wiessenbach et al., 1992; Gyapay et al., 1994; See

Section 1.5). Not only are microsatellites useful as anonymous loci but the

presence of these tags in regions adjacent to coding sequences allows the
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incorporation of functional genes into genetic linkage maps (Weber, 1990). The

density of AC-repeats is so great that any gene will have a microsatellite nearby

that can be used as a tag or marker for that gene. For example, a dinucleotide

repeat has been identifred within intron 7 of the ALAS2 gene on the X chromosome

which has subsequently been incorporated into a genetic linkage map of this region

(Cox et at., 1992). Similarly, a polymorphic dinucleotide repeat has been isolated

from withintheACTN2 gene on chromosome 1, and was then incorporated in the

linkage map of chromosome 1 (Beggs et al., 1992).

Microsatellite loci have a higher frequency of mutation than RFLPs with estimates

ranging from 10-3 to 10-5 per locus per gamete per generation (Kwiatkowski ¿r

al., 1992). The mutation rate of the 814 microsatellite markers studied by

V/eissenbach et at. (1992) was 0.1%, a greater mutation rate than that for the

mutation prone DMD gene (Hoffman, 1994). As a consequence, microsatellite

markers have a higher level of variation than RFLPs. This mutability could

generate problems in family linkage studies when mutation leads to an apparent

departure from Mendelian inheritance, and particularly if an allele being followed

is converted to a different allele compatible with Mendelian segregation in the

family, causing misinterpretation of the linkage data.

Primer sequences used to detect STR polymorphisms represent STSs on high

resolution genetic maps. These STSs can be easily placed on YACs and YAC

contigs. This allows placement and orientation of YACs along the chromosome

and contributes to the development of the contig map of the human genome' an

essential foundation for determination of the complete DNA sequence of the

human genome - the ultimate genome map.

1.4. CEPH

The availability of a collection of common reference pedigrees and a shared

genotype repository has facilitated the development of genetic maps. The Centre
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d'Etude de Polymorphisme Humain (CEPH), established in 1984 by Jean Dausset

and Daniel Cohen to hasten construction of a primary genetic map of the human

genome (Botstein et al., 1980), provides high quality genomic DNA produced

from cultured lymphoblastoid cell lines derived from each member of a reference

panel of forty large nuclear pedigrees (517 individuals) and a database contributed

to and shared by the collaborating investigators. The object of CEPH was to

maintain a genotype database that is distributed regularly, and sponsor the

construction of consortium linkage maps @ausset et al., 1990). Since

collaborators use the same reference panel of families, data generated by one

group can be used by others to detect new linkages, and to construct reference

maps. A key premise of the CEPH collaboration was that the human genetic map

will be more efficiently achieved by collaborative research on DNA from the same

set families.

The consortium maps, one for each chromosome, will be based on all genotypes

determined from the CEPH families, and will represent the ultimate validation for

the genotypic data in the CEPH database. Each consortium map will be prepared

by a committee of collaborating investigators who have contributed genotypic data

for markers localised to the particular chromosome. The consortium maps will

provide the basis for localising genes that determine diseases and other genes of

ínterest

1.5. The Role of Human Genetic Linkage Mapping and the Human Genome

Project.

Detection of linkage is the hrst step toward the identifrcation of a gene for

monogenic disorders if the gene product is unknown. Flanking markers for a

disease gene on a genetic map can allow afflicted families to benefrt from carrier

detection, presymptomatic diagnosis, or prenatal diagnosis during the period

between the detection of linkage and the identification of the gene. These flanking
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markers can also be used for positional cloning of the gene, which is the starting

point for understanding the biology of the disease and for designing therapies

where this is possible. The major disease genes isolated by positional cloning

include Duchenne muscular dystrophy (DMD) (Koenig et al., 1987), cystic

fibrosis (CÐ (Dean et al., 1989), fragile X syndrome (Verkerk et al., 1991),

myotonic dystrophy (DM) (Brook et al., 1992), tuberous sclerosis QSC2)

@uropean Chromosome 16 Tuberous Sclerosis Consortium, 1993), Huntington's

Disease (¡/D) (the Huntington's Disease Collaborative Research Group, 1993)'

and polycystic kidney disease (PKDI) (The European Polycystic Kidney Disease

Consortium, l9g4). Maps with greater resolution may even enable "polygenic"

and "multifactorial diseases" to be mapped and resolved into genetic and

environmental components in the future (Sefton and Goodfellow, 1992).

The progress of construction of human genome maps in the past two and a half

decades has been spectacular. The first gene assigned to a human autosome was

the Duffy blood group locus to chromosome 1 in 1968 (Donahue et al., 1968)'

With the introduction of molecular probes exploiting DNA sequence variation, an

exponential increase in the number of mapped loci and genes resulted, and by

Iggl, more than 10,000 loci were defined by DNA markers and 1524 cloned

genes were identified (williamson et aI., 1991), and genetic maps of the human

genome wefe constructed (NIH/CEPH collaborative mapping group' 1992;

'Weissenbach et aI., 1992).

The medical, biological and technological benefrts that will accrue from detailed

maps of the human genome have prompted a political enterprise to "map" the

human genome. The initiative has been named the "Human Genome Project"- It

is an international effort, designed to fulfil three main goals, the ultimate goal

being to determine the DNA sequence of the human genome.

The goals are:
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(i) The construction of high resolution tinkage maps containing highly

polymorphic loci (called simple tandem repeats, STRs; see section 1.2),

with average spacing of 2.5 cM, within the first five years (from 1991 to

1995) (Collins and Galas, 1993).

(ii) The construction of a high resolution physical map of the genome

containing large segments (2,000 Kb) of contiguous cloned DNA

(Hoffman, 1994), and a complete STS map at a resolution of 100 Kb

(Collins and Galas, 1993).

(iii) Utilisation of (i) and (ii) above for achieving the ultimate goal, the

determination of the complete DNA sequence of the human genome

(Collins and Galas, 1993). This will enable all genes to be located on the

genome and be incorporated into the genetic and physical maps. One of

the more important reasons to do this is to understand human diversity,

both normal variation and that responsible for inherited diseases.

Since the Human Genome Project was initiated, international efforts have been

launched to systematically develop a high resolution Senetic map of the human

genome. Twenty seven genetic linkage maps based on STRs markers have already

been published (Iable 1.1). Although the resolution of most of these maps has not

reached the first five-year goal of the Human Genome Project, the highly

polymorphic loci on these maps have already been useful for the localization,

isolation and characterisation of disease genes. The maps of chromosomes 15, 16,

21, and the X chromosome have an average genetic distance of 3.5, 3.2 ,2.5 and

3.8 cM respectively. As the recently released Genethon markers (Gyapay et al-,

lgg4) are integrated into the previously published STR maps, the resolution of the

other single chromosome maps will approach the 2.5 c}r/. 1995 goal. A prediction

is that 1995 will see the publication of a map containing 5,000 - 10,000 highly

polymorphic, easily characterised PcR-based markers (I-athrop, 1994), with a

conservative estimated average interlocus resolution of between 0.7 cM and 0.3



Table L.l: Simpte Tandem Repeat (STR) maps gencratedfor specffic chromosomes

Chromosome Reference Number of STRs

Chromosome 1

Chromosome 3
Chromosome 4
Chromosome 5
Chromosome 6
Chromosome 8
Chromosome 9

X Chromosome
Whole genome

Chromosome 9q
Chromosome9q34
Chromosome 10
Chromosome 11
Chromosome 12
Chromosome 13
Chromosome 13q
Chromosome 14
Chromosome 15
Chromosome 16
Chromosome 17
Chromosome 18
Chromosome 20
Chromosome 2L
Chromosome 22

Engelstein et a1.,1993
Schmidt et a|.,1993; abst.
Mills ¿r a1.,1992
Weber et aI.,l99l
Wilkie et aL.,1993
Tomfohrde et al., L992
Wilkie et a1.,1992
Attwood et aL.,1994
Kwiatkowski et al., 1992
Henske et al.,1993
Decker et a1.,1992
Lltt et al., 1993
Dawson et a1.,1993
Petrukhin et al.,1993
Bowcock et aI., 1993a
V/ang and Weber, 1992
Beckman et a1.,1993
Shen ¿/ al., 1994
O'Connell et aL.,1993
Straub et al.,1993
Hazan et al., 1992
Mclnnis et al.,1993
Buetow et a1.,1993
Vallada et al., 1994
Donnelly et al., 1994
Weissenbach et al., 1992
Gyapay et al., 1994

38
40
16
13
11
22
10
59
t4
r6
10
25
.r1

2L
12
9

55
81

4
t4
26
43
24
l4
62

813
2066
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cM (assuming a genetic map length of the human genome of approximately 3,300

cM (White et al., 1985)). This will be an important resource for the study of

genetic diseases, and a significant advance for the human genome program. These

high resolution genetic maps will enable disease genes of unknown function to be

easily mapped to regions of the genome, initially for application to genetic

counselling, and ultimately for gene identihcation by positional cloning'

1.6. Methods of Multipoint Linkage Analysis

1.6.1. Geneml intrcduction: ídea and theory

Over the last century, ñâp making has been transformed from a relatively arcane

pursuit (Sturtevant, 1913) to an intensive, highly collaborative process. This

achievement has been enhanced by the assembly of the panel of CEPH reference

pedigrees, the organisation of an international collaboration, and by the

propagation of many new highly polymorphic STR markers. The development of

statistical methods for linkage calculations, embodied in computer programs

(I-athrop et al., 1985; I-ander and Green, 1987; Green, 1992; Lander et al',

19gZ), and the availability of more sophisticated, high speed work-stations for

computation has further enhanced the assembly of whole chromosome, high

resolution genetic maps containing many markers (White et al., 1990; Dracopoli

et al., l99I; Spurr et al., 1992; Bowcock et al., 1993a; 1993b; Attwood et al',

1994; Table 1.1).

Linkage analysis originated for application to pairs of unassigned loci, as a

sequence of pairwise (two-point) comparisons between a trait locus and each of a

number of marker loci. For each comparison, the trait locus versus the ith
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marker, or marker versus marker, lod scoresl are computed and combined over

families. Dramatic increase in the availability of informative genetic markers

stimulated the search for more efficient methods to construct a human genetic

map. The method of multipoint linkage analysis was devised. Early contributions

to the development of the technique of multipoint linkage analysis of three of more

loci include those of Renwick and Bolling (197I), Cook et al., (1974), and

Meyers et al. (1975, 1976). In contrast to the methods of traditional two-point

linkage analysis, multipoint linkage analysis involves the simultaneous estimation

of linkage between three or more loci, making a considerable difference to the

efficiency and precision of estimates of the recombination frequency, and to the

estimates of support for gene order (White, 1985). The consideration of multiple

loci concurrently is more efhcient than the traditional two-point analysis (I-athrop

et al., 1984), or even three-point analysis, in estimating the recombination

fraction, since different branches within families wilt be informative for different

subsets of loci, allowing the accumulation of information on genetic locations from

all the available data. As shown by Thompson (1984), "three point data provides

more information, particularly with regard to the problem of ordering the loci";

where individuals informative for all three loci are observed, information is lost by

summarising the data in pair wise-form (I-athrop, 1994). I-athrop et al. (1985)

calculated the relative efhciency of 3-locus versus 2-locus estimates of

recombination fractions and found, making no assumptions on interference, that

three point data can be over five times more efficient, thus requiring less than 1/5

the number of observations than two point for the same precision. The

The most familiar lod is
z(q : los10 L(9),

L('.h)

where L(O on a given pair of loci ryhen the recombination

value is O m value of Z(O), say Z(O) gives the rnaximum

likelihood th statistical signif,rcance when Z > 3, Z < -2

suggests no linkage and a value between -2 and 3 is suggestive of linkage.

1
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examination of multiple loci simultaneously also provides powerful linkage

evidence for locus order by reason of the drastically reduced likelihood of close

multþle exchanges providing good evidence for the elimination of most of the

possible locus orders (White, 1985).

The process of multipoint linkage analysis involves three stages:

(i) the detection of linkage groups'

(ii) inferences regarding the order of the loci along the chromosome, and,

(üi) estimation of the genetic map distances, based on recombination

frequencY, between the loci.

If there ate n loci there are potentially nl/2 distinct orders to be considered.

However, the biologically natural choice among these orders is that order which

satisfres the maxim that recombination between flanking markers is greater than or

equal to that between adjacent loci. Thus, the choice is the ordering of the loci

where the frequency of the higher order recombinants are all less than the

frequency of the lower order recombinants, and so eliminating many of the n!/2

possible orders. It can be seen that there is a necessity to develop more

sophisticated techniques to perform linkage analyses, and develop computer

programs to automate the task.

The statistical property of liketihood is used to determine the locus order and the

recombination fractions for a set of loci. This involves the methods of likelihood

ratios and maximum tikelihood estimarlon (Fisher, 1935; Haldane and Smith,

1947; Morton, 1955; Ott, 1991), and utilises mathematical mapfunction¡ such as

those proposed by Haldane (1919) and Kosambi (1944). Computer programs have

been written to perform multipoint linkage analysis, combining relevant

informatioir from all families to determine the most likely order of loci and to

evaluate the maximum likelihood estimate of the recombination fraction between

the loci (I-athrop and I¡.louel, 1988). There are other types of statistical methods
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used for linkage analysis, for example sib-pair analysis, but these are not relevant

to this thesis

1.6.2. Likelihood, tíketihood tutios, and marùnum líkelihood estímales

Hypotheses are verihed on the basis of observations. The statistical quantity that

seems most suited to serve as a measure for testing a particular hypothesis based

on the observations is the tiketihood (Fisher, 1970 Edwards, 1984). The

likelihood, L, for a hypothesis fl given a set of observations F is def,rned as the

probability,

L(IÐ : P(F;IÐ,

with which the observations have occurred. The odds in favour of one hypothesis

(Hg) over another (H1) are expressed as a likelihood ratio'

n : L(Ho)/L(H1).

The two hypotheses being considered most commonly in a linkage analysis are an

hypothesis of free recombination (Hg), and an hypothesis of linkage (Ht). They

represent two distinct observations, def,tned through the value of the recombination

fraction, free recombination corresponding to Q : r/z and linkage corresponding

to O < Vz. That is, a set of loci are linked as compared to the alternative of not

linked. Typically in a linkage analysis, one wants to determine either the order

and recombination frequencies between a set of loci, or place an additional locus

on a predefined map. Once the most likely order is determined using the

likelihood ratio statistic, the recombination frequencies are estimated using the

method of maximum likelihood estimation.

To determine the order of a set of loci and estimate the recombination fractions

between them, the probability that a specific order would have given rise to the

observed data, is computed. This probability is called the "Iikelihood of the map" .
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Consider a situation where there is a cluster of loci whose order is not known; that

is, the hypotheses of interest may be different locus orders. The best order among

the possible orders, given a set of loci, is determined by calculating the likelihood

for each order, and by comparing the maximum likelihood order to that of

alternative orders - that is, the likelihood ratio statistic, or odds ratio. Clearly,

different locus orders generally tead to different recombination fraction estimates

between loci. If Ll ürd 12 are two maximum likelihoods under two different

orders, then the likelihood ratio, or the odls, of order I versus order 2 is given

by;

Rl : LtlÍC,

or R1:1.

I-arye odds (odds greatef than 1000:1, as discussed in Section 1.6'3) is firm

evidence for the rejection of a given alternative order, and increases our

conhdence in the inferred map. Thus, the "best" map is the map with the highest

likelihood, and the ratio of the tikelihoods between two maps provides a simple

measure of how much "better" one fits the data than the other. Interpretation of

the statistic, however, is hampered by the lack of distribution theory that could

lead to the calculation of significance levels. The standard theory of the

asymptotic distribution of the likelihood ratio statistic does not apply to the

comparison of orders, because the parameter spaces are often multimodal, ild

may have the same dimension under the different alternatives (Lathrop et al.,

1987).

The hypotheses considered above (Ho and Ht) contain parameters, the

recombination frequencies, whose values are unknown and need to be investigated.

The method of maximum likelihood estimation is a standard statistical procedure

where the maximum likelihood estimate (MLE) of O, â, (the recombination

fractions of the hypothesis, H1), of the likelihood function L(e), are determined;



20

the values chosen for the recombination rates are those that maximise the

maximum likelihood function, ,þ¡ 1*,nron, lg94). The method assumes a

fixed order for the marker loci. Maximisation is performed by taking the first

derivative, dLld}, of L(O), with respect to O, and setting it equal to zero. 'When

the likelihood equation, dllde : 0 is solved for O, it results in the MLE, ô. As

a general rule, in complex multipoint analyses, the likelihood cannot be maximised

anatytically, and will generally be solved numerically by varying the values of the

parameters of interest until an approximate maximum is found.

Other situations are oftern encounted in linkage problems (Keats et al., 1989), and

are outlined below. Suppose there exists a sequence of n loci of known order

1,2,3,...,n, where the distance between locus i and locus7 is given Uy OU' The

multþint likelihood function for this map of loci is given by:

L(O12, A2j, O j4,...,4 ¡n-ly).

Supposing the mutual distance, the MLEs, between each of these loci is to be

established, then

R2 :L(O7 2, O23, A34,...,Q ¡n-l¡n)

L(r/2, Vz, '/r,..., Vr)

is the odds ratio, providing a measure of support for linkage (H1) at a distance of

O' as opposed to no linkage (Hg) (A:t/z).

Alternatively, it may be necessary to determine the position of a locus, relative to

a map of loci, and estimate its distance, x, in that position. This is performed by

placing the additional locus in various positions on the map formed by the other

roci, estimating the MLE, ô, fo, each position, and comparing the likelihood for

each. That is:
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R3 L(x, A23, A34, ..,4(n-I)r).

L(Vz, A23, e34, ,e ¡r-lp)

In this instance, R3 is the likelihood odds ratio of the locus being on the map with

fixed distance x, against the locus not being on the map at all.

Taking the decimal logarithms of R2 and R3 leads to the multipoint lod scores

corresponding to the above situations. That is;

L2 :1og1gß2), and 23 : log16(R3).

23 is analogous to the situation of ordinary 2-point lod scores, as one parameter

(map distance) is required to be estimated (Cook,19741, Keats et a1.,1989). The

critical values of these multipoint lod scores for autosomal analyses are as

proposed by Morton (1955), for two point analysis, where:

-2<Zi<3.

If the localization of a test locus relative to a map of loci is considered, another

transformation of the likelihood ratio, R3, called the location score (I-athrop et

al., 1984), is often performed. That is:

S(x) : 2ln(R3),

or a simple multþle of the lod score above,

S(x) : 2ln(10)23: 4.623

The location score provides a measure of the relative likelihood that the test locus

is located at a specified point on the genetic map, versus the relative likelihood of

that locus not being located on the predefined map. If the value of the location

score is at its maximum, it represents the most likely location of the test locus.



22

Asymptotically, the random variable, S(x), follows a chi-square distribution with 1

degree of freedom for large samples (Ott, 1991).

1.6.3. Críteria for línløge maps

In order to achieve the goal of the Human Genome Project (Section 1.5, (i) the

construction of a linkage map using highly informative STR markers, with

resolution of 2 - 5 cM), a set of criteria for genetic maps and markers were

established. Markers that meet the specif,rc criteria need to be found throughout

the genome at regular intervals and incorporated onto the genetic and physical

maps (Skolnick, 1991). Linkage maps are defined by locus order, interlocus

distances and statisticat support for marker location(s). The most important

criterion for maps is that genetic markers be unambiguously ordered.

Unambiguous order may be established by either linkage or physical methods.

When a multipoint linkage map is reported, genetic distances between loci are

generally given in terms of map distances (cM) and the recombination fraction

estimates (O) are not given (Keats et al., 1989).

The International System for Human Linkage Maps, (ISLM, 1990) (Keats et al.,

1991) formulated four measures of statistical support for marker locations, each

defined by loglg (LllL2), where L1 and þ represent the maximum likelihood

functions of each of the situations indicated below for each specified type of

support described below, depending on the hypotheses considered. In each

instance, significant support for an hypothesis is reached if:

1os10 &11t2) > 3

That is, the support for various positions, x, of a single locus, relative to a map of

loci can be expressed as a map-specific multipoint lod score. This corresponds to

a likelihood odds ratio (for example R1, R2, and R3 described above) of at least

1000:1 or greater.
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1. Globat Support is a measure of support for a locus belonging to a linkage

group. In this instance, L1 is taken as the maximum likelihood when the locus is

present on the map, and LZ it the maximum likelihood when the locus is not on

the map. "Defrnite" linkage of the locus to the map of linkage loci is said to be

established when global support is 3 or greater.

2. Interval support is a measure of support that a locus is in a specilted interval on

the map, where L1 is the maximum likelihood with the locus in that interval and

IC i" the maximum likelihood with the locus in any other interval. If interval

support is greater than or equal to 3, then the locus is more likely to be in that

corresponding interval over any other interval on the map. I-oci with interval

support of 3 or greater are termed framework loci and a map of framework loci is

a fromework map (Keats et al., 1991). Framework maps are of low resolution

with high support for the order of framework loci, each uniquely placed with a

map specihc multþint lod score support of 3 or greater (odds 1000:1 in favour of

that specific location over next best localization). Conversely, compreherxive

nnps 
^re 

of high resolution with low local support for the order of loci as they

consist of all syntenic markers, the comprehensive loci. These are placed in their

most likely location regardless of the level of support. Desirable framework loci

are those that are evenly spaced, highly informative, easily assayed, and with well

established physical locations. A map of highly polymorphic, well spaced

framework markers provides the basis for the assignment of genes to chromosomes

whereas dense maps of comprehensive markers are useful for precise regional

localization of additional loci, especially disease genes.

3. Support for order. In this situation, L1 is the maximum likelihood for the best

supported order arrd 12 is maximum likelihood for any other order. As for the

above, an order is said to be signifrcantly favoured over alternative orders if the

support for order is 3 or greater (odds of 1000:1 in favour of one order compared

with alternative orders).
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4. Generalized Lod Score. A fourth form of multilocus support is Generalized

support or generalized lod score, i.e.

log (L1lLg) : log L(Ao,....,On-1,¡),

L(Vz, ....Vr)

where O¿7 is the recombination fraction between loci i and j. Generalized support

provides evidence that a set of loci form a linkage group, where L1 is obtained as

the maximum likelihood under the best supported order {rd 12 is the likelihood

obtained by assuming all loci are unlinked. This is the lod score, þ, ftom

Section 1.6.2 above.

1.6.4. Interference and map functíons

Multilocus linkage analysis involves the construction of a linea¡ genetic map from

recombination data, and requires assumptions about the mathematical relationships

between map distance, expressed in Morgans (units of cross-over), ild

recombination frequency, thus defining a mapping function.

If multiple cross-overs between two loci can be excluded, that is, the model of

complete interference2 over small distances is assumed, then the relationship

between the recombination fraction (e) and the map distance (x) is linear (also

known as Morgan's map function; Morgan, 1928).

O:X

This relationship also holds if the loci are close, and the simplest method of

determining map distances among the loci is to estimate the recombination fraction

in each interval of adjacent loci, and the map distance between two more distant

2. Interference is the frequent observation that recombination events do not occur independently

of each other on ch¡omosomes. Specifically, the occurrance of one chiasma reduces the

chance that a second chiasma will form nearby, so that the second chiasma occurs at a lower

frequency than could be ¿ttribulable to chance alone.
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loci can be obtained as the sum of map distances in the intervals between these loci

(Sturtevant, 1913). However, as the distance between loci increases, the linear

relationship between the map distance and recombination fraction can no longer be

assumed, and a mapping function is required.

Two mapping functions will be considered in this thesis. The first mapping

function was derived by Haldane in 1919, based on the assumption of no

interference. He expressed the distance between two loci as:

or

x : -Vz[1n(1-2O)], for0 < A 1 Vz,

A : Vz (1-e2x¡

In 1944, Kosambi derived a mapping function, the one generally used for human

genetic studies (Conneally and Rivas, 1980), based on assumptions of marginal

interference:

x :t/+ 1n[(1+2O) l(L-2q]

A:Vz (e4x-1)/(e4x+1).or

Interference is known to occur in humans (Weeks et al., 1993), and there has been

a continuing debate regarding what level of interference should be incorporated

into multipoint linkage analyses. The assumption of no interference is made for

multipoint linkage analysis because it greatly simplihes the development and

application of multipoint analysis programs and simplifies the computation of the

probability of transmitting a gamete from parent to child. The fact that the degree

of interference can vary according to chromosomal location (White and I-alouel,

1986) represents a further complication. If the markers in the map are ordered

with certainty, and the distances between adjacent loci are less than 10 cM, then

the assumption of no interference will have little effect on the estimation of map

distance, and omission of interference increases the efficiency of analysis.



26

However, if the markers in the map are not ordered, or not ordered uniquely, then

ignoring interference may reduce the power to resolve the correct order (Weeks er

al.,1993).

When interference does exist between loci, and the recombination is estimated

assuming the absence of interference, these estimates are biased. The bias is well

within the error range of recombination estimates for the relatively small sample

sizes currently used in human studies (I-athrop et al., 1985; V/hite and l-alouel,

1986). As more loci are mapped, the genetic distance between adjacent loci will

get smaller, and the bias of not incorporating interference will be reduced, further

supporting the validity of the assumption of excluding interference in multipoint

linkage analyses.

The effects of ignoring interference on estimates of recombination fraction were

studied in greater detait by Bishop and Thompson (1988). These authors showed

that, for gametes from phase-known triple heterozygotes, no bias in the

recombination fraction for adjacent loci results from the assumption of the lack of

interference even if interference is present, although for samples from pairwise

informative data, there is bias introduced. Consequently, when data are analysed

jointly at multiple loci, the effect of disregarding interference in estimates of O

can be expected to be negligible (Ott, 1991).

Morton et aI. (1986) provide a contrary view that maps constructed on the basis of

no interference may lead to the exaggeration of the effects of multiple

recombination, resulting in the inflation of map distances. As a consequence, the

error in genetic risk estimation when flanking markers are used in genetic

counselling is exaggerated, the power to distinguish alternative orders is reduced,

the likelihood of the multipoint data is falsified, and the genetic map is spuriously

nonlinear (Morton et al., 1986; Pascoe and Morton, 1987; Morton, 1988).

Morton (1988) concluded that for efficient use of multipoint data to determine

locus order and map distances, it would be necessary to consider the occurrence of
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a

interference between chiasmata. 
'When Haldane (1919) introduced the assumption

of no interference, it was generally understood that the fit to genetic data was

poor. However, no multþint mapping program incorporating the phenomenon

of interference had been devised, ild in the absence of such a program these

biased estimates would suffice for estimating genetic locations (using Haldane's

map function). Morton (1988) states that current maps should be treated as

provisional, with a strong likelihood of errors in recombination estimates and

locus order. while many mistakes will be resolved by high resolution mapping,

the effect of technical efïors must increase with resolution. under an interference

model the impact of technical errors is greatest for classes with the smallest

expectations and so increases with the number of loci in multipoint mapping'

\rlveeks et al. (1993) have developed a computer program that calculates multipoint

likelihoods of the genotypes of the CEPH families while taking interference into

account, in which interference is modelled by using a map function to convert

genetic distances into recombination fractions. They use a modifred form of the

LINKAGE analysis package, but still view their results as tentative'

1.6.5. Effect of genotype effors on map constructíon

Another consideration important to multipoint linkage mapping is the undetected

efrors in marker typing. Genotypes obtained from marker typing are checked for

consistency with Mendelian inheritance. while many typing effors' such as those

due to sample mix-ups, clerical mistakes when the genotypes afe transferred to the

database, or mutations within the lymphoblastoid cell lines (Banchs et aI' ' 1994;

Weber and Wong, 1993), will show up when scrutinised in this manner, there will

be a proportion of efrors undetected as they do not lead to inconsistencies'

undetected genotype errors in the data used to construct genetic maps need to be

eliminated; they are one of the principal diffrculties in attempting to resolve locus

order in a genetic map, as they have three consequences:
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(i) reduction of the maximum lod score achievable, and thus reduction in the

power to discriminate different orders,

(ii) over-estimation of the recombination frequency between loci, thus

inflating the overall map length, and

(iii) support of erroneous orders over cofrect orders (ott, 1977; Buetow,

1991; Morton, 199la; I-asher et al',1991)'

Genotype efrors in the database become evident primarily from the detection of

apparent double recombinants within short intervals. A small proportion of these

may in fact be real recombination events, since at least one is required to be

observed to determine the order of loci. Since this is biologically unlikely' these

observations flag potential elrors' which should be checked' A 1To erfor rate in a

map of markers I cM apart can generate false map orders in l0% of simulated

maps and result in a three-fold inflation of the total map distance (Skolnick, 1991)'

the effect being strongest when the markers ale more tightly tinked (Haines'

lgg2).ott(1977)showedthattheintroductionoferroratonelocusatratep

resulted in an inflation of the true recombination estimate (O) by p(I-2Ð' On the

basis of genotyping of classical genetic markers (and few microsatellite markers)'

I-athrop et aI. (1983) estimated a rate of typing efrors of approximately l%'

noting that the majority of typing efrors do not lead to a genetic inconsistency'

Consortium map reports using the CEPH reference data presented error rates of

between 0.l7To on chromosome 16 (Kozman et a1.,1994) to greater than 1% on

chromosome 13 (Bowcock et al., 1993b). It is important to note that the

identification of multiple recombination events will identify genotype errors that

mimic recombination events, but will not genotype errors that obscure

recombinant events, thus producing potentially biased results.

High resolution linkage maps by dehnition have a low probability of

recombination occurring in each interval (Buetow et al',1991)' As the map gets

denser and recombination frequency between markers approaches the error rate, a
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significant proportion of all observed crossovers will be spurious (Lincoln and

I:nder, I9g2), and a portion (approximately 1% or less) of the recombination

events will be real (Buetow, 1991). If it is not possible to distinguish these true

recombination events from data errors' a large fraction of misclassified

recombinant gametes with statistical weight equal to that of true recombinant

gametes will be introduced into the analysis. Thus, powef to resolve the true

locus order will be greatly reduced. As it is necessary to observe at least one

recombination event between any two loci to determine their relative order within

a collection of loci, maps with increasing resolution require data sets of sufficient

size to ensure a reasonable probability of observing the necessary number of

recombinant events. Recombinant genotypes need to be checked on the original

data. If they can not be excluded on the basis of incorrect typing, then the

genotype should not be altered for the analysis. validating the order of loci on the

multipoint genetic map against the order of loci independently derived on the

physical map, will enable verification of the order for the linkage map' Buetow

(1991) performed some simulation experiments, and concluded that the extended

CEPH panel, of 65 families, would provide sufficient meioses to derive the order

of a high resolution map of highly informative markers, although the increase in

the number of individuals and the increase in the number of 10ci available would

lead to an increase in the opportunities to generate genotype efrors.

Microsatellite markers mutate more frequently than the classical RFLP, and in

some situations an apparent double recombinant may be due to a mutation which

has given rise to a new allele already segregating within the family' It is not

possible to distinguish between the mutation and real recombination event, and so

any double recombinant in a microsatellite marker should remain in the analysis,

unless it is known to lead to incorre¡t locus order, as independently established by

other maPPing techniques.
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and codominant marker loci, or for use with general disease pedigrees with

máikers and disease loci. Elston and Stewart (1971) provided the first general

algorithm for computing the likelihood, as implemented in the LINKAGE

ANALYSISPACKAGE(I^athropandl:'louel,19Sa);thus'bydeterminingthe

likelihood of many possible orders of multiple loci, one searches for the map with

the maximum likelihood. This program package is well suited to the analysis of

linkage relationships for general pedigrees and arbitrary traits and is the work

horse for twopoint linkage analyses and risk analyses'

The Elston-stewart algorithm, however, is not well suited to the sort of multilocus

analysis involving a large number of loci required for the construction of high

resolution genetic linkage maps of the human genome: the computation time

needed to calculate likelihoods grows exponentially with the number of loci

(Wilson, 1988). Consequently, multilocus linkage analysis incorporating many

loci is ,,prohibitively time consuming, even on a super computer" (Morton et al.,

1986), and that "some other shorter, easier method is urgently required" (Smith'

1986).

Several modifications to multþint analysis have been implernented to reduce the

computation times. I-athrop et at. (1986) described a modification of the Elston-

Stewart algorithm which inco¡porates the fact that the likelihood calculation can

sometimes be factored into two or more parts - such as phase known and phase

unknown. This approach has been incorporated in the LINKAGE PACKAGE

(Version 5.1) for three generation CEPH pedigrees (I-athrop et aI', 1984)' The

programs for the CEPH pedigrees are optimised for rapid calculations with

codominant data, and either sex-linked or autosomal loci can be analysed'

Using this modified algorithm, the LINKAGE programs determine the order of

loci by optimising the likelihood over all orders, given a specific set of genotypic

data. The maximum likelihood estimates of the recombination fraction between

loci in this order are obtained by numerical optimisation using the GEMINI
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program (I^a.louel, lgTg). The program, using Haldane's mapping function,

makes assumptions about the mathematical relationships between map distance and

recombination frequencY.

Foltowing is a quick guide to the programs available in the LINKAGE package for

some common aPPlications:

(i)

lod scores: CILINK for the three-generation reference pedigrees; ILINK

for general pedigrees, segregating with disease genes'

(ü)

general disease Pedigrees)'

(üi) Location Scores: CMAP for the three-generation CEPH reference

pedigrees; LINKMAP for general disease pedigrees'

I-ander and Green (1987) also described an algorithm for computing likelihoods,

embodied in the computer program CRI-MAP' This program is made up of a

series of options within a main program' and implements the EM (expectation and

maximisation) atgorithm (I-ander and Green, 1987) and a novel and effrcient

method for calculating likelihocxls and genetic distances (weaver et al',1992) in

its analysis routine. It is used for constructing multilocus linkage maps based on

the GEPH data, and for detecting efrors in the data. The advantages of using the

EM algorithm, are that the likelihood increases monotonically, converging to a

point (maximum O) where the first derivative of the likelihood expression is zero'

EM searches tend to converge quickly to the vicinity of the maximum, even when

started at a distant point. The favourable scaling properties of the algorithm make

it practical to study large numbers of loci simultaneously.

In summary, the theoretical advantages of the EM algorithm are:

(Ð less computation time per iteration;

(tÐ increased likelihood on each iteration;

(tÐ good initial convergence properties;
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(rv) exact expressions for the first and second derivatives of the likelihood;

(v) ease of generalisation, inferring that sex-specific estimates, om¿" and

Ofemale, can be found easilY'

Taking advantage of the EM algorithm, GRI-MAP can efficiently analyse many

loci concurrently to determine the framework map of a set of loci (using the build

option). The remaining loci can then be easily added to the map in their most

likely positions using the option all. As stated previously, the chrompic option of

CRI-MAP is very useful for determining the location of potential data errors'

Both of LINKAGE and CRI-MAP have strengths and foibles. For example' CR[-

MAP is more efficient when all parental genotypes are available, but LINKAGE is

more proficient at dealing with missing genotypes. CRI-MAP is more adept for

the construction of reference maps with many loci; the LINKAGE package, whilst

useful in the analysis of disease pedigrees, is not as practical at determining

multilocus maps, on desktop computers'

other programs have been written for multipoint linkage analysis' These include

MAPMAKER, MENDEL, and MAP, and are described bellow.

1. MAPMAKER Qander et al., 1987)

This is a program designed specifrcally for the construction of primary genetic

linkage maps from the GEPH database, using the I-ander-Green EM algorithm

described above, to calculate the 'best' map for any given order of loci' This

program has been designed to maximise likelihood recursiveiy over loci rather

than over individuals in a family. This allows the analysis of a large number of

loci, but limits the size of the pedigrees. It can be slow for phase unknown

families, and fails to extract information from the data (white et al., 1990)'

2. MENDEL (Lange et aI., 1988)

This is a program designed for analysis of general pedigrees' It provides routines

for special tasks such as risk calculation and estimating parameters for

homogeneity tests. It is similar to the LINKAGE package' but has the
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disadvantage of requiring more memory. The advantage of using MENDEL is

that it does not require the breakage of inbreeding loops, which is required using

LINKAGE.

3. MAP (Morton andAndrews, 1989)

This program is based on multiple pairwise lods scores and uses the Rao mapping

function @ao et al., lg77) to incorporate interference into the analysis' It

essentially combines two point lod scores into a multipoint framework; the

resulting multþint likelihood may be approximate only (ott, 1991)' From the

discussion under section I.6.4, a multþle pairwise analysis incorporating

interference, such as is possible using MAP, may have advantages over multipoint

analysisprogramsthatneglectinterference(Morton,1988).

In addition to the main linkage analyses packages, several other utility packages

have been written, designed to support and complement the above packages and

cEpH database software (weaver et al., 1992). These progralns' PIC/HET'

FAMINFO, PREINPUT, INHERIT, TWOTABLE, UNMERGE, GENLINK and

LINKGEN are written in the c programming language (Kernighan and Ritchie'

1978). They have been designed to simplify input into the linkage analysis, and to

interpret the results"

A more comprehensive description of LINKAGE and CRI-MAP and the above

utility programs can be found in chapter 2 (Sections 2.2.3- to2.2'6')'

Although existing computational and database tools have been adequate for

constructing linkage maps, they have been strained by the rapid growth of data'

The LINKAGE package of programs has recently been rewritten, implementing

new algorithms to perform rapid calculations of the likelihoods' more efficiently,

in general pedigrees (cottingham et al., 1993). More recently, Matise et aI'

(1994) introduced a new software package, MultiMap, for automated map

construction, which allows the rapid construction of genetic maps and verification

of genotype data with little human intervention. Buetow et al' (1994) have
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recently established a Cooperative Human Linkage Centre (CHLC) which

incorporates a similar automated map construction procedure to MultiMap, where

maps ¿¡¡e constructed using a rigorous, semi-automated map construction algorithm

that enables map validation during the construction process' These packages have

extended the statistical methods and software which were initially applied to the

construction of earlier RFLP-based maps. Both these packages use the CRI-MAP

programastheanalyticalenginefortheircalculations.

1.7. Human Chromosome 16

Chromosome 16 contains approximately 98 lvlb of DNA, thus representing about

3% of the human genome (Morton, 1991b). If the 50,000 to 100,000 genes that

the human genome contains are evenly distributed throughout the genome, then it

is expected that chromosome 16 would contain between 1,500 to 3,000 genes'

This chromosome possesses two well characterised rare fragile sites, the folate-

sensitive Fn¿,16A at 16p13.11 and the distamycin A-inducible FRAL6B at the

interface between r6q2r and r6q22.1 (Fig. 1.1). In addition to these two fragile

sites others have also been described for this chromosome' For exatnple' FMI6E

atl6pl2.1 and FRAL1D atl6q23.1 (Sutherland, 1993)'

The known genes on chromosome 16 have been reviewed (Callen et al., 1994); to

date 38 cloned genes and 15 cDNA sequences have been physically map¡led to

chromosome 16 (Whitmore et al., 1993). The genes associated with disease are

shown in Fig. I.2. These include the genes for autosomal polycystic kidney

disease (PKDI) (Reeders et al., 1988; Somlo et al., 1992; The European

polycystic Kidney Disease consortium, Igg4), familial Mediterranean fever

(FMF) (Shohat et al.,1992; Aksentijevich et at.,1993), tuberous sclerosis QSC2)

(Kandt et al., lg92), Rubenstein-Taybi syndrome (RTÐ (Breuning et al',1993),

Batten disease (cLN3) (Mitchison et al., 1993; ß9a; Yan et al., 1993) and

Morquio A syndrome (Baker et al', 1993)'
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IIBA - a-Thalassaemia and Hb H menal
retardation sYndrome

PKDI - Adult polycystic kidney disease

TSC4 - Tuberous sclerosis

MEF - Familial Mediterranean fever

RfS - Rubinstein-TaYbi sYndrome

CTM - Cataracl, Marner

CMH2 - Cardiomyopathy, familial, hypertopic 2

CYBA - Chronic granulomatous disease, autosomal

CLN3 - Batten disease (uvenile onset neuronal

ceroid liPofuscionosis)

PHIß - Glycogen storage disease, type VIIIb (liver'
músclé, phosphorylase kinase b deficiency)

CETP - Lipoprotein, high Aensltl GDL) elevated

(choiesteryl ester tansfer protein deficiency)

LCAT - Corneal opacities, anemia, proteinuia with
unesterifiéd hyercholesterolemia (Norum disease)

TAT - Richner Hanhort syndrome, tyrosinemia II,
oculocutaneous (tyrosine aminofansferase

deficiencY)

ALDOA - Hemolytic anemia (aldolase A deficiency)

GALNS - Morquio A synclrome (mucopolysaccharidosis

type iV A) (Ñ-acetylgalactosamine 6

sulPhata se def iciencY)

APRT - Urolithiasis 2,8, dihyclroxyadenine (adenine

pho sphoribo syltransferase deficiency)

Figure 1.2: Localisation of Disease Genes on Human chromosome 1'6
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Various methods have been used to map these genes' Linkage analysis followed

by homozygosity mapping and disequilibrium mapping (I^ander and Botstein,

19g7) have been exploited in refining the localisations of Batten disease (Mitchison

et al., lgg3), and familial Mediterranean fever (Aksentijevich et aI., 1993); the

technique of deletion mapping has been used for Rubenstein-Tabi syndrome

@reuning et al., Ig93), and linkage analysis, followed by high resolution physical

mapping, have been used for the refinement the location of polycystic kidney

disease (Germino et al.,lgg2). The gene for polycystic kidney disease has since

been isolated (fhe European Polycystic Kidney Disease Consortium, 1994)'

Certain regions of the chromosome are known to be involved in rearrangements

that cause diseases, such as deletions of specific regions of the chromosome

(Callen et al., 1993b), and also inversions of regions of the chromosome' In

particular, a deletion in the region 16q22.1 has been suggested as critical for

manifestation 16q- syndrome (Fujiwara et al., 1992; Callen et al', 1993)' One

region of the distal Q ilffi, q24.2-q24.3, having never been reported to have been

involved in a deletion suggests that it may be an essential region for fetal

development. Rubenstein-Tabi syndrome is known to be associated with a

deletion within a specihc region of 16p (Breuning et a1.,1993)' Aneuploidy for

the entire length of chromosome 16 is lethal. Trisomy 16 is probably the most

common chromosome anomaly to occur in humans and always results in early

spontaneous abortion.

This chromosome has been targeted for extensive genetic and physical mapping

over the last decade. These maps ale the basis for the isolation of known disease

genes on this chromosome, some of which have already been cloned and

characterised. For example, the genes fot PKDI (The European Polycystic

Kidney Disease consortium, lgg4) and Tsc2 (European chromosome 16

Tuberous Sclerosis Consortium, 1993)'
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1.7.1. Development of the tínlcage map of chrumosome 76

The first multipoint linkage map presented for chromosome 16 was part of the

genetic map for the entire human genome (Donis-Kellet et al', 1987) and was

extended further by Julier et at. (1990) and Keith et al. (1990). These maps were

based on the CEPH database, and are constructed entirely of RFLPs and VNTR

markers. The first multipoint map of 42loci (Donis-Keller et al., 1987) was 195

cM in length on the sex-average map. It covered almost the entire chromosome

(from HBA at 16p13.3 to Dt6s44 at 16qter), with a resolution of 4'6 cM' Only

two of the loci were physically mapped. The map reported by Keith et al- (1990)

incorporates only 4 additional loci to the map generated by Donis-KelIer et al' in

1987. The sex-avenge length of this map was 149 cM,., thus having a resolution

of 3.2 cM. The order of loci between these two maps is slightly different, which

may account for the great difference in the maps lengths of the two maps (195 cM

for Donis-Keller et al., lg87 and 149 cM for Keith et al-, 1990)' The map

generated by Julier et al. (1990) contained 24 \oci, of which 20 had not been

previously reported. This map extends from the distal region of the p arm

(HBA/HBZP locus) to the distal region of the q arm (D16SD, although in the

absence of est¿blished telomeric markers for this map, it is difficult to determine

the full coverage of the chromosome. No sex-average length was reported for this

map, however, the length of the male and female maps were 186 cM and 226 cM,

respectivelY.

The apogee of genetic linkage mapping, as established as part of the human

genome initiative, is to construct whole chromosome maps, with an average

resolution of 2 cM, using highly polymorphic markers. Using Morton's

predictions (1991b) and an estimated sex-average length of 149 cM (Keith et al''

1990), 75 evenly spaced markers are required, leaving at least twenty-nine more

markers to be added to the genetic map of chromosome 16 (assuming the

additional markers frll the gaps on the existing maps)'
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Detailed linkage maps need to be developed for specific regions of chromosome

16 containing disease genes or fragile sites. The regions targeted were the regions

containing the two rare fragile sites on this chromosome' FRAI6A, and FRA16B,

and the disease gene, CLN3 on this chromosome. The placement of a disease gene

or fragile site on the genetic map is the initial step in positional cloning since

genetic distances between flanking markers verify the proximity of the markers to

the target locus. This determines when studies should switch from linkage

mapping to high resolution physical mapping'

More recently, whole chromosome maps have been constructed for chromosome

16 (Buetow et al., 1994; Gyapay et al., 1994; Matise et al., 1994); however,

none of these maps incorporate all the data currently available for this

chromosome, nor do they adequately cover the chromosome' and few of the loci

are physically maPPed.

In order to efficiently localise disease genes on this chromosome, and to determine

the nature of fragile sites and the molecular basis of the disease genes on this

chromosome, a high-resolution linkage map, incorporating all available data and

integrated with the physical map' was required. This was the aim of the present

project.

1.7.2. Other methods of mappíng muhíple locí on chromosome 76, and

íntegrution of maPs

physical and linkage maps are colinear although the relationship between physical

distances and genetic distances varies by location on the chromosome and by sex

of the parent. Ultimately one map will emerge - the sequence of the human

genome (Skolnick, 1991), depicting all functional elements, the genes.

Apart from genetic mapping, physical mapping strategies have been devised'

These strategies have various levels of resolution. The crudest physical map is the

cytogenetic based physical map, achievable by in situ hybridisation and the use of
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a human-rodent somatic celt hybrid panel. Cytogenetic studies are the basis for

physicat maps of the human genome, by providing the visible reference point for

positioning other maps. Chromosome 16 has now been divided into at least 69

intervals (Callen et al., lgg4), based on 77 human/rodent somatic cell hybrids

constructed from rearrangements of chromosome L6, the fragile sites, and the

centromere. Each interval averages approximately 1.2 Mb in length' 235

chromosome 16 markers have been used to verify the order of the hybrid

breakpoints and fragile sites. This map is being constantly refined with the use of

pCR based markers and new hybrids. Many of the markers on this cytogenetic-

based physical map Íue polymorphic and have been genotyped on the CEPH panel

of families, which has allowed the integration of the cytogenetic and genetic maps

(Kozman et al., 1993) as the initial step toward a correlated genetic and physical

map.

Increased resolution is achievable by radiation hybrid mapping, in which the

frequency of chromosome breakage between DNA markers is analysed statistically

Oased on the probability of cosegregation of markers in irradiated somatic cell

hybrids), using a method analogous to genetic linkage mapping, to determine both

the order and the distance between markers along the chromosome, in the Mb

range (Cox et al., 1990; I-awrence et al., 1991). Cox et al., (1990) have

developed a method for mapping loci using data generated from radiation hybrids

involving the estimation of a parameter comparable to a recombination frequency.

A distinct advantage of radiation hybrid mapping over genetic linkage mapping is

that non polymorphic markers, as well those that are polymorphic can be included

in the map. Using this method of radiation hybrid mapping, it has been possible

to order 38 fragments of human chromosome 16 independently of any other

information and to estimate distances between them (Ceccherini et al.' 1992).

Multiple pairwise anatysis on the markers enabled estimation of distances between

pairs of adjacent loci in addition to determining their most likely order. The order
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and the distances of the loci obtained from this study were mostly consistent with

the available data on genetic and physicat mapping of these markers.

The construction of contigs of overlapping DNA fragments cloned into cosmids or

yACs (Burke et al., lg87), assembled by repetitive sequence fingerprinting

(Stallings et aI., Igg2), provides greater resolution on the physical map. The

method of cosmid contig mapping exploits the high density of interspersed

repetitive sequences, which provide highly informative "tags" to fingerprint cloned

genomic DNAs found in complex genomes.. Each cosmid clone is fingerprinted

using restriction fragment fingerprinting, combined with a "multþlex"

hybridization strategy with selected classes of repetitive sequences (Stallings et al.,

lgg2). using this "repeat fingerprinting" technique, 4000 cosmid clones have

been arranged into 550 contigs on chromosome 16, covering approximafsly 60 %

of the chromosome. This allows small regions of overlap (I0-2O%) to be

unambiguously detected, and large contigs (> 100 Kb) have been rapidly

generated to produce a contig map. Ma¡kers on the contig map that are in

common with the genetic map will allow their rapid integration (Stallings et al.,

1990; lgg2). Completion of the cosmid contig map will enable the genetic and

physical maps to be completely correlated, by expressing the recombination

frequency per unit of physical distance for males and females.

The development of a method for cloning large DNA fragments, of 100 Kb to

2000 Kb (Chumakov et al., 1992), into yeast artifrcial chromosomes (YACs) is

making a major contribution to the characterisation of complex genomes. The

ability to generate "YAC-sized" contigs, in a similar manner to that of a cosmid

contig, provides the means for more rapid cloning of a chromosome into contigs'

In the case of chromosome 16 where cosmid contig assembly is already well

advanced, YACs will link existing cosmid contigs. Overlapping yeast artifrcial

chromosomes currently provide the fastest route to the development of physical

maps of entire human chromosomes. During map assembly, YACs are overlapped
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to form contigs by their common content of STSs. Contig elongation can then

proceed by using the ends of existing YAC contigs to achieve long range coverage

of a region (Green and Green, 1991). For chromosome 16, the YAC map

comprises 427 CEPH mega YACs and 125 flow-sorted 16-specific YACs that are

localised to and ordered within each of the 69 breakpoint intervals with 260 STSs

@oggett et al.,lgg4). The YAC map currently covers 97% of the euchromatic

a¡ms of the chromosome in 18 contigs with an average contig size greater then 5

Mb.

The construction and integration of the different maps described above test the

integrity and consistency of the data of the constituent maps. Descrepancies

between the different maps can be identified and resolved. These discrepancies

might arise, for example, where genotyping efrors lead to incorrect order of loci

on genetic maps of where chimaerism and deletions, common within human

fragments cloned into YACs, lead to elrors in physical mapping. Detailed

correlations between genetic and physical maps will enable gaps in the genetic and

contig maps to be identified while under construction. They may be frlled by

employing a targeted approach; new genetic markers may be isolated from clones

mapping into gaps on the genetic map, and YACs or cosmids may be identifred by

using polymorphic STS's which map into gaps on the physical map. Once

chromosome 16 is completely cloned into a contig, any DNA sequence will be

easily mapped to a specihc clone without the need for tedious cytogenetic and

genetic mapping which is presently the case. This will finally lead to the ultimate

goal of the human genome project; the complete DNA sequence of the human

genome, where the position of all coding elements are identif,red within the human

genome.
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1.E. The Aim and Strategy of the Project

V/ith the Human Genome Initiative established, DNA technology has rapidly

advanced and many new highly informative markers have become available.

Ordering and mapping multiple highly informative genetic loci simultaneously to

construct a high resolution linkage map is becoming considerably more feasible.

This project aims to develop the genetic linkage map of human chromosome 1'6,

based on genotype data generated from the CEPH reference pedigrees' The

denouement is a map covering the entire chromosome incorporating all available

markers, the GEPH consortium map. The map that is constructed must be suitable

to enable the efficient and accurate localisation of disease genes on this

chromosome.

To generate a complete map of this chromosome, suitable loci need to be isolated,

characterised, physically mapped and genotyped on the CEPH reference families'

Then, basing inferences on data derived from observing possible recombinants

from these genotypes, a genetic linkage map can be constructed'

To achieve this aim, methods of multþint linkage analysis, embodied in the

computer programs LINKAGE and CRI-MAP, will be employed with the

following strategies:

(i) multipoint linkage maps in regions of interest on the chromosome, such

as fragile sites or disease genes will be initially developed.

(ii) as more sophisticated techniques are developed, and more markers

isolated, maps of the entire chromosome will be constructed, ild

integrated with the co-developing cytogenetic-based physical map, as a

natural progression of map validation'

(iii) highly polymorphic PcR formatted loci will be incorporated into a high

resolution linkage map for the entire length of the chromosome.

(iv) all the genetic markers for chromosome 16 (RFLPs, VNTRs, and STSs)

will be incorporated into one map covering more than 99To of this
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chromosome. This will be the CEPH consortium map for chromosome

16. This finat map will also be integrated with the cytogenetic-based

physical map, to test the integrity and consistency of the data.

1.9. Conclusion

Linkage mapping plays an important role in the chromosomal assignment and

regional localisation of disease genes segregating in families, to precise locations

within the human genome. An international genome initiative has been

established, the human genome project, and multipoint linkage maps are being

constructed for each chromosome.

The first human genetic linkage maps were constructed using protein

polymorphisms. However, these markers were scafce' and so progress lagged'

RFLps and VNTRS were then discovered, and have enabled signifrcant advances

in genetic mapping. using these markers, a rudimentary linkage map spanning

much of the genome was constructed (Donis-Keller et al., 1987).

V/ith the development of laboratory techniques to generate information useful for

linkage studies, so too has the technology for performing linkage analysis become

more sophisticated. A variety of computer programs have been developed to

perform the calculations involved in generating a linkage map. Two of the main

programs involved in the analysis of chromosome 16 are CRI-MAP (I-ander and

Green, 1937) and LINKAGE (I^athrop et aI., 1985), both of which involve

recursive algorithms to calculate the likelihood of the distance and order between

loci. These methods of multipoint analysis have allowed the linear order and

distance between genetic markers to be determined with greater accuracy than was

previously possible (Chakravarti, 1991). Genetic map construction has greatly

benefited from genotyping markers in common reference pedigrees @ausset ef

at., 1990) allowing different investigators to study a few DNA markers each' yet
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enabling map construction on all markers simultaneously from a common data

base.

The map of chromosome 16 began to develop in regions of interest with these

genetic polymorphisms. Preliminary maps were generated in regions surrounding

the two fragile sites, FRA\'B (Chapter 3) and FRALíA (Chapter 4). The

LINKAGE ANALysIs PACKAGE was used to construct the map in the region of

FRA\6B, while cRI-MAp was used for the construction of the map in the vicinity

of FRA16A.

Researchers then discovered microsatellites; abundant (\ryith an estimated 50,000

within the genome), highly polymorphic, simple repeat sequences that are well

distributed across the genome (Weber and May, 1989; Litt and Luty, 1989;

Stallings et al., 1991). Microsatellite markers can be assayed by PcR, and thus

more quickly scored. These new markers were then incorporated into the genetic

map of chromosome 16, and a high resolution map encompassing cLN3 was

developed (chapter 5). For this map, and all subsequent map construction, the

program CRI-MAP was used.

As more markers became available for this chromosome' maps were extended to

cover the entire chromosome (Chapters 6,7, and 8), and integrated with the co-

developing physical map. The final map constructed for this chromosome, the

CEPH consortium map incorporates the entire CEPH database (Chapter 8).
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Ovemiew

The Maærials and Methods section is divided into two areas. The first section

describes methods used by the candidate in the laboratory, early in the project'

The second section details the methods and computer programs used to determine

the rinkage map of chromosome 16. The technologies and strategies involved in

linkage mapping will be described in detail in this section as they provide the

framework for this thesis. These technologies and strategies were implemented by

the candidate during the course of this project as the software was being developed

and as hardwa¡e evolved, to enable linkage studies to be routinely used at the

wcH. Initially linkage analyses were performed on a personal computer, an NEC

APCIV. These were transferred to a Sun workstation IPC, when the need arose

for greater comPuting Power.
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Paft I: Laborafory Maferíals and Methods

2.l.l.Introduction

Methods employed for handling DNA during this project were previously

established and used routinely in the Department of Cytogenetics and Molecular

Genetics at the v/cH, and are described briefly. The DNA samples used in this

project were obtained on a collaborative basis from GEPH' The DNA markers

used during the course of this project were isolated, characterised and physically

mappedbycolleaguesandgenotypedbythecandidate,orbycolleagues,as

specifred in Table 2.1. The human/rodent hybrid cell line panel used for

physically mapping the genetic markers was generated at the wcH, and

maintained by Sharon I-ane under the supervision of Dr David callen (wcH)'

2.1.2. DNA SamPles

DNA samples were provided on a collaborative basis by the centre d'Etude

polymorphisme Humain (CEPH) (Dausset et al., 1990). CEPH provides

collaborating investigators with high quality cellular DNA produced from cultured

lymphoblastoid cell lines derived from each member of a reference panel of large

nuclea¡ pedigrees. The initial panel consisted of 40 pedigrees and has now been

extended to 65 three-generation families. The typical CEPH reference family

consists of four grandparents, two parents and an average of eight offspring'

These three generation families are ideal for genetic mapping. The presence of

both sets of grandparents frequently allows determination of linkage phase in both

parents, allowing unambiguous diStinction of recombinants from non

recombinants. Linkage phase cannot be determined where both set of

grandparents are identical heterozygotes. The large size of the sibships provides

substantialmappingdatafromeachfamily,evenwhenphasecannotbe

determined.
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Collaborating investigators determine the genotypes of markers of the individuals

from the panel of families. These data are processed into a uniform format by a

set of programs developed by Jean-Marc Lalouel, at CEPH (see Section 2'2'2)'

The genotypes are then returned to GEPH for preparation of a consortium database

which is returned to the collaborators for linkage analysis and map construction

(called the CEPH consortium maP)'

The majority of the loci used in the analyses described in this thesis have been

typed on the initial forty families (except where indicated in Table 2'1)' Included

in the 40 pedigrees distributed by GEPH are 9 Utah pedigrees (GEPH pedigrees

I32gl, 13292, |3293, 13294, 1331, |333, |340, 134|, and 1345). The DNA

from these individuals was also maintained as cell lines in the laboratory by S

I¿ne under the supervision of DF carlen (wcH). The candidate extracted the

DNA from the cell lines, using either of the two extraction methods described

below (Section 2.1.2 -l).

A pedigree segregating for the rare folate sensitive fragile site, FRAIózl' (Simmers

et a1.,1987), was used to localised the fragile site on to the background map in

that region. This pedigree is described in more detail in chapter 4'

During the course of this project, several inconsistent genotypes were discovered

for the CEPH pedigrees. The genotypes for the cEPH family 104 were coded as

unknown for the markers typed in our laboratory as the DNA was found to be

misidentihed. I-ater in the project, new samples were sent from CEPH to replace

the misidentihed ones. The individuals 1347-03 and 1416-10 were also found to

be misidentif,red, and all genotypes generated at the WCH for these individuals

were coded as unknown.

2.1.3. DNA Probe/EnzYme SYstems

The 191 DNA markers used during the course of the project are described in

Table 2.1. The information provided includes the location, locus, probe name and



Table 2.1: Marl<crs usedfor the dcvelopment of thc tinkage map of hwnnn chromosome 16'

Het. No inf
meiosesGene/L,ocus Probe/EnzYme Type CEPTI

Lab.Location

16q24.3

16q12.1ql3
16q23.1n24.2
16p13.3

l6q22.I-9,23.1
16q12.1ql3

l6pl2.r-Pll.2
l6q22.l

16q23.1n24.2
16q.24.3

l6pl3.2-pl3.tl
l6qZL

t6q23.rn24.2
l6q22.l
l6ql2.lnt3
16q,23.1n24.2
169,24.2n24.3
16p13. Ll-Pl2.l
16q23.tn24.2

M13-APRT/laql
M13-APRT/faql
AprtlBgIIÍ
pCETP.ltfulTaql
ZpEl(Xp3BlPvull
}JBZPIIBsilI
HBZPLlHincÍl
hp2-alphalMsPl
MTZAAITaqI
lldTZABITaqI
SPN/PCR
ÃCH:ZOTlTaql
ACHZOTIMsPI
ACHZOTlMsPl.*
ACH224lP"sal
p79-2-23lTaql
p79-2-23lRsaI
ACHFl/Py¡¡II
ACHF3ITaqI
ACHF3/RsaI
ACHF3IMsPI
phrS-9lBg[Il
CRI-O2|BatnHI
CRI-O3/Psd
CRI-O15/TøqI
CRI-O43lTaql
CRI-066/PsrI
CRI-O84/Iltl¡¿III
CRI-O84/PsrI

Reference

Williamson et ø1.,l99l
g,/iffiamson et al., l99l
Williamson a al.,l99l
Williamson et al.,l99I
Williamson et al., l99I
Williamson et al., l99t
Williamson et al.,l99l
Williamson et al.,l99t
Hyland et al., 1989a
rüy'illiamson a al., I99l
Rogaev et al., 1992

Hyland et al.,1989b
Hyland a al.,1989b
Hyland et al., 1989b

Hyland ø al.,1989b
Julier ø ø1., I99O

Julier ¿l al., l99O

Fratini et aI.,1988
Fratini et al., t988
Fratini a aI., 1988

Fratini et aI., t988
Iútter et aI., L99O

Keith ¿r al., l99O

Keiú.a al.,l99O
Ketth a al., l99O

Keith ø aI., l99o
Keith ø al.,l99O
Keitha al., t99o
Keith ø aI., l99O

HP

APRT

CETP
CTRBl
HBZPl

MT2A

SPN
D1654

D1655
D1657

D1658
Dl6510

D16520
D1ó.538
D16539
D165&
D16541
D16542
D16543

PJLP
RFLP
RFLP
RFLP
RFLP
RFLP
RFLP'
RFLP
RFLP
RFLP
STR
RFLP
RFLP
RFLP
RFLP
VNTR
VNTR
RFLP
RFLP
RFLP
RFLP
RFLP
RFLP
RFLP
RFLP
RFLP
RFLP
RFLP
RFLP

o.4'l
0.38
0.47
0.80
0.50
o.25
0.20
0.96
0.36
o.44
0.47
o.44
0.64
o.82
0.50
0.47
0.41
0. l8
0.47
0.35
0.49
0.50
0.36
0.36
0.33
0.69

0.28
o.n

r92
150

27
98
311

130

246
336
118

63
36r

8

8, 20
20
20
20
01

01

01

43

43

43

43

43

43

43

01

20
43

43

43

43

20
01

01

01

01

01

01

01

6l
zol
6',17

354
348

406
73
t73
172

85

103

111

23'l



Table 2.1 (cont'd) z Marlærs usedfor thc devetopmerx of thc tinkage map of hwnnn chromosomc 16.

Gene/Locus Probe/EnzYme Type Het. No inf
meioses

CEPTI
Lab.

Reference

Keith ¿r al.,l99O
Keith ø al.,l99O
Keith et al., 1990

Keith ør ø1.,1990
Kelú, a al., L99O

Keith er ø1.,1990
Keith ø al.,l99O
She,n ¿t al., 1993c

Keith ø al.,l99O
Keith ø al.,l99O
Keith er al., t99O

Keith ¿¡ al., I99O
Keith er al., l99O

Keith er al., l99O

Keith ¿t al., I99O

Keith ¿r al., l99O
Keith el al., l99O

Keith ¿r al.,l99O
Keith ø al., r99o
Keith ø al.,l99O
Keith ¿r al., l99O

Keith ¿t sl.,I99O
Keith ¿r sl., l99O

Keith ø al., l99O

Keith ø al., l99O
Keith ø sl.,l99O
Kelúet al.,l99O
Keith ø al., l99O
Keith a ø1.,l99O

Location

16q24.3
16p13.3

16q,22.1

l6q2ln23.l
l6pl2.l-pll.2
16p13.3-p13.11

RFLP
RFLP

0.50
0.49
0.14
0.36
0.38
0.49
0.47
0.66
0.39
0.¿ló

0.60
0.41
0.49
0.20
o.42
0.30
0.38
0.20
0.40
0.32
0.33
0.83
0.¿16

0.45
0.38
o.46
0.41
0.50
0.24

206
3M
52
r37
104

158

t4
113

169
t62
220
92
175
53

161

72
235
75
79
248
r22
44
198

l0ó
276
195

148
84
56

01

01

01

01

01

01

43
01

01

01

01

01

01

01

01

01

169,23.1n24.2
16p13.3-p13.11
16q12.1ql3
16P*
16p*

16p13.3
l6pl3.3

RFLP
RFLP
RFLP
RFLP
STR
RFLP
RFLP
RFLP
RFLP
RFLP
RFLP
RFLP
RFLP
RFLP
RFLP
RFLP
RFLP
RFLP
RFLP
RFLP
RFLP
RFLP
RFLP
RFLP
RFLP
RFLP

D16544
D16545

D16546

D16547
D16548
D16549

D16550
D16551
D16552
D16553
D16554

D16555
D16556

D16557
D16558
DT6359
D165û
D1636l
D16562
D16563
D165&
D16565

CRI-O89/Bgr[
CRI-090/EcoRI
CRI-O90/DrøI
CRI-O9liMspl
CRI-O9llTaqI
CRI-O95/EcoN
CRI-O101/¡Itn¿III
CRI-O1l4AC/PCR
CRI-O114/EcoRI
CR7-Oll9lTaql
CRI-OL2O1BamHI
CRI-OLZ3lHin¿Ill
CN-O125/PsrI
CRI-Ot26lHincll
CRI-O126/EcoN
CRI-O128/I/¡ncII
CRI-O129/EcoN
cRI-o129/BgJII
CRI-O131/BønHI
cRI-Ot33lHin¿IlI
CRI-Ol34lMsPI
CRI-O136/Ifi¿cII
CRI-O1¿|4/EcoRI
CRI-OL49lTaql
CF.I-O3Z'T lHindIIÍ'
CRI-O373lHin¿IlÍ
CRI-O377lBs/Il
CRI-O377lHinclI
CRI-O377lTaql

01

16p11.2-p11.1
16p13.3
l6q'
16p13.3-p13.11
16pt
16q24.2n24.2
16p13.3
t6pl3.lI-Pl2.L
I6qI2.tnl3

01

01

0l
01

01

0l
01

01

01

0t
01

01



Table 2.1 (contrd):

Location

16pt
16p13.11-p12.1

16p12ater*

CN-O383/Ps¡I
CRI-O39lACIPCR
CRl-O39llHinclI
CRI-O39llTaql
CRI-o393/B8,II
CRI-O393/PsrI
CRI-P84/B¿mHI
CRI-P13O/MsPI
CRI-P400/BønHI
CRI-P403/MsPI
CRI-P477lTaql
cRI-P85/88lII
CRI-R99/¡I,n/III
CRI-R99/MsPI
CRI-WZ3lTøqI
CRI-L922|Hinclf
CRI-LgzzlHittdlIl
164C66F3/PCR
36-IAlTaqI
36-lBlTaql.
24-llTaqI
pEKMDlC.llHinfl
pCMM65/EcoN
3'HVRJMspl
3'HVR/RsøÍ/MsPI
5'HVRJR¡aI
LEl2lRsaf
16ACVK5/PCR
YKSBlMspI

Keith er al.,l99O
Calle,n a al.,1993
Keith ø al.,l99o
Keith ø al., t99o
Ketrhø al.,l99O
Keith ø al., t99o
Keith ø ol., I99o
Keith ø al., l99O
Keith ø al., r99o
Keith ø al., l99o
Keith ¿r al., l99O
Keith ø ø1.,199O
Keith ø al.,l99O
Keitha al., t99O
Keith ø al., l99O
Keith et al., l99O
Keith a al., t99O
Phillips et ø1., 1993

Breuning a al., t989
Breuning et ø1.,1989
Callen et al.,1989
Iúier a al.,l99O
Julier ø al., l99O
Keith ø al., l99O
Ketú,et al.,l99O
Kelú,ø al.,I99O
Davidson a al.,I98'l
Aksentijevich a al., 1993

Hyland a al.,l99O

Markers used for the development oÍ the tintenge map oÍ hw'nn chromosome 16'

Gme/Locus ProbeÆnzYme Type Het. No inf
meioses

CEPII
Lab.

Reference

169,22.1n24.3
16Pt
16qt
16pt
16pt
16pt
I6pr3.It-pr2.I

D165ó6
D16567

DI65ß

D16569
D16570
D16571
D16572
D16573
D16574
D16575

D16576
D16577

DI6579A

D16579B
D16580
D16583
Dl65A
D16585

D16591
D16594

RFLP
STR
RFLP
RFLP
RFLP
RFLP
RFLP
RFLP
RFLP
RFLP
RFLP
RFLP
RFLP
RFLP
RFLP
RFLP
RFLP
STR
RFLP
RFLP
RFLP
VNTR
VNTR
VNTR
VNTR
VNTR
RFLP
STR
RFLP

16p'
16q*

16p13.3-p13.11

16p13.11-p12.1
16p13.3
16p13.3*
16p13.3*
16p13.3

I6q22.l
16p13.3

0.47
o.'17

o.ß
0.50
0.4'l
0.28
0.38
0.48
0.48
o.6
0.38
0.49
0.51
0.31
o.6
0.36
o.2l
0.81
0.34
0.15
o.34
0.87
0.39
0.93

189

395
t28
t99
165

100

r32
195

t39
t'78
128
196

t62
88

160

rt2
72
398
245
83

256
752
35',1

s',t3

425

257
ß
383
324

01

43

01

01
01

01

01

01
01

01

01

01

01

01

01

01

01

43
43

43
55
20
20
1

I
1

43

43
43

o.'t9
0.11
0.51
0.49



Table 2.1 (cont'd) i Markers used for

Location Gene/Locus hobe/EnzYme

the development oÍthe linkage map of hwnan chromosome 16.

Type Het. No inf
meioses

CEPII
Lab.

Refertnce

16pl3.ll-pl2.r D16596 YKZOAITaqI
YK2OAIMspI
YK2OB|Mspl
YK45C6lTaql
pY:KA2ZlPstl
CJ52.95lll'l.lMsPl
lCJ52.16IlTaqI
2CJ52.161lTaqI
ICI52.2O9MlMsPI
2CJ52.2O9M|MsPl
lCI52.llTaql
zcl52.IlTaql
CI52.lOT2lTaql
CJ52.lO5lTaqÍ
CJ52.l99lMsPI
ICJ52.|97lTaqI
2CJ52.l97lTaqI
CJ52.96lTaqI
CJ52.ll2lTaql
CJ52.94TllTøql
CJ52.l96MllMsPI
I6PHAC-15/PCR
l6PHAC-loylcR
ZISEPlPvuII
pCMM103/PvøII
MFD24/PCR
MFD23/PCRr*
l4Cl9lHaeIII
SM7/PCR

Hyland et al., 1989a

Hyland et al., 1989a

Hyland et al., 1989a

Hyland et al., t989c
Julier ¿t al., l99O
J¡u¡lier et al., l99O
Itlier et al., l99O

Júier et al., I99O
Julier ¿r al., l99O
Julier ¿r al., l99O

Júier et aL,l99O
Julier el al., l99O
Júier et al., l99O
Julier et al., l99O
Iulier et al., l99O
hlier et al., l99O
Julier ¿r al., l99O
Julier et al., l99O
J¡c¡lier et sl., l99O
Jt:/;ier et ø1., l99O

Julier et aI., l99O
Phillips a al., l99la
Phillips et al., l99la
g'/iffiamson et al., I99l
Williamson a aI.,l99I
Weber et al.,l99O
Weber et al.,l99O
I-authier et ø1., l99l
Harris ø al., l99l

r6pt3.lt-pl2.r
16p'
16p13.11-pl2.l
l6ql2.rnl3

16qzL

l6q22.r

16q22.2i,23.r
r6q24.2n24.3
l6q22nte{
l6q2}ntef

D165131
D165I37
D165148
D165150

D165151

D165152

D165153
D165I54
D165155
Dt65156

D165t57
D165158
D165159
Dl651û
DrcSlE
D165186
D165246
D165252
D165261
D165265
D16S2E2
D165283

I6q23.r-24.3
r6pl3.2n2r
16p13. rr-pl2.l
l6q*
r6qZI
l6q.zl
16p13.3t
16p13.3t
r6qI2.lnl3
l6q2l
16p13.3*
16p13.3

RFLP
R.FLP
RFLP
RFLP
RFLP
RFLP
RFLP
RFLP
RFLP
RFLP
RFLP
RFLP
RFLP
RFLP
RFLP
RFLP
RFLP
RFLP
RFLP
RFLP
RFLP
STR
STR
RFLP
VNTR
STR
STR
RFLP
STR

0.49
0.36
0.59
0.46
0.60
0.39
0.38
0.M
0.32
o.25
0.31
0.50
o.46
0.69
0.43
0.27
o.23
0.25
0.15
0.50
0.50
0.38
0.57
0.46
0.51
0.'ll
o.77
o.73
o.64

347

240
163
326
281
3I
266
178
158

236
66
466
344
244
141

148

113

481

278
226
4t3
265
218
449
505
421
407

43

43

43

43

20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
43

43

55

20
43

43

46

55



Table 2.1 (cont'd) . Markers used for

Location Gene/Locr¡s Probe/EnzYme

the development of the tinkage map oÍhuman chromosomc 16'

Type Het. No inf
meioses

CEPH
Lab.

l6ql2.lnl3
16p13. rl-PlZ.l
r6pr2.l-plr.2
l6qZ3.ln24.2
16p13.3
l6pl3.2-pl3.Il
16p13.11-p12.1
16p13.11-p12.1
16p13.11-p12.1
l6pl3.ll-Pt2.l

D165285
D165287
D165288
D165289
D165291
Dt65292
D165294
D165295
D165296
D165297

D165298
Dt65299
D16S3N
D165301
D165303
D165304
D165305
D165307
Dl65308#
D165309
D165310
D165313
D165318#
D165319
D165320
D165332
D165347#

AluGTl6/PCR
16XE81/PCR
16AC7.1/PCR
16AC7.46/PCR
16AC2.5/PCR
r6AC2.3iPCR
16AC1/PCR
I6AC62F3/PCR
16AC62B4iPCR
16AC15H1H/PCR
16AC15H1S/PCR
16AC3.12/PCR
16AC6.17/PCR
16AC1.1/PCR
16AC6.21IPCR
16AC6.26IPCR
164C1.14IPCR
164C1.15/PCR*|
pMS63T lHaelII
16AC1.18/PCB*
pMSZOSlMboI
MIT-MH2O/PCR
MIT-MS79/PCR
164C8.20/PCR
164C7.14/PCR
16AC8.52lPCR
16AC305D6/PCR
164C12F8/PCR

STR
STR
STR
STR
STR
STR
STR
STR
STR
STR
STR
STR
STR
STR
STR
STR
STR
STR

RFLP
STR

RFLP
STR
STR

STR
STR
STR
STR
STR

0.83
0.78
o.'13
o.77
o.'19
o.74
0.49
0.66
o.75
o.73
0.69
0.80
0.72
0.61
0.64
0.43
0.60
0.82
0.56
o.'17

0.97
0.67
0.5'l
0.54
o.52
0.86
0.53
o.76

496
502
449
396
519
450
235
430
502
4t2
124
455
425
436
409
230
410
494
401

113

516
472
498

143
315

559
324
r4'l

10

43
43

43

43

43

43

43

43

43

43

43

43

43

43

43

43

43

46

43
3r
43

43

43

43

43
43

43

Reference

Kon¡adi a al., l99l
Phillips et al., l99la
Shen ¿¡ al., I99l
Shen ¿t al., 1992
Thompson a al.,1992
Thompson a al.,1992
Thompson a al.,1992
Callen et al.,1993
Callen et al.,1993
Callen et aI., 1993

Callen et al., 1993

Thompson a ø1.,1992
Thompson et al.,1992
Thompson et al., 1992

Thompson et ol., 1992

Thompson et al., 1992

Thompson a al., 1992

Thompson et al.,1992
Williamson et al., l99I
Thompson et al., 1992

Royle er aI.,1992
Hudson et al.,1992
Hudson et aI.,1992
Shen ¿f al.,1992
Shen ør aI., t992
Shen¿r ø1.,1992
Shen ef al.,1993a
Shen¿f al.,1993b

l6pl2.l-pll.2
r6pr2.l-plr.2
16p11.2-p11.1
l6qz2.l
16q24.3
l6ql2.lnI3
r6q24.3
16p'
16q12.1p13
16p13.3
16g.2l
16p13.1 1-p12.1

I6q2Z.l
16p13.11-p12.1
16q12.1ql3
169,23.2n24.3
t6q22.I



Table 2.1 (cont'd) 2 Markers usedfor the dcvelopment

I¿cation Gene/Locus Probe/EnzYme Type

of the linkage mnp of hutnan chromosome 16'

Het. No inf
meioses

CEPH
Lab.

16q12.1q13
16q,23.2n24.3
t6pl2.I-prl.2
t6qzl
16q12.1ql3
16q23.2n24.3
16q23.2-924.3
16q23.2n24.2
I6qZZ.t
t6q22.l
l6pI3.ll-Pl2.l
l6q23.l'924.3
t6pt3.rl-Pr2'r
l6pl3.2-l3.rl
l6pl3.2-l3.ll
16p13.3-13.1 I
l6pr3.2-r3.ll
16q12.1q13
16p13. rl-PrZ.r
16q12.1al3
1óp13.ll-PlZ.l
r6q24.3
l6pl3.2-13'rt
16q12.1ql3
16q12.1ql3
16p13.1 1-P12. 1

16p13.3-13.11

DI65359
DI65363#
D165383
D165389#
D165390
D165392#
D165393#
Dt6Ss95
D165397#
D165398
D165401#
Dt6S402#
D165403#
D165404#
D165405#
D165406#
Dt65407#
D165408#
D165410#
D165411#
D165412#
D165413#
D165414#
D16541s#
D165416#
D165417#
Dr65418#

16AC26E3B/PCR
16AC51G1/PCR
164C8083/PCR
16AC1083/PCR
16ACl0F5/PCR
16AC30589/PCR
16AC323H4IPCR
16AC33G11/PCR
MFD98/PCR
MFD168/PCR
AFM025tg9/PCR
AFM031xa5/PCR
AFM049xd2/PCR
AFM056Yf6/PCR
AFM070ya1/PCR
AFM079yh3/PCR
AIM113xe3/PCR
AFM137xf8/PCR
AFM165Yb6/PCR
AFM186xa3/PCR
AFM19lwb10/PCR
AFM196xg1/PCR
AIM205za11/PCR
AFM205ze5/PCR
AFM210YS3/PCR
AFM220xb10/PCR
AFM225xd2lPCR

STR
STR
STR
STR
STR
STR
STR
STR
STR
STR
STR
STR
STR
STR
STR
STR
STR
STR
STR
STR
STR
STR
STR
STR
STR
STR
STR

o.42
0.78
0.45
o.'17

0.80
0.78
0.87
0.69
0.70
0.90
o.74
0.87
0.86
o.82
0.78
0.82
0.86
0.69
0.57
o.79
o.76
0.85
0.61
o.'14
0.43
0.73
0.83

321
r64
235
r70
511

161

r59
M7
168

559
80

140

r7t
158

143
t52
160

t20
r25
130

101

t54
137

t2l
53

155

r57

43
43

43

43

43
43

43

43

43

43

42
42
42
42
42
42
42
42
42
42
42
42
42
42
42
42
42

Reference

Shen ø ø1., I994a
Shen ¿r ol.,1993a
Shen ¿l al.,1993d
She,n er sl., 1993b

Shen ¿l al.,1993b
Shen ¿t al., I993a
Shen er al., 1993a

Shenø al.,l993b
Shen ¿t aI.,1994b
Shen ¿r al.,1994b
Weissenbach et aI-, 1992
rùy'eissenbach a al., 1992

Weissenbach et al., 1992

Weissenbach et al., 1992
rùy'eissenbach et ø1., 1992

Weissenbach a ø1., 1992
rù/eissenbach et øI', 1992
\rly'eissenbach et al-, 1992

Weissenbach et aI., 1992
ìùy'eissenbach et al., 1992

Weissenbach et al., 1992

Weissenbach et al., 1992
rrly'eissenbach a al., 1992

Weissenbach et al., 1992

Weissenbach a al., t992
Weissenbach a al., 1992

Weissenbach et al., 1992



Table 2.1 (cont'd) i Markers used for

Location Gene/l,ocus Probe/EnzYme

the development of the tinkage map oÍ human chronnsome 16.

Het. No inf CEPH
meioses Lab.

Type

r6ql2.rnr3
16p13.Lr-pr2.t
I6q22.I
l6q23.tn24.Z
l6pl3.3
16q23.2n24.3
16q,22.2n23.1
l6qzl
16p13.11-P12' I
16p13.3
t6pl3.2-pr3.ll
16q22.2n23.1
16p13.3
16p13.1 l-p12.1
16p13.3
16q12.1ql3
16p*
16p*
16q'
l6q*

D165419#
Dt65420#
D165421#
Dt65422#
Dt65423#
DI65449#
D165450
D165451#
D165452#
D165453
D165454#
D165522
D165523#
D165524#
D165525#
D16S5i1#
t*
t*
t¡t
tt

AFM225zf2lPCR.
AFM238xb2/PCR
AFM240yh6/PCR
AFM249xc5/PCR
AFM249yc5/PCR
16AC5144/PCR
16AC8OH3/PCR
16AC69F12/PCR
16AC33A4iPCR
16AC301G12/PCR
16AC45G5/PCR
164C8.21/PCR
16AC13HI/PCR
16AC4OA7/PCR
16AC3O8G7/PCR
16AC8.15/PCR
HagllHintl
69A4lPstl
T6BC6lMspl
LC9llvÍspl

STR
STR
STR
STR
STR
STR
STR
STR
STR
STR
STR
STR
STR
STR
STR
STR

RFLP
RFLP
RFLP
RFLP

0.7'l
0.82
0.57
0.80
o.75
0.85
o.52
0.84
0.68
0.45
0.75
0.69
0.68
0.76
0.91
0.86

149

149

140

166

136
134
232
145

143

335
134
449
t49
t57
180

t47
241
3t3
490
243

42
42
42
42
42
43

43

43

43

43

43

43

43

43

43

43

20
20
20
20

Refertnce

Weissenbach a al., 1992

Weissenbach a ø1., 1992
lvVeissenbach a al., 1992
rvVeissenbach et aI., 1992

Weissenbach a ø1., 1992

Shen ¿l al.,1993a
Shen ef al.,1993b
Shen ¿r al.,1993b
Shen ¿t aI.,1993d
Shen el al.,1993c
Shen ¿l al.,1993c
Shen ¿r al.,1994a
Shen e¡ al.,1993d
Shen ¿r aI.,1993d
Shen ¿l al.,1994a
Shen ¿r qI.,1994a
Williamson et al.,l99l
Williamson a ø1., I99l
V/illiamson et al., I99l
Williamson a al.,l99l

# - M"rk"r, typed on only 8 of tl CEPH families't 
- Phvsical location not refined.

ta
- Markers not prevrously incorporated into a published genetic linkage map of chromosome 16'
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enzyme, type, and reference for each marker. All of the markers used were

extracted from the cEpH database. However, the majority of markers were

isolated, characterised, physically mapped, and genotyped at the V/CH by

colleagues and subsequently contributed to the CEPH database (as indicated in

Table 2.1). The probes used by the candidate to genotype the CEPH pedigrees are

indicated on Table 2.1. These were Dl6s4, D16Sl0, Dl6s91 , Dl6S96, and MT'

one hundred and fifty_eight of the 191 DNA probes described in this thesis have

been physically mapped to a human/rodent hybrid panel, containing cytologically

defined portions of human chromosome 16 (Callen et al.,1992a)' One marker,

D165265, was physically mapped by the candidate; the methods used to physically

map this marker are described in Chapter 6'

2.1.4. Methods of Extracting DNA

The two methods included in this section were used to extract DNA from

preparations of lymphoblastoid cell lines (LcL) or fibroblast lines. care was

taken when extracting genomic DNA to ensure that the DNA was not sheared'

Gloves were worn when performing the phenol-chloroform extractions' and also

when staining with Ethidium Bromide (EtBr), which is mutagenic.

2.1.4.1. High satt extmction of cetl line DNA (Míller et al, 1988)

Frozen pellets of hbroblast cell lines were thawed and washed twice in 30 ml cell

lysis buffer (0.32M sucrose, 10 mM Tris HCl, 5 mM MgCl2,l% Tnton x-100)'

and incubated in the buffer on ice for thirty minutes; the tube was then centrifuged

in a louan cR3000 centrifuge (4o c, 3,500 rpm for fifteen minutes) to pellet the

lysed cells and the supernatant discarder. The peltet was resuspended in three ml

of nuclei lysis buffer (10 mM Tris HCl, 400 mM NaCl, 2 mM EDTA, pH 8'0)

was added and the pellet resuspended; 0.5 ml 10% SDS and O'2 ml l% Proteinase

K (Boehringer Mannheim) were added for the digestion of unwanted proteins'

The tube was sealed with parafilm and incubated overnight at 37o C on a rotating
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wheel (10 rpm). One ml of saturated NaCl (6 M) was added and the tube shaken

vigorously for f,rfteen seconds; the tube was centrifuged (4o c, 1000 g for fifteen

minutes), and the supernatant transferred to a 50 ml tube. Two volumes of 100%

ethanol (room temperature) were added, and the solution was gently mixed to

precipitate the nucleic acids. The precipitated DNA was transferred to a new tube

and washed with 70% ethanol (room temperature) and centrifuged to pellet the

nucleic acids, which were then desiccated and resuspended in 2 ml nuclei lysis

buffer, and incubated at 40 C overnight'

The DNA peltet was treated with 0.15 ¡.tglml RNase A (Boehringer Mannheim) at

37o C for four hours, followed by a further Proteinase K digestion (0'07 y'glml,

37o C overnight) on a rotating wheel. The DNA was precipitated by the addition

of ll3 volume saturated NaCl and 1/5 volume of 50% PEG6000, gently mixed'

and incubated at 4o c overnight. The DNA was recovered by centrifugation (4o

C, 1000 g for lrfteen minutes), washed in 70% ethanol, desiccated, and

resuspended in TE (10 mM Tris HCl, 1 mM EDTA)'

2.1.4.2. phenol - Chloroþrm extraction of cell tíne DNA (a modification of Blín

and Stafford, 1976)

Frozen pellets of hbroblast cell lines were thawed and washed twice in 30 ml cell

lysis buffer (0.32 M sucrose, 10 mM Tris HCl, 5 mM MgCI2, |% .liton X-100)

and incubated in the buffer on ice for thirty minutes; the tube was then centrifuged

in a Jouan cR3000 centrifuge (4o c, 3,500 rpm for fifteen minutes) to pellet the

lysed cells and the supernatant was removed. Three ml of nuclei lysis buffer (10

mM Tris HCl, 400 mM NaCl, 2 mM EDTA, pH 8.0) was added and the pellet

resuspended completely; 0.5 ml l0% sDs and 0.2 ml l% Proteinase K

(Boehringer Mannheim) was added for the digestion of unwanted proteins' The

tube was sealed with parafilm and incubated overnight at 37o C on a rotating

wheel (10 rPm).
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The nucleic acids were extracted once each with:

(i)anequalvolumeofphenol(saturatedwithTrispHS.0plusS-

hydroxYquinoline),

(ii) an equal volume of phenol : chloroform : isoamyl alcohol (25:24:1), and

(iii)anequatvolumeofchloroform:isoamylalcohol(2a:\.

To precipitate the DNA, 1/10 volume of 3 M sodium acetate (pH 4'6) and 2

volumes of ice cold loo% ethanol were added, the DNA pelleted by

centrifugation, washed in TOV| ethanol, desiccated and resuspended in an

appropriate volume of 10 mM Tris HCl, 0' 1 mM EDTA' If it was necessary' an

RNase and Proteinase treatment (Section2.l.3.1), followed by a further phenol -

chloroform extraction, was performed'

2.L.5.Isolation of Plasmid DNA

2.1.5.1. Large scale isolatíon of pl.asmid DNA (Bírnboim and Doly, 1979;

Maniatis et al., 1982)

Five ml Luria Bertani (LB) medium containing ampicillin (50 Fglml) was,

inoculated with a single colony. The culture was incubated overnight at 37o C

with vigorous shaking" 250 ml of LB in a one litre conical flask containing

ampicillin (50 ¡rglml) was inoculated with 0.75 ml of the overnight culture' and

incubated at37" C with vigorous shaking until the oDooo read between 0'4 - 0'6

(two to three hours). Chloramphenicol (170 p.glml) was added to the flask' which

was again incubated overnight at 37o C with vigorous shaking' The 250 ml

culture was placed in a 250 ml centrifuge bucket and centrifuged on a Beckman

l2-2lwl1centrifuge, in a JA 20 rotor (4' C, 6000 g for fifteen minutes)' The

pelleted cells were resuspended in 50 mM glucose,25 mM Tris HCI pH 8'0, 10

mM EDTA, and lysozyme (13.3 mg/ml) (Boehringer Mannheim)' The cell

suspension was left at room temperature for five minutes, followed by the addition

of 0.2 M NaOH, 1% SDS, gentle mixing, and incubation on ice for ten minutes'
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7z volume of 5 M ice cold potassium acetate (pH 4'S) was mixed with the cell

suspension by gentle inversion and incubated on ice for a further ten minutes. The

mixture was centrifuged on a Beckman J2-2lMlE centrifuge, in a JA 20 rotor (4o

c, 12 000 rpm, for thirty minutes). The supernatant was collected and two

volumes of ice cold lA0To ethanol, and left at room temperature for fifteen

minutes. The DNA was pelleted by centrifugation in the Beckman centrifuge

(room temperature, 12 000 rpm, for thirty minutes). The pellet was washed twice

in 70To ethanol, desiccated and resuspended in TE. To ensure complete

resuspension, the DNA preparation was left at room temperature for one hour'

The DNA solution was treated with DNase-free RNase (0.15 ¡rglml) (Boehringer

Mannheim), to digest RNA, for thirty minutes at 37o C. To digest proteins, the

DNA preparation was Proteinase K (0'07 ¡rglml) incubated for one hour at 37o C'

To purify the DNA solution, a phenol - chloroform extraction was performed as

previously described (Section 2.1.3.2). The plasmid was purifred on a cscl

gradient where necessary (Section 2.1.7.). The DNA was precipitated by the

addition of 1/10 volume 3 M sodium aceüate and2 volumes 100% ethanol, mixed

and left overnight at -2(0 C. The DNA was pelleted in an Eppendorf centrifuge

by centrifugation at 12 000 rpm for thirty minutes, washed with 70% ethanol'

desiccated, and resusPended in TE'

2.1.5.2. Smatl scale ísolation of plasmíd DNA (Bírnboím and DoIy, 1979)

1.5 ml Luria Bertani (LB) medium containing ampicillin (50 ¡rglrnl) was

inoculated with a single colony, and incubated overnight at 37o C with vigorous

shaking. The 1.5 ml overnight culture was then centrifuged in an Eppendorf

centrifuge (14 000 rpm for two minutes). The pellet rwas resuspended in 100 ¡'tl

(50 mM glucose, 25 mM Tris HCI pH 8.0, 10 mM EDTA), with the addition of

lysozyme (13.3 mg/ml) (Boehringer Mannheim). The cell suspension was left at

room temperature for five minutes. 200 ¡À (0.2 M NaOH, 1% SDS) was added to
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the solution, mixed gently, and incubated on ice for five minutes' Half volume of

5 M ice cold potassium acetate (pH 4.8) was added and mixed well gentle

inversion and incubated on ice for a further five minutes' The mixture was

centrifuged at 12 000 rpm for ten minutes. To purify the DNA solution, a phenol

- chloroform extraction was performed as prevoiusly described (Section 2'l'4'2)'

The DNA was then collected as for the previous method'

2.1.6. Recovery of DNA From Agarose

2.1.6.1. Electroelution of DNA (McDonnell et al'' 1977)

DNA was recovered from low melting point (LMP) agarose or the agarose gel

(pharmacia) by electroelution after ethidium bromide (EtBr) staining and

visualisation with uv illumination. The dialysis tubing (Promega) used for

electroelution was prepared by boiling for ten minutes in one litre of 2% soditm

bicarbonate,lmMEDTA.Afterrinsingthoroughlyindistilledwatef'the

dialysis tubing was boiled for ten minutes in distilled water before use'

A slice of agarose gel containing the DNA band was excised and placed into the

pretreated dialysis tubing containing 0.5 x TBE (1 x TBE: 89 mM Tris base' 89

mMboricacid,l0mMEDTA).DNAwaselectrophoresedoutofthegelsliceat

100 v for two to three hours in 0.5 x TBE. The current direction was reversed

for two minutes and the buffer containing the DNA was recovered from the

dialysis tubing. The DNA was rescued by ethanol precipitation, as described in

Section 2.1.3.2.

2.1.6.2. "Freeze / squeeze" ísolation of inseñ DNA

\ilhole plasmids containing insert DNA were digested with the appropriate enzyme

to release the genomic DNA fragment. The digest was stopped by the addition of

EDTA (final concentration 10 mM), and the DNA gel electrophoresed (Section
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2.1.g.2.) and visualised by staining with EtBr. The band containing the genomic

DNA was cut from the agafose gel and the agarose slice was either:

(i) placed in an eppendorf tube, snap frozen in liquid nitrogen, and the

supernatant containing the nucleic acids was collected by centrifugation, or

(ii) placed in a small bag, sealed, and then squeezed to extract as much liquid

out of the agarose slice as possibte. This squashed agarose could also be

snap frozen and sPun ifdesired'

In both the above cases, the EtBr in the agafose was removed by an n-butanol

extraction. An equal volume of n-butanol is added to the DNA sample, mixed

well, and centrifuged at 1600 g for 1 minute. This causes the phases to separate

and the EtBr is eliminated in the organic n-butanol phase, leaving the DNA sample

clear of EtBr. This process rwas repeated until the organic phase was clear of any

colour. The sample was twice extracted with water saturated ether to remove any

remaining n-butanol. After the final wash, the ether was removed by evaporation'

The nucleic acids were collected by ethanol precipitation, as described previously

(Section 2.1.4.1).

2.1.7. Caesium chloride Gradient For The Purification of Plasmid DNA

(Bimboim and DolY, 1979)

1.6 ml of 63 % wlv cscl solution was placed in each 2.2 ml polyallomer Quick-

Seal tube (Beckman). Nucleic acids (isolated from one of the above plasmid

isolation methods) were dissorved in 360 p"l of 10 mM Tris (pH 7.5)' 1 mM

EDTA in an eppendorf microfuge tube. 0.63 gm CsCl was added to the nucleic

acid solution, and mixed to dissolve. Sixty ¡rl of EtBr (10 mg/ml) was added'

The nucleic acid solution was carefully underlaid to the lower density CsCl

solution in the Quick-Seal tube. The tubes were then completely frlled with the

addition of extra 0.63 gm/ml CsCl solution, and balanced in pairs to 0'01 gm

precision, and sealed.
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The tubes were centrifuged in the TL-100 centrifuge (Beckman) for 2t/z hours

(100,000 rpm, 20' c). on completion of the run, the plasmid bands were

visualised under UV light, and extracted from the tube with a2l gauge needle, by

piercing the side of the tube and "sucking out" the DNA' The DNA solution was

then extracted with n-butanol as described above (Section 2'l'6'2), and then

ethanol precipitated as described in Section 2'l'5'2')'

2.|.S.EnzymeDigestion,Electrophoresis,andSouthernAnalysis

2.1.8.1. Restrictínn enilonuclease reactions of genomic DNA anl plasmid DNA'

Samples of genomic DNA and plasmid DNA, were digested with a variety of

restriction enzymes (New England Biolabs)'

1. Genomic DNA: l0 ¡.tg of DNA were digested under the conditions specified by

the manufacturer of the enzyme, using the specified buffer' Usualty 4 units of

enzyme was allowed for each Pg of DNA. The digest proceeded overnight at the

temperature recommended by the manufacturer, which differed depending on the

enzyme used. The reaction was stopped by the addition of EDTA to a final

concentration of 10 mM.

2. Plasmid DNA: Plasmid DNA was digested to release the genomic insert for

quantitation, and to be used as a probe. For quantitation, I pI of plasmid DNA

was digested with 4 units of the appropriate enzyme and quantitated on a

Shimadzu spectrophotometer. Routinely, I pg of plasmid/insert DNA was

digested with 4 units of enzyme, in the buffer recommended by the manufacturer'

The reaction proceeded for two to sixteen hours, at the temperature specified by

the manufacturer. Genomic insert DNA was separated from the plasmid DNA by

electrophoresis (Section 2.1.8.2.) and recovered from the agarose as described in

Section 2.1.6
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2.1.8.2. Gel electrophoresís (Manístís et al', 1982)

DNA samples were electrophoresed in 0.8% - l.2To agafose gels, in 1 x TBE'

Gels were run overnight for genomic DNA or for several hours for plasmid DNA,

depending on the expected size of fragments, and the relative size of fragments

that needed to be separated. The voltage used varied with the length of time the

gel was to be run. The standard DNA marker used to determine fragment sizes

was EcoRI digested Sppl phage (Bresatec). DNA samples were prepared by

adding 0.1 volume of 10 x gel-loading buffer (0.1 M Tris Hcl (pH 8'0)' 0'2 M

EDTA(pH8.0),2%Sarcosyl(w/v),20%Fico|l400(w/v),0.1%Bromophenol

blue (w/v) , 0.1% Xylene cyanol (w/v)). The DNA was staining with Ethidium

Bromide (EtBr) (0.0025 mg/ml) and visualised under UV light' Complete

digestion of genomic DNA showed as a smear on an agarose gel' Plasmid

digestion gave bands of expected size on the EtBr stained gel' Gels were

photographed to document the positions of the DNA size markers for later

determination of DNA fragment sizes from autoradiographs, and for the

determination of the plasmid and insert sizes prior to being extracted from the

agarose. The size of the fragments, both genomic and plasmid, were estimated

using the program DNASIZE (Suthers, 1992)'

2.1.8.3. Southern analysís (Southern, 1975)

After electrophoresis, the genomic DNA was transferred from the agarose gel to

nylon filters using modihcations of the Southern Blot method described by

Southern (1975). The conditions of transfer were dependent on the membrane

used, and were those specihed by the manufacturer of the specihc membrane'

The membranes used were a nylon nitrocellulose fîlter (Hybond N*, Amersham)'

and Genescreen Plus (Dupont). Transfer proceeded overnight for the best results'
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2.1.9. 32p-lauetling of DNA Fragments

32p is a carcinogen, and great care was taken when handling the radioactive

material. Double stranded DNA fragments were 32p-hbelled using the

Multiprime DNA labelling system (Amersham Kit 1601) (Random primer

extension, Feinberg and Vogelstein, 1983) or by Nick translation (Amersham Kit

N5000) (Rigby et al., lg77) to incorporaæ 32P-1CTP (Amersham) (1 mCi/ml)

according to the appropriate protocol described in the Amersham product

handbooks. Between 20-30 ng of DNA was usually radioactively labelled using

the random primer extension method, and approximately 250 ng of DNA was used

for nick translation reactions.

To improve the efficiency of the labelled markers during the hybridisation process'

in some instances unincorporated radioactive nucleotides were removed from the

labelled DNA solution by running the sample through a Sephadex G-50

@harmacia) column. The first peak detected by the radiation monitor was

collected since it contained the 32p-hbelled DNA'

For some labelling, the nucleotide incorporation was also tested, to ensure the

reaction was working efficiently. One of two methods were used for this:

(i) Dried filter discs, spotted with some of the labelling reaction, were placed

in 10 mt toluene scintillant, and monitored on a scintillation counter.

(ii) The second protocol used TLC plastic'sheet cellulose-F precoated paper

(Merck), and is described in Chapter 3'

2.L.10. Hybridisation Methods

32p-hbelled DNA probes were hybridised to hlters of genomic DNA, using a

modified method described by Sealey et at. (1985). Autoradiography was used to

locate the position of any DNA complementary to the radioactive probe' This

technique can be used to detect specific sequences in both genomic and cloned
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DNA. Two methods were employed, their major differences being in the

temperature (either 42"C or 65'C) at which hybridisation was performed.

2.1.10.1. Hybrídisatíon at 42o C

Nylon membranes were prehybridised at 42" C for 2 hours in hybridisation

solution (5 x SSPE,50% deionised formamide, 1% sDS, 7.57o dextran sulphate,

0.1 mg/ml sonicated denatured salmon sperm DNA (Sigma))' The he¿t denatured

radiotabelled probe was added to the hybridisation solution, and incubatú at 42"

c overnight with gentle agitation. The nylon filters were removed from the

solution and washed sequentially in 2 x SSC, 0.5% sDS at 65' C for thirty

minutes, and 0.1 x SSC, 0.1% sDS. The time and temperature of the second

wash were adjusted according to the background "noise" level of the filters when

tested by a radiation monitor after the f,rrst wash. After washing, the filters were

exposed to XO-mat XK-1 frlm (Kodak) at -80o C in the presence of intensifying

screens. The duration of the exposure depended upon the strength of signal

registered by the radiation monitor after the second wash.

The radiolabelled probe was later "strippe<l" from the nylon membrane to enable

future reprobing, by washing first in 0.4 M NaOH for thirty minutes at 42" C,

and then in 0.2MTris HCI oH 7.5),0.1% sDs, I xSSC for thirty minutes at

42" C. The membranes were then dried and stored for reuse.

2.1.10.2. Hybrídisation at 65o C

Nylon membranes were pre hybridised in 1 M Na2HPO4/NaH2PO4 OH 7.0),7%

SDS at 65' C for at least fifteen minutes, with gentle agitation' The 32p-hbelled

probe was boiled for ten minutes to denature and added to the prehybridising filter

and solution. Hybridisation was performed at 65" C overnight' After

hybridisation, the filters were washed, exposed to X0-mat xK-1 hlm (Kodak) and

stripped as described in Section 2.1.rc'l'
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Paft II: Linlcaee Anallsis

2.2.L.Introduction

During the course of this project, two main linkage analysis packages were

utilised. Firstly, the LINKAGE ANALYSIS PACKAGE of programs (version

5.1) was utilised to develop a multþint linkage map in the region of FRAL6B'

The hardware used for analysis was an lBM-compatible Personal computer This

program package and its implementation will be described. The LINKAGE

package is an analysis program for performing risk analysis and for the calculation

of lod scores on disease pedigrees. To analyse a pedigree segregating for the

fragile site, FRA16A, the LINKAGE programs (version 5.1) were used on a sun

workstation, enabling a more powerful analysis than was possible using a PC'

As more genetic loci were incorporated into the analysis, the computer program

CRI-MAP (Version 2.4) was implemented. This was used for subsequent

multipoint linkage analyses of the region on chromosome 16 encompassing the

CLN3 gene, and for construction of the maps of the entire length of chromosome

16. This program was designed to analyse as many as 100 loci concurrently,

enabling the entire chromosome 16 database to be incorp<lrated into the linkage

map of human chromosome 16. This program will also be de'scribed'

The cEPH Database Management program was used for the maintenance of the

probe/polymorphism data and the genotype data generated from the CEPH

pedigrees. This package is briefly described. other utility programs required for

the transformation of the genotype data into linkage analysis format and some for

use with the analysis packages are also described'

2.2.2. CEPH Database Management Package

CEPH provide a database management program that enables effrcient storage of all

the genotype information and the probe/enzyme records' Versions 4'0 with
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upgrades to 7.|of the database management programs were used during the course

of this project. The package includes facilities to generate the pedigree files and

data files required for the analysis programs' and enables the researcher to input

new genotype information and edit existing information' It provides the service to

extract new genotype information and return it to CEPH, where it is incorporated

with other new data from collaborating investigators; they then return it to the

investigators, for map construction. During the course of this project the database

was upgraded through stages from Version 4'0 to Version 6'0'

All data included in the cEpH database are automatically checked and corrected as

necessary, prior to the analysis for the following inconsistencies:

(i)parentalallelesincompatiblewiththoseofchildren,

(ii) discordances between the genotypes in the grandparents and grandchildren

in cases in which the parental data is missing' and

(iii) intralocusrecombinants'

2.2.3. LINKAGE AnalYsis Program

The LINKAGE ANALysIs pACKAGE (LINKAGE) embodies two groups of

programs.Thefirstgroup'LINKAGEANALYSISPROGRAMS,consistofa
,'core" of linkage analysis programs' designed to perform maximum likelihood

estimation of recombination rates (using iterative atgorithms), calculation of lod

scores and lod score tables, and the analysis of genetic risk' Activity at the "core"

level requires a comprehension of how these programs interact, and a knowledge

of how to prepare and adapt the appropriate data files'

The second group, LINKAGE SUPPORT PROGRAMS (LSP), consists of a

Sequence Of programs that form an interactive "Shell" around the "Core" prggrams'

providing a friendly, easy-to-use interfâce to the "core" programs' In theory' the

shell provides the facility for a user to use the analysis programs without specihc
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knowledge of the programs or data files that support them, and indeed of

computing itself.

The LINKAGE ANALYSIS PROGRAMS can be further divided into two groups.

The first group of programs are optimised for the analysis of the threr generation

CEPH pedigrees with codominant marker loci, and are primarily intended for the

rapid construction of genetic maps from the reference family data' The second

group are for use with general disease pedigrees with codominant markers and

disease loci; both groups of programs allow the analysis with either sex-linked or

autosomal loci. The input to the LINKAGE programs is divided into two files'

The "PEDFILE", as it is internally known by the linkage program' contains

information regarding pedigree structure and the genotype data' I-ocus

description, recombination rates, and gene order are incorporated in the

'DATAFILE", as it is internally known by the LINKAGE programs' The

pedigree and genotypic data must be processed prior to analysis by a series of

preparatory programs that accompany the analytical programs in the LINKAGE

package.

The method of analysing linkage relationships using the LINKAGE ANALYSIS

PACKAGE can be broken into three phases: the data preparation and management

phase, the data analysis phase, and the linkage results report generation phase'

The data preparation and management phase involves the generation of genotype

data (described in Part I of this chapter), and its management and storage' which is

performed by the CEPH database programs for the CEPH pedigrees (as described

in Section 2.2.2.). The information for the FML6A pedigree was stored in the

pedigree file constructed prior to the analysis'

The next phase is the data analysis phase, which involves the construction of

command f,rles, delineating the analysis procedure and then running these files'

The analysis itself is controlled by the support program LINKAGE CONTROL
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PROGRAM (LCp), and builds the command files to perform the linkage analysis.

This phase is described in the Sections 2.2.3.3.,2.2.3.4.,2.2.3'5', and2'2'3'6'

The final phase of rinkage anarysis is generating a report and interpreting the data.

The LINKAGE REPORT PROGRAM (LRP) converts the ouþut from the

analytical programs into an easily read format. This program is described in

Section 2.2.3.4.

2.2.3.1. Computer hatdware and opemting systems

The LINKAGE programs (version 5.1) (I-athrop et a1.,1984, 1985; Lathrop and

I-alouel, 1988) are available for IBM-PC computers, vax computers and for unix-

based systems, like the Sun workstation. The LINKAGE analysis programs

designed to run on an IBM compatible computer are written and compiled in

Turbo-Pascal Version 5 (Borland International Inc) and the LINKAGE control

programs are written in C (Borland International Inc). The analysis programs

designed to run on the Sun sPARC station IPC are written in unix-based Pascal,

and the LINKAGE control programs use the language c. The steps involved to

establish a working copy of these programs afe detailed below' The LINKAGE

programs were supplied as executable hles and as source code, for both types of

computers.

LINKAGE Programs run on an IBM personal computer:

The computer used was an NEC Powermate IV operating under MS-DOS

(version 3.2), with 640 K of core memory' a 40 Mb hard disc, an 80287

numericalco-processor,and5l2Kofextendedmemory.

LINKAGE Programs run on an Sun V/orkstation:

The workstation was a Sun SPARC station IPC with 12 Mb of core

memory and a 207 Mb hard disc. The operating system was SUnOS

OPerating SYstem, release 4' 1' 1'
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2.2.3.2. Compilatíon and system constants

As stated before the LINKAGE programs run on the Sun'workstation did not need

to be compiled, thus only the compilation on a personal computer will be

discussed. This means only the compilation of those LINKAGE programs

associated with the analysis of the three generation CEPH pedigrees will be

discussed, and not those associated with disease pedigree analysis'

The compiler used was Turbo-Pascal version 5 (Borland International INC)' This

compiler was presented in two formats. One format provided an integrated

environment using a windows based system. The second format was a command-

line compiler with the advantage of using less memory. It was possible to compile

Iarger programs with the command-line compiler where it was not possible to do

so using the integrated environment'

To compile the three analytical pfograms used for CEPH pedigree analysis,

CMAP, CILINK, and cLoDscoRE, the following sequence of files is called

(CMAP is used as an examPle):

SWTHG.PaS
program cmãp (outnut, tempdat, tempped, outfile' stream) ;

{use overlaYs}
THGC,
THGl,
TIJGZ,
THG3,
CMP4;

The first hle to be called is a hle called SWTHG.pas, which contains the

directives for the compilation process. Next are four units that are common to all

the main analytical programs, THGC.pas, THGl.pas, THG2.pas, and THG3'pas'

which contain the general information for performing linkage analysis' Following

these four units, subprograms specific to each main analysis program are called'

CMP4.pas(forCMAP),CLK4.pas(foTCILINK),andCLD4.pas(for

cLoDscoRE), and executable files for CMAP, CILINK and GLODSCORE are

constructed.
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To compile the LINKAGE programs, the hles SWTHG.PAS and THGC'pas need

to be modihed. The various options available in the SWTHG.pas file are detailed

in ott's notes to version 5.03. It is used to compile the main linkage analysis

programs.ForSV/THG.pas,theoptionswereasfollows:

{$DEFINE CILINK} g¿at;tt¿tme; GILINK' GMAP' or

$o-)
$N+)
$E-)
$R+Ì

Precision; single or double or extended or turbo)
Overlays; * or -)

se numerrc coprocessor; * or- )*or-
-; do not change without

)

good reason;

In Turbo-Pascal, brackets {} ate used to define either a comment or a critical

command for the compiler. { DEFINE ..'.} is a comment for the programmers

benefit; {$DEFINE ....} is a compiler directive. The "$" activates the statement

when the program is compiled, and if it is in the wrong place the analytical

programs will not compile properly. The analytical program to be compiled must

be identified in the first line above. The precision switch (the fourth line above)

determines the number of bytes used for a real variable. Using "extended"

precision uses more bytes and increases computing time, but reduces the chance of

an underflowl, whereas using "turbo" precision wilt produce much faster running

code, but increases the chance of an underflow occurring. since a numeric

coprocessor was installed, the precision switch was set at DEFINE "extended" (or

sometimes 
,'double"). In the CILINK program, the precision also sets the variable

nbit representing the mantissa length of real variables. The following options

were available:

1. Underflows occur when a real number becomes smaller than a critical limit, for example, 10(-

38). n Turbo Pascal, when an underflow has occurred in a variable, its value will simply be

set equal to zpro and comPutation continues, which may lead to apparent errors and

inconsistencies that are diffircult to Pin Point. Underflows were largely avoided by choosing

the'double" or nextended" type of real variable which has a low critical bound
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For less than 10 loci, extended precision was used' If more loci were to be

analysed, turbo precision, or even single precision' was used'

If the program was to be compiled to overlay files (i.e. {$o+1¡ the overlay path

in the corresponding program had to be altered, as detailed in Ott's notes for

version 5.03. The overlay files were placed on a RAMDISC in the extended

memory buffer as detailed in the DoS manual. For example, in cMAP'pas, the

following line needed to be included:

ovrinit(' E:\CMAP. OVR' ) ;

where E was the disc name for the RAMDISC'

The running constants for each analysis are contained in the frle T'HGC'pas;

followingarethemainconstantsthatneededtobealtered:

{ soME USER DEFINED coNsrANrgi- -dostream : tfi¡€i 
- 

{srnr,nM FILE OUTP-UT}

maxlocus : 9; iue4lYgì4ìIUMBER OF LOCI IN. 
MAPPING PROBLEM }

maxsystem : 9; {MAI-LY{YNUMBER OF LOCI IN. 
ONE FAMII,Y AFTER'
TRANSFORMATION}

maxind : 1405; {MA-XIMUM-NU-IVIBER OF- 
fNDivrDuAI^S'

maxPed : 40; {MAXIMUM NUMBER OF

PEDIGREES}
maxrectype:110;{MAx-IMUfvfNUMBERoFDIFFERENT\_ 

RECOMBINATION PATTERNS}

Switch setting
(DEFINE.. ..)

single
turbo

double
extended

Variable length
(bytes)

4
6
8
10

ARRAY SIZES}

Mantissa length
þits)

23
39
52
63

{MAX NUMBER OF ALLELES AT A. 
SINGLE LOCUS;

It was necessary to set the constants maxlocus, max,ind, maxped, and maxrecrype at

the beginning of the file for each analysis specifically, and compile the respective

analytical programs each time. The analysis would crash if a range check error
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occurred with an efTor message "Array subscript out of range" or similar, where

one of the constants written at the beginning of the THGC.pas file was too small

for the problem to be analysed; this constant would need to be altered and the

program recompiled. If the analysis was not carefully designed, insufficient

memory would also occasionally cause a LINKAGE analysis to crash while

running, with the message "Heap/stack overflow2" o, "Insufficient memory".

This was due to limitations placed on the computer memory capacity, applied by

the DoS environment. The memory limitations were overcome to a certain extent

by setting each of the constants at their minimum. For example, the number of

loci was set to exactly that used in the current analysis' The problem was also

overcome by:

(i) ensuring that atl unnecessaly programs were removed from memory'

(ii) incorporating into the analysis only those pedigrees that were informative

for at least two of the markers to be analysed, thus reducing the number

of pedigrees being studied to a minimum,

(iii) reducing all re¿l variables from "extended precision" to "double", "turbo"

or even to "single precision" in the swTl{G'pas file, reducing the

memory required to Store real numbers' This also reduced the accuracy

of the analysis to some extent, but not sufficiently to cause concern.

(iv) Finally, by utilising the extra 512 K of extended memory installed in the

computer, the LINKAGE programs were compiled to overlay files' This

had the effect of slowing the analysis, but it extended the memory

capacitY.

Heap overflow occufs if there is not enough free memory to hold all the data' There are four

porrìUt" solutions: 1. Reduce all program constants to the smallest possible values, 2' Reduce

ihe compiler switch'DEFINE dãuble' to 'DEFINE single', 3. Set the compiler switch R-,

and do not check for 'out of range' effors. This should be done as a last option, as if there

are any efrors, the computer will freeze if an array bound is exceeded.

2.
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Thus, an analysis program was compiled by checking the analytical program

setting in the SWTHG.pas file first, and then verifying the settings for the

constants in the THGC.Pas file.

Turbo Pascal limits the amount of memory available to all alrays in a program;

this is a Turbo Pascal limitation, and not a DoS problem, and hence cannot be

resolved by the addition of extra memory. This limitation meant that often the

program would not compile at the size of the constants set, and the size of the

analysis needed to be reduced. As more loci became available to be included in

the analysis, these memory limitations and size restrictions occurred more often'

and could not be overcome. Thus, the change to the CRI-MAP analysis package

was crucial to accommodate analyses of increasing complexity.

The LINKAGE analysis package used on the Sun workstation IPC was then only

used to analyse the pedigree segregating for FRA16A, an<l not fnr any general

CEpH pedigree analysis. These programs were also distributed as executable files

and as Source code, although, for the Scope of this project it was never necessary

to recompile these programs. However, the process is esserltially the Same' and is

outlined in the postscript f,rles that are distributed with the package'

2.2.3.3. Progmm descriptíon: GEPH pedígrees and general pedígrees

The LINKAGE package programs for analysis of both the CEPH three generation

pedigrees and the general disease pedigrees are essentially the same' but the formal

structure of the CEPH pedigrees enables a simpler analytical routine program'

The structures of the input files ( a "PEDFILE", comprising the pedigree data;

and a ,'DATAFILE" including the description of the 10ci, locus order,

recombination frequencies, and gene frequencies) are the same, and hence will be

discussed together, as will the description of the analytical programs' The main

analysis files for the CEPH pedigrees are CMAP, CILINK and CLODSCORE,
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and for the disease pedigrees, the analytical files afe LINKMAP, ILINK,

LODSCORE and MLINK.

The first step in the LINKAGE analysis is to create the pedigree "PEDFILE" ftle.

In the case of the GEPH pedigrees, the GEPH database management programs

create a pedigree frle and data file automatically as described in Section 2'2'2',

with no further modification required. For general pedigrees, the pedigree file is

constructed using a text editor. For both types of programs' the format of the

pedigree file should be as follows, running in columns across the page:

- Pedigree number
-IDnumberofagivenindividual(need-.to.be-sequential)
- ID number of ttrãt individual's father (0 if unknown).
- ID number of that individual's mother (0 if unknown)
- Sex of individual: 1: male,2: female
- phenotYpe at locus 1

- þhenotYþ at locus 2, etc

Each item has to be separated from the others by at least one space' and there must

be no spaces between the rows, or at the end of the f,rle; Spaces would cause the

analysis to abort, with no indication of what the problem was!

After the disease pedigree file has been constructed, the file needed to be

converted into the format for the LINKAGE analysis programs. The program

MAKEPED performed the appropriate transformations'

The data hle structure for both groups of pedigrees is also the same' Internally

this file is called DATAFILE, which includes a description of the loci, the locus

order, and recombination rates. There are a number of ways of dehning loci for

linkage analysis. For the programs for analysis of the three generation families,

the codominant markers afe described in terms of "binary factors" or "numbered

alleles", providing information about a individual's genotype at a locus. Binnry

factors are a series of 1's and 0's, indicating the presence or absence of a

phenotype factor, and are entered into the data file as a binary string' For

example, in a two allelic system the allelic codes are:
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1 0 (allele 1)

0 1 (allele 2)

Nwnbered alleles are codominant alleles at a single locus, and the numbers run

consecutively from 1 to the maximum number of alleles observed' Thus the

phenotype is represented by two allele numbers corresponding to a genotype' For

example, 2 5 (alleles 2 and 5 are present), 0 0 denotes unknown' Homozygotes

are given two identical numbers. Either system may be used but it is essential to

use the same system in both the PEDFILE and the DATAFILE.

Affection status is used only for disease pedigree analysis, or in the case of this

project, to specify presence or absence of the fragile srte, FRAL6A' It indicates

the presence or absence of a disease (or fragile site), and is described by a

numbered code. For example, individuals that could be induced to display the

fragile site, FRAI 6A, were coded with the affection status of 2, indicating that

they were "affetted", 1 represented unaffected, and 0 implied that the individual's

phenotypic status was unknown, because the individual was not cytogenetically

tested for the presence of the fragile site. Penetrance þrobability of being

affected or of carrying the fragile site, given a certain genotype) may be

incomplete in some individuals, and so liability classes can also be used' There

were two liability classes assumed for the autosomal folate sensitive fragile site'

FRA16A. Females were specihed as fully penetrant, and males were specif,red at

only 50% penetrance (Sherman and Sutherland, 1986)'

The loci described in the DATAFILE should correspond the loci in the equivalent

PEDFILE. The hle consists of general information concerning the number of

loci, the risk locus, sex-linked or autosomal, mutation rate, and the order of loci'

It also contains information on the recombination frequencies between the loci and

program specific information. The DATAFILE for the CEPH pedigree loci is

created by the CEPH database programs' and the data frle for the general

pedigrees is created by the program PREPLINK'
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2.2.3.4. LINKAGE ptogrums for the CEPH pedigrees

The LINKAGE package for the CEPH pedigrees consists of 4 programs for

analysingthegenotypeinformation;CFACTOR,CMAP'CILINK'and

CLODSCORE. The calling sequence for these programs is:

input þedfile, data file)
-> CFACTOR ->

ouþut (temPPed,
-) CILINK or

CFACTOR applies factorisation and transformation rules to the genotypes

from the pEDFILE and DATAFILE and inputs the modifred information to the

files tempped and tempdat respectively, before CLINK or GMAP are evoked'

Three constants are dehned in GFACTOR that can be altered to make the analysis

more efficient, called elimb, elimu and esame. These constants were incorporated

into CFACTOR to simplify the calculations by disregarding data at loci in families

in which either or both the parents genotypes are unknown and cannot be uniquely

inferred.

elimb : true:

tempdat)
CMAP

elimu : true

data for a locus are eliminated if the genotypes of

one or both parents cannot be uniquely inferred'

data for a locus are eliminated if the genotypes of

both parents cannot be uniquely inferred

data for a locus are eliminated if all the children are

identical homozygotes, and if one parent is typed, he

or she is also a homozYgote.

The default setting is all three constants are false, in which case' no data is

eliminated.

CILINKisa'programformaximumlikelihoodestimationof
recombination fractions for an arbitrary number of markers loci. Given a specihc

order, CILINK determines the maximum likelihood and the recombination

esame : true
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fractions at that maximum. Sex specific differences in the recombination rates can

be incorporated.

CMAp is a program for calculation of location scores of one locus

against a fixed maP of other loci'

cLoDscoRE is a program for the efficient calculation of LoD scores in the

three generation families. This program reads information directly from

PEDFILE and DATAFILE, and so does not run through CFACTOR prior to the

calculations.

There are three program constants for CILINK and CMAP" segstore, hapstore'

and boolstore. These constants define limits of array sizes, are specified at the

start of the THGC file, and need to be changed to fit the analysis and the program

recompiled. The program halts if these array sizes are exceeded' However, these

constants can not be determined prior to the analysis; if the program crashes due to

one of then being out of array size, it specifies the size it should be, and the

THGC.pas file can be appropriately altered. Making the constants as low as

possible enables a program to be compited with the maximum number of loci and

alleles.

2.2.3.5. LINKAGE programs for general pedigrees

The LINKAGE package for analysing general pedigrees of arbitrary structure

consists of 5 programs for analysing the genotype information; UNKNOWN'

LINKMAP, ILINK, MLINK, and cLoDscoRE. The calling sequence for these

programs is:

input (Pedfrle, dataf,rle)
-> UNKNOWN ->

output (temPPed, temPdaQ 
-- ----> LINKMAP,-ILINK, or MLINK

UNKNOWN This program takes the PEDFILE and DATAFILE, checks for

data inconsistencies, and infers unknown genotypes. This program replaces

CFACTOR for the CEPH pedigree analysis'
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LINKMAP is a program that estimates the most likely position of an

unknown locus on a known genetic map, calculating the location score. This was

the most appropriate program used for localising FRALíA on the multipoint map

of the region encompassing this fragile site'

ILINKisaprogramthatiterativelycalculatesthemaximumlikelihood

of a given locus order. It is used to determine the probable order and

recombination fractions for a number of loci simultaneously, similarly to CILINK'

MLINKisusedtocalculatetheLoDscoreforagivenrecombination

fraction between two loci (Eg for preparing a LOD score table) and for risk

analysis where required.

LODSCORE Unlike the other analysis programs for the general pedigrees,

LODSCOREisnotprecededbyUNKNOWN.Itcalculatestwo-pointLoDscores

between pairs of loci. LoDscoRE is used to check the recombination fraction

between all pairs of loci before moving on to a more complex analysis' The

DATAFILE needs to be modifred slightly compared to the format for input into

the other Programs.

2.2.3.6. LINKAGE support programs: LCP and LRP

As mentioned in the introduction, the LINKAGE ANALYSIS PACKAGE is made

up of two groups of programs. The first group are those described above' the

analysis programs. The second group, the LINKAGE SUPPORT PROGRAMS

control all the LINKAGE analysis programs, by setting up command files at the

user,s direction. The two programs are LINKAGE CONTROL PROGRAM

(LCP) and LINKAGE REPORT PROGRAM (LRP)'

TheLINKAGECONTROLPROGRAM(LCP),isaninteractivemenu-driven

program for building command files to perform linkage analysis' The command

file may take several minutes to run the analysis' or many hours' LCP is very

efficient in generating a complete linkage analysis involving many slages' and



75

different analytical programs. There is the option of selecting different loci to be

analysed, and to set parameter values such as recombination fractions' The

choices that are made for the analysis are saved together in the command ftle þy

default this file is called pedin.bat).

The LINKAGE REPORT PROGRAM (LRP), is also a menu-driven program for

displaying and formatting the stream output of the linkage programs' The results

of LRP can be exported to a report hle'

2.2.4. CRI-MAP AnalYsis Program

CRI-MAP was developed to allow rapid, largely automated construction of

multilocus tinkage maps and assess the support relative to alternative orders,

generate LOD tables, and detect data errors'

The goal of multilocus linkage analysis is to hnd the locus order having the

highest likelihood, and identify alternative orders with comparable likelihoods'

Because it is impossible to consider all possible orders for a large set of loci, it is

necessafy to adopt a strategy which makes decisions on the basis of subsets of loci'

This approach may result in some loss of information' but it should not result in

any bias in estimating recombination fractions (Green et al', 1989)' CRI-MAP

deduces missing genotypes where possible, and incorporates information from

individuals of unknown genotype at a given locus only when their genotypes can

be inferred with certainty at that locus, and then computes the likelihood (as

defined by Ott, 1985) based on analysis of the known or deduced genotypes'

Genotypes where only one allele is known or deducible, are also utilized in the

calculations as far as possible. For missing data at a particular locus in an

individual, where possible genotypes at that locus may include a homozygous

genotype, then CRI-MAp treats all meioses in that individual as uninformative for

that locus. A likelihood analysis by LINKAGE would consider each possible

genotype at the locus, assign relative probabilities to each based on the genotypes
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of ancestors and descendants, and compute a likelihood which is the weighted sum

of the likelihood expressions for each particular choice of genotype' CRI-MAP

thus ignores some of the information available, but the loss appears to be small

(Green et a\.,1989), and allows the analysis to be performed more rapidly'

CRI-MAP does not make use of allele frequencies; if an original parents' genotype

is missing, a full likelihood analysis would use the population allele frequencies to

assign probabilities to various possible genotypes, thus influencing the probability'

and the likelihood, that the allele in any child of the original parent is derived

from that parent. CRI-MAP deduces the parental origin for any allele in a child of

an original parent from other genotype information if possible, but otherwise

assigns equal probability to the two possible parental origins for the allele. Little

information is lost by this procedure, except when the allele is rare; using

codominant marker loci, little information is lost. Since allele frequencies

estimated in different populations vary dramatically between populations' an

analyses which makes no assumptions concerning allele frequencies such as that

given by CRI-MAP, rnay be prefèrable'

Although CRI-MAP was originally designed to handle co-dominant loci (eg'

RFLPs) scored on pedigrees "without missing individuals" such as GEPH or

nuclear families, the algorithms in CRI-MAP have been extended to work on

general pedigrees with single dominant markers of disease systems' In the course

of this project however, CRI-MAP was only used with the CEPH pedigrees' CRI-

MAP and the LINKAGE package are linked only in that the same pedigree files

are used, with some stight modifications'

CRI-MAP is based on a computationally efhcient algorithm for computing the

maximum likelihood genetic map under the assumption of no interference' This

algorithm belongs to a special class of maximum likelihood algorithms cålled EM

(Expectation and Maximization) algorithms. The EM algorithm offers a powerful
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approach to obtaining maximum likelihood estimates from incomplete data

(Dempster et al., 1977; Wu, 1983)'

The EM algorithm has an interesting mathematical property that the likelihood

never decreases with successive iterations (Dempster et al., 1977; Theorem 1),

and it converges to a point which is guarantied to be a local (possibly global)

maximum (Wu, 1983). In addition, the EM algorithm has the practical advantage

that it is often easy to program because the likelihood function for the complete

data specification typically has a simple form. Finally, it is frequently observed

that the estimates usually converge to the maximum from a wide range of initial

values (I^ander and Green, 1987)'

2.2.4.1. Computer hatdware ønd operatíng systems

cRI-MAp is distributed as source code only, in the language c. The program

needs to be compiled with a C compiler. The one used was a Unix-based

compiler built in to the Sun OS 4.1.1 operating system. The program requires at

least 1 Mb of memory to perform an analysis incorporating 10 loci' Thus' it is

desirable to run the package on a computer with at least 1 Mb of memory'

preferably much more. CRI-MAP analyses were routinely run on a Sun SPARC

station IPC, which has 12 Mb of memory, and a 207 Mb hard disc' In the initial

phase of the project, attempts were made to run CRI-MAP on a PC, with limited

success, due to limited hard disk space and computer memory'

2.2.4.2. Fíle Structure

CRI-MAP is made up of a series of options within a main program, all of which

use a similar hle structure, unlike LINKAGE, which is comprised of a series of

programs.

To run CRI-MAP, there are four main files that are required for input into the

analysis; the file structures of these input files will be discussed.

These four files are:
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.gen - the raw genotYPe data file

.par - the Parameter file

.dat - the Processed data file

.ord - the orders file, or "orders database"'

The prefix to these files is in the format chrx.file, where the x represents the

number of the chromosome, and file represents the extension (in this case it would

bechrl6.gen, for example). Each of these files are in ASCII format, and can be

edited with a text editor. To use GRI-MAP for linkage analysis, it is only

necessary to understand the file structure for the .gen and 'par files, which are

discussed in detail below. The frle structures for the .dat and .ord fiIes need not

be understood, and will not be discussed in great detail.

.gen file

The.gen hle contains the raw pedigree information, and must be supplied, prior

to running the option prepare. This hle is created from the ped'out file generated

by the CEPH database programs (Section 2.2.2.) by a program called mkcrígen

(Section 2.2.5.), written by Santosh Mishra in St I-ouis (Personal communication).

The data items in this file are as follows:

{locus name n}

For ea

r in the family (in columns running across the page):

ID number of a given individú t (needs to. be sequential)

ID number of ttrãt individual's nother (i¡iiifläi)
3:unknown)
w line):
{locui2 allelel} {locus2 allele2}

I
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The pedigree structure must be completely specified, including the original

parents, who's IDs are coded as 0. Alleles must be represented by integers, with

missing alleles scored as 0. E¿ch locus name may consist of up to 15 characters,

with no embedded blanks. E¿ch family ID may be any character strings not

containing blanks.

.par fíe

The .par file is constructed from the .gen file by running the option prepare'

This file must be constructed before running any of the other CRI-MAP options'

Once the file is created, it may be edited using a text editor, as opposed to running

prepare every time the analysis is to be altered' The -par hle contains the

running information for the analysis, and the format of this file is:

dat.file chm.dat *

gen.fJJe chrx.gen *

ord.fiIe chrx.ord *

nb_our-alloc 3000000 *

SEX_EQ 1 t
TOL 0.01 *

PUK_NUM_ORDS TOL 6 *

PK-NUM_ORDS TOL 8 *

PUK_LIKE_TOL 3.0 *

PK_LIKE-TOL 3.0 *

use_ord_file 0 *

write ord file 1 *

ordered-loci {index # of 1st ordered locus} {index # of 2nd ordered

locus)..{index # of nth ordered locus} *

inserted-loci {index # of lst inserted locus} {index # of 2nd inserted

locus)..{index # of nth inserted locus} *

hap_sys {index # of lst locus in system} {index # of 2nd locus}... *

hap_sys0 {index # of lst locus in system} {index # of 2nd locus}... x

The constan t nb_our_attoc 3000000 is the initial memory allocation (in bytes), and

if additional memory is needed during the analysis, it is allocated automatically'

The default value was sufficient for even the large number of loci to be analysed

on chromosome 16.



80

Using CRI-MAp, it is possible to specify an analysis where the recombination

between the sexes is equal and constant (SÐLEQ D, or allow a variable

recombination rate between the sexes (SÐLEQ 0)'

The tolerance for determining convergence of the layered EM algorithm can be

specified, such that when logr'likelihoods from successive "phase unknown"

iterations increase by less than this amount (TOL 0.01)' itetation terminates' A

more stringent analysis can be performed by setting this value to 0.001 instead; the

linear nature of EM convergence guarantees that, if the estimates had not

converged with TOL : 0.01, then a substantial improvement in likelihood should

be apparent with the more stringent tolerance'

The next two constants in the .par file, PUK-NUM-ORDS-TOL 6 and

\K_NUM_ORDS_TOL 8 refer to the maximum number of orders all0wed in the

phase unknown and phase known parts of a build analysis, respectively, in the

current maP.

\TK_LIKE_TOL 3.0 and PK_LIKE_TOL 3.0 are the constants that set the

tolerance for discarding locus orders, such that, if the logrolikelihood of an order

is less than the logrolikelihood of some other order for the same loci by an amount

exceeding these constants, that order is not reported. Used only by build, all and

flipsn. with twopoint, LoD values are displayed only for locus pairs whose

LOD exceed s P(IK_LIKE_TOL. PKJIKE-TOL appl\es only to analysis of the

phase known data in the option build'

when the parameter use-ord1fil¿ is set to 1, the orders generated by the options

all and ftipsn afe prescreened against the respective -ord file created from a

previous build analysis, prior to computing likelihoods, thus effectively

eliminating orders incompatible with the orders database' when the parameter is

set at zero, the information in the orders database is not used.
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write_ord;fi/e applies only when the build option is being executed' If the

parameter is set to 1, the results of the current build run are used to update the

orders database, and when it is 0 the database is not be updated.

The next two lines in the .par fiIe refer to the loci to be included in the analysis;

the ordered loci and the insened-Ioci. In all options (except twopoint) the

"ordered loci" are assumed to be in their known, unique order; the remaining

loci, the "interted-1oci", are those loci to be placed in the framework defined by

the ordered-loci.

hap_sysandhnp_sy.sOrepresentalistofhaplotypedsystemswhicharetobe

grouped together in an analysis. v/hen the parametet use-haps is 1, the primary

locus (that locus first in the tist) is used whenever ordered sets of loci are

constructed, and the secondary loci in a system (the rest of the loci in the list)'

,,tag along". However, if a locus is being inserted into the map, or a new map is

being created by permuting a collection of loci, only the primary locus will be

utilized, and once the order is constructed, the secondary loci are inserted

immediately following the corresponding primary locus to "fill out" the order,

prior to calculating likelihoods and map distances. If hap-syso is specihed'

distances within the system are forced to 0. If the use-haps is set to zero, any

haplotypedsystemsspecifredinthe.parfi'|eareignored.

It is also possible to fix the recombination fraction between adjacent loci for the

options fixed and chrompic, for sex-average or sex-specific analyses, by using the

parameter fixed-dist.

.dat fùe and .ord fl,j,e

These files are also constructed from the .gen hle when the option prepare is run'

It is not necessary to understand the file structures when performing the analysis

with CRI-MAP; the structures of these files are outlined in Green et al'' 1990'
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The .ord file is initialized by prepare, but required only for the map building

options @uild, instant, and quick)'

2.2.4.3. Progmm Optíons: CEPH pedigrees

There are 10 program options for CRI-MAP. These are prepare, build, instant,

quick, all, fixed, flipsn, chrompic, twopoint and merge' ild are described

below.

prepare must be run before any of the analysis options, to create the 'par, 'dat,

and the .ord fiIes. This option enables the user to specify various pafameter

values that are detaited in the .par file above, and select the program option to be

used for the analYsis.

The option build constructs a map by the sequential incorporation of loci, and is

the main option used for map construction. The output from build consists of a

uniquely ordered set of loci, together with a list of possible placements and

associated likelihoods for each remaining locus with respect to the uniquely

ordered loci. At the beginning of the build analysis, the map consists of the

"ordered loci" specified by the user in the .par file' In the absence of any prior

information concerning locus order, such as physical localization data' one usually

chooses the "ordered loci" to be a pair of linked and highly informative loci'

when prepare is used to set up the .par frle, the two most informative loci are

automatically selected. build hrst analyses the "phase known" data, for which

maximum likelihood computation is much more rapid than for the full data set,

and proceeds to find a set of uniquely ordered loci, starting with the original

ordered loci and sequentially adding any additional loci, in order of their

informativeness, which have a unique placement' Using this uniquely ordered set

of toci as the new "map", the program then proceeds to analyse the full data set'

adding loci sequentially as before. once a set of uniquely ordered loci has been

determined, build prints out sex-specific and sex-averaged recombination fractions
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and the corresponding Kosambi cM for these loci. For each remaining locus not

uniquely ordered, it prints out the possible placements with respect to the uniquely

ordered loci, along with the logrolikelihoods for each placement.

The options instant and quick are similar to build, and each find a uniquely

ordered set of loci, and possible placements of remaining loci with respect to

them, using only the information in the .ord file created by a previous build run'

The logrolikelihood's of the possible placement of loci with respect to the uniquely

ordered loci are not computed by quick'

The option all determines the most likely position of a locus on a predetermined

map of loci. The program determines the order with the highest logtolikelihood'

L, and prints out, in decreasing order of logr0likelihood, orders whose associated

logrolikelihoods exceed the amount {L - PUK-LIKE-TOLI'

The option fixed finds the associated maximum likelihood recombination fractions

and map distances and the corresponding logrolikelihood for a set of loci in a

specified order, for either sex-averaged analyses of sex-specific analyses'

The flipsz option of GRI-MAP permutes sets of adjacent loci (the number to be

permuted is defined by n) within the map, calculates the corresponding likelihoods

for these orders, and displays the relative logrolikelihood (i'e' the logrolikelihood

of the reference order, minus that of the permuted order)' ftipstt can be used to

identify for map orders with a likelihood value higher than that of the tentative

constructed maP.

incompatible with

likelihoods.

If the use ord file is set to 1 in the 'par fil'e, permutattons

the orders database afe eliminated before calculating

The chrompic option displays the grandparental origins of each allele for each

child,s chromosome of a given family for the phase choice having the highest

likelihood; maternal first and then paternal. It determines the number and location

of recombinations on each chromosome, and indicates the loci responsible for the

recombinations, enabling loci involved in multiple crossover events' such as
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isolated double crossovers, to be readily detected, thus flagging candidate data

enors.

The option twopoint performs twopoint linkage analysis for each pair of loci,

providing the female and male recombination fractions and the sex-specific peak

LOD (: logrolike(f,m)-logrolike(.5,.5) at that recombination value. Also

included in the ouþut are the values of logrolike(f,m)-logtolike(0'5'0'5) for r :

0.001. 0.01, 0.05 and all multiples of 0.05 up to 0.5; the analysis can also be

performed for the sex-averaged case. Only pairs for which the LODs exceed

PUK-LIKE-TOL are Printed out.

The option merge amalgamates two .gen ftles, allowing different sets of loci to be

analysed as one data set. prepare does not need to precede the merge option.

2.2.4.4. Map Constructíon usíng CRI'MAP

The first step in constructing a map is the determination of a set of markers that

form a linkage group. In the case of chromosome L6, all the loci have been

previously assigned to the chromosome, and are at least syntenic. The next step is

to determine the probable order of the group of loci. Ideally all n!/2 orders should

be compared for the construction of the map; this is computationally impractical,

and all orders cannot be examined. It is reasonable to assume that interference

and recombination rates imply that double recombinants occur less frequently than

single recombinants, hence the maximum likelihood estimates under each gene

order should be constrained accordingly, enabling some of the possible orders to

be eliminated. Reliable heuristic algorithms have been designed that search for a

subset of orders to find the best supported map, and only a few likely alternatives

(I-athrop, Ig94). A suitable map function needs to be proposed for the linkage

analysis, to consider the occurence of interference between chiasmata, for the

efficient use of multipoint data in determining marker order or map position' For

linkage analysis using CRI-MAP, Kosambi's mapping function is used, which is
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based on marginal assumptions of interference (See Section 1'6'4)' The

determination of the most likely order is achieved by comparison of the maximum

likelihood values of the possible orders as likelihood ratio statistics, or odds ratios.

The best supported order - that with the highest likelihood - is chosen as the

probable order. As the process of map construction involves methods of statistical

inference, it is impossible to conclude that the best-supported order is in fact the

true order, but by comparing the likelihoods, alternative orders with low

likelihood values can be rejected. The usual criterion for the rejection of

alternative orders, odds of 1000:1 or greater, is somewhat an arbitrary choice' and

was initially developed by analogy with a lod score of 3 (odds ratio of 1000:1)

used as the critical value to detect linkage between two loci (Morton, 1955;

I-athrop, 1994).

The process of map construction using CRI-MAP began with the option build'

Based on phase-known data, the two most informative loci selected by the prepare

option were used for the map nucleus and a framework map of loci with odds of

10a:1 or greater was constructed. Additional loci were then inserted into the map

with descending order of informativeness, and the maximum likelihood estirnate of

the recombination fractions were calculated. The loci were added to the map only

if the new order of loci met with the specified tolerance of 104:1 or greater' That

is, a locus was added to the map if the maximum likelihood estimate was at least

104 times more likely than the next most likely order. Any tolerance could be

specified, below which loci were rejected for subsequent addition. The orders that

met the tolerance criteria were not rejected and were retained as possible orders'

This process continued until all loci were placed upon the map and a list of all

orders that could not be differentiated with the specihed tolerance was produced

along with the log likelihood value and genetic map for each order' Local support

for order of loci, using the flips option of GRI-MAP, was determined by

calculating the relative likelihood against the inversion of every adjacent pair of
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loci while holding the order of the remaining loci on each side constant. This

procedure provides strong support against local inversions. A flips3 option was

performed on this map, and any locus order with odds of less than 104:1 was

eliminated by removing one marker at a time. After a marker was removed,

flips3 was performed again and the procedure was repeated until odds for all

orders were greater than 104:1 times as likely as any other order.

A second map was constructed with odds of 103:1 using the loci that had resulted

from the flips3 test above, for the map nucleus. The resultant map order was

subjected to the same flips3 testing as the previous map'

As a final check on the validity of the map construction process, all sequences of

four consecutive loci were permuted within the structure of the complete map, and

all permutations that resulted in logrolikelihood differences of less than 3 with the

most likely order were reassessed. For the resulting best order, both sex-averaged

and sex-specific maps were estimated, with the recombination frequency being

converted to centimorgans using the Kosambi Map Function.

After a framework map was constructed in the above manner' the remaining loci

were sequentially added to the map by placing each in its favoured position (using

the all option), regardless of the level of support, until all loci were placed to

construct the comprehensive map. Once the order of all the loci was been

determined, the recombination fractions that maximise the likelihood function

were estimated.

To ensure that the final order determined using the above method is in fact the

correct order, the build analysis described above was performed several times,

using different starting loci. During the map construction pfocess' many factors

may influence the outcome from the build analysis such as the presence of data

errors. The choice of starting loci for the foundation of the framework map may

preclude the addition of other loci at later steps, possibly leading to an erroneous

order
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2.2.5. The detection of dat¿ errors

The chrompic option displays the grand parental origin of each locus along the

chromosome. This option of CRI-MAP was used to identify the locations of all

cross-overs for each of the maps constructed. Unlikely double recombinants

within small intervals were flagged by chrompic and were considered as potential

data errors if they occurred within a 15 cM interval, and where possible

autoradiographs were checked and samples regenotyped if necessary' Double

recombinants in small intervals in RFLP loci genotyped by the candidate were

checked by regenotyping for the maps constructed in chapters 3 and 4' In

subsequent chapters, double recombinants for RFLP loci within a 15 cM interval

that could not be resolved by checking the autoradiograph, were coded as

unknown in the CEPH database (o'connell et al., 1981;1989; V/hite et al.,

1eeo).

Requests were made to collaborators who submitted RFLP data to the CEPH

database to check double recombinants detected within a 15 cM interval'

Subsequent corrections were made to the database where possible, or the

genotypes were coded as unknown if the submitting collaborator did not respond

(O'Connell et al., 1987;1989; White et a\.,1990). The reasoning behind this

was that the possible removal of a small amount of correct data was considered

inconsequential compared with the alternative failure to remove the majority of

efrors, since the effect that genotype efrors have on map inflation and the selection

of the correct locus order can be quite substantial (Buetow, 1991).

Double recombinants detected at PCR formatted 10ci were checked and

regenotyped if necessary. In some instances the double recombinants could not be

resolved (even by regenotyping several times, using fresh DNA samples) and no

changes were made to the database. I-oci for which this was true are detailed in

chapter 7. If errors were detected in the data set, the map was reconstructed once

the errors were corrected.
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2.2.6.Investigation of sex-specific differences in the recombination fraction

Sex specific differences in the recombination rates were investigated for each of

the maps constructed in this thesis, at varying levels. Three models were

considered:

(i) equal recombination rates in males and females across the entire map,

(ii) sex-average recombination rate between males and females across the

entire maP,

(iii) sex-specific recombination rates between males and females in each

interval on the map under consideration'

The significance of the observed heterogeneity between male and female

recombination frequency estimates was determined by calculating the maximum

likelihood (-2ln(likelihood)) achieved for each of the models described above and

comparing these values. The difference between the likelihood estimates is

assymptotically distributed with a chi-square distribution with n-1 degrees of

freedom, where n is the difference in the number of parameters estimated for each

model (Ott, 1991). Multiple testing was corrected for by choosing the

conservative test of Fisher-Bonferroni (ie, divide P by n, where n is the number of

intervals) (Hochberg, 1988). The sex difference with respect to recombination

was also evaluated separately in each interval on several of the framework maps.

The chisquare test statistic was derived by analysing each interval under the

assumption of variabl'e or equal recombination in males and females and including

three adjacent intervals on each side, in which the recombination frequencies were

held equal for males and females in those adjacent intervals (O'ConnelI et al.,

lgg3), and determining the likelihood in each case. The chi-square test has one

degree of freedom.
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2.2.7 . UtititY Programs

Weaver et al., (lgg2) have made available to the scientif,rc community eight

interactive software packages to aid the construction of multipoint linkage maps.

These eight programs, PIC/HET, FAMINFO, PREINPUT, INHERIT,

TV/OTABLE, UNMERGE, GENLINK, üd LINKGEN, ffE WTittEN iN thc

programming language c (Kernighan and Ritchie, 1978), to support and

complement published linkage mapping software (mainly CRI-MAP)' The

programs most useful during this project were PIC/HET, TV/OTABLE, and

UNMERGE;onlytheseprogramswillbedescribedbelow.

PIC/HET: This program automatically calculates PIC values, heterozygosity, the

maximum number of informative meioses, and allele frequencies for each genetic

marker in the .gen líe (from above), and outputs the information in table format'

TV/OTABLE: This program takes the output from the twopoint option of cRI-

MAP and reports it into an easily read table format'

UNMERGE: This program enables the user to select a subset of the probe/enzyme

systems in a .gen file, extract them and create a new 'gen fúe'

In addition to these programs, one other utility program was used routinely during

this project. mkcrigen, written by Santosh Mishra þersonal communication),

was developed to convert the genotype information in the ped'out file from the

CEPH database, into the .gen file format suitable for use with GRI-MAP'

Two other programs were also used: mapfun and chiprob (Ott, 1991)' The

mapfun program is designed to convert recombination fractions into map

distances and vice versa using seven different map functions. The map functions it

uses are those proposed by Haldane (1919), Kosambi (1944), Carter and Falconer

(1951), Rao (1973), Felsenstein (1979), Sturt (1976), and the binomial mapping

function (Karlin, 1984; Ott, 1991). The chiprob program computes the p-values

for given values of chi-square and number of degrees of freedom.
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3.1. SÙmmary

A 10 point genetic linkage map of the region 16{^12.l to 16q22.1 was constructed

using the 40 CEpH reference families. This region encompasses the fragile site

FRA16B. Four loci, not previously localised on the genetic map, MT, D16510,

DIÍSgl, and DI6S4, were localised on the multipoint linkage map of this region.

The order of loci was:

ceî - DI6S3I - MT - D16565 - D16510 - (FRA16B) - Dt6s38 - D1654 - D16591 -

D16546 - D16547 - HP - qter-

By in sira hybridisation and southern blot analysis of human/rodent cell lines, and

now by linkage analysis, the two hoci D16510 and D16538 were shown to flank

FRA16B, providing a physical reference point for this multipoint linkage map on

the long a¡m of chromosome 16. The length of the interval between these closest

flanking markers (D16510 and D16538) is 3.1 cM in males and 2'3 cM in

females. These markers demonstrate that the corresponding clones are in close

proximity to FRAIíB and useful as the basis for development of a high resolution

physical map of the region, to enable the isolation of FRAL6B sequences.
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3.2. Introduction

The fragile site located at lq22.l, FRA16B, is a distamycin A-inducible fragile

siæ (Sutherland and Hecht, 1985). It is the most common of all rare fragile sites,

occurring under certain culture conditions în 5% of German individuals (Schmid er

al., 1986). The precise molecular nature of FRAL'B is not known. The isolation

of this fragile site will enable determination of the nature and chemistry of

cytogenetic expression of FML6L and of the group of distamycin A fragile sites'

The first step toward the elucidation of the molecular basis of this fragile site is the

identification of closely linked markers by the development of a multipoint linkage

map encompassing it. This is followed by the construction of a high resolution

physical map involving YAC contigs between the closest flanking markers. The

fragile site can be sequenced when a clone is identifred which contains it. This

will ultimately lead to a greater understanding of its nature function and purpose.

In 1986 @ratini et a\.,1986), the known gene order on the 16q was:

cen - FMI6B - HP - FRAL6D - APRT - qter.

These genes and fragile sites had been regionally assigned by physical mapping

methods. The haptoglobin gene (I/P) was genetically mapped neat FRAIóB, with

a genetic distance of 9 cM (Magenis et al., 1970), and was later physically

mapped distal to the fragile site (Simmefs et at., 1986). This gene has now been

further locatised to l6q22.l-q22.3 (Natt er aI., 1986)'

The Metallothionein (MT) gene cluster was mapped to chromosome 16 by Karin er

aI. (1984). This cluster conlains at least 14 genes and pseudogenes with common

sequences separated into two groups, MTI and MT2. In situ hybridisation studies

further localised this gene cluster to the distal end of band 16q21 (Sutherland er

al., 1987). The 5' flanking region of the MT2A gene can be detected by two TaqI

RFLps (Hyland et a1.,1938); these were used in the development of the linkage

map in the current studY.
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The anonymous DNA fragments, D1654 and D16510, were regionally mapped

between the brealçoints of CY7 and CY6, in the regions between 16{112'1 and

lq2I, by probing southern blots of human/rodent hybrids (Sutherland et al.,

1987; Hyland et al., 1988). They were oriented relative to FRAL6Bby in situ

hybridisation to metaphase chromosomes expressing the fragile site (Callen et al',

1g88; Hyland et al., 1988), to further refine the localisations of these two

markers.

Thus, from these reports the established physical order of markers was:

cen - MT,D16S10 - FRALíB - D1654 - HP - qter,

wherethepreciseorderofMTandDl6sl0wasnotknown.

To determine the genetic distance between these markers, and their placement with

respect to the fragile sIte, FI?A\óB, Mulley et al. (1989) performed two point

linkage analyses using nine kindreds segregating for FRA16B, and the nine Utalt

pedigrees. Using the nine Utah pedigrees (see Section 2.1.2), they determined a

lod score of 8.3 at a recombination frequency of 0'0' between the two markers'

D1654 and D16SI0, which fTank FRA16B. In fact, they observed no recombinants

within the MT, D16510 - D1654 - IIP cluster'

The first multipoint linkage map for the entire chromosome 16 (including the

region under discussion) was reported in 1987 as part of a genetic map of the

entire human genome using the GEPH pedigrees (Donis-Kellet et al., 1987)' In

theregionencompassingFRAI6B,theorderofmarkerswas:

cnn - D16S3g - (D16552) - (D16538) - D16569 - HP - qter

The brackets enclose loci whose mutual location cannot be resolved greater than

odds of 100:1, and are placed in their most likely positions, given the data; loci in

bold face were placed with odds greater than 100:1'
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The chromosome 16 genetic map was further developed in 1990, by lulier et al.

and Keith et al. The report by Julier et al. included no markers relevant to the

present study, and will be discussed in chapter 6. The Keith et al. report is

essentially an extension of the Donis-Keller et aI. report. The order of markers

from Keith et al. are:-

cnn - D16539 - (DI6S59) - D16565 -

D16569, D16546 - (D16538,D16547) - HP - pter.

The order and marker content between these two maps is slightly different. The

loci in brackets cannot be placed confidently with odds greater than 100:1 on both

maps, and so more information (including physicat mapping data) was required to

resolve the locus order.

Markers, MT, D1654, D16510 and D16591' were genotyped on the CEPH

families and analysed for linkage. They were sele¡ted on the basis of previous

physical and genetic mapping placing them near FRALíB (Callen et al', 1988;

Mulley et aI., 1989; Chen et al., 1991). The aim was to incorporate these

markers into a comprehensive multipoint linkage map sufrounding FRA16B.

3.3. Materials and Methods

Genotype data from the CEPH pedigrees for markers Dl6S39, Dl6S65, Dl6S38,

Dl6S46, and D16547 (Database Version 4.0), were used for the linkage analysis.

All laboratory methods for DNA analysis were described in Chapter 2' The

probe/enzyme systems genotyped by the candidate (MT, D1654, D16510, and

Dl6SgI) and A.K. Gedeon (MT, D1654, and Dl6591) are described in Table 3.1.

D16S3g, D16565, Dl6S38, Dl6S46, and D16547, were extracted from the CEPH

database and are described in Table 2.1.

The DNA from the nine UTAH pedigrees was extracted using either of two

methods, as described in Section 2.1.4. UTAH DNA was used in preference to



Table 3.1: Description of probe/enqme combinations genotyped on tlrc CEPH pedigrees by tltc carùidnte.

Enzlme Alleles Plc
Locus Probe

MT2A

D16510 pACHF3.5.1 2

D1654 ACH}O7

D16591 LEIZ

Number
of RFLPs Kb

Physical
Loc¿tion

r6a.ß-q22.1

rqß-q22.r

rq22.r

rq22.r

MT 2

3

TaqI#

Taql#

Rsal*

Mspl*

raqf

Mspl#

Mspl#

RsaI*

7.8t5.3

r.7lt.6

2.611.8,0.76

t2.81t0.6

5.0,0.55/5.55

1.71t.0,0.7

2.U2.9

2.812.6

0.22

0.18

0.33

0.16

0.28

0.32

0.35

0.11

* - Genotyped by the candidate.
# - Genotyþ by tfre candidate and A.K. Gedeon
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the GEPH DNA where possible to perform the genotyping of our markers, as it

was more easily replaced, being cell lines. The method of high salt extraction of

cell line DNA generated DNA of higher integrity, and was used in preference to

the phenol-chlorophorm method of extraction, which when extracting cell line

DNA appeared to produce more sheared DNA'

A 1.8 Kb single copy fragment, provided by J.c. Mulley, was used as the probe

for the marker DI6LI0. This fragment was rereased from the 3.5 kb insert cloned

inro pSP64 by a BgIII-HindIII digest. D16Sg1 (L812) is also known as APOELI

@avidson et al., 1987), a related sequence to apolipoprotien located on

chromosome 1.9. The heterozygosity of the RsaI polymorphism low (8%) and an

attempt was made (by J.C. Mulley) to search for additional polymorphisms that

would render this ma¡ker more informative: no polymorphism was detected for

AvaI, Avall, Bant:HI, BanI, BcIL, BgtII, BstFjlI, BsrNI' BstXI' E/;oB\I' EcoRlV'

Hinc]l, HittdllI, Mspl, Pstl, Pvull, Sacl, Stul, TaqI' XbaI' and XmnI using six

unrelated individuals. probes were made from glycerol stocks using the methods

described in section 2.1.5, and inserts generated using the methods described in

Section 2.I.6.

Genotyping of the loci describe in Tabte 3.1 was performed by Southern analysis

(Section 2.1.8), radiolabelling of the probe (Section 2.1.9), hybridisation (Section

2.1 10), and subsequent visualisation by autoradiography (section 2'l'll)'

Incorporation of radiolabelled nucleotides were checked using the method

described in Section 2.1.g, using TLC celtulose-F precoated paper (Merck) (M'

Little, personal communication). The TLC paper was cut to an appropriate size'

and the wet tip of a Gilson pþtte dotted on to the paper, at the start of the

radiolabelling reaction, and again at the end of the radiolabelling reaction' The

paper was allowed to dry, and then placed upright in a solution of KH2PO4 (in a

saturated atmosphere), for 5 minutes. The paper was dried at 37"C for five

minutes and exposed to fast film for five minutes at room temperature, and then
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developed (Fig. 3.1). Unincorporated nucleotides migrate to the end of the paper,

while incorporated nucleotides remain in the same place. If good incorporation

occurred, a large dot was seen at the bottom of the TLC paper, and a faint dot at

the top. If poor incorporation occurred, then there will be either a large dot at the

top, or a smeaf across the lane. The incorporation of label all four probes shown

in Fig. 3.1 (two for D1651q one each for Dl6s4 and D16591), was satisfactory,

and hybridisation was carried out. After autoradiography, genotypes were scored

(Fig. 3.2) and recorded in the CEPH database. Fig. 3.2 demonstrates the

inheritance of D1654 (ACH207/TaqI) in the GEPH pedigree 1416.

Two point and multipoint linkage analysis was performed on an APCIV NEC

personal computer, using the computer program package LINKAGE (Version 5' 1)

(I-athrop et al., 1985) as described in chapter 2. This package uses Haldane's

Mapping Function (1919) and so the possibility of interference was ignored;

LINKAGE does not consider interference when the analysis is extended beyond

three loci. I-athrop et al. (1935) showed that current methodology for linkage

analysis in human pedigrees was not sufficiently sensitive to detect interference in

analyses involving more than three loci'

Genotypes for each marker were rigorously scanned and checked for double

recombinants by haplotype analysis, by hand. Individuals with double

recombinants found between markers for which the recombination fraction was

less than 15% were regenotyped if they had been genotyped by the candidate, or

coded as unknown (White et al., 1990) if they were extracted from the CEPH

database (See ChaPtet 2.2-5).

Sex differences in the recombination rates were assessed by considering three

models as described in chapter 2.2.6. The three models were:

(i) equal recombination rates in males and females'

(ii) sex-average in the recombination rate between males and females,

(iü) sex-specific recombination rates between males and females'
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l-igure 3.1: The results testing the incorporation of nuc_leotides in the radioactive

hbeillig reauioTs for the markers Dl6S4 , Dl6510 and DI6S9I,

using the TLC paper melhod (section 2.1.9). a. unincorporated

nucleotides fi'om the start of the reaction migrate to-the erul of the

TLC paper. b. incorporatei nucleotitles remain as a large dot at the

t ottoi'iftne paper,'if the labetling reaction proceeded normally arul

g,ood incorPoration occurued '
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Figure 3.2: Autoradiograph of the marl<cr ACH2Ì7IaqI, hybrtdised to DNAfrom

1EPH ¡amuy tit6, bound to a nylon membrana The size of the

fragments (Kb) are shown, where the 0.5 Kb fragment is a constant

band. The inclusion of the pedigree for this family demonstrates the

inheritanc e of thi s polymorphism-
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3.4. Results

The results of the two point linkage analysis for the 10 marker loci investigated are

summarised in Table 3.2. They demonstrate that these 10 loci belong to the same

linkage group on chromosome 16. From two point analysis, there was no

intragenic recombination within the loci fot Dl6S4, D16510, DI6S46, Dl6S65,

and MT; data from separate probe/enzyme combinations within each locus were

haplotyped by hand by the candidate to reduce the analysis from an l8-point

analysis to a 10-Point analYsis.

An initial analysis was carried out with six of the 10 loci, to determine a

foundation map on which to build the final comprehensive map (Keats et al.,

1991). DI6S10 and D1654 .were selected, being reasonably polymorphic and

physicalty mapped. Although MT and Dl6S9l have been physically mapped, they

are not very polymorphic and so were left out of the initial analysis. Markers

from the CEPH database, DI6S3/, Dl6S65, D16547, and HP, were chosen for

the initiat analysis as they were physicatly mapped, polymorphic loci that flanked

the new markers to be placed on the multipoint map. The order of these six

marker loci is

cen - Dl6S3g - D16565 - D16510 - (FRA16B) - D1654 - D16547 - HP - qter,

derived from physical mapping data (Callen et al-, 1988; Chen et al', 1991)'

With marker order established, the analysis was simplifred to the estimation of

recombination frequencies between adjacent markers. The program CILINK from

the LINKAGE package was used for this.

Table 3.3a gives the recombination frequencies, under all three recombination

models, between adjacent pairs of loci for the background linkage map of six loci,

determined using CILINK. The odds against inverting adjacent loci, under a

model of variable recombination, are also given as a measure of support for the

most likely order. The odds against inverting the adjacent loci were of the order



Table 3.2: Swnmnry of pairwise Recombinatíon Fractioru (above thc diagorul) and conesponding peak LoD scores

þelow the diagonnl).

Dt6S3g MT D16565 D16SI0 D16538 D16Sg1 D1654 D16546 D16547 HP

D16539

MT

Dl6565

D16510

D16538

D16591

D1654

DI6546

D16547

HP

ND - no data

t.7l

8.76

2.77

0.02

2.71

7.9t

4.80

3.29

4.02

2.4r

9.69

4.76

2.69

4.69

4.51

5.11

9.40

o.t42 0.044

0.000

8.43

3.66

1.80

t4.12

7.57

3.06

3.66

0.176

0.084

0.000

4.21

7.80

21.00

13.53

t3.2r

15.42

0.445

0.077

0.000

0.000

5.41

9.32

4.81

10.22

7.33

ND

0. 111

0.000

0.000

0.000

7.22

4.21

1.20

0.07

0.161

0.107

0.017

0.020

0.010

0.000

38.53

19.69

23.65

0.116

0.000

0.000

0.000

0.000

0.100

0.000

18.7

rl.r2

0.138

0.001

0.000

0.045

0.000

0.000

0.013

0.000

14.55

0.196

0.063

0.000

0.061

0.047

0.335

0.025

0.000

0.025
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of 5.2 x 102 to 1 or greater. This map was consistent with the physical order of

marker loci.

The three models for the difference in the recombination between the sexes were

tested on this initial map (table 3.3b). The difference between the maximum

likelihood values for the models (i) nd (ii) was significant (flO>: 10'28, P (

0.05), rhe difference between models (i) and (iii) was significant (fl<s> : 12.73,

p < 0.05), and the difference between models (ii) and (iii) was not significant

62ílÐ:2'45' P >

recombination rates between the sexes was chosen as the model on which to base

the rest of the analYsis.

Once this foundation map had been established, the additional four markers were

added to the map; MT and D16591, ild D16538 and DI6S46. The multipoint

map for all ten loci was determined by evaluating the most likely order of all

possible orders of loci in the same physical interval, within the background map.

The order with the highest likelihood value was selected based on variable

differences with respect to recombination between males and females. Once all

ten loci had been placed on the map, the relative odds against alternative orders

were again determined by the inversion of adjacent loci. The results of the

comprehensive map are summarised in Table 3'4'

An ideogram of human chromosome 16q is presented in Fig. 3'3 comparing the

data obtained from physical mapping with the genetic map constructed here' The

order of loci on both the physical map and the genetic map ¿Ife in agreement'

The entire male map length between D16539 and HP on the final map is 11 cM

and the corresponding female map length is 46 cM, indicating considerably more

recombination in female meioses compared with male meioses for this region of

chromosome 16. The distance between the closest markers flanking the fragile

sltn, FRA\6B, D16Sl0 and D16538, is 3.1 cM and 2.3 cM in males and females
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Table 3.3

a: Map Distances in cM fractions in bracke between odjocen loci, on th¿ initial map, under dffirent

models of sex specific

Locus

D16539

D16565

D16510

D1654

D16547

HP

Total map length (cM)

No Sex
Difference

r7.4 (0.147\

0.0 (0.000)

r.9 (0.019)

0.e (0.00e)

1.9 (0.019)

22.1

Constant Sex Ratio
Male Female

Variable Sex Ratio
Male Female

Oddl
Ratio'

7.0 (0.070)

0.0 (0.000)

0.7 (0.007)

0.4 (0.004)

0.7 (0.007)

8.8

3r.9 (0.236)

0.3 (0.003)

3. 1 (0.03 1)

1.8 (0.018)

3.0 (0.030)

¿t0.0

0.0 (0.000)

6.8 (0.068)

4.8 (0.048)

1.8 (0.018)

1.1(0.011)

t4.5

31.6 (0.316)

4.6 (0.0,+6)

4.0 (0.040)

3.9 (0.03e)

6.s (0.065)

50.6

3.3x108

1.4x106

1.3x106

5.7xlo2

1.?x103

-2ln(ikelihood) 478.02 688.30

* 
- ratios given for the model of variable recombination between the sexes.

490.75
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Table 3.3 (cont.)

chi- babitities under the diff.erences in

map recombinntion rale re is a constan

rarcand'(c)thereisanfutionratesin
(O'Connzll et al., 1987).

Models
compared

a) and b)

a) and c)

b) and c)

Chi-square
Value

10.28

t2.73

2.45

Degrces of
Freedom

1

5

4

Probability
Value

P < 0.05

P < 0.05

P > 0.05



Table 3.4: Map Distatrces in cM (recon binatio^n frequcncies.in brackets) between adjacent loci, on the finnl comprehensive

map, under the model of sex-specific recombinntion.

Variable Sex Ratio Odds
RatioLocus

D16539

MT

D16565

D16510

D16538

D16591

D1654

D16546

D16547

HP

Male Female

0.0 (0.000)

0.0 (0.000)

4.7 (0.047)

3.1 (0.031)

0.0 (0.000)

0.0 (0.000)

0.0 (0.000)

1.6 (0.016)

2.7 (0.027\

23.6 (0.220)

12.2 (0.t20)

4.4 (0.044)

2.3 (0.023)

0.0 (0.000)

0.0 (0.000)

0.0 (0.000)

1.8 (0.018)

5.7 (0.057)

1.1x103

7.2

4.8x1010

9.9

1.0

t.2

3.4

7.9xtû

1.3x104

Total map length t2.l 50



100

respectively. The two point LOD score and sex pooled recombination fraction

between these markers areZ : 4.2 and O : 0.0 respectively.

3.5. Discussion

The map presented defines a linkage group around the fragile srte, FRAIóB (table

3.4 and Fig. 3.3). The final order of loci along this region is:

cen - D16539 - MT,DL6S65 - D16510 - (FRAI6B) -

D16538,D16591,D1654,D16546 - D16547 - HP - qler

This map represents IO.5% of the total genetic map of Chromosome 16 in males

and24.4% in females, assuming the total map length of 115 cM in males and 193

cM in females from Keith et al. (1990).

In some intervals, the odds against alternative orders for this map, given in Table

3.4, are very 1ow, being of the order of 1:1 between D16538 and D16S9I, for

example. The pairs of loci that display odds of less than 100:1 are closely linked,

with little or no recombination on a two point analysis evident, and thus can not be

ordered with respect to each other by linkage analysis alone. For example,

between the pairs of loci Dl6S38, Dl6S4, D16591, and D16546; andbetween MT

and DI6S65 (Table 3.2) there is no recombination. Markers with low levels of

heterozygosity, such as MT and D16591, are also difficult to order because of the

limited number of potentially informative meioses for detection of recombinations

with closely linked loci. From physical mapping investigations, performed by

pFGE, the loci D16Sg1 and D1654 are physically linked on the same 450 kb MluI

fragment (I-apsys, 1993); thus it would be difficult to determine the exact order of

these closely placed markers by genetic analysis alone'

The linear order of the map is compatible with the maps reported by Donis-Keller

et at. (1987) and Keith et al. (1990), with the exception of the marker, DI6S38.

As stated previously, this marker has not been placed with odds greater than
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100:1, and has been only placed in its most likely position, which will be affected

by the markers incorporated in the specific analysis. The distance between

markers in each of the maps are well correlated. For example, Keith et al. (1990)

reported no recombination between DI6S39 and D16565 in males, as has been

found on the map generated here. Between HP and D16547 the recombination

frequencies are 2% and 5% in males and females respectively on the map

generated by Keith et at. (1990), and are2.7Vo and 5.7Vo on the present map, in

males and females resPectivelY.

Three models of the variation with respect to recombination between males and

females were tested using the initial 6-point map (fable 3.3). Model c), that there

exists a variable rate of recombination between males and females for this region,

was chosen on which to base the entire analysis. There were several reasons for

this. Model c) was significantly different to model a) but not to model b). That

is, a variable ratio of female to male map distance over the region studied was

actually signif,rcantly different from a ratio of 1 to 1, but not significantly different

to a constant ratio. Thus, because model b) and model c) are not significantly

different, it would have been acceptable to compute the map using model b).

However, the analysis was based on model c), as a variable ratio of recombination

between the sexes has been previously observed on all human chromosomes

(Donis-Ke1ler et al., 1987; Keith et a1.,1990; White et a1.,1990). Keith et al'

(1990) demonstrate that the female map is 40% longer than the male map. Donis-

Keller et al. (1987) observed that throughout the human genome a higher rate of

recombination exists in female meioses, with the genetic maps of female

autosomes being approximately 90Vo longer than those of males' More

recombination in females has been previously reported in the HP region (Reeders

and Hildebrand, 1989). Inspection of the map constructed here revealed that there

is evidence for a difference in the recombination rate between males and females,

the map being 25Vo \onger in females than in males. These observations are in
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agreement with Haldane's Rule (Haldane, 1922), that the heterogametic sex has a

lower rate of recombination. The phenomenon of sex differences in the frequency

of re¡ombination has been documented in other mammals also: in the horse

(Anderson and Sandberg, 1984) and in Mtn muscølus (Dunn and Bennet, 1967\,

where a significant excess of female recombination has been observed in many

chromosomal regions.

The latest genetic map for chromosome 16, the CEPH consortium map, has been

constructed, ffid is presented in chapter 8 (Fig. 8.1 and Table 8.5). Since the

construction of the map presented in this chapter, many new markers have been

isolated from the region nea¡ FRAIóB, including PCR formatted loci. There are

now 33 polymorphic loci, of which 16 are PCR formatted, within the interval

between DI6S37 and HP. The MspI polymorphism for Haptoglobin was used in

the construction of the consortium map, whereas the protein polymorphism was

used to construct the map presented in this chapter. The distances between the

markers in this present study and the CEPH consortium map differ in many

regions, due to the addition of the many new markers. The order of these markers

is in agreement with the exception of the four loci D16538, D16591, D1654, and

D16546. These loci show no recombination on the present map ot on the

consortium map, and so their order cannot be resolved. The odds for the support

for placement of these four loci is only 1:1 and the position of these markers with

respect to each other will need to be determined by high resolution physical

mapping. On the comprehensive consortium map, the distance across FRAL6B

between the closest flanking markers D16510 and D16518ó, is 1.6 cM in females,

and 1.9 cM in males, and the distance between D16S10 and D16S38 is 2.9 cM in

females and 2.5 cM in males. The length of the consortium map in this region,

between DI6S37 and HP is 24.5 cM on the sex average map, and 13.2 cM in

males and 37.3 cM in females. These lengths are greater than the lengths

presented in this chapter, which are 11 cM in males and 46 cM in females. This
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can be explained by the fact that more loci are incorporated on this map, which

may introduce additional undetected data errors, which will have the effect of

increasing the maP length.

From the linkage map constructed above, physical mapping has been initiated,

involving yAC and cosmid contig mapping. Fig. 3.4 represents the most current

status of the physical map of this region, constructed by Yu Sui, at the WCH.

From the current study, the two flanking markers for FML6B, Dl6S10 and

D¡6S3B, are located at either end of the contig map, outside the hybrid cell line

break points Cyl25lcyl27 and CY130 (CYl25 and CY127 define the same

break point). The fragile site lies between the breakpoints of these hybrids. From

the contig mapping, FRAIíB is located within the small region between the

sequence ragged sites (sTSs), 60H5 and D165174, within 100 kb or D16s174-

The known cytogenetic location of fragile sites and translocation breakpoints for

many human/mouse somatic cell hybrids allow this genetic map to be anchored to

the physical map. The importance of combining information obtained from the

physical map with the results of the genetic map to develop a complete portrait of

a particular region, especially when small genetic distances are being considered

and when markers of low informativeness are being examined, becomes obvious

from the results reported here. Firstly, over small genetic distances it is very

difficult to order markers by linkage studies with significant confidence. Utilising

the order of loci obtained from the high resolution physical map preferably

determined independently by PFGE and contig assembly, leaves only the distance

between markers to be determined by linkage analysis. Secondly, the genetic map

has established close flanking markers for FRAIíB revealing distances small

enough to initiate YAC walking to clone this fragile site; hence, the hunt for the

fragile site is approaching its finale.
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4.1. SummarY

A detailed genetic linkage map of twelve loci was constructed for the region

I6pI3.2-16p12.3, using linkage analysis of genotypes from the CEPH reference

families. The genetic map was anchored to the folate sensitive fragile site,

FRAI6A. The markers incorporated into the analysis were selected on the basis of

their localisation on the cytogenetic-based physical map. Seven of the twelve loci,

Dl6s2g2, D1658, D16S7,A, D165287, D16596, DL6S79B, and D16513-1, had not

been previously localised on a multipoint linkage map. The remaining five loci,

Dt6S60, Dl6S5l, DI6S64, D16575, and D16567, were used as anchor loci for

the analysis as they had been previously incorporated into linkage maps. The

order of the twelve loci was:

pter - D16560 - D16551 - D1658,D165292 - D16S79A'

(FRA16A) - D165287,'D16Sq6,D16S7qB - D165131 '

D16564 - D16575 - D16567 - cen.

The interval across the fragile site FM16A, between DI6S79A and D165287 is 4'0

cM in males and 0.0 cM in females. These closest flanking markers to FRALíA

are therefore sufhciently close to the fragile site on the genetic map to initiate

development of a contig of cloned DNA between these two loci' The order of

markers on the genetic map was consistent with that on the cytogenetic map. This

provided a foundation for the task of positional cloning of this folate sensitive

fragile site in order to further explore the molecular basis of folate sensitive fragile

sites, the role of trinucleotide repeats in the genome and their conversion to

heritable unstable elements.
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4.2. Introduction

The purpose of the study was to ascert:ain the genetic distances between markers

close to FRA\6A, and identify a marker close enough (approximately 1 Mb away)

to FMI6A that could form the basis for the development of a YAC contig across

the fragile site. The relationship between genetic distance in centimorgans (cM)

and physical distance in Mb is not uniform throughout the genome and is sex-

specific, although 1 cM is on average approximately equivalent to a physical

distance of 1 Mb (Morton, 1991b). A deøiled genetic linkage map, spanning the

region l6pl3.2-pI2.3 contztning the rare folate sensitive fragile site, FRAI6A

(Sutherland and Hecht, 1985), is presented.

A genetic linkage map encompassing the rare folate sensitive fragile síte, FRAXA,

was constructed (Richards et al., 199la; 1991b), which identified two

microsatellite repeats which immediately flank the fragile site. The identification

of these flanking markers ultimately lead to the isolation and cloning of FRAXA

(Kremer et al., 1991), by YAC contig construction. Three other rare folate

sensitive fragile sttes FRAXE (Knight et al., 1993), FRAXF (David Nelson,

personal communication), and FRALIB (Chris Jones, Alan Tunnacliffe, and Rob

Richards, personal communication), have been isolated and cloned. The

molecular basis of these four fragile sites is the expansion of an unstable p(CCG)n

trinucleotide repeat adjacent to CpG islands which become hypermethylated when

the number of copies of the repeat exceed a certain threshold. The cloning of

FRAXA (Kremer et al. , I99l; Verkerk et al., 1991) led to the discovery of a new

genetic mechanism for genetic disease based on mutations of heritable unstable

DNA sequences (Richards and Sutherland, 1992a; Caskey et al., 1992).

Expansion associated with other unstable trinucleotide repeats have also been

identified in three other human genetic diseases; spinal and bulbar muscular

atrophy (,BMA), myotonic dystrophy (DIO, and Huntington's disease (HD)' It
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now appears likely that unstable trinucleotide repeat sequence mutations are a

common cause of human disease (Richards and Sutherland, 1994).

It has been hypothesized that the observed methylation associated with fragile sites

is a consequence of the fragile site mutation not a cause of such a mutation, since

fhe FRAI1A region of chromosome 16 in normal individuals does not exhibit

methylation at either the p(CCG)n repeat or the CpG island adjacent to it, as do

the X chromosome fragile sites (Nancarrow et al', 1994)'

unlike the fragile x (FRAXA), FRA16A, also a herit¿ble folate sensitive fragile

site, is not associated with a genetic disease. However, the molecular

characterisation of this fragile site will have important implications regarding the

molecular basis for folate sensitive fragile sites, and the position of this fragile siæ

in relation to nearby sequences might provide insight into the reason why certain

trinucleotide repeats become unstable and why they are not all associated with

genetic diseases.

4.3. Methods

Genetic analysis was based on 40 pedigrees in the CEPH reference panel. Seven

of the 12 DNA polymorphisms used in this study (Iable 4.1) were localised,

mapped and genotyped in our laboratory as described previously (Hyland et al',

1988, Phillips et al.,l99la, Callen et a\.,1992b, Thompson et al',1992)' Two

of these, D16S2g2 and D165287, were AC repeat markers' Whole plasmids of

pACHF1.1A6, p36-1, pVK2LA and pW45C6 were isolated using the methods

described in Section 2.1.5, and inserts recovered by the methods described in

Section 2.1.6. The inserts from these plasmids were labelled and typed by

standard Southern analysis methods (Sections 2.I.8 through 2'l'10), by the

candidate, HA Phillips, and KA Friend. pACHFl.lAí is a subclone of pACHFI

originally reported by Fratini et al., (1988). For pACHF1.1A6, a 600 bp BstNI

single copy fragment isolated from withi n a 1.2 kb EcoRI- Hincll fragment cloned



Table 4.1.

Locus

DI65292

D1658

D16579A

D165287

D16596

D16579B

D16513l

Probe

16AC2.3

pACHFl.lA6

p36-1

I6XE81

pVK20A

p36-I

pW45C6

potymorphic loci on chromosome 16p thnt have b en chnracterised and gernryped at thc WCH, and'

used in ihe linkage analYsis.

PICEnzyme Number of
Alleles

Het

0.74

0.50

0.34

0.78

0.50

0.09

0.46

0.71AC!
repeatr

Pvull#

To4I*

AC
repeat#

10

2

,)

10

4

3

2

0.38

0.28

0.76

0.37

0.09

0.35

**
TaqI,MspI

ToqI*

TaqI#

*
**- and K. Friend
#_
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into pUC18 was used by the candidate as the probe. The marker D16579 was

found to be duplicated (Callen et al., 1992a) and for the linkage analysis has been

examined as two separate loci, DL6S79A and DL6S79B. Southern analysis and

autoradiography were performed as described in chapter 2. Fig. 4.1 shows the

results of autoradiography using the marker W20A/Ta4l on the CEPH pedigree

1331.

The five markers extracted from the CEPH database (Version 5.0) were

incorporated into the map to provide flanking markers as reference points for the

map. These markers were D16560, D16S5I, D16564, DI6S75, and D16567, and

are described in Table 2.1. They have been previously reported in multipoint

genetic maps @onis-Keller et a|.,1987; Keith et a|.,1990).

The initial order of the loci in this region was based on that previously determined

by physical mapping (Callen et al., I992a). Cytogenetic mapping was performed

using a hybrid cell line panel carrying varying portions of the human chromosome

16. The physicat localisations for all the DNA polymorphisms can be visualised

on the ideogram of chromosome 16 (Fig. a.3).

Two point and multipoint linkage analysis was performed using the computer

program package CRI-MAP (Y2.4) (I-ander and Green, 1987; Donis-Keller et al.,

1987), on a Sun SPARC station IPC, as detailed in Chapter 2.2.4. The genotypes

of alt individuals were checked for data errors by identification of apparent double

recombinants assuming likety order of loci established by cytogenetic mapping and

multipoint linkage analysis, using the chrompic option of CRI-MAP, as described

in Chapter 2.2.5. Identifred recombinants were recoded if found to be incorrect.

For the marker D165287, the genotypes for CEPH individuals 1375-11 and 1375-

12 were changed from 23 and 14 to 14 and 23 respectively. The genotype for

individual 1413-01 for the marker DI6S79A was corected to 12 and those for

DlîSTgB of individuals 1423-04 and 1423-07 were corected to 12 and 22

respectively. The genotype for CEPH panel individual 1346-07 for the marker
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Dl6S64 was found to be a double recombinant within 15 cM, and was thus coded

as unknown (See Section 2.2.5).

For the marker D165287, many of the genotypes were found to be inconsistent in

CEpH famity 1333, due to a null allele (Phillips et al., 1992). Thirty nine of the

40 CEPH families showed normal co-dominant segregation, but the marker was

shown to have a null altele segregating in the CEPH pedigree 1333' In this

family, 4 out of the 8 offspring appeared not to inherit an apparent homozygous

allele from their father, who in turn appeared not to inherit an allele from his

mother. Mutations within the DNA sequence complementary to the oligoprimers

may inhibit or completely prevent their binding, resulting in either reduced or

complete loss of the PcR product. Families such as this have no effect on the

linkage analysis since the parents appear uninformative.

The map was constructed as described in chapter 2.2.4.4. Although the order of

loci was initially known from physical mapping, the order was validated using the

build option of cRI-MAP. Firstly, starting with the two most informative loci,

DI6S287 and D165292, loci that could be assigned unambiguously were added

sequentially to the map. This framework map was validated by comparison with

the physical order, and by the inversion of adjacent loci. I-oci that could not be

placed into a framework map with interval support of greater than 3 were assigned

to their most likely position on a comprehensive map using the all option of CRI-

MAP, regardless of the support for that position. sex-specific recombination

fractions were determined for each interval, and converted to centimorgans (cM)

using the Kosambi mapping function.

Tests were performed to determine if there existed a signihcant difference between

males and females with respect to the recombination frequency, using the methods

described in chapter 2.2.6. The two models tested were:

(i) sex average recombination rates along the map,

(ii¡ sex-specific recombination rates along the map'
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A family segregating for FRAIíA (Fig. a.2; Simmers et al., 1987) was used to

estimate the distance between each of the flanking markers and the fragile site.

The LODSCORE option of the LINKAGE program (Chapter 2.2.3.3) was used to

determine pe¿k LOD scores and recombination fractions between these markers

and the fragile site. The penetrance assumed for this autosomal folate sensitive

fragile site was 50% \n males and, lNTo in females (Sherman and Sutherland,

1986). Using LINKMAP (Chapter 2.2.3.3), the position of the fragile site was

determined with respect to the background map generated above'

4.4. Results

Two point lod score analysis of these twelve loci revealed that they form a linkage

group along a region of the chromosome 16 (Iable 4'2)'

The multipoint linkage map, with an ideogram of chromosome 16 in the region of

FRA16A, is detailed in Fig. 4.3 and Table 4.3. The linear order of loci

determined by genetic mapping was found to be consistent with the known

physical localisations on the cytogenetic-based physicat map' Table 4'3 shows the

order of loci, the sex-average and sex-specific map distances between loci, and the

odds against the inversion of adjacent loci (for the sex-specihc model), given as a

measure of local support for order.

The entire map length between D16560 znd D16567 is 34.5 cM in males and 48'6

cM in females. The distance between the closest flanking markers (D16579A and'

D165287) to FRAIíA is 4.0 cM in males and 0'0 cM in females' No

recombination was detected between D165287, D16596 and D165798, and so the

order of these loci could not be distinguished by genetic mapping' However'

D16s2g7is the closest marker to the fragile site, on the proximal side, by physical

mapping results.
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Table 4.2 swnmary of pairwise recombinationfractions (above the diagorul) and correspottding peok LoD scores

(below the diagonal).

D16Sû D16551 Dl6S292 D1658 DtîSTgA D165287 D16Sg6 D16S7,B D165131 D16S& D16575 D16567

D16Sû

DI655I

D165292

D]658

D16579A

D165287

D16596

D16579B

Dl65131

D165&

D16575

D16567

t7.20

27.88

18.41

8.11

25.90

t7.68

5.47

9.49

11.11

9.69

3.89

20.o3

t2.26

6.17

t7.29

9.58

2.93

5.32

5.01

6.48

3.47

35.98

20.20

9.7t

8.07

5.95

5.30

9.67

3t.34

19.8'.1 26.ú

0.11 0.15

0.10

64.60

32.33

67.3t

36.96

13.40

t'l.94

9.26

15.66

19.01

0.14

0.08

0.00

18.99

48.29

26.1O

5.94

12.94

5.52

t0.22

12.80

o.2l

0.13

0.03

0.01

0.18

0.13

0.06

0.05

0.01

66.09

9.',|t

31.80

20.96

2t.24

26.55

o.r7

0.15

0.05

0.02

o.o2

0.00

15.05

16.68

t3.87

16.o7

15.¿ló

0.15

0.19

0.07

0.03

0.03

0.03

0.00

4.82

4.82

5.37

5.89

o.20

0.18

0.09

0.08

0.06

0.05

0.02

0.00

2,3.78

20.72

11.95

0.19

o.22

0.14

0.11

o.t2

0.08

0.09

0.04

0.00

0.22

0.20

o.r2

0.10

0. 16

0.11

0.11

0.04

o.o2

0.02

0.34

0.33

o.2t

0.18

0.19

o.l7

0.18

0.14

0.15

o.r2

0.09



Table 4.3: A genctic map derived by multipoint
diúances between loci (in cM) are
resDectively, and thcn 0s a measure
the inversion of adiacent loci were calculated'

I-ocus Mate Map Female MaP
Distance(cM) Dist¿nce(cM)

Odds
Ratio

D16560

DI6551

D1658

D165292

DL6579A

DI65287

D16596

DI65798

D¿65131

D16564

D16575

D16567

8.8

10.6

0.9

3.r

4.0

0.7

0.0

1.9

0.0

0.0

4.5

8.8

5.6

2.1

4.4

0.0

0.0

6.8

4.6

0.0

3.0

13.3

2.2xl}2

1.0x104

3.9

8.2x102

3.4

4.3

6.5

1.7

1.0

2.9xl0I

5.6x103

Total map length 34.5 48.6
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Sex-specific differences were assessed, and the male map was determined to be

signifrcantly shorter than the female map (chi-square :32'9, P < 0'05, degrees

of freedom : 1 1). Overall there was a 1.4 fold excess of female recombination.

Confirmation of tight linkage of this map to FnqlíA was provided from a kindred

segregating with FrA41 6Aby two point LOD scores between FRALíA and markers

from the multipoint map. These LOD scores are given in Table 4'4' The peak

LOD score with the closest marker distal to FRAI6A, D16579A, is Z : 2.',75, at A

: 0.0. The genetically unordered cluster of markers D165287, D16596 znd

D16S7IB are the closest markers proximal to FRA16A. The peak LoD score

between FRA\,A and D165287 is 4.92 at O:0.0, between FRAIíA and D16596 is

0.90 ar o:0.0, and between FMI6A and DI6S79B is 4-67 at O:0.08' These

data confirm the proximity of the markers examined to the fragile site by analysis

in a family segregating with the fragile site. There was insufficient recombination

in the region of the fragile site in this one large FMI6A family to enable the

closely linked markers to be ordered uniquely or confidently provide estimates for

the distances between loci; however, their order and map distances were firmly

established from the complementary multipoint genetic and cytogenetic maps'

The LINKMAP analysis of the FRA|'A family provided a peak location score of

40.9, at O : 0.0, for the marker D16S79A (Fig. a.a). This irnplies that the

fragile site shows no recombination with the locus D/ó.S79A, and by linkage data'

is indeed located on the map generated here. Two point analysis gave a maximttm

lod score wíth D165287, since this markers was more informative that DL6S79A.

However, the set of markers closely linked to DI6S79A were more informative

than the set closely linked to D165287, accounting for the peak shifting to

DI6579A. The data summarised in Fig.4.4 demonstrates that the FRAL6A fragile

site could be located any where between D165292 and D165798.

The locus D16S7g has been shown to map to both sides of FRALíA by in situ

hybridisation (callen et aL, Igg2). The 1.0 kb probe p36-1 detects two Taql
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Table 4.4: T¡o-point LoD scores for thc FRAIíA kindred (Previornly dcscribed by simmers et aI', (1987))'

Lod Score at Recombination Fraction O

Linkage ComParison
wit}n Fml6a 0.01 0.05 0.1 0.2 0.3 0.4 0.5 e

D]658

D165292

D]6579A

D165287

D165%

D16579B

D16513I

D16575

2.40

2.',l0

4.83

0.89

-æ 3.95

0.30 0.31

æ -3.',|2

0.0

2.74

2,M

2.75

4.92

0.90

2.68 2.46

2.23

2.50

4.46

0.84

4.57

o.34

-1.64

2.18

2.02

2.25

3.98

o.'15

4.65

0.33

4.'.19

1.61

r.57

t.7r

2.9',1

0.53

4.03

o.26

4.r2

1.03

1.09

1.08

1.88

0.30

2.89

0.15

0.09

0.¿t6

0.56

0.42

0.78

0.11

t.42

0.06

0.10

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.08

0.06

0.35

z

2.74

2.44

2.75

4.92

0.90

4.6'.1

0.35

0.11

0.0

0.0
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polymorphisms at this locus in genomic DNA, which appear to be on either side

of the fragile site; D1óS79A detenting one polymorphism on the distal side of

FRAI6A, and D16S79B detecting the other polymorphism on the proximal side of

FRA16A. The genetic linkage map generated here confirms these results, as the

two polymo¡phisms do indeed lie on either side of the fragile site.

The correlation of the genetic and physical map enabled some of the ambiguities

of the genetic map to be resolved. The order of loci that were not placed with

odds of 1000:1 or greater could, in some instances be determined by comparison

with the cytogenetic map. The order of the two loci D165287 and DI6S%í, could

not be resolved on the genetic map (odds of the inversion of adjacent loci was

102:1) (the pea.k LOD score between these two loci is Z : 66.09 at a

recombination fraction of O : 0.0), but are ordered on the cytogenetic map,

separated by the breakpoint in the hybrid CY163. Pairs of loci D16S79B and

D165131, and D16S13l and D16564 could not be placed uniquely on the genetic

map, but are ordered on the cytogenetic map as they are separated by the hybrids

Cyl1 and Cy175, respectively. D16S79B is a relatively uninformative marker,

and thus difficult to place uniquely by linkage analysis. D1658 and D165292

could not be uniquely placed on the genetic map, with odds of inversion of

adjacent loci of only 102:1. on a two point analysis, the peak recombination

frequency between D1658 and DI6S292 is O : 0.02, where there is a maximum

LOD score of Z :58.58, indicating that the loci are tightly linked, with little

recombination between them. On the cytogenetic map these loci are not separated

by any hybrids, and so are unable to be ordered distinctively by either method.

4.5. Discussion

The map presented in the present study defines a linkage group around the fragile

site, FRA16A. The hnal order of loci in the comprehensive map (See Fig' 4'3)'

along this region is:
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pter - D16560 - D16551 - D1658,D165292 - D16S79A'

(FRA16A) - D165287,D16596,D165798 - D165131 '

D16Sø - D16575 - D16567 - cen

The largest gap on the map is between D16575 and D16567, of l3'3 cM, on the

female map. The distance between markers flanking the fragile site is 4'0 cM in

males and 0.0 cM in females, indicating th?ltFRAL'A is likely to be within 1Mb

of at least one of these markers.

This represents a rehnement of a preliminary linkage map based on a subset of

families and fewer markers (Callen et al., 1989) and is consistent with physical

mapping data (Callen et al., lgg2). This map represents 30% of the total genetic

map of chromosome 16 in males and 25% in females, assuming the total map

length of 115 cM in males and 193 cM in females from Keith et al', (1990)'

Several alternative orders could not be rejected on the basis of linkage analysis'

due to very low odds against the alternative order. Pairs of loci between which

there is very little or no recombination cannot be ordered conhdently with respect

to each other using the likelihood ratio method. Somatic cell hybrids have the

potential to provide order independently for those loci separated by chromosomal

breakpoints. This approach independently provided the physical order for markers

separated by chromosomal breakpoints, enabling the order of loci to be established

initially and then validated by genetic mapping. In this study, the pairs of loci:

DI6S8 and D165292; D165287 and D16596; and D16S79B and D165131; and

D16S131 and D16S64 could all be ordered dehnitively on the basis of physical

mapping, but were not able to be ordered on the basis of genetic mapping (Fig'

4.3). This demonstrates the value of pursuing more than one form of mapping'

This map is in good agreement with those published elsewhere (Donis-Kellet et

al., 1987;Keith et a\.,1990). The only markers that have been published in other

multipoint linkage maps are the five flanking loci extracted from the cEPH
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database. The largest discrepancy, being 5.5 cM, is between the loci D16s51 and'

D16564 in females. The distance between these markers in males and females on

the map published by Keith et aI (1990) is 20 cM and 29 cM respectively. On the

map presented here, the distances arc 21.2 cM and 23.5 cM respectively.

Between these loci on the map presented in this chapter afe new different

intervening markers. This new information has an effect on genetic map

distances. All other discrepancies between this and earlier maps are less than 2

cM. The estimates of genetic distances on the map published here would be

expected to be more accurate than previously published maps of this region of

chromosome 16 because 8 additional markers, some of which are highly

informative, have been characterised and inco¡porated within the map'

Inspection of the data revealed a tight linkage gfoup around the fragile site' There

is an overall 1.4 fold excess in recombination in females which is significant.

This has been observed elsewhere (Donis-Keller et al.,1987; Keith et a1.,1990;

chapter 3) and in the published CEPH consortium maps (white et al., 1990;

Dracopoli et al., lggl; Spurr et al., 1992; Bowcock et al., 1993a; 1993b;

Attwood et al., 1994).

An interesting feature of this map is the fact that the Dl6S79locus is duplicated on

either side of FRA\6A. The distance between these loci is approximately 1.8 Mb

(Julie Nancarrow, personal comminucation). Other regions of chromosome 16

have been shown to be duplicated also (Germino et aI., 1992; European

Chromosome 16 Tuberous Sclerosis Consortium, 1993; The European Polycystic

Kidney Disease Consortium, lg94). The gene responsible for PKD1 has been

confirmed to be PBP, and is located adjacent to the Tsc2locus in a region that is

duplicated more proximatly on 16p, making isolation of the gene responsible for

the disease quite diff,rcult.

The very latest genetic map for this region determined after the isolation of

FRA\fuA sequences, can be found in Chapter 8, Fig. 8.1; this map is the CEPH
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Consortium Map (Kozman et a\.,1994). The distances on the comprehensive map

from the consortium map are in good agreement with the map reported here, the

largest discrepancy being 3.3 cM between D16575 and D16567, on the female

map. The sex-average map length on the comprehensive consortium map of this

region is 44.1 cM, in comparison with 43.2 cM on the map generated in the

current study. On the Consortium Map, there are 4l loci along this region, of

which 2l are pcR formatted. The distance across the fragile site is 0.6 cM in

females and 2.9 cM in males. A new (AC)n polymorphism associated with the

locus DlîSTgA has been isolated which is more proximal to FRAL6A than the TaqI

RFLP of D16579A. Thus on the consortium map, the flanking ma¡kers are

D16S7LA defined by the AC repeat polymorphism and D165287-

The known cytogenetic location of fragile sites and translocation breakpoints for

many human/mouse somatic cell hybrids allows this genetic map to be anchored to

the physical map. For the region near FRA16A, this multipoint linkage map has

provided the basis for characterisation of the critic¿l region responsible for

FRAI6A, by using closely linked flanking markers to identify and construct YAC

and cosmid contigs spanning this fragile site. YACs containing DNA from this

region have been isolated, and a YAC contig of the region has been constructed

(Nancarrow et al.,Igg4), and sequences found to be methylation sensitive were

located adjacent to a p(CCG)n sequence. Hence FRALíA has now been cloned

and sequenced (Nancanow et al., L994). The structure of FRAI$A appears to be

remarkably similar to its x-linked counte{parts - a normally polymorphic p(ccG)n

repeat adjacent to a CpG island with individuals expressing the fragile siæ having

expansion of the repea.t sequence, and methylation of the CpG island' It is also

apparent that fragile sites can originate from regions not normally associated with

methylation, suggesting that the observed methylation associated with fragile site

expression, is a consequence of the fragile site mutation, and not a cause of such a

mutation (Nancarrow et al., lgg4). As other fragile sites are isolated and
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characterised, more information can be obtained to determine the relationship

between the sequence composition of the fragile site and the chemistry of their

induction.
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5.1 $rrmmary

The order of loci on chromosome 16 in the region of the Batten disease, dehned

on the basis of joint physical and genetic mapping, is:

D 1 65 1 s * (D I 6541 2-D I 6541 7-D I 65294)-D t 65403-D t 65420- (D I 65401 -D I 653 I Ð-

D 1 6567-D I 65295 -D I 65296-D I 65297-D I 65 I 48-D I 65 3 I 3 -D I 65288- (D I 65298-

D I 6529Ð- (D I 6548- S PN-D I 65 3 83)-D I 6Ss 7-D I 65 30G (D t 65285 -D I 6526 1)-

DI65308

The linkage map of this area includes 27 markers, defining 24 loci, 2l of which

are microsatelliæs, with an average heterozygosity of 73%. The order of the loci

in brackets could not be distinguished with odds of greater than 1000:1. The

CLN3 locus, responsibte for Batten disease, is locatised to the region between

flanking ma¡kers D165288 and D165383, with a sex average distance of 1.6 cM

across this interval.

Linkage analysis followed by disequilibrium mapping has been exploited in

rehning the localisation of Batten disease, to identify close flanking markers, and

thus enabling the development of a high resolution cosmid/YAc map to proceed in

the selected region containing the CLN3 disease gene. This will ultimately lead to

the cloning and characterisation of this disease locus'
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5.2. Introduction

Strategies now exist for the molecular cloning of inherited disease genes known

only by their phenotype. The first step is the localisation of the disease mutation

to a specific region of the human genome, using genetic linkage analysis. For an

autosomal recessive condition this necessitates pooling of information from a

number of families on the assumption that all a¡ise from mutations at the same

locus. Many disease genes have now been localised to specifrc regions of the

human genome (McKusick & Amberget, 1994). For example, a genetic linkage

map of chromosome 14 has enabled the localisation of a gene (MPDI) for

autosomal dominant distal myopathy to a specific region of this chromosome

(I-aing et al., 1993). Similarly, background genetic maps have enabled the

regional localisation of Ectopia I-entis (EL) to chromosome 15 (Edwards et al',

lgg4), central core diseaæ, (cco) to chromosome 19 at 19q13.1 (Mulley et al',

1gg3), and the localisation of the non-specific X-linked mental retardation gene'

MQilg, to a specific region of the X chromosome, Xp22 (Donnelly et al', 1994)'

Deletion mapping, homozygosity mapping or disequilibrium mapping (I-ander &

Botstein, 19g7) may be used to further reduce the localisation from that originally

defined by the linkage map. Resolution of less than 1 cM for the location of a

disease gene is rarely provided by linkage analysis; the fine mapping provided by

linkage disequilibrium for example, has the potential to reduce the localisation to a

few hundred kb, thus simplifying the search for a candidate gene (Mulley et al.,

1993). High resolution physical mapping can then be undertaken by the

development of YAC and cosmid contigs in the area. once the element of the

contig containing the disease gene has been identified, the eventual isolation of the

gene responsible for the disease is feasible using recently developed methods

(Monaco, lgg4). The techniques of linkage analysis followed by disequilibrium

mapping have been applied to the localisation of the CLN3 gene for Batten disease.
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Batten disease (Juvenile neuronal ceroid lipofuscinosis; "|NCL) is one of four sub-

types of the progressive encephalopathies, neuronal ceroid lþfuscinosis (NCI);

the juvenile onset sub-type. It is an autosomal recessive neurodegenerative

disorder characterised by the accumulation of autofluorescent lipopigments in the

neurons and other tissues @yken, 1988). Clinicalty, this disorder is characterised

by progressive encephalopathy, loss of vision, seizures, and death. CLN3 is the

gene responsible for JNCL.

Genetic linkage studies determined the chromosomal location of CLN3 to

chromosome 16. Initial studies demonstrated linkage between the CLN3 gene and

HP @iberg et al., 1989). Following this assignment to chromosome 16,

multipoint tinkage analysis of genetically linked ma¡kers was carried out on 42

families segregating for JNCL. From these studies the regional localisation of the

CLN3 gene was further refrned to an interval between D165150 and D165148 on

the short arm of chromosome 16 (Gardiner et at., 1990), a considerable distance

from the I/p locus. Subsequent multipoint analysis of genetically linked markers

enabled a refined localisation to an interval between D16567 and D165148 (Callen

et a\.,1991).

physical mapping of the genetic ma¡kers in this interval, using the mouse/human

somatic cell hybrid panel of chromosome 16, positioned them between the bands

l6pl2.1 and I6pl2.3; between the brealçoints of cY15 and CY160(D)'

Addítional physical intervals have been defined in this region (Fig. 5.1) (Callen er

at.,1992b), providing the opportunity for further refinement of the localisation of

CLN3.

Cloning and sequencing of cosmid contigs (Stallings et al., 1990; 1992) mapped to

l6pl2led to the identification of 10 multiallelic microsatellite ma¡ker loci (highly

informative polymorphic (AC-TG)n repeats) located in this region' A high

resolution genetic map was then constructed using these loci and five traditional
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RFLPs, spanning a distance of 44 cM on the sex-average genetic map1. The

order of the loci incorporated on this map was:

D I 65 1 sg-D I 65294-D I 65 3 I 9-D r 6567-D t 65295 -D I 65296-D I 65297-D I 65 I 48-

D t 65288- (D I 65298-D I 6529Ð-D I 655 7-D I 6528s-D t 65 I sGD I 65 I s I

DI6SI57 and DI6S57 were not included in the genetic linkage analysis, but were

positioned according to their physical location. The order of loci in brackets could

not be distinguished with odds of greater than 1000:1.

using this background genetic map, 70 JCLN pedigrees, and construction of

haptotypes for the analysis of recombinant events, the CLN3locus was localised to

between D16S2g7 and D16557, wîth a sex-average distance across this interval of

8 cM (Mitchison et al., 1993). Within this interval, strong linkage disequilibrium

was detected between the CLN3 gene and three multiallelic locí, D165288,

DI6S278, and D165299, thus further refining the likely localisation of the disease

gene. This disequilibrium was lost aftet D165148 and D16557, and no association

was detected between CLN3 and alleles at any other loci tested outside this

interval. The strong allelic association (linkage disequilibrium) identified between

CLN3 and alleles at these three loci, (D165288, D165298, and DI6S29$, predicts

that the disease has arisen via a predominant ancestral mutational event (Mitchison

et al., Igg3), implying a founder effect in juvenile onset neuronal ceroid

lipofuscinosis.

The initial finding that the CLN3 gene was linked to HP (situated on the q arm of

chromosome 16) was surprising considering the findings of subsequent studies,

that the disease gene was actually a considerable distance away on 16p (Callen er

al., 1991). This initial linkage was likely to have arisen from the low

recombination across the centromere in males (Gardiner et al., 1990) and the

inclusion of two Batten families unlinked to this region of 16p, which have now

This genetic map was constructed by the candidate, and the manuscript (Miüchison el aI.,

tggftis included in Appendix A. This was a¡r earlier map, to which loci have been added

ûo construct a the map described in this chapter.

I
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been included in a new clinicat entity, late juvenile onset neuronal ceroid

lþfuscinosis.

Subsequent cosmid contig mapping and isolation of microsatellite markers enabled

nine additional microsatellite loci to be physically assigned to this region

(weissenbach et al., 1992; Shen et aI., 1994). A total of 27 marker loci

(including 21 multiallelic microsatellite markers, with an average heterozygosity

of 73%) have now been localised to the CLN3 region at l6pl2 by physical

mapping.

Described here is the construction of a genetic linkage map using genotype data

generated from the CEPH families, for the entire 27 Locî isolated to the cLN3

region. using this background map, cLN3 was subsequently localised to a smaller

region on chromosome 16, between two flanking markers, Dl6S288 and

DI6S313. This refined localisation is providing the basis for the cloning of the

CLN3 gene.

5.3. Materials and Methods

Table 5.1 describes the loci used in the construction of the background genetic

map in the vicinity of the Batten disease. of the 27 polymorphisms, describing 24

loci, 6 are traditional RFLPs and 2l are microsatellite markers, one of which

(SPlÐ represents the gene locus, Sialophorin. All of the loci used in the genetic

map were isolated, characterised, physically mapped and genotyped by colleagues,

as described in Table 2.1.

Five of rhe RFLP markers (D16SI5/, D16567 (two polymorphisms), D165148,

and D16548) were typed using standa¡d Southern hybridisation analysis methods

as outlined in Chapter 2 andby Calten et al., (1991)' I-ocus DI6S57 was detected

also using Southern analysis, as previously described (Keith et al-, 1990)' All the

RFLP 10ci were extracted from the CEPH database version 5. Four dinucleotide

fepeat loc\, D165401, D165412, D165417, and D165420, were described by



Table 5.1: Loci used in the searchfor thc cLNi disease gene.

Location Locus Probe/Enz¡me Het. Type Inf
Meioses

16p13.1
16p13.1
16p13.1
16p13.1
16p13.1
16p13.1
16p13.1
16p13.1

13.ll-pl2.t
t3.lr-pr2.r
13.ll-pl2.l

D165159
D1654l2
D1654l7
D165294
D165420
D165401
D1653I9
D16567
D16567
D16567
DT65295
D165296
D165297
D165297
D165148
D165313
D165288
D165298
D165299
D16548
sialophorin gene

D165383
DI6557
Dl65300
D165285
D165261
D165308

pCJ52.94T1lTaql
Àrutgtw¡10/PCR
AFM220xb10/PCR
16AC1/PCR
AFM238xb2/PCR
AFM025tg9/PCR
16AC7.14/PCR
l6ACCRI-O39I/PCR
CRI-O39l/HincII
CRI-O39l/Taql
I6AC62F3/PCR
I6AC62B/./PCR
16AC15H1H/PCR
16AC15H1S/PCR
pCJ52.95M1/MsPI
MS79/PCR
16AC7.1/PCR
164C3.12|PCR
164C6.\7|PCR
CRI-O101/HindIII
SPN/PCR
16AC8OB3/PCR
CRI-O13l/BamHI
164C1.I/PCR
AluGTl6/PCR
Mfd24lPCR
16AC1.18/PCR

-p
-p
-p

1

1

1

1

1

1

1

1

1

1

1

1

1

1

T2
T2
t2

-pt2

0.50
0.76
0.73
0.49
0.82
0.74
0.69
0.83
0.46
0.50
0.66
0.75
0.87
0.69
0.39
0.57
0.73
0.80

0.45
0.40
0.60
0.82
0.71
0.74

RFLP
DINU
DINU
DINU
DINU
DINU
DINU
DINU
RFLP
RFLP
DINU
DINU
DINU
DINU
RFLP
DINU
DINU
DINU
DINU
RFLP
DINU
DINU
RFLP
DINU
DINU
DINU
DINU

455
101
155
235
t49
80
315
393
128
198
430
502
4t2
t42
326
498
449
455
425
144
463
235
79
436
494
449
Lt3

-pt2.
-p12.
-p12.
-pr2.

1

I

1

1

1

6p
6p
6p

1

1

0.72
0.47
0.96
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Weissenbach et al. (lgg2), and were extracted from the CEPH database, Version

6. The remaining multiallelic dinucleotide repeat polymorphisms were genotyped

by pCR amplification and analysis of denaturing polyacrylamide gels (fhompson

et al., 1992; Mitchison et al-, 1993; Shen ¿r al', l99l), at the WCH'

Construction and characterisation of the high resolution cytogenetic-based physical

map and localisation of all the loci incorporated into this map is described by

(calten et al., Igg2), with the exception of the markers SPN and D165285'

Dl65383, DL65401, D165412, D165417, and D16s420, for which the physical

mapping is described by Shen et at. (1994). These loci have been integrated into

the physical map by PCR analysis of the chromosome 16 mouse/human hybrid

DNA panel @ichards et al., 199lc).

The candidate performed the multipoint linkage analysis using genotypes of the

CEPH peiigrees and the linkage program CRI-MAP, as outlined in Chapter 2.2.

In brief, the build option of CRI-MAP was used to generate a framework genetic

map of markers which are placed with odds of 1000:1 or greater. The two most

informative loci, D16S2g7 and .SPN, were selected as a pair of tightly linked,

highly informative loci to be the foundation on which to build the map. These two

loci are separated by a distance of 5 cM (as determined by two-point analysis),

with a LOD score of 81. From the construction of this framework map, loci for

which there exists more than one marker with no observable intragenic

recombinants on this initial map, were considered as a haplotype in the analysis'

Loci for which this was true were D16567 and D165297'

Once the framework map had been constructed, the option chrompic was executed

to check for obvious data errors, evident as close double recombinants (See Table

5.2), as described in Chapter 2.2.5.

using the all option of cRI-MAP, the remaining loci not placed on the framework

map were incorporated on the map to generate the comprehensive map' The data

were checked again for errors using the chrompic option (Table 5.2).



Table 5.2: Individuals with identified Senotype enors afrer thz chrumpic anntysis.

Locus Individual Locus Individual

D165319

D165297

t344-06
1345-03

-07
-09

r332-V;
-07' r

133kS

1362-07
-10
-t7

D1652%
D165288

D165299

D165298

D16548
D165300

884-07
t347-07
1331-05
1362-08

35-08
1331-04,.
ß45-Wî
1362-08
1331-04
1413-09"
1333-03

Locus

D165300

DI65285

Individual

t333-04
-09

28-09**
t24r''
2r-03

, Dl6s2gThad a segregating null allele in family ; these individuals could not be conclusively genotyped, and so were

# new mutation detected as an allele not segregating in the family.

" RFLPs were not regenotyped and were coded as unknown'
.. these individu¿ls were involved in double recombinants, causing the wrong order between D16s26I and this marker' The new genotypes were

difficult to interpret and so these individuals have been coded unknown for this analysis'

coded as unknown.
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After corrections to the database were made, the map was reconstructed using the

same pair of starting loci, and also several different pairs; the resultant order of

markers was tested against order derived from the cytogenetic-based physical map'

Differences in the recombination fractions between males and females were

investigated by comparing the likelihood values of the comprehensive map for two

models (as described in Chapter 2.2.6):

(i) Sex-averaged recombination values over the entire region and

(ii) Sex-specific values over the entire region'

For further refinement of the CLN3 gene localisation in this area on chromosome

16, 70 JCLN pedigrees were analysed, by Dr HM Mitchison, under the

supervision of Prof RM Gardiner at the Department of Paediatrics, Rayne

Institute, London, using the background map determined by the analysis of the

CEPH pedigrees.

5.4. Results

Linkage analysis using CRI-MAP, was employed to construct both framework and

comprehensive maps for this region (Fig.5.1, Table 5.3) using genotype data

from the CEPH reference families. The framework loci a¡e indicated on Table

5.3. The length of the sex-average comprehensive map is 25.8 cM; the length of

the male and female maps are 12.0 cM and 39.1 cMrespectively. Theorderof

loci on the genetic map is in complete agreement with the physical order as

determined by the cytogenetic-based physicat map, and is:

Dr 6s1 59- (D r 6s4 t 2-D I 654 I 7-D 1 65294)-D I 65403-D I 6542G (D I 65401 -D 1653 I Ð-

DI 65 67 -Dh 6 S 2s 5 -DI 6 S2g 6-D1 6 S2g7 -DL 65 1 48-D1 65 3 1 3 - D I 6 52 88- (D I 65299-

Dt 6s2gs)- (D I 6548- SPN -D I 65 3 I 3)-D I 655 7-D I 65 3 0G (DI 65285-D I 6526 1)-

DL65308

The order of loci in brackets could not be distinguished with odds of greater than

1000:1, or by physical mapping. Framework loci are indicated in bold type'
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Table 5.3 region. Inversion of
on the sex-averaged

Ld type.

Locus Male Map Female Map Sex-Average Map Odds
(x:1)

D165159

D165412

D165417

DI65294

D165420

D165401

D165319

D16S67

D165295

D16S296

D165297

D165148

DI6S3I3
D165288

D165299

D165298

DI6548

SPN

D165383

D16557

D16S3N

D165285

D165261

D16S308

2.O

0.0

0.0

0.0

0.0

1.3

2.9

0.0

1.1

0.0

0.0

0.6

0.3

0.3

0.3

0.0

0.0

0.0

0.8

0.8

1.6

0.0

0.0

3.1

1.2

0.0

0.8

3.9

0.0

4.8

2.3

0.0

1.3

0.9

2.O

2.5

1.8

0.0

0.3

0.8

0.0

0.7

0.6

1.3

0.5

10.3

2.4

0.8

0.0

0.5

1.9

0.9

3.6

1.3

0.5

o.7

0.3

r.4

t.4

0.9

0.3

o.4

0.0

0.0

0.8

0.7

1.5

o.2

5.3

103

t&
1.0

to3

1010

t&
t&e

rc12

rd
to15

to3

to14

rc22

to11

3.0

1.0

1.0

1.0

1.0

1.0

rc1

to1

to13

Totals t2.0 39.r 25.8
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The results from the inversion of adjacent loci, performed to provide support for

the placement of loci on the comprehensive sex-average map, are given in Table

5.3. The order of some of the loci not distinguished by odds of 1000:1 or greater

on the genetic map, can be resolved by physical mapping information (see fig.

5.1). For example, the loci D165298 and D16548, can be ordered on the basis of

being separated by the brealçoint of the somatic celt hybrid CYl2; D165383 and

DI6S57 are separaæd by brealçoint of four hybrid cell lines; and D16557 and

Drc$m are separated by the centromere (callen et al., 1994).

From the analysis using chrompic, 28 double recombinant events were dete¡ted

and are described in Table 5.2. One new mutation was detected in the individual

1345-09 for the locus D1óS299, and was coded as unknown for the analysis, as

the new allele did not segregate in the family. A null allele was detected in the

locus DI6S2ï7, and thre¡ individuals were coded as unknown, as their genotypes

could not be verifred. These individuals werc 1332-07, 1334-04 and 1334-09

(table 5.3). The genetic order of the two loci D165285 and D16S26l wete

incongruous with the order determined by physical mapping' The physical

location of these loci was rechecked and the localisations were found to be correct.

Analysis of the genotype data revealed several double recombinants for D165285-

Regenotyping for this marker, several times, for the individuals l2-0I, 1345-05'

1375-06, 1423-OL ild l32gl-ol could not be clearly determined on the

autoradiographs, and so the genotypes were coded as unknown. This resulted in

the loci being placed in the order as determined by physical mapping.

Sex differences in the recombination values were investigated. The length of the

male map is 12.0 cM, and the length of the female map is 39.1 cM, representing a

3 fold excess of female recombination to male recombination, which is signifrcant

(chi-squared : 58.3, P < 0.05, df : 23). over the entire region there is no

interval where male recombination is greater, and in fact there appears to be an

overall suppression of male recombination in this region.
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5.5. Discussion

Extensive physical and genetic mapping methods have been employed in the

construction of the comprehensive map of this region. Nine new microsatellite

loci have been added to the previously published background map (Mitchison el

at., t993), which was used to localise the CLN3 locus to the region between

DI6S297 and D16557. Framework and comprehensive maps were constructed for

the CLN3 disease gene region on chromosome 16 (Fig. 5.1, Table 5'2)' The

length of the sex-average comprehensive map is 25.8 cM; the length of the male

and female maps is 12.0 cM and 39.1 cM respectively. The order of the genetic

map is in complete agreement with the cytogenetic-based physical map'

Sex differences in the recombination values were investigated, revealing a

significant 3 fold increase in recombination in females over males, as has been

observed previously for this region of the chromosome (Gardiner et al., 1990;

Julier et a1.,1990). Over the entire region there is in fact no interval where male

recombination is greater, and there appears to be a suppression of male

recombination in this region. This suppression of male recombination in the

centromeric region has beæn observed elsewhere (Gardiner et al., 1990; Skolnick,

19e1).

Following the tinkage analysis, homozygosity mapping and disequilibrium

mapping (I-ander and Botstein, 1987) were utilised to further refine the

localisation of Batten disease (Mitchison et al., 1993; Mitchison et aI', 1994)'

using this new background comprehensive map, the analysis of disease haplotypes

for four microsatellite markers in this interval, D165288, D165299, D165298, and

SPN, revealed signifrcant allelic association between one allele at each of these

loci and cLN3 (Mitchison et al., lgg4). This implies that the cLN3 gene lies

between D165288 and DI6S383 over a distance of 1.6 cM on the present map

(Mitchison et al., lgg4). As the distances between the loci on the genetic map are

small, genetic mapping can no longer provide significant additional information
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for the further refinement of the disease gene, and so physical mapping techniques

must be emptoyed to assemble the contig containing the CLN3 gene. Genes need

to be isolated from this contig (Monaco, 1994) and tested for mutations such as

deletions or fafe reaûangements in order to identify the gene responsible'

Another report has located the cLN3 gene to the 16p12.1 region. I-erner et al'

(1994) detected strong linkage disequilibrium with one D1652891D165299

haplotype, and suggested that the CLN3 gene lies closer to these two loci than to

D165288. DI6S2^8 and D16S299lie approximately 0.3 cM (sex-averaged) apart

on the genetic linkage map and about 1 cM ftom Dl6S288 (from results

determined by the candidate), although the relative order of these loci has not been

determined by I.ener et al-

physical mapping has been performed on this region, and YAC and cosmid

contigs are being constructed. A YAC contig of approximately 860 kb has been

assembled which contains three of the four loci in linkage disequilibrium

(D165288, D1652g8, and D16529Ð (larvelä et al., 1994), delineating the order of

these loci as D165288, D165298, ild D165299 from 16pter to the centromere'

Detailed restriction mapping of the region has revealed several cpG islands, which

are under investigation to find candidate genes. Three genes known to map to the

region have been excluded as candidate genes for the Batten disease (IL4R,

\QCRC2 and SGLT2); SPN is not contained on the 860 kb contig, and is thus not

a candidate gene. The gene responsible for Batten disease remains elusive.

The genetic map with 9 additional microsatellite markers (Fig' 5'1) has helped to

refine the localisation of CLN3. This bacþround map has provided close flanking

markers suitable for initiating YAC and cosmid contig construction, demonstrating

the power provided by a high resolution genetic map of microsatellite marker loci

for the localisation of a rare autosomal recessive disease. This linkage map will

improve the reliability of prenatal diagnosis of Battens disease, pending the
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identifrcation of the disease gene, as well as providing the starting point for

genome walking to isolate and ultimately clone the disease gene.
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6.1. SummarY

A comprehensive genetic linkage map of 50 loci has been anchored to 50

cytogenetically defined intervals on human chromosome 16' The map was

constructed by multþint linkage analysis of genotypes from the GEPH reference

pedigrees from 50 loci represented by 68 markers, using the linkage analysis

pfogram, CRI-MAP. The genetic loci have all been physically mapped against the

human/rodent hybrid cell panel, and the independently derived orders of both the

genetic map and the cytogenetic-based physical map ¿lfe completely compatible'

The sex avefage length is 164.5 cM with an average resolution of 3'3 cM' The

length of the male and female maps are 132.8 cM and 2Ol'3 cM respectively'

This is the first detailed synthesis of genetic and cytogenetic maps for any human

chromosome, and is the first step toward correlating the genetic and physical maps

for chromosome 16
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chromosome have already been derived (Kozman et a1.,1991; 1993 (Chapters 3

and 4); Mitchison et al., 1993; 1994 (Chapter 5)), as well as independently

constructed chromosome maps (Donis-Keller et al., 1987 Julier et al', 1990;

Keith et a\.,1990).

Similarly, comprehensive cytogenetic-based physical maps of this chromosome

have been published (Chen et aI., L99l; Callen et al', 1992), based on a panel of

human/rodent hybrid cell lines, subdividing the chromosome into 50 intervals

averaging 2 Mb in length. Physical mapping is rapid and does not rely on the

identification of informative polymorphisms as with genetic methods' The

human/rodent hybrid cell line panel provides the simplest approach to the

determination of the physical order and localisation of anonymous DNA probes

and STS's, and of cDNAs and F^ST's'

This chapter describes the construction of a genetic linkage map of human

chromosome 16, covering 99To of the chromosome' which is closely inægrated

with the cytogenetic-based physical map, representing the first step toward the

development of a complete map of human chromosome 16'

6.3. MateÈials and Methods

The linkage analysis was based on the 68 polymorphic DNA probes, defining 50

loci, described in Table 6.1. Included in the analysis are 5 marker loci for 3

genes, 6 microsatellite markers of the type (AC)n, and 57 cloned DNA sequences

detected by traditional RFLPs. The majority of the toci included in this map have

been incorporated in previously published genetic maps for this chromosome

@onis-Keller et al., 1987; Julier et a\.,1990; Keith et a1.,1990; Kozman et al',

l99l; LggS), with the exception of the six microsatellite loci' Nine of the loci

incorporated into this genetic map are classified as index markers' with

heterozygosities greater than 70% (Sæ, Table 6.1; Roberts, 1990)' Thirty seven

loci previously incorporated in published genetic maps of this chromosome were



Table 6.1: Chrom.osomc 16 markers used in thc arulysis'

Locus Probe/Enzyme No. of
Alleles

Het.
(Obs.)

Chromosome
Location

D16585
D16583
D16584
D16594
D16563
D16545
D16556
D16555
D16558
D16560
DI6551
D16549
D165292
D16583
D16579A
D165287
D16596
D165131
D16542
DI6564
D16575
D16567
D165148
D16548

3' HVR, 5' HVR/RsaI, MsPI

CRI-O9O/EcoRI,DraI
CRI-O129/BglII,EcoRI
CRI-O128/HincII
CRI-O133/HindIII
CRI-O136/HincII
CRI-O12O/BamHI
CRI-OIl4/EcoRI
16AC2.3/PCR
pACHF 1. 146/PvuII
p36-1/TaqI
I6XE81/PCR
pVK2OA/TaqI,MsPI
pVK45C6/TaqI
CRI-O66/Pstl
CRI-O373/HindIII
CRI-R99/HindIII,MsPI
CRI-O391/HincII,TaqI
CJ52.95M1/MsPI
CRI-O101/HindIII

,6
8
2
,,

2
212
212
2
2
6
3
3
10
2
2
10
4
2
a

4
3,2
2,3
4
,,

9 0.97,0.79
0.87
0.39
0.49
0.38

0.34
0.78
0.59

0.64
0.52,0.19
0.38,0.60

0.35
0.45

0.62,0.14
0.12,0.33

0.24
0.43
0.79
0.&
0.43
0.78
0.59

0.39
0.31

3
3
2



Table 6.1 (cont.): chromosome 16 marlcers used in thc arulysis

Locus Probe/Enzyme Het.
(Obs.)

Chromosome
Loc¿tion

D165261
D16552
D165150
D16539
D16565
D165164
D165151
D165265
D165l0
D165186
D16538
D16546
D1654
DI6547
HP
DI65I53
CTRB
D16550
D16520
DI65157
D16543
D16562
DI6541
D1657
APRT
D16S/M

0.71
0.33
0.41
0.52

0.31,0.19,0.50
0.38

0.33,0.28
0.78
0.59
0.57
0.2t

0.38,0.36
0.63
0.50
0.57
0.50
0.38
0.55
0.47
0.22

0.79,0.33
0.31
0.29

0.&,0.82
0.50,0.27,0.28

0.62

16q13
l6q2l
t6q2t
r6q2r
r@2r
tq22.r
rq22.r
rq22.r
rq22.t

rq24.3
1,q24.3
tq24.3

MFD24/PCR
CRI-O123/HindIII
CJ52.16UTaqI
CRI-O3/Pstl
CRI-O377/HincII, TaqI, BgIII
l6PHAC-15/PCR
C152.209M1/MsPI
MFD23/PCR
ACHF3. 5. 1/RsaI,MsPI,TaqI
16PHAC-101/PCR
CRI-02/BamHI
CRI-O91/MsPI,TaqI
ACH2}T lTaqI,MsPI
CRI-O95/EcoRI
hp2alpha/MsPI
CJ52.1OT2lTaqI
2pEI(Xp3B/PvuII
CRI-O1l9/Taql
phi 8-9/BglII
Ct52.96lTaqr
CRI-O84/PstI,HindIII
CRI-O149/TaqI
CRI-043/TaqI
p79-2-23lTaql,RsaI
AprUBglII,TaqI
CRI-O89/Bg[I

6
2
2
2

2,3,2
4

412
t2
3
10
2

3,4
3
,,

2
2
3
2
3
2

512
3
4

6r7
2,2,2

6
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extracted from the CEPH database (Version 5) (Donis-Keller et al., 1987; Julier ¿r

at., 1990; Keith et al., 1990). Six microsatellite markers of the type (AC)n'

D165164, DI6S\86, D165261, D165265, D165287, and D165292, nol previously

incorporated in a genetic map' were genotyped by colleagues at the WCH, SA (see

Table 2.1). The determination of the genotypes for these microsatelliæ loci has

been described previously (Weber et al., 1990; Phillips et al', l99la; 1991b;

Thompson et al., tgg2). The remaining 13 RFLP markers, from 7loci, have

been described in Table 3.1 and Table 4.1. Methods for determining the

genotypes for each member of the CEPH reference families, for 13 RFLP ma¡kers

genotyped at the WCH, are described in Chaptet 2'

The loci incorporated from the report by Julier et aI' (1990) have been genotyped

on the extended CEPH panel of 60 families, as indicated on Table 2.1. The

residual loci have been genotyped on the initial 40 CEPH pedigrees only'

A1l markers incorporated in the linkage analysis have been mapped to the

extensive cytogenetic-based physical map of chromosome 16 (Callen et al', 1992)'

The panel of somatic celt hybrids was constructed by fusing human cell lines

containing chromosome 16 translocations and deletions with the mouse hybrid line

and selecting for the human APRT gene located at Iq24 (Callen, 1986; Calten et

at.,1990). The human cell lines were derived from patients identified in routine

clinical cytogenetic investigations (Ca||en, 1986; Callen et aI',1990; Callen et al"

lgg2). This panel comprises 60 hybrids, including the breaks dehned by the four

fragile sites and the centromere, and divides the chromosome into 50 intervals,

with an average resolution of 2 Mb.

The microsatellite locus D165265 has been previously described and localised to

chromosome 16 (Web eÎ et al., 1991), but this localisation needed to be refined'

The original primers produced multiple products in the PcR reaction, and attempts

to solve the problem by varying the PCR conditions failed. Thus, the candidate

redesigned the oligodeoxyribonucleotide primers to give improved specificity for
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this locus, and then determined its physical location to chromosome 16' The

redesigned primers were synthesized automatically on an Applied Biosystems

pcR-mate synthesiser, purified and quantitated by K Holman, under the

supervision of Dr R Richards, at the WCH'

once appropriate primers had been manufactured, physical localisation was

performed by PCR analysis using selected DNAs from the human chromosome 16

somatic cell hybrid panel as templates (Richards et aI',1991c)' The primers were

challenged against a variety of the human/rodent cell lines, spanning the length of

the chromosome 16, to determine the regional localisation of D165265' These cell

lines were cY18 (which contains the entire length of chromosome 16 as its only

human component), cY185, CY8, CYl25, and cY3. Having determined the

region, the cell lines CY8, CY|32, CY140, CY135, CY7, CY130, CYt25, CY4,

cY6, CY13A, and cY5 were selected to refine the localisation (Fig 6' 1)'

ThecomponentsofthePCRreactionwereasfollows:

10¡ll2xPCRreactionmix(consistingof33mM
(NH|2SO 4, 133 mM Tris-HCL (pH 8'8)' 13 ¡rM

EDTA and freshlY added 20 mM ß

mercaPtoethanol).

6 pI 20 mM MgCl2l'

I pl Oligo primer pair (150 nglpJ for each oligo)'

2 pl temPlate DNA (200 ng)'

I pl TaqPolYmerase (0'5 units)'

The PCR reaction was performed in a Perkin-Elmer Cetus DNA Thermal Cycler'

Denaturation, annealing and extension was performed for each cycle in the PCR

reaction as follows:

Cycle 1., rePeated 10 times:

1 The MgCl2 concentration was optimised at 6'0 mM for this marker
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94
&
72

o

o

o

C
C
C

C
c
C

1 minute
172 minutes
172 minutes

1 minute
1% minutes
1Vz minutes

Cycle 2, repeated 25 times:
94"
55'
72"

Elongation steP:
10 minutes

Gel ele¡trophoresis on a 1.4 % agarose gel was used to resolve the PCR products

which were then visualised by ethidium bromide staining under ultraviolet light.

The marker was mapped to a specific brealcpoint interval by virtue of the presence

or absence of a PCR product (Fig. 6.1).

Recombination estimates and gene order were determined by likelihood analysis

using the linkage package CRI-MAP (V2.4, I¡,nder and Green, 1987), which

calculates the maximum likelihood estimate for many loci simultaneously as

described in chapter 2.2.4. Using the build option, the two most polymorphic

loct, DI6S85 and Dl6S83, were selected as the foundation on which the map was

based, and a framework map was constructed. The resultant order of loci on the

framework was verified against the order determined by the physical map'

After the framework map was generated, additions of subsequent loci to the map

were accepted in the position with the highest likelihood, without regard to the

odds of placement, providing their placement agreed with the physical map' The

all option of the CRI-MAP package was used for this portion of the analysis, thus

constructing a comprehensive map. Adjacent loci were inverted to determine the

local support for the location of markers, using the flips option of GRI-MAP. The

placement of loci not ordered on the basis of physical mapping or by odds of at

least 1000:1 is considered to be tentative.

The elimination of data errors was attempted by checking for double recombinants

within small distances using the chrompic option of GRI-MAP as described in

72" C
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chapter 2.2.5. Markers and individuals responsible for double recombinant events

are listed in Table 6.2.

Once all data had been verified, and corrected as necessary' the map was

redetermined, several times using different pairs of starting loci to verify that the

order of loci was consistent (See Section 2'2'4)'

The differences between recombination in males and females' over the length of

the map, was assessed under two models; a model of sex-average recombination'

and a model of sex-specific recombination as described in chapter 2.2.6. Each

specifrc interval along the entire length of the map was also assessed for signifrcant

differences in the recombination fractions. To determine whether the sex-specific

differences in recombination was significant in any interval on the map, two point

linkage analyses were performed (sex-specific and sex-average), and tested for

significance using the chi-squared test'

6.4. Results

A multipoint linkage map of human chromosome 16 has been constructed using

the computer program CRI-MAP. Thirty one loci were incorporated in the

framework map (with order support of at least 1000:1), and are indic¿ted in bold

type on Fig 6.2 and in Table 6.3. The length of the sex-averaged framework map

was 162.7 cM, with an average resolution of 5 cM' There are three gaps larger

than 10 cM on this map: between D165150 and D16565 (13.8 cM), CTRB and

D16520 (15.6 cM), and D165157 and D16562 Q7.a cM). The sex-avefage

comprehensive map, containing 62 RFLP loci and 6 microsatellite loci, is 164'5

cM, with an average resolution between these loci of 3.3 cM. The length of the

male and female maps are 132.8 cM and 201.8 cM respectively @ig. 6.2, Table

6.4). The largest gap of 13.4 cM is between D165157 and D16543, and is the

only gap over 10 cM on this maP.
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Table 6.2: Gercrypes
aruIysis.

recoded as unkrnwnfor this

Locus Individual

D16583

D16584

D16594

D1658

D16579A

D165131

D165150

D165151

HP

to2-16
1333-03

1347-O3

102-08
t02-rl
toz-12
884-13

23-07
t349-04
1349-05
1349-06

13293-04

66-05
66-O7

66-06
66-09

r423-07

1345-09

1350-07

2-09



Table 6.3: Sex-average distances- (in ,!,1) between th¿ loci in the

fr*rri";i map and liketihaod support for order'

Locus Order Dist¿nces Odds

D165 108

1010

108

108

105

1011

103

rc37

108

103

tol2
104

rc32

106

1031

106

105

104

1013

109

1015

103

104

103

1013

rc22

106

104

103

103

3.0

2.6

2.9

3.0

3.4

3.7

0.5

9.3

8.5

0.9

4.0

2.3

7.2

1.8

8.7

2.8

4.9

6.3

13.8

6.3

3.7

0.8

0.9

1.4

7.1

15.6

9.1

t7.4

5.4

5.3

DrcS$1
Drc5841

DrcSg4L

DI65ß1
Drcl561
Drc5581

D16560

Drc55il
DrcS4gL

D165292

D16579A

D165287

D16564

DI6575

D16567

Dt6s148

D16548

D165150

D16565

D165151

D165186

DI654

D16547

D165T53

CTRB

D16520

D165157

D16562

D1657

D16544

Tot¿l Length 162.7

1 - I-ocus pairs ordered by linkage (with likelihood support of at least 1000:1) but not

chromosomal breakpoints. The iemaining locus pairs are ordered by both linkage and

ch¡omosomal breakPoints.

by
by



Table 6.4: Distances the loci in th¿
-map,, incl and sex-average

ii{ainoo¿ based on thc sex-

Locus Order Male Female Sex Average Odds

D16585

D16583

D16584

D16594

D16563

D16545

D16556

D16555

D16558

D16560

D16551

D16549

D165292

DI658
D16579A

D165278

D165%

D165131

D16542

D16564

D16575

D16567

D165148

D16548

D16552

4.6

3.7

4.1

5.3

0.0

2.6

0.0

4.2

0.0

10.9

10.5

1.8

1.0

1.7

4.7

1.0

2.1

0.0

0.0

0.0

3.2

0.0

0.6

0.0

1.7

1.7

1.4

2.7

0.8

0.0

3.8

3.3

0.0

0.9

8.4

7.3

0.0

0.0

4.6

0.0

0.0

9.8

0.0

0.0

3.4

16.3

6.7

7.2

9.8

2.9

3.1

2.5

3.3

3.1

0.0

3.4

1.4
a1

0.5

9.4

8.7

0.9

0.4

3.6

2.2

0.3

5.7

0.0

0.0

1.8

9.3

2.8

4.9

5.2

1.8

109

1011

rcr2
1011

1.0

1015

1.0

1.1

T&
1039

108

rc2

r&
109

1010

rû
1015

1.0

1.0

108

1034

106

106

106

rcz



Table 6.4 (cont'd); Comprehensive Map distances (cM)

I-ocus Order Male Female Sex Average Odds

D165l50

D16539

DT6565

D165T64

D16S151

D16510

D165186

D16538

DI6546
D1654

D16547

HP

D165153

CTRB

D16550

D16520

D165157

D16543

D16562

D16541

D1657

APRT

D16544

4.4

2t.2
11. 1

0.0

1.7

3.4

0.0

0.0

0.0

1.7

1.9

0.0

8.2

ll.4
0.0

11.5

13.9

3.1

0.0

5.0

1.1

4.8

2.8

10.4

6.5

1.6

t.6
2.8

0.3

0.3

0.0

o.7

1.7

0.5

5.8

7.3

5.7

8.4

13.4

r.7

0.0

5.3

2.2

3.6

3.2

0.0

4.1

0.4

2.7

2.0

0.6

0.7

0.0

0.0

1.3

0.5

4.1

2.4

12.0

6.3

11.0

0.0

0.0

6.2

2.8

2.4

101

1013

1

1

04

r&
1016

1.0

1.0

1.0

104

104

101

1016

Iû
103

106

109

103

1.0

106

rû
1d

1

Total Length 132.8 201.8 r&.5
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The differences with respect to the recombination fractions between the sexes were

investigated. The length of the male comprehensive map was t32'8 cM and the

length of the female comprehensive map was 201.8 cM, representing a 1'5 fold

excess of female recombination; thus a moder of sex-specifrc differences in the

recombination fraction was signihcantly different from the model of sex-average

recombination (Iable 6.5a). Each of the 50 intervals in the map were tested for

significant differences in the frequency of recombination between the sexes' by

comparing the pairwise lod scores of the two models assessed' The difference in

the -21n(likelihood) of the lod scores between these two models for each interval

follows a chi-squared distribution, with 1 degree of freedom (Weiffenbach et al' 
'

1991). Using the conservative test of Fisher-Bonferroni (i.e. divide a by 50), the

critic¿l value for this chi-squared test is 10.8 (Hochberg, 1988)' Using this

conservative test, no significant sex differences in the recombination fraction were

detected for any interval (Iable 6'5b)'

The physical localization of D165265 was determined by the candidate' using PCR

analysis with DNAs from the somatic cell panel used as templates' PCR products

were resolveÀ on I.47o sequence gels and visualised by EtBr staining under

ultraviolet lighting. This allowed mapping of this STR marker to a specific

breakpoint interval by virtue of the presence or absence of a PcR product' The

locus was mapped Ïo l6q2l, between the cell lines cY122 and CYl25, which is

the proximal end of a deletion (Fig' 6' 1 and Fig' 6'2)'

In several intervals, the sex average distance is either greater than or less than both

of the sex-specific estimates. The reason for this anomaly is that CRI-MAP

sele¡ts the most likely phase for each marker, giving instances where the phase

chosen for the sex-averaged map is different to the phase chosen for the sex-

specific calculations. If a different phase is chosen, it is possible that the distance

between the two markers on the sex-average map is less than the distance on both

the male and female maps, or greater than the distances on both the maps' This



Table 6.5a:

Multilocus anntYsis.
All Intervals

DI6S85 to Dl6s44

*-Signifrcant when

Assessmcnl ofsex-specific differe¡rces in

Sex-Specific
-2ln(Lil<elihood)

-1355.638

P > 66.33 (P : 0.05, 48 dÐ.

recombination over the entire maP.

Sex-Equal
-2ln(Likzlilwod)

-t401.265

** P

209.0 P < 0.05



Table 6.5b.'

Locus 1 Locus 2 Om=f Z

Assessmcnr of sex-specifig dtff.ereJrcl in recombinntion for^specffic';rîi;;;;¿-i"i¡. ifcí*,éi ß-thc tod scoreþr tttc sex-specific case'
iwertak. Z is tltc lod score between thc

Z(Om,Of) em/ef YA#

8.8
1.9
1.9
3.9
0.0
0.0
0.0
0.0
2.0
0.2
0.4
1.1
1.6
0.7
3.0
r.9
2.t
0.0
0.0

0.47

P > 10.8 (P < o.oo1, 1 dÐ
#- Using the conservative test of Fisher-Bonferoni,

Om ef

0.06
0.03
0.06
0.05
0.00

0.00
0.01
0.00
0.00

0.00
0.00
0.00
0.12
0.05
0.01
0.01
0.00
0.05
0.01
0.00
0.00

the test is significant when

D16585
D16583
D16584
Dl6s94
D16545
D16563
D16556
D16555
D16558
D16560
D16551
D16549
Dt6s292
D1658
D16579A
D165287
D16596
D16542
Dl6s131
D16564
Dl6575
D16567
D165148

D16583
D16584
D16594
D16545
D16563
D16556
D16555
D16558
D16560
D16551
D16549
Dt6s292
D1658
D16579A
D165287
D16596
Dl6542
D165131
D16564
D16575
D16567
Dl6s148
D16548

0.03
0.02
0.03
0.03
0.00
0.00
0.00
0.00
0.01
0.11
0.03
0.01
0.00
0.01

44.18
57.57
17.18
16.96
7.22
6.92
6.02
3.01

39.80
t7.20
11.81
30.88
&.ñ
19.28
37.17
66.W
8.83

10.84
23.78

3.24
10.33
5.15

17.24
11.90
31.11
&.95
19.43
37.82

0.00

46.W
57.99
r7.ffi
17.80
7.22
6.92
6.02
3.01

40.23

66.50
9.28

10.84
23.78
23.28
3.35

10.79
5.56

0.00
0.00
0.00
0.00
0.02
0.10
0.00
0.00
0.00
0.02
0.00
0.00
0.08
0.00
0.00
0.04
0.17
0.06
0.10

3.00

t.20

0.02
0.00
0.05
0.00
0.00
0.03
0.r2
0.03
0.06

0.00
0.00
0.08
0.00
0.00

22.65
2.9
0.5
2.1
t.9



Table 6.5b (cont.): Assessmcnt of of sex-specific Dffirences in Recombinntion.

Locus 1 Locus 2 Om=f Z

0.03
0.04
0.03
0.04
0.00
0.00
0.02
0.03
0.00
0.00

0.00
0.00
0.06
0.00
0.00

0.00
0.12
0.02
0.00
0.05
0.01
0.07

0.00
0.03
0.00
0.00
0.00
0.00
0.02
0.01
0.03
0.00
0.06
0.00
0.00
0.10

#- Using the conservative test of Fisher-Bonferoni, the test is signifrcant

Om ef Z(Om,Of) em/ef x

D16548
D16552
D165150
D16539
D16565
D165164
D165151
D16510
D165186
D16538
D16546
D1654
D16547
D165153
HP
CTRB
D16550
D16520
D16540
D165157
D16543
D16562
D16541
D1657
APRT

D16552
D165150
D16539
D16565
D165164
D165151
D165l0
D165186
D16538
D16546
D1654
D16547
D165153
tlp
CTRB
D16550
D16520
D16540
D165157
D16543
D16562
D16541
D1657
APRT
D16544

1r.74
4.82

22.28
19.34
15.81
24.16
9.89
5.88
6.28
8.13
6.62
3.t9

13.17
2r.67
7.74

40.76
4.43

0.00
0.04
0.03
0.00
0.00
0.00
0.03
0.00
0.03
0.13
0.07
0.00
0.00
0.00
0.13
0.03
0.00
0.06
0.00
0.26

6.38
8.13
6.62
3.20

t3.45
2r.67
7.86

41.05
5.58

5.87
3.62
7.92
8.79

t2.04
13.25
9.55

39.72

0.05
0.05
0.00
0.11
0.00

6.10
3.72
8.01
8.01

1.1
0.5
0.4
3.8
0.0
0.0
0.4
0.0
0.0

1.00

0.00
t2.04
t3.25
9.63

39.73
tt.74
4.82

22.28
19.72
15.93
24.24
10.34
s.96

0.00
0.01
0.02
0.02
0.07
0.03
0.06
0.00

0.33
0.23

0.0
0.0
t.7
0.6
0.4
2.1
0.4
0.5
0.0
0.0
0.00.77

0.00
0.00
0.00
0.00
0.00

t.3
0.0
0.6
t.3
5.3

when P > 10.8 (P : o.oo1, 1 dÐ.
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has been previously documented (Bowcock et al.,1992;1993b), and is evident in

three intervals on the comprehensive map generated here (between D165150 and

D16S3g, between D165164 and D165151, and between D16S15I and D16510)

(Iable 6.4).

At the level of the framework map, 22loci were independently placed in the same

order by linkage analysis and by the analysis of chromosomal brealçoints' The

remaining 9 loci in the framework map were ordered by linkage alone' being

unresolved on the cytogenetic map where more than one locus mappei to the same

physical interval (Fig. 6.2). The placement of loci on the comprehensive map

may be locally unreliable with adjacent loci where odds against their inversion are

less than 1000:1. If these markers are separated by hybrid breakpoints or fragile

sites, then the integration of the comprehensive genetic map and physical maps for

this chromosome enables the order of some of these loci to be resolved at the

comprehensive map level. The order of 5 of the 19 loci not included on the

framework map, but incorporated on the comprehensive could be resolved in this

manner (D1658, D16Sg6, D16Sl3l, D16542, Dl6S50, and D16543)' This

comprehensive map will thus provide a selection of markers for refining

localisation of disease genes in affected families assigned to this chromosome'

Twenty genotype efrors were detected at nine loci, detected as appÍ[ent double

recombinants using the chrompic option of cRI-MAP. Buetow (1991) estimated

that an error rate of 0.5 Vo wl\l increase the map length of 1 cM per interval, and

an efror rate of l% will increase the map length by 2 cM per interval' The sex

average length of the comprehensive map or 49 intervals was 164'5 cM' This

implies an average increase of 0.398 cM per interval, assuming the length

predicted by chiasma studies of 145 cM for this chromosome. Thus, the estimated

error rate of the data included in this map is 02% '
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6.5. Discussion

Fifty loci on chromosome 16 have now been mapped into a single genetic map and

anchored to the cytogenetic map, as all of the loci have been incorporated on the

cytogenetic-based physical map (Callen et a\.,1992). The framework genetic map

incorporates 31 toci and has a sex-average length of 162j cM, and an average

resolution of 5 cM (Fig. 6.2, Table 6.3). These loci, by definition, have been

placed on the map unambiguously with odds of 1000:1 or greater. The remaining

loci, being less informative and/or genetically indistinguishable (zero or few

recombinants detected between them), were incorporated into the framework map

to assemble the comprehensive map. The length of the sex-averaged

comprehensive map was 164.5 cM, with an average resolution of 3'3 cM' and

lengths of the male and female maps were 132.8 cM and 201'8 cM respectively'

As the genetic map was evolving, so too was the cytogenetic-based physical map

(Chen et al., l99l; Callen et al., lgg2), subdividing the chromosome into 50

intervars averaging 2 Mb in rength. The fifty loci incorporated within the genetic

map were also incorporated within the cytogenetic-based physical map, enabling

the genetic map to be anchored to the physical map. This cytogenetic-based

physical map is the most detaited map available for any of the autosomes (callen

et al., lg92). The genetic map extends from D/óS85, within 170-430 kb of the

telomere on the short arm (wilkie et a\.,1991) to D16S44, within 230 kb of the

telomere on the long arm (P. Harris, personal communication).

The order of both the framework loci and the comprehensive loci, as established

by linkage analysis, is compatibte with the order derived by cytogenetic mapping'

Thirty one loci on the framework map were uniquely ordered by linkage, and of

these, the order of 2}loci was confirmed independently by physical mapping.

similarly, the order of g of the framework loci, not physically mapped to

distinctive hybrid intervals was resolved by the genetic map (Iable 6'3)' The

value of this high resolution cytogenetic map became evident during the
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construction of the comprehensive map. The comprehensive loci were genetically

unresolvable from those toci already placed on the framework map and could not

be unambiguously placed by linkage analysis alone. By mapping markers against

the panel of human/rodent somatic cell hybrids, 5 of the 19 comprehensive loci

could be assigned to distinct physical intervals by the presence of chromosome

breakpoints between loci (Fig. 6.2). This demonstrates that the combination of

genetic linkage analysis with physical mapping can be extremely helpful in

resolving locus order at the level of resolution of the comprehensive map'

The overall female map is 1.5 times longer than the male map, deviating slightly

from the genome average observed by Morton (1991b) of 1.7 and the observed

genome sex-difference of 1.6 determined by the NIH/CEPH collaborative

mapping group (lgg2). This difference was found to be significant (Iable 6.5a).

In general, greater recombination in females was observed for most intervals'

although no interval was statistically significantly different (table 6.5b). Sex-

specifrc differences in recombinants have been previously reported for this

chromosome (Julier et a1.,1990; Keith et a1.,1990). In a report of the genetic

linkage map of chromosome 21, Tanzi et al. (1988) provide evidence where the

recombination in females is more than twice as much as that in males' Haldane's

rule (1922) is that the heterogametic sex shows less recombination than the

homogametic sex, as can be seen in many organisms, for example, in Drosophila

(Morgan, lgl4), in house mice (Dunn and Bennett, 1967) and in humans

(Renwick and Schulze, 1965, Donis-Kellet et al., 1987, Warren et al', 1989)'

other pubtished data supports the phenomenon of greater recombination in females

than males (Stephen s et al., 1989), indicating that sex-based differences in

recombination rates must be incorporated into an analysis associated with risk

assessment for prenatal and presymptomatic diagnostic tests based on linkage'

Detailed linkage maps have previously been published for this chromosome

(Donis-Keller et at.,1987;Julier et a1.,1990; Keith et al., 1990; Kozman et al',
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1991, 1993). For chromosome 16 this is the first reported genetic map

accompanied with a detailed physical map, and incorporating (AC)n markers that

are highly informative (D165164, D165186, D165261, D165265, D165287, and

D16S2g2). In comparison with the other published maps of chromosome 16' the

order of markers is in complete agreement. The genetic distances on the published

maps of chromosome 16 and the present study a¡e well correlated, including those

determined by Morton (1991b), based on the study of chiasma and interference

(table 6.6).

Table 6.6: Comparison of map tengths (cM) with other published maps þr

the entire tength of human chromosome 16'

Group Male Female Sex-Average No' of loci

Current maP

Iulier et ø1., l99O

Keith ¿l al., t99O

Morton, 1991b

t33

187

115

r20

202

226

t93

193

165

t49

t57

68

24

46

As can be seen in Table 6.6, the lengths of the comprehensive map established in

this study are in good agreement with those previously reported.

The distances on the comprehensive map ¿tre in quite good agreement with both

the genetic estimates by multiple pairwise analysis (values given above) and by the

chiasma counts (providing a sex-averaged distance of 145 cM) (Morton, 1991b)'

An approximate error rate of 0.5 % has been estimated for the GEPH database

(White et a1.,1990; Dracopoli et al. ' 1991), which leads to a substantial inflation

of genetic map length (Morton and Collins, 1990). The data set used in this

analysis would appeaf to contain few errors, following the correction of effors

using chrompic, since it agrees closely with the estimates of Morton (1991b)' An
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e,,or rate of 0.2% has been estimated for these data, based on theoretical

considerations proposed by Buetow (1991)'

Interest in a correlated genetic and physical map of chromosome 16 has been

stimulated as this map becomes saturated with markers. The information obtained

from physical mapping has an important role in genetic map validation, as is

demonstrated in this study. This is particularly evident at the level of the

comprehensive map whose loci cannot be ordered uniquely by linkage analysis

alone. I-oci placed on the framework map, and additional loci within the

comprehensive map ordered on the integrated map by physical criteria alone, are

useful for localisation or exclusion of disease genes to human chromosome 16 by

linkage. From this analysis it is apparent that genetic linkage analysis is not

always the most efficient method of resolving locus order as resolution approaches

1 cM. Therefore a strategy combining classical linkage analysis with physical

mapping methods such as PFGE, radiation hybrid mapping, or the use of a hybrid

cell panel, is essential for the determination of the order of loci in such situations'

A continuous linkage map, well supported by a cytogenetic map, of 68 loci

extending almost the full length of chromosome 16 has been constructed in this

chapter, providing a foundation for the generation of a fine structure map for this

autosome.

This is the first step in anchoring and confirming the genetic and physical maps

together; the ultimate goal being to express the sex-specific recombination

fractions (in cM), in terms of the physical distances (in Mb) (chakravarti, 1991)'

The present map will facilitate the initial detection of linkage to disease genes and

subsequent refinements of their regional localization to enable the eventual

charactenzation of DNA defects by positional cloning (wicking and williamson'

1991).
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7.1. Summary

A total of 82 loci, represented by 89 polymorphisms with an average

het,erozygosity of 7OTo, have been incorporated into a high resolution genetic

tinkage map of chromosome 16. The framework map, constructed by multipoint

linkage analysis of these markers, consists of 47 pcR formatted loci (average

heterozygo sity 737o) placed with odds of 1000:1 or greater' The map also

included the hypervariable telomeric marker DI6S85, and two other RFLPs'

intralocus markers with the PCR formatted locus, Dl6S67' The length of the sex-

average framework map was 152 cM., with a mean distance between markers of

3.2 cv., and a median distance between markers of 2.6 cM. The largest gap

betweæn markers is 15.9 cM. The male and female map lengths are 131 cM and

181 cM respectively. All the loci have been placed on the high resolution

cytogenetic-based physical map, anchoring the genetic map to the physical map'

High resolution genetic maps such as the one constructed here, integrated with the

high resolution physical map, are effective tools for precise localisation of disease

genes which map to this chromosome'
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7.2.lntroduction

Linkage analysis is a powerful strategy responsible for the genetic localisation of a

large number of human Mendelian disorders. Until now' linkage maps

constructed for chromosome 16 have been based mainly on RFLP markers' With

the development of the PCR technique and recent availability of highly

informative microsatellite markers distributed throughout the human genome' high

resolution genetic reference maps have been constructed from the GEPH database'

These are the basis for linkage studies attempting to localise genes responsible for

human inherited disorders. whilst the maps based on RFLPs have made an

invaluable contribution to the advancement of human genetic research on

chromosome 16, RFLPs are less efficacious for the localisation of disease genes

and the refinement of map distances for positional cloning, than the highly

potymorphic, PCR based, microsatellite markers. Thus, in tandem with the

development of a high resolution physical map of cloned contigs, development of

a high resolution microsatellite map for human chromosome 16 will be invaluable

for the localisation and isolation of defective genes and other interesting anomalies

on this chromosome, such as cancer breaþoints, translocation breakpoints' and

fragile siæs (see chapters 3 and 4). Accurate high resolution maps are essential

for detection of abnormalities related to genomic biological phenomena such as

gene conversion or microinversion'

A totat of 80 simple tandem repeat (sTR) loci and 2 RFLP loci were genotyped on

the panel of reference families maintained by CEPH, in Paris' Described here is

the construction of a3.2 c[resolution framework genetic linkage map comprising

47 of the PCR formatted markers (defined by 49 markers) and 1 VNTR mafker'

D16585. A comprehensive map incorporating all the 82 polymorphic loci (defrned

bySgmarkers)wasalsoconstructed.Thisisthefrrsthighresolutionmap,

composed chiefly of highly polymorphic microsatellite markers, to be constructed



Table 7.1:

Loc¡tion

13.3-p13.11
13.3

Loci included on the high resolution STR linkage map'

Gene Probe/Enzyme IIet. No Inf
Meioses

SPN
D16544
D16549

D16567

D16579A
D16585

D16594

D165164
D165186
D165261
D165265
D165266
DT65283
D165285
D165287
D165288
D165289
D165291
D165292
D165294
D165295
D165296
D165297

SPN/PCR
CRI-O89/BglII
CRI-O1l4AC/PCR
CRI-OI14/EcoRI
CRI-O391AC/PCR
CRI-O391/HincII
CRI-O391/TaqI
164C66F3/PCR
3'HVR/MsPI
3'HVR/RsaI/MsPI
5'HVR/RsaI
16ACVK5/PCR
VK5B/MsPI
l6PHAC-15/PCR
16PHAC-101/PCR
MFD24/PCR
MFD23/PCR
MFD62/PCR
SM7/PCR
AluGTl6/PCR
16X881/PCR
l6LC7.I/PCR
164C7.46|PCR
164C2.5/PCR
164C2.3/PCR
164C1/PCR
I6AC62F3/PCR
16AC62B4/PCR
16AC15HIH/PCR
16AC15H1S/PCR
164C3.\2/PCR
164C6.17|PCR
16AC1.I/PCR
164C6.21IPCR
164C6.26IPCR
164C1.\4|PCR
164C1. 15/PCR
164C1.18/PCR
MIT-MH2O/PCR
MIT-MS79/PCR
164C8.20/PCR
l61lc7.14/PCR
164C8.52|PCR
16AC3O5D6/PCR
164C12F8/PCR

0.96
0.50
0.66
0.39
0.77
0.46
0.50
0.81
0.93
0.86
0.79
0.51
0.49
0.38
0.57
0.71
0.77
0.59
0.&
0.83
0.78
0.73
0.77
0.79
0.74
0.49
0.66
0.75
0.73
0.69
0.80
0.72
0.61
0.&
0.43
0.60
0.82
0.77
0.67
0.57
0.54
0.52
0.86
0.53
0.76

463
206
113
t69
395
t28

16p13.3

1

1

16p
16p

q2
6q2

1

1

1

I
1

r99
398
573
425
257
383
324
226
4t3
449
5056q,12

q2r
6{123

1-q13

2-q24.2
t14

l6pl2.l-Pll.2
t6pl2.l-Plr.2
l6þ1 1.2-p1 1. 1

rtuzl
16Ë13. rt-pr2.r
l6s22.l
16p13.11-Pl2.l
l6ql2.1-ql3
r@j?3.2-q24.3
rq22.r

D165298
D165299
D165300
D165301
D165303
D16S3U
D16S30s
D165308/
D165310
D1653t3
D165318/
D165319
D165320
D165332
D165347#

407
496
502
449
396
519
450
235
430
502
4t2
124
455
425
436
4W
230
410
494
113
472
498
t43
315
559
324
147

on v



Table 7.Í(cont'd): Loci inctuded. on the high resloution STR linkage map'

I-ocation Gene Probe/Enzyme Het. No Inf
Meioses

L6ql2.1-ql3
r&23.2-q24.3
l6pl2.l-prl.2

rq22.r

rtu2l
16d13. rt-pt2.r
16o13.3
r6pß.2-pr3.rI
16q22.2-q23.1
16o13.3
16i,13. rt-Pr2.r
16o13.3
tqtz.1-q13

D165359
D165363#
D165383
D165389#
Drc$N
Dt6s392#
D165393/-
D165395
D165397#
D165398
D165400
D165401#
D165402#
D165403#
D165404#
D165405#
D165406/
D165407#
D165408/
D165410#
D165411/
D165412#
D165413/
D165414#
D165415#
Dl6s416#
D165417#
D165418#
D165419#
D165420#
D165421#
D165422#
D165423#
D165449#
D165450
D165451#
D165452#
D165453
D165454#
D16Ss22
D165523/
D165524#
D165525#
D165531#

16AC26E3B/PCR
16AC51G1/PCR
16AC8OB3/PCR
16AC1OB3/PCR
16AC1OF5/PCR
16AC305E9/PCR
16^c323H4lPCR
16AC33G1I/PCR
MFD98/PCR
MFD168/PCR
AFM024xg1/PCR
AFM025tg9/PCR
AFM031xa5/PCR
AFM049xd2/PCR
AFM056yf6/PCR
AFM070ya1/PCR
AFM079yh3/PCR
AFM113xe3/PCR
AFM137xf8/PCR
AFM165yb6/PCR
AFM186xa3/PCR
AFM191wb1O/PCR
AFM196xg1/PCR
AFM205za1I/PCR
AFM205ze5/PCR
AFM210yg3/PCR
AFM220xb1O/PCR
AFM225xd2/PCR
AFM225zf2/PCR
AFM238xb2/PCR
AFM240yh6/PCR
AFM249xc5/PCR
AFM249yc5/PCR
164C5144/PCR
16AC8OH3/PCR
16AC69F12/PCR
16AC33A4iPCR
164C301G12/PCR
164C45Gs/PCR
164C8.21IPCR
16A.C13H1/PCR
16AC4OA7/PCR
16AC3O8G7/PCR
164C8.15/PCR

0.42
0.78
0.45
0.77
0.80
0.78
0.87
0.69

321
r&
235
t70
511
161
159
467
168
559
100
80
140
t7t
158
t43
t52
160
t20
t25
130
101
154
t37
t2l
53
155
t57
t49
t49
140
166
136
134
232
t45
t43
335
134
449
t49
157
180
t47

0.85
0.61

0.70
0.90
0.60
0.74
0.87
0.86
0.82
0.78
0.82
0.86
0.69
0.57
0.79
o.76

0.74
0.43
0.73
0.83
0.77
0.82
0.57
0.80
0.75
0.85
o.52
0.84
0.68
0.45
0.75
0.69
0.68
0.76
0.91
0.86

# - Ma¡kers typed on only 8 of the CEPH families.
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for chromosome 16. It represents one further step toward the eventual

developmentoftheCEPHConsortiummapforthischromosome.

7.3. Materials and Methods

The polymorphic toci (82 STRs, 5 RFLPs, and 3 vNTRs) used to construct this

pcR based linkage map afe described in Table 7.1. These polymorphic loci have

been isolated and characterised, physically mapped and genotyped by colleagues

from the WCH, and from other laboratories as specified in Table 2' 1'

Two approaches were used to isolate the 48 simple tandem fepeats from our

laboratory. 17 microsatellite markers were isolated using the random isolation

approach employed by Thompson ¿t at. (1992), from the chromosome 16 cosmid

library (Stallings et al., 1990), constructed from the human mouse somatic cell

hybrid (cY18) containing chromosome 16 as the only human chromosome

(callen, 1986). Once these 17 randomly isolated markers had been localised to

specific regions of the chromosome by physical mapping, an additional 31

microsatellite loci were isolated from specific regions of the chromosome

recognised as deficient in sTR markers, or as region of interest, such as those

carrying a disease gene or fragile site (Shen et al., 1994). The remaining loci

used in the analysis were isolated as referenced in Table 2' 1'

All the PCR markers incorporated into the linkage analysis were localised to the

cytogenetic-based physical map using the hybrid panel for chromosome 16 (see

Fig. ?.1). The markers were mapped to a specific breaþoint interval by virtue of

the presence or absence of the PcR product using DNAs from human chromosome

16 hybrid panel as templates in the PCR as described previously (Richards et al"

199lc; Callen et aI.,1992; Thompson et al', t992; Shen ¿r al" t994)'

Fifty frve of the STR loci incorporated into the linkage map were genotyped at the

v/cH, with the genotyping performed by colleagues as specifred in Table 2'1' Of

these, 39 markers were genotyped on the primary set of 40 CEPH families and 16
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markers were genotyped on a subset of 8 of the largest of the CEPH pedigrees

(102,884,1331,1332,|347,1362,|4|3,1416),asusedbyWeissenbachetal.

(1992\ (Iable 7.1). The remaining PCR based loci were extracted from the CEPH

database, version 6. The RFLPs and VNTR loci have beæn previously described

(Chapter 6), and were incorporated in this section as either telomeric markers

(D16585, D16544), or as intralocus markers with corresponding sTR

polymorphisms (D16549, D16567, and D16594). All genotype inconsistencies

within a family were checked against the original autoradiograph where possible'

and retyped as necessary, prior to the analysis'

where there exists more than one marker for a locus, and no intralocus

recombinants were observed, the distance between them was forced to zero in

CRI-MAP. The markers that were considered as a haplotype in this analysis were

D16S4g, D16567, D16585, D16594, and D165297'

The linkage analysis for this chapter was performed entirely by the candidate' as

described in chapter 2.2. Locus order and map distances were determined by

likelihood analysis using CRI-MAP (Version 2-4) (IÀnder and Green' 1987;

Green et a1.,1990) and the Kosambi mapping function'

The framework genetic map was constructed using the buitd option of CRI-MAP'

Two loci with the greatest number of informative meioses' separated by a

recombination fraction greater than 20% (Buetow et aI., 1993) were selected as

the foundation for map construction; the two loci selected were D1óS85 (with

average heterozygosity 93 /o) and D165320 (with average heterozygosity 86To\'

Following the determination of a framework map of loci with LoD 3 placement'

the local support for the order was determined using flips option' Major errors in

locus order on the framework map were also tested by assessing the global support

for the placement of each locus by removing each locus in turn and testing it

against all the remaining intervals (using the all option of GRI-MAP)' Maximum

likelihood support was obtained for each interval, and the odds against placement
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in all other intervals on the map compared to the most likely interval were

catculated to evaluate if its placement still met the LOD 3 criteria. Loci which did

not meet the criæria were removed from the map. This analysis is a powerful

means of identifying loci assigned to the wrong region, but tends to give lower

likelihood support for local order as it utilizes all loci in the map. The framework

map was also rebuilt several times to verify the order, using different pairs of

starting loci. The final map was compared to cytogenetic-based physical map to

verify the order of loci.

The 33 AC repeat loci and one RFLP marker (D16544) which were not placed on

the framework genetic map were regionally localised to intervals between

framework markers. The most likely 1000:1 interval for each locus was

determined, using the all option of CRI-MAP. These loci were also incorporated

into their most likely positions on the framework map, thus constructing a

comprehensive genetic map. Support for order of loci in the comprehensive map

was determined using the flips option of CRI-MAP.

After the construction of the framework and comprehensive maps, a series of tests

(described below) were performed to identify and correct any eroneous

genotypes, and to confirm the preliminary map order. Once these tests had been

performed, ild all genotypes were satisfactorily certified, the map was

reconstructed as described above.

The chrompic option of CRI-MAP was used to detect obvious genotype errors,

apparent as an excess of double recombinants. When double recombinants were

detected, the original data were reexamined and then these DNA samples were

regenotyped if necessary. After regenotyping the original DNA samples, which in

some cases were typed twice or more, 14 doubte recombination events within a 15

cM region still remained (Table 7.2). These double recombinants were included

in the analysis, as they could not be eliminated on the basis that they were

erroneous genotyPes.



Table7.2: Double recombinnnt events (occuring within 15 cM) -in_ the

ll*typ, data of thc STR loci nat excløca ¡om thc linknge

annlysis.

Locus Probe Individual Genetic
Dist¿nce

D165261

D16S26t

D165265

D165283

D165285

DI65291

D165294

D165299

DI65300

D165310

D165359

D16$n

D16S4s0

D165522

MFD24

MFD24

MFD23

SM7

A1uGT16

I6AC2.4

16AC1

t6AC6.r7

16AC1.1

MIT-MH2O

T6AC26E.3B

16AC10F5

164C80H3

16AC8.21

37-M

37-M

1345-05

t7-w

45-09

2r-M

1375-08

t344-05,07

t345-07

1350-07

104-08

1408-04

1344-07

t334-09

102-12

1349-03

2.5

2.5

4.8

7.0

9.5

2.7

5.4

3.5

0.6

3.6

11. 1

2.3

15.0

9.5

6.1

10.8
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Map inflation associated with the presence of a locus has been shown to be related

to the typing error frequency at that locus, and is estimated at half the average

reduction in map length after the removal of each locus in turn from the map

@uetow, 1991). Thus as a further test to assess locus specific error for each of

the loci used in this analysis, each locus was removed in turn from the

comprehensive map and the total map length recalculated after each removal. This

identifies those loci responsible for inflation of the map length @ngelstein et al.,

1993).

Sex-specific differences between males and females with respect to the

recombination frequency were investigated with respect to the entire framework

map as described in chapter 2.2.6. Sex differences with respect to recombination

in each of the 48 intervals on the framework map were evaluated separately,

deriving the test statistic by analysing each interval under the assumption of equal

or variable recombination in males and females and including three adjacent

intervals on each side, in which the recombination values were held fixed

(O,Connell et al., 1993). This statistic also follows a chi-square distribution, with

1 degree of freedom. Multiple testing was corrected for by choosing the

conservative test of Fisher-Bonferroni (ie, divide P by n, where n is the number of

intewals) (Hochberg, 1988).

7.4. Results

All loci incorporated in the genetic map were mapped to the panel of somatic cell

hybrids to determine their physical localisations (Iable 7'1 and Table 2'1)' In

total, 80 STR markers mapped to 35 physical intervals (Fig' 7'1)' Dl6S400was

not physically mapped to the hybrid panel but was included in the genetic map'

using the raw, uncorrected genotype data from the 82 polymorphic markers, a

preliminary sex-average comprehensive map was constructed, ild was used to

detect potential genotype eûors. The length of this preliminary comprehensive
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Fþure7.1: Cytogenetic -birscd physical map.and Genetic linkagc rnap based_on STR polynrorphisms'

Comprche^siv;-i;i;".. sho'r,rì i. thei' nost likely locaiions. 'fhe dotted lines iudicate

reduced ro.urir"tinnr io. ttr".o*pr.hensive loci, on the b¿ìsls of ph1'sical mapping'
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map was 172.3 cv^, with an average distance between markers of 2'1 cM

(Kozman and Mulley, Ig94). Using the chrompic option of CRI-MAP, the

evidence of existing double or triple recombination events was investigated'

Potential data errors were checked and regenotyped as necessary' Individuals

whose genotypes could not be altered by regenotyping were left in the analysis' as

they could not be eliminated as incorrect genotypes. These are listed inTableT '2'

To supplement the chrompic analysis for the detection of potential typing efrors'

and to determine the effect these errors have on the map length and the order of

markers, each non-terminal locus was removed from its position in turn, and the

likelihood and map length determined. The mean map length after the removal of

each locus in turn was 171.9 cM. The largest reduction in length, of 3'8%'

occurred with the removal of D16528.3, resulting in a length of 165'7 cM (Fig'

7.2 a). Investigation of the output from chrompic revealed that there were 5

flanking marker double recombinants due to the marker D165283, 3 of which

were cofrected after reanalysis of the genotypes. These individuals were 1346-09,

1346-10, and 1349-06. The remaining two double recombinants (individuals 17-

04 and 45-09) were left in the analysis Sable 7.2)' After the removal of each

non-terminat sTR locus, the average map length was reduced by o'23%' If the

overall error rate is estimated at one hatf the average reduction in map length after

the removal of each locus in turn, then the overall error rate in the PcR marker

typing is estimated at o.t2%, for this preliminary PCR map. If the overall

injtation of map length due to errors is given by:

*inf 2(n-l)e 
'

then the total inflation of the preliminary PCR based map would be 19'2 cM'

Hence, the length of the elror compensated PcR map would be 153'1 cM, only

5.ZVo longer than that predicted by chiasma studies (145 cM; Morton, 1991b)'

From the construction of this preliminary map, the location of three genetic

markers was found to be in disagreement with the physical map' These three



t75

(a.)

t70

160

155

(b.)
150

145

16pter 16qter

Framework Map

Figure 7.2: Comparrison of the rem.oval of each non terminal l.ocu.s

between the preliminary framework map 0.) and the

final eruor compensated map (Ít).

165

ào

àI
c)¡
Þñ
à

H

o\(t)
N)
0lo
(J)

D165305

O\ C-loo O\
ôì c.)(, u)\o \o

u t-l



159

markers wefe D16s347, whichphysically mapped betweæn cYl26 and cY130@),

bur genetically mapped between D165164 and D165168' The locus D165318

mapped between cY4 and cY143 on the physical map, and between D165168 and

DI6S3I8 on the genetic map. D165363 mapped between D165289 and D165422

on the genetic map and between CY18A and CY1l2 on the physical map' To

rectify these discrepancies, the location of the three markers was redetermined on

both the physicat and genetic maps. To test whether the genetic map location was

efroneous, the marker was forced into the position on the genetic map as suggested

by its physical location to identify the apparent double recombinants' If such

observations were due to genotyping errors then this would identify the genotyping

efrors comrpting the linkage analysis. The physical location was checked against

the hybrid panel. The result of these checks determined that the physical map

location was incorrect for the marker D165347 (Fig. 7'l)' Two double

recombinants were also identified for this marker, which were regenotyped and

corrected, locating this marker between CY130(D) and CY4 on the physical map,

and between D16S1g6 and D165421 on the genetic map, which is in agreement'

The individuals found to be incorrect were 102-12, and the paternal grandparents

in the family 1416, causing incorrect phase for all the sibs in this family' The

physical location of both the STR loci D1653/8 and DI6S363 were changed to

agree with the correct genetic localisation (Fig' 7' 1)'

Once all detected genotype efrors had been eliminated, a framework genetic map

containing 48 markers was constructed (Fig. 7.1, Table 7 '3a)' One VNTR marker

(D1óSSÐ was also incorporated into the framework map, used to anchor the map

to the tel0meric end of the short arm of chromosome 16' The mean genetic

distance between markers on this map was 3.2 cM and the median distance was

2.6 cM^, with the largest gap on the chromosome being 15'9 cM' The length of

the sex-averaged map was 152 cM and the lengths of the male and female maps

were 131 cM and 181 cM respectively. The order of the framework loci as



Table 7.3a2 Mao Distances (in Kosambi cM) for the 48 loci in thc High-tilíotrtio" 
STR þramework Map. Irrcluded is the local suppoTt

for the ordcr of loci-

Locus Sex-ave Female MaIe Oddsa chi- _

squareb

Drc585*

D165525

D165291

DI65283

Dl6s453

D165418

D16S4U

D165292

D16579(A)

D165287

D165410

D165524

D165412

D165420

D165319

D16567

D165295

D165296

D165297

D165313

D165288

D165298

SPN

D165300

D165285

D1653U

D165416

D165415

Drc$N

5.3

2.2

1.5

3.0

6.3

3.6

15.9

4.1

1.6

2.9

2.4

3.0

2.4

3.3

4.0

1.3

0.5

0.8

1.6

1.5

0.8

0.2

0.7
1.0

3.3

3.4

3.3

1.8

3.2

2.7

0.0

0.8

1.8

2.8

6.6

12.5

4.2

0.7

5.4

4.0

4.5

5.8

6.2

5.8

2.1

0.0

1.4

3.0

2.8

1.6

0.5

0.9
., 1

6.7

7.1

4.r

5.4

6.1

8.5

4.7

1.9

4.4

9.4

1.6

18.2

3.8

2.2

1.2

1.2

1.2

0.0

t.2
2.0

0.0

1.8

0.0

0.0

0.3

0.0

0.0

0.3

0.0

0.3

0.0

1.5

0.0

0.6

109

1d
103

1013

rcr2
106

1031

rc17

1011

1010

104

1d
104

106

rc25

tú
106

1014

rc24

rc23

1014

103

rc1

108

rc26

rc4

1d
104

108

2.8

8.3

8.3

4.6

3.7

0.5

1.4

1.4

1.8

6.0

7.4

6.9

6.9

0.0

5.1

4.1

2.3

6.0

6.9

7.4

24.8

2.3

1.4

8.7

4,7

26.7

27.6

24.4

24.4

* 
- foundation loci for the build analysis



Table 7.3a (cont,d)z Map Distances (in Kosanbi cM) for the 48 loci in thc High

neíõtut¡ón STR Framework Map. Included is the local suppon for
thc order of loci-

Locus Sex-ave Female Male Oddsa chi- -

squareb

D165408

D16$20'
Dl653I0
D165389

DT65265

D165I86

D165398

D165301

DT65522

D165450

DI65395

D165289

D165422

D165402

D165392

D165393

D165449

D165305

D165303

Total

1011

1017

103

106

rc17

106

108

1d
1016

1013

1033

1016

103

1016

104

1014

106

106

23.9

t7.5

3.7

2.8

0.0

2.3

0.0

0.5

1.4

1.4

7.4

0.9

0.0

0.5

4.6

3.2

0.0

0.0

3.3

2.2

1.0

2.7

2.1

0.6

0.6

0.7

3.4

5.0

8.9

8.3

2.2

6.7

1.8

5.5

3.8

8.4

6.4

4.9

1.9

2.8

2.1

1.0

1.0

0.4

1.8

6.7

13.1

6.5

2.2

6.9

3.4

6.1

1.2

4.6

0.6

0.0

0.0

2.6

2.3

0.0

0.0

1.1

4.5

4.4

3.4

8.8

2.0

5.9

0.0

4.0

tt.2
13.5

t52.1 180.7 130.6

* - foundation loci for the build analysis'

for chi-square is 10-73-



Table 7.3b: Differences between males and.femnles with respect,to nwp

ãän*rt (cM) lor specific regions of chromosome 16'

Region female male chi-
Square

P value

16p 16q 180.7

16pter s292 27.2

S2E7 oen 5310 88.8

s/,22 l6qter 22.2

130.6

48.7

t2.2

34.6

290.3

47 df

31.7

7df

196.0

22 df

11.5

6df

P < 0.05*

P < 0.05
*

P < 0.05*

P > 0.05

*
Significant.
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established by linkage was compatible with the physical order, independently

derived using the somatic celt hybrid panel (Fig. 7.1). Major efrors in locus order

on the map were tested for by removing each locus in turn and placing it in all the

remaining intervals and comparing the maximum tikelihood, thus testing the global

support for order. Support for local order was investigated by calculating the

likelihood against the inversion of each pair of adjacent loci. These analyses

showed that all loci were assigned to a unique interval, with odds of 1000:1 or

greater.

The 34 loci not placed on the framework map afe indicated on Fig' 7' 1 in their

most likely regional intervals. Eight of the comprehensive loci were localised to

one specific interval by correlation of the cytogenetic-based physical map and the

framework genetic map, and so the local order of some markers could be

resolved. The comprehensive loci were also placed in their most likely intervals

on the framework map to construct an 82 locus comprehensive map (fable 7 '4a);

loci were placed in their most likely positions regardless of the level of support'

The sex-average length of the comprehensive map was 151.1 cM, with an average

interlocus distance of 1.9 cM and a median distance of 1'2 cM' The largest gap'

between D165414 and D165405 is 13.3 cM. The male and female map lengths of

the comprehensive map afe 127 cM and 179 cM respectively' The map extends

from 170 - 230 Kb at ptet (D16SSÐ (Wilkie et al., 1991) to D16544 which is no

further than 230 Kb from 16qter (Harris and Thomas, 1992), although D165303

mapsdistal(PeterHarris,personalcommunication)toD16544.

The average map length after each locus was removed in turn on the final

comprehensive map described above, was 151.01 cM, giving an estimated error

rare of o.o3% for the 82 polymorphic loci (Fig. 7.2b). The total inflation of

length of the PCR map, due to effors was thus calculated to be 4'4 cM (from the

equation above). Thus the final error compensated PcR map length would be

146.7 cM, only l% longer than the map predicted by chiasma studies. The locus



Table 7.4a2 Dístances (in cM) between the loci on-.the comprelænsive map,
-ir;i*il;g iu-tpró¡rtc and sex-average distances and local support

for order.

I-ocus Sex-ave Female Male Oddsa

D16585

D165525

D16529l

D165283

D16594

D165523

DI65423

D165453

Dl65406
D165418

D16S4U

D165407

D16S414

Dl6s405
D165454

D165292

D16549

D16579A

D165287

D165410

D165452

D165524

D165412

D165403

D165417

D165294

Dt6s420

D165401

D165319

D16567

5.2

2.0

1.1

0.4

1.6

1.8

0.0

5.8

0.0

4.1

0.0

1.5

13.6

0.0

0.0

0.4

4.0

1.6

3.0

2.0

0.0

3.9

1.3

0.0

0.0

0.6

2.4

r.2
3.7

1.3

2.6

0.0

0.8

1.0

0.6

1.3

0.0

3.0

0.0

5.6

0.0

2.6

10.3

0.0

0.0

0.0

4.1

0.8

5.5

2.8

0.0

6.5

3.2

0.0

0.0

1.1

5.3

0.0

5.3

2.1

8.3

4.0

t.2
0.0

2.3

2.6

0.0

8.4

0.0

2.7

0.0

0.0

t7.4
0.0

0.0

0.8

4.0

2.1

1.2

0.5

0.8

r.2

0.0

0.0

0.0

0.0

0.0

1.5

2.5

0.0

1011

1d
106

rû
103

rû
1.0

1015

1.0

1013

1.0

103

TûT
1.0

1.0

1.0

1015

1011

1010

Tû
1.0

ß7
2.0

1.0

1.0

103

109

rû
1ú8
108



Table 7.4a (cont'd)z Distances (in cM) benueen th¿ loci in the comprehcnsive mnp'

¡üíäi,ã'"iä-ìlàinó and sex-average distances and local suppon

for order

Locus Sex-ave Female Male Oddsa

D165295

D165296

D175297

D165313

D165288

D165299

DI65298

SPN

D165383

D165300

D165285

D16541I

D165261

DI65308

D16S3U

D165359

D165416

D165415

D165419

DI6$N
D165408

D16553I

D165320

Dt6S310

DT65389

D165400

D165451

D165265

D165164

D165186

0.5

0.7

1.6

t.4
0.9

0.3

0.3

0.0

0.7

1.0

0.0

0.5

3.9

0.0

0.4

2.7

2.2

0.0

3.5

2.7

0.0

3.7

2.2

1.0

1.5

0.0

1.3

0.0

2.1

0.0

0.0

1.4

3.0

2.6

1.5

0.0

0.9

0.0

0.8

t.9
0.0

0.8

7.3

0.0

0.0

5.5

2.8

0.0

7.9

4.9

0.0

7.2

4.8

t.9
2.4

0.0

0.3

0.0

2.1

0.0

1.9

0.0

0.0

0.3

0.3

0.3

0.0

0.1

0.2

0.0

0.2

0.3

0.3

0.2

0.7

0.0

1.5

0.0

3.5

0.5

0.3

0.4

0.0

0.0

0.0

0.0

2.4

0.0

2.4

0.0

106

1014

\&4
rû3
1011

1.6

104

1.0

1d
108

1.0

103

LOTT

1.0

1.9

108

rc1

1.0

1018

1010

1.0

1018

rc17

103

104

1.0

103

1.0

1014

1.0



Table 7.4a (cont',d)z Distances (in cM) benveen the loci in the comprehensive map,

tr;;tu¿l;i ;*-ipectfió and sex-average distances and local support

for order-

Locus Sex-ave Female Male Oddsa

D165347

D165421

D165398

Dl65318

D165397

D165301

D165522

DI65450

D165395

D165266

D165289

D165422

D165363

DI65402

D165392

D165332

D165393

D165449

Dl6S30s

D165413

D16544

D165303

0.6

0.0

0.0

0.0

0.6

0.7

3.2

5.3

2.1

7.1

7.1

0.0

r.9

5.9

2.0

0.0

5.3

4.5

1.1

6.3

0.0

1.0

0.0

0.3

0.3

0.3

0.4

t.3
6.9

3.0

10.6

6.6

0.0

2.2

6.8

4.2

0.0

5.2

1.1

3.7

0.4

0.0

0.0

0.0

0.0

0.0

0.0

1.1

4.3

5.1

0.0

3.5

7.6

0.0

1.7

5.1

0.0

0.0

3.8

9.8

0.0

10.8

0.0

1d
1.0

1.0

1.0

1.9

1d
1015

1015

rc2

1011

1019

1.0

rc1

1018

tû
1.0

1016

1011

Iû
1011

1.0

Total 151.1 t78.9 126.8

a - Odds are calculated from the sex-averaged map'



Table 7.4b2 Differences between males and females with respec! -to ttnp
"d;itutc;;- 

rcul for specffic regiõns of chromosome 16 on tlrc
comprehensive maP.

Region female male chi-
Square

P value

16p 16q 178.9

16pter s292 27.8

S287 oen 5310 85.18

s4x2 16qter 23.6

t26.8

46.9

t8.7

3t.2

293.0

81 df

34.7

16 df

t87.2

35 df

23.8

10 df

P < 0.05

P < 0.05

P < 0.05

P < 0.05

*

*

*

*

*
Significant.
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contributing to the greatest reduction in map length was D165305, with a

reduction to 146.3 cM or of 3.2%. This marker is ofæn the most telomeric

marker on the map, and thus any recombinants due to this marker are not flagged

as data erors by chrompic. Recombinants due to this markers were checked if

they occurred in a short interval; those that remain in the map afe in regions

greater than 20 cM. A graphical representation comparing the results of removing

each locus in turn for both the preliminary comprehensive map and also the final

comprehensive map, are given inFig' 7 '2'

The order of loci on these two maps was not quite identical. Firstly, the two loci

D165523 and D165524, were not included on the preliminary map, and two RFLP

loci D1657 and ApRT were not incorporated onto the final map. The preliminary

map order of loci in the region of FRA|,A was Dl6S49, D165405, D165454, and

D1652g2. The order of these loci on the final map, after the correction of

e¡1oneous genotypes in D16549 a¡d D165454, is D165405, D165454, D165292'

and D16549. On Fig. 7.2 (aand b), a sharp decrease in map length is observed at

the 16qter end of the map, which is greater on the final comprehensive map' The

locus D1óS305 is responsible for this decrease, and as stated before this locus is

often the most telomeric marker and thus double recombinants due to this locus

are not flagged as data efrors. The two RFLPs, D1657 a¡d APRT, were included

on the initiat map, which has obviously had an effect on the recombinants detected

for D165305, observed on the error compensated ñâP, '

Differences with respect to the recombination between males and females were

investigated on the final framework and comprehensive maps' fnefll+l¡ test of

recombination differences in males and females, for the total length of the

framework map, was observed to be significant (significant 11 f,gl) ) #'0,

P : 0.05). For this test, f,Ør):290.3, P < 0.05, the hypothesis of a

significant difference in the recombination between males and females was not

rejected, implying that the overall ratio of 1.4:1 female to male recombination
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rates is significant at the 5% level. The next step in quantifying the recombination

difference with respect to males and females' was to determine if any of the

primary intervals between the end point loci, Dl6S85 and D165303, were

significantly different. Given 47 comparisons, the stringent multiple comparison P

value of 0.00106 (overall P : 0.05) was used, using the conservative test of

Fisher-Bonferroni; the test statistic was significant if f,O> > 10'73; seven of the

47 intervals revealed a significant difference between interval specific male and

female recombination. The results of these tests are indicated in Table 7'3a'

Comparisons of regions on the framework map was performed to determine if

specific regions of the map were responsible for the significant difference with

respect to the recombination frequency between males and females (See Table

7.3b). The first region comparing the male and female recombination fraction

differences was from 16pter to D1652g2. The chi-squared value at the 5% level

was critical ff X2e) > 14.05; this region showed a significant difference with

respect to male and female recombination (f,17¡: 31.7)- The next region on the

framework map to be investigated was across the centromere, where there is

observed to be a 7 fold excess in recombination in females over males, between

the marker s D16S2g7 and D165310. The chi-squared value on 22 degrees of

freedom was f,127¡ : 196'0' There thus appears to be suppression in the

recombination rate in males compared with females across this region which was

confirmed statistically. This phenomenon has been reported elsewhere, in relation

to Batten disease (Chapter 5; Gardiner et al., 1990), and in general (Skolnick'

1991). The last region to be investigated was at 16qter' The chi-squared value

at the 5% level was critical it f,6¡ >

significant difference with respect to male and female recombination ()216¡ :

11.s).

The overall female to male ratio of recombination fractions in the sex-specific

comprehensive map is 1.4: I (l7g cM I 127 cM), which is significant ()2131¡ :
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293.0, P < 0.05). For the specific intervals investigated, as for the framework

map above, from pter to D165292, the male map length is 1'7 fold longer than the

female map, and ftom Dl6S422 to l6qær, the male map is 1'3 fold longer than

the female map. These differences are significant (table 7.4b). Across the

centromeric region of the comprehensive map there is a 4'6 fold excess in female

recombination; this excess is significant (Iable 7 '4b)'

There appears to be a number of clusters and gaps of the simple tandem repeats on

the framework genetic linkage map (Fig. 7.1). The largest gap occurs on the male

genetic map, and is 18.2 cM between D16S4M and D165292. This is the only

gaponthegeneticmapinexcessofl0cM.onthecomprehensivemap,the

largest gap, occurring in the same region on the male genetic map, is 17'4 cM'

At each of the telomeres, on the sex-average framework map, the mean distance

between loci is 4.7 cM and 4.1 cM for 16pter and 16qter respectivelYr âs

compared to the 3.2 cM average for the entire length of the map' Across the

centromere there appears to be a clustering of markers, where the average

interlocus distance, between D16567 and D165416 (a region containing 12 of the

82 STR markers), is only 1.2 cV^, as opposed to the 3.2 cM mean distance for the

entire map. Thus, it appears that there is a clustering of loci around the

centromeric region, and a lack of loci at each of the telomeres. It would be

difficult to determine if this were really the case, unless physical distances could

be compared. As there appears to be definite suppression of recombination in the

centromeric region (Skotnick, 1991), and increased recombination at the telomeres

(NIH/CEPH Collaborative Mapping Group, lgg2), this would account for the

apparent clustering of loci in the centromeric region, and sparsity of loci at the

telomeres.

All loci used in the construction of this map have been accurately localised on the

cytogenetic map and the high resolution framework and comprehensive genetic

maps were correlated with the high resolution cytogenetic-based physical map'
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demonstrating excellent accordance between them. It is apparent that the

combination of genetic linkage analysis and physical mapping can be advantageous

in resolving locus order at the resolution of the comprehensive map' For example'

in Fig. 7.1, rtcan be seen that the comprehensive loci have been placed on the

map in regions where they lie with odds of 1000:1 over any other interval or

region in the map. combining this information with their physical location

enables the rehnement of location of ten of the comprehensive loci, and the

placement of eight comprehensive loci (D16594, D165523, D165383, Dl6S261'

Dl6s4ll, D16s347, D165266, and D1653ó3) to a single interval' A good

example of this is the STR marker, D165363. Its genetic location is between

D165402 and D165289 on the framework map. Its physical location, between the

hybrids cY100, cY120 and cY18A(P), implies that the D1653ó3 must be located

between the framework marker s D165422 and D165402. Additional 10ci to which

this rationale can be applied are indicated on the frgure'

It is also possible to define the order of ambiguous loci on the physicat map using

the genetic map. Some markers are not separated by hybrids on the physical map'

but are uniquely ordered on the framework genetic map with odds of 1000:1 or

greater. As an example, D16S2g1 and D165283 are not ordered with respect to

the physicat map. However, they are ordered on the genetic map with odds of 9 x

103. This is also true of the 5 loci (D165412, D165420, D165319, D16567'

D16S2gÐ located between the hybrids CY15 and CY165' On the genetic map

these loci are uniquely ordered with odds of nearly 1d or greater:

2.4 3.3 4'0 1'3

D165412D165420D165319D16567D165295
9x104 3x106 3x1025 1x107

This demonstrates the usefulness of developing the physical and genetic map

concurrently, and correlating the two as an on going progression of map

validation. other loci whose order can be determined uniquely on the genetic map
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but nor on rhe physical map are D165291 and D165283, D165297 and Dl6S313'

DI6S288 and D165298, D16S3M and D16s416, D165310 and D165389,

DI6S318 and D165301, and the four loci between the hybrids CY100 and

cy18A, D165402, D165392, D165393, andD16S449 (sen Fig 7.1).

7.5. Discussion

The pCR based map of human chromosome 16 described provides a rapid means

of screpning this chromosome for the presence of disease genes' The framework

map contains a total of 48 STR polymorphisms, and one VNTR polymo¡phism,

D16585, anchoring the map at 16pter. The polymorphisms are separated by an

average distance of 3.2 cM, and extends 131 cM in males, 181 cM in females; the

sex-average length of the map is 152 cM,'. V/ith the average heterozygosity of

these markers being 73%, an index map can potentially be delineated. The loci

qualifying as index markers with heterozygosity greater than '707o ' PCR

formatted, and separated by approximately 10 cM, a¡e indicated on Fig' 7'1'

Approxima tely 99% of the chromosome is covered as D/ós85 maps 170 kb to 230

Kb from 16pter (Wilkie et a1.,1991), andD16S303 maps less than 230 Kb from

16qter (Peter Harris, personal communication). Two non-STR markers, D1óS85

and DI6S44 were included in the map construction as anchors to the telomeric

ends of the chromosome.

The length of the sex-average, male and female comprehensive maps were 151

clú, I27 cM and 179 cM respectively. Each marker has been localised on the

high resolution cytogenetic-based physical ffiâP, which was divided into 66

breakpoint intervals (on average 1.5 Mb per interval) by a panel of 67 hybrids

(callen et al., 1992a; Callen et al., 1994). This enabled the framework and

comprehensive maps to be anchored to the cytogenetic map and represents the

integration of the physical and genetic maps' as a form of map verification; the

two maps are in complete congruence'
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The female framework map is 1.4 times longer than the male framework map,

which is significant. This observed excess of female recombination is similar to

the genome average, of 1.6, as estimated from the NIH/CEPH collaborative

mapping group (lgg2). The distal regions, at 16pter and 16qter, show the

previously reported trend of having a excess of male recombination over female

recombination, where this excess is significant at 16pter. Published linkage maps

on chromosome 16 @onis-Kellet et al., 1987; Julier et al', 1990; Keith et al''

1990; Kozman et a1.,1993; Shen ¿r al.,1994) also observed the general trend of

an excess of female recombination across the entire chromosome, and the same

excess of male recombination at both telomeric ends of the chromosome'

The framework map, generated using the build option of CRI-MAP, contains loci

with order support of 1000:1. or greater. Local and global support for the

placement of each of the loci has been investigated, ensuring that the order

presented here is indeed the correct order of loci, also supported completely by the

order determined on the cytogenetic-based physical map' During the construction

of the map, many factors may influence the outcome from the build analysis' The

choice of starting loci for the foundation of the framework map may preclude the

addition of other loci at later steps, leading to an erroneous order' Therefore the

map was recomputed several times using different pairs of loci as the basis on

which to build the map. Each analysis produced the same order of loci' It is also

possible that the later addition of one locus may reduce the support for other loci

previously placed on the map. This reduction is often dramatic enough to result in

insufficient support for unique localisation (Buetow et al', 1993)' Hence' there

¿rre some instances where after a build run the resulting support of ( 1000:1 is

obtained. In the map present here, there were some instances where markers were

incorporated into the framework map with odds of less than 1000:1, but after

determining the support for local and global order, these loci were excluded from
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the framework map, resulting in the generation of a map of loci all with unique

placement.

A locus on the map with a large portion of genotyping errors may preclude the

placement of additional loci adjacent to it due to these data errors (Beutow et al.,

1993). Furthermore, it is possible that the effects of genotype elrors are

exacerbated by the use of a reduced CEPH panel, as the effect of one reæombinant

will be greater in the fewer families. Increasingly higher-resolution maps require

even larger data sets to guarantee that a sufficient number of recombination events

will be observed to order the roci. Buetow (1991) performed simulation studies

that imply that the extended CEPH panel should have suffrcient power to derive

order for a small high resolution map composed of highly informative loci' This

indicates that not only are the subset of eight families insufficient to interpret the

order of loci, but it is possible that the genotypes of the 40 families will also be

insufficient. on the comprehensive map (table. 7.4), rt is already evident that at

this resolution (1.9 cM), the order of loci is difhcult to determine, possibly

exacerbated by having a reduced data set. It may not be necessary to genotype

more than the families typed for this study, if maps are constructed within the

boundssetbytheorderonthephysicalmap'asisthecasehere.

Buetow (1991) and I-asher et al. (1991) examined in detail the effects of

undetected genotyping efrors on marker order and inflation of map distance'

I-asher et al. (1991) provided a theoretical model to demonstrate the magnitude of

the effect that genotyping errors have on the length of a single chromosome

genetic map. For even a small error rate of l%, with a map density of 2 cM' the

relative efror can be as great as 100%, leading to a doubling of the chromosome

length.

The majority of enors in high-resolution genetic maps will appeaf as appafent

recombinants with flanking markers; the observation of 2 or more recombinants

within a short distance in a given meiosis (I-asher et al', 1991)' The vast
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proportion of true gametes Íue nonrecombinant, and even a low frequency of

genotyping efrors (I% or less) proportionally represents a large fraction of true

recombinant events @uetow, 1991). After aggressive error checking of the data

used to construct this high resolution STR based genetic ñâP, many such

re¡ombination event were indeed detected during the analysis and the large

majority of these were corrected following regenotyping; in 14 instances (listed in

Tabte 7.2) double recombinant events could not be excluded as genotype eÍors

after regenotyping, and the possibility remains that these are in fact either new

mutations, true double or triple recombinants, or even gene conversion events'

A comparison of the length of the genetic map reported here with those previously

published and with the chiasma map implies that although there may be some

double or triple recombination events present in the data, with some affecting the

total map length, they may be real events as opposed to errors in the data' The

length of the sex-average PCR comprehensive map is 151 cM, and the length of

map based on cytogenetic counts of chiasma (Morton, 1991b) is 145 cM' The

estimated rate of error in genotypes is 0.03%, resulting in a corresponding error

corrected map length of 146.7 cM, which is l% longer than the length estimated

by chiasma counts for this chromosome, indicating that there may be few eÛors

remaining in the data.

Typing a given marker on only a subset of the 40 CEPH families appeafs' as

expected, to reduce the chance of their incorporation into the framework map,

compared with less informative markers typed on the full set of 40 families' The

reason for this is a signifrcant reduction in the number of potentially informative

meioses for detection of the recombinants needed for ordering loci. Of the 39

markers genotyped only on the 8 largest CEPH families, 33% (16/48) were

incorporated in the framework map and 68% (23t34) were incorporated at the

comprehensive map level. Of the STR loci typed on the 40 CEPH famtlies' 67%

(32t48) were incorporated into the framework map, and 29% (10/34) were
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incorporated at the comprehensive map level. The average heterozygosity of both

groups of loci, those typed on eight families and those typed on 40 families are

76To and 65% respætively. Thus, genotyping markers on only eight families

reduces the chance of being incorporated on the framework map, in spiæ of their

level of heterozYgositY.

Microsatellite markers have relatively high mutation rates, as high as 10-3 per

generation (Weissenbach et al., !gg2), which has important implications for

genetic mapping. When the mutation results in conversion to an allele already

present in the family, it may be detected as an apparent double recombinant, and

thus comrpt the analysis since regenotyping merely confirms the original result'

Fourteæn mutation events were detected as inconsistent genotypes within families,

as a result of genotyping the 55 STR markers, leading to an estimated mutation

rate of 4.0 x 10-4 per locus per gamete per generation (Shen et al'' 1994)' This

mutation rate is 2.5 - 3 times lower than those estimated previously by Weber and

May (1989) with an estimate o1 1.2 x 10-3, and v/eissenbach et al' (1992) with an

estimate 1.0 x 10-3. However, if the 14 double recombinants, detected above in

the chrompic analysis, were in fact the result of a new mutation, that is a

mutation resulting in a genotype compatible with the parental genotypes, but not

fitting in with the phase for the family, then the estimate of the mutation rate

would be 1.0 x 10-3 per locus per gamete per generation, a very similar result to

those previously obtained (weissenbach et al., 1992). The possibility exists that a

proportion of these double recombinants afe in fact real events, and some may be

due to a mutation.

An intriguing aspect to this resource of PCR based markers, is the number of

microsatellite markers segregating with null alleles. PCR depends upon the

binding of specific primers to either side of the polymorphic repeat sequence to

generate a PCR product. If one of the primers fails to bind, no PCR product will

be formed - and this is referred to a null allele. Null alleles were found in seven
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STR markers (callen et al., 1993). Four of the loci (D165287, D165294,

D165304, and DI6S305) showed a null allele in a single sibship, and three of the

loci (D1óS67, DI6S7LA, and D165297) showed a null allele in many of the CEPH

families (Catlen et al., 1993; Phillips et al., 1992)' Callen et al' (1993)

commented that null alleles can occur at appreciable frequency at a locus but their

presence will not comrpt a linkage analysis, either in the construction of maps, or

in application to diagnosis. This is because the parent will appear uninformative,

with only one detectable allele suggesting homozygosity. The presence of a

segregating null allele results in loss of information due to the reduction in

informative meioses.

Development of this 3 cM resolution map of highly informative sTR

polymorphisms has occurred within the time frame specified by the first five year

goal of the human genome project. The goal was the attainment of a resolution of

between 2 to 5 cM for genetic maps (collins and Galas, 1993). The physical map

of this chromosome provides information enabling the resolution of the order of

loci at the comprehensive map level to be refined. The map constructed in this

chapter has been aggressively evaluated for genotype elrors in the loci, and

provides support for the order of loci, and the distances between them' and is

closely integrated with the physical map. The cytogenetic-based physical map is

continuing to develop (callen et al.,lgg4), and now divides the chromosome into

67 unique physical intervals, with an average resolution of 1.3 Mb'

The availability of an accurate linkage map of chromosome 16 with many

polymorphic markers is important for genetic studies involving this chromosome'

It will provide an efficient means for regional localisation of genetic disorders

located on chromosome 16, for the detection of loss of heterozygosity in cancers,

for the evaluation of linkage disequilibrium and disease causing mutations, and for

the analysis of multifactorial diseases. It will enable chromosome 16 to be

screened for disease genes entirely with PCR typeable polymorphisms' Integrated
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fine structure maps loci will eventually be applied to the nucleotide sequencing of

this chromosome, but for the present they greatly simplify the isolation and

cha¡acterisation of genes and disorders isolated on chromosome 16'
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8.1. Summary

A Centre d'Etude du Polymorphisme Humain (CEPH) consortium map of human

chromosome 16 has been constructed. The map contains 158 loci defined by 191

different primer pairs or probe/restriction enzyme combinations, of which 7

represent gene loci. The marker genotypes, contributed by 9 collaborating

laboratories, were obtained from the CEPH families DNA' A total of 60 loci'

with an average heterozygosity of 68%, have been uniquely placed on the

framework genetic map. The length of the sex average map is 165 cM, with a

mean genetic distance between loci of 2.8 cM; the median distance between

markers is 2.0 cM. The male map length is 136 cM and the female map length is

197 cM. The map virtually covers the entire chromosome, from D16585, within

170 to 430 Kb of the 16p telomere, to D165303 at 16qter. All loci incorporated in

the linkage map have been extensively physically mapped on a partial human

chromosome 16 somatic cell hybrid panel, thus anchoring the genetic map to the

cytogenetic-based physical map, and enabling confirmation of the map order'

This is by far the most detailed genetic map ever provided for chromosome 16'

collating all data gathered prior to July 31 , 1994'
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8.2. Introduction

CEPH consortium maps have been published for six human chromosomest 1,2,9,

10, 13, and 15q @racopoli et al., 1991; Spurr et al., t992; Attwood et al., 1994;

White et a|.,1990; Bowcock et aI., 1993a; 1993b)' The features of each of these

consortium maps ale summarised in Table 8'1'

This chapter describes the construction of the CEPH consortium linkage map of

human chromosome 16, built from 191 polymorphic markers defining 158 loci' of

which 79 arePCR formatted markers, 102 are classical RFLP markers, and 10 are

VNTR markers. The genotype data were contributed to the consortium database

by nine collaborating laboratories (Iable 8.2), and represent genotypic data

obtained from the families in the CEPH reference panel (Dausset et al', 1990)'

Previous multipoint linkage maps of chromosome 16 based on the CEPH family

genotypes have inco¡porated many of the markers in this study (Donis-Keller ¿r

al., 1987; Julier et al., 1990; Keith et al., 1990; NIH/CEPH collaborative

mapping group, 1992; Weissenbach et al., 1992; Kozman et al., 1993; Shen ¿r

al., 1994).

I-ocatised genetic maps, surrounding three of the 16 disease genes known to be

located on chromosome 16 (See Fig. 1.1), for CLN3 (Mitchison et al" 1993;

|gg4), PKD| (Hyland et al., 1990; Keith et al., 1990), and MEF (Aksentijevich et

at., 1993) have been previously published, as have genetic maps around two of the

rare fragile sites on this chromosome, FRA16A and FRA16B (Kozman et al"

1991; L9g2). An extensive background genetic mâP, such as the CEPH

consortium linkage map, will provide opportunities for the regional localisation of

disease genes not already frnely mapped on chromosome 16, and will be the

foundation for the generation of maps in regions of other disease genes' not

previously mapped. These studies are essential for the initiation of high resolution

physical mapping, involving YAC or cosmid isolation and characterisation which



Table t.lz Swwnary of CEPH Consoniwn Maps

Chromosome No.Loci/ No. Framework
No.Markers Markers

1 101/
t46

10

t3

15q

r6 158/
191

Mean No. FCR No. Labs Geneticlength(cM)a

Distance Markers female male aYe

Physical l-oci/Ùfb Reference

LengthG[b)

58

36

42

28

25

2r

60

ffil
73

971
t24

391
52

s9l
94

4U
45

6.7 4 11

9.1 | 14

308 389.7 263
20r 282)

0.4

0.2

t45 0.7

r44 0.3

rr4 0.5

106 0.4

Dncopoli a al,
t99r

Spun et al,
t992

Attwoú et aI,
1994

White et al,
1990

Bowcock et aI,

1993

Bowcock ef aJ,

1993

477.7
(362

430 2ffi.6 327.8 2s5
(337 185 26r)2

9

5

97

4.3 59 14

11

237
(r64

203
(160

158
100

190
(195

t27
100

t76 2W
r29 146)

309 214
(20s 129 167)

8310

136
111

t78
130)

158
148)

165
145)

2.3 79 9 196
(r79

98 1.6 This studY

a - The values in brackets are those predicted by Morton (1e9lb).



Table E.2z Contributors to the CEPH Chromosome 16 Database

Laboratory
Number

Collaborator and
Institution

Markers
Contributed

58
1

8

School of Medicine
S.A.

Dr K.K. Kidd

cine

Dr J. Gusella
Neurogenetics, Research 3

Massaõhusetts General HosPital,
Boston, MA, U.S.A.

Dr R. White
Howard Hughes Medical Institute
University of Utah,
Salt Iåke City, Utah, U.S.A.

Dr A.J. JeffreYs
Deoartment of Genetics
University of I-eicester
I-eicester, U.K.

Dr J. \i/eissenbach

Génétique Moleculaire Humaine
Institut Pasteur
Paris, FRANCE

Dr G.R. Sutherland
Department of CYtogenetics
anä lvlolecular Genetics,
Women's and Children's HosPital
North Adelaide, AUSTRALIA

Dr G.V. Vergnaud
Centre d'Etuðes du Bouchet, Vert le Petit,
and Institut de Biologie, Nantes,
FRANCE

Dr M. Dean
National Cancer Institute
Frederick Cancer Research Facility
Frederick, MD, U.S.A.

2

1
10

20

31

42

43

46

1

29

22

73

2

3
55

Total 191
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will lead to the eventual isolation of the genes responsible for diseases on

chromosome 16.

Chromosome 16 has been extensively mapped by somatic cell hybrid analysis

using Southern or pCR analysis, or in situ hybridisation. This cytogenetic-based

physical map is based on human/mouse somatic cell hybrids, utilizing the APRT

gene (at lf{lzÐ as a selectable marker, which have been constructed from

rearrangements of chromosome 16. The chromosome is divided by these hybrids,

the breaks dehned by the fragile sites and the centromere, to represent over 66

distinctphysical intervals (callen et al.,lgg2). For chromosome 16, the genetic

and cytogenetic maps have been refined simultaneously, and 158 of the 191

polymorphic markers in the chromosome 16 consortium database have been

localised to specific physical intervals on the cytogenetic-based physical map'

This enables a detailed correlation between the physical and genetic maps, as a

natural progression of map validation. The marker order on the framework

genetic map shows no discrepancies with the order of these markers on the

cytogenetic based PhYsical maP.

anchored to the PhYsical maP.

This is the first consortium map to be tightly

E.3. Materials and Methods

The 191 polymorphic systems (defining 158 loci) in the chromosome 16 CEPH

consortium database were submitted by 9 colaborating raboratories (Tables 8.2

and 8.3). All genotypes were obtained from the database, except where indicated

on Table 8.3, where the genotyping was performed by the candidate (see also

Chapters 3 and 4).

The database includes all daø contained within version 5 0f the CEPH database,

with the exception of HP (the protein polymorphism), and D165149 (C159'27)'

and with the addition of 53 newly genotyped PCR markers from collaborators 42

and 43 submitted for the construction of the consortium map.



Table 8.32 Markers included in thc chromosome 16 Consoniwn Map'

Location Gene/Locus Probe/Enzyme Het. No inf
meioses

CEPH
Lab.

M13-APRT/TaqI o.27 150
27
98
311

A

H.BZPI

0.47
0.38
0.47
0.80

130
246
336
118

8, 20
20
20
20
01
01
01
43
43

43
43
43
43
01
20

43
43
43
20
01
01
01
01
01
01
01
01
01
01
01
01
01
01
43
01
01
01

11l&12.1-q13
16423.l-q24.2
16p13.3

l-q24.2
1

1-q13
l-q24.2
2-q24.3
Il-p12.
t-q24.2

6{123
6ry122

6q,12
6{123
6{'24
6p13
6{123

phiS-9/BglII
CRI-02/BamHI
CRI-O3/Pstl
CRI-O15/TaqI
CRI-043/TaqI
CRI-O66/Pstl
CRI-O84/HindIII
CRI-O84/Pstl
CRI-O89/BglII
CRI-O90/EcoRI
CRI-090/Dral
CRI-O91/MsPI
CRI-O91/TaqI
CRI-O95/EcoRI
CRI-O101/HindIII
CRI-O1l4AC/PCR
CRI-OIl4/EcoRI
CRI-O1lg/Taql
CRI-O120/BamHI

CETP
CTRBl
}JBZPI

HP
MT2A

SPN
D1654

D1655
D1657

D1658
D16510

D16544
D16545

D16546

D16547
D16548
D16549

D16550
D16551

D16520
D16538
D16539
D16540
D16541
D16542
D16543

0.25
0.20
0.96
0.36
0.44
0.47
0.44
o.&
0.82
0.50
o.47
0.41
0.18
0.47
0.35
0.49
0.50
0.36
0.36
0.33
0.69
0.50
0.49
0.14
0.36
0.38
0.49
0.47
0.66
0.39
0.46
0.60

6t
201
677
354

?ot

406
73
t73
t72
85
103
111
237
206
304
52
t37
104
158
144
113
r69
t62
220

0.50r&22.r-q23.r
r@'t2.1-q13

t6pt2.I-PII.2
rq22.r

l6q23.l-q24.2
rq24.3

16p13.2-p13.11
l6q2l

463
361

43

43

1

1

1

1

1

1 1

1

1

r.2
3.11

r&23.r-q24.2
16p13.3-P13. 11

e CEPH families.
te, as outlined in ChaPters 3 and 4'

rporated into a published genetic linkage map of chromosome 16'



Table E.3 (cont.) z Marl<ers inctuded in thc chromosome 16 Consortiwn Map.

Location Gene/Locus Probe/Enzyme Het. No inf
meioses

CEPII
Lab.

16p*
16p*

16p
16p

6p
6p
6q

13.3
13.3

0.20
0.42
0.30
0.38
0.20
0.40
0.32
0.33
0.83

t75
53
161
72
235
75
79
248
t22
444
198
106
276
195
148
84
56
189
395
t28
199
165
100
132
195
139
178
t28
t96
t62
88
160
I12
72
398
245
83
256
752

01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
43
01
01
01
01
01
01
01
01
01
01
01
01
01
01
01
43
43
43
55
20

-q
0.49

1

1

1

1

1

1

l-pl2.l
-q13

16o*
16'p13.ll-Pl2.l

16p12-qter*

l6q22.l-q24.3

D16553
D16554

D16555
D16556

D16557
D16558
D16559
D16560
D16561
D16562
D16563
D16564
D16565

D16566
D16567

D16568

D16569
D16570
D16571
D16572
D16573
D16574
D16575

D16576
D16577

D16579A

D165798
D16580
D16583

CRI-O125/Pstl
CRI-O126/HincII
CRI-O126/EcoRI
CRI-O128/HincII
CRI-O129/EcoRI
CRI-O129/BglII
CRI-O131/BamHI
CRI-O133/HindIII
CRI-O134/MsPI
CRI-O136/HincII
CRI-O144/EcoRI
CRI-O149/TaqI
CR!-O327lHindIII
CRI-O373/HindIII
CRI-O377/BglII
CRI-O377lHincII
CRI-O377/TaqI
CRI-O383/Pstl
CRI-O391AC/PCR
CRI-O391/HincII

ll.2-pll.l
13.3
*

0.46

3
1

1

6p13
6p*
64124
6p13
6p13
69,12

1

1

1

36-

0.45
0.38
o.46
0.41
0.50
0.24
0.47
0.77
0.46
0.50
0.47
0.28
0.38
0.48
0.48
0.46
0.38
0.49
0.51
0.31
0.46
0.36
0.21
0.81
0.34
0.15
0.34
0.87

1

1

1

1

1

1

6p*
6q*
6p*
6p*
6p*
6p13.ll-pl2.r

16p*
16q*

16p13.3-P13.11

cRr-o39
CRI-O39

1/TaqI
3iBglII

CRI-O393/Pstl
CRI-P84/BamHI
CRI-P13O/MsPI
CRI-P400/BamHI
CRI-P403/MsPI
CRI-P477/TaqI
CRI-P85/BglII
CRI-R99/HindIII
CRI-R99/MsPI
CRI-L223lTaql
CRI-L922lHincII
CRI-L922lHindIII
1

36-r
1

1

6p
6p
6p

13.ll-pl2.l
13.3
13.3*

24-l
.1/Hinfl

1

ublished genetic linkage map of ch¡omosome 16'



Table 8.3 (cont.) z Markers inctuded in thc chromosomc 16 Consortium Map.

I-oc¿tion Gene/Locus Probe/Enzyme

1 13.3 D16585 'HVR/MspI

Het. No inf
meioses

CEPH
Lab.

rq22.r
16p13.3

16p13.I1-Pt2.l

16p13.ll-Pl2.l
16o*
1ó13. rl-pr2.t
t@'r2.1-q13

l6q2l

rq22.t

3'HVR/RsaI/MsPI
5'HVR/Rsal,
LE12lRsalrr
16ACVK5/PCR

D16591
D16594

D16596
VK5B/MsPI

0.79
0.11
0.51
0.49
0.49
0.36
0.59
0.46
0.60
0.39
0.38
0.04
o.32
o.25
0.31
0.50
0.46
0.69
0.43
0.27
0.23
0.25
0.15
0.50
0.50
0.38
0.57
0.46
0.51
0.7r
0.77
0.73
0.64
0.83
0.78
0.73
0.77

D165131
D165137
D165148
D165150

D165151

D165152

D165153
D165154
D165155
D165156

D165157
D165158
D165159
D165160
D165164
D165186
D165246
D165252
D165261
D165265
D165282
D165283
D165285
D165287
D165288
D165289

.95M1/MsPI

vK45 240
r63
326
28r
31
266
178
158
236
466
466
344
244
t4l
148
113
481
278
226
4t3
265

0.93 s73
425
257
46
383
324
347

1

1

1

43
43
43
43
43
43
43
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
43
43
55
20
43
43
46
55
10
43
43
43

1Ct52.16l/Taql
2C152.16l/Taql
1C152.209M/MsPI
2Ct52.209M/MsPI
lCI52.1/TaqI
2Ct52.1/TaqI
C152.1OT2lTaqI
CJ52.105/TaqI
Ct52.199/MsPI
lCI52.t97lTaql
2CI52.I97lTaql
CJ52.96lTaql
CJ52.ll2lTaqr
Ct52.94Tl/Taql
C152.196M1/MsPI
16PHAC-15/PCR
16PHAC-10vPcR
218EP/FvuII'
oCMM103/PvuII
Mrpz+lpcn
MFD23/PCR..
14Cl9/HaeIII..
SM7/PCR
AluGTl6/PCR
16XE81/PCR
I6AC7,I/PCR
164C7.46/PCR

2t8
449
505
421
407
496
502
449
396

s.

ublished genetic linkage map of chromosome 16



Table 8.3 (cont.) z Markers inctuded in the Chromosome 16 Consortiwn Map

Location Gene/Locus Probe/Enzyme Het. No inf
meioses

CEPH
Lab.

1

1

1

1

1

13.2-pI3.tl
13.rl-pI2.l
13.ll-pl2.l
13.ll-pl2.l
t3.rl-pl2.r

Dt6s292
D165294
D165295
D165296
DT63297

D165298
D165299
D165300
D165301
D165303
D165304
D165305
D165307
D165308#
D165309
D165310
D165313
D165318#
D165319
D165320
D165332
Dl6s347#
D165359
D165363#
D165383
D165389#
D165390
D165392#
D165393#
D165395
D165397#
D165398
D165401#
D165402#
D165403#
D165404#
D165405#
D165406#

164C2.3/PCR
16AC1/PCR
t6¡ic62F3lPCR
I6AC62B4/PCR
16AC15HIH/PCR
16AC15H1S/PCR
16AC3.|2|PCR
16AC6.17|PCR
164C1.I/PCR
16AC6.21|PCR
16AC6.26|PCR
16AC1.14/PCR
16AC 1. 15/PCR

MIT-MS79/PCR
164C8.20/PCR
16AC7.\4IPCR
164C8.52IPCR
16AC305D6/PCR
164C12F8/PCR
I6AC26E3B/PCR
164C51G1/PCR
16AC8OB3/PCR
16AC1OB3/PCR
16AC1OF5/PCR
164C305Eg/PCR
164C323H4/PCR
164C33G11/PCR
MFD98/PCR
MFD168/PCR
AFM025tg9/PCR
AFM031xa5/PCR
AFM049xd2/PCR
AFM056yf6/PCR
AFM070ya1/PCR
AFM079yh3/PCR

0.74
0.49
0.66
0.75
0.73
0.69
0.80
0.72
0.61
o.&
0.43
0.60
0.82
0.56
0.77
0.97
0.67
0.57
0.54
0.52
0.86
0.53
o.76
0.42
0.78
0.45
0.77
0.80
0.78
0.87
0.69
0.70
0.90
0.74
0.87
0.86
0.82
0.78
0.82

450
23s
430
502

124
455
425
436
409
230
410
494
401
113
516
472
498
t43
315
559
324
t47
32r
t&
235
t70
511
161
159
467
168
559
80
140
l7l
158
t43
152

43
43
43
43
43
43
43
43
43
43
43
43
43
46
43
31
43
43
43
43
43
43
43
43
43
43
43
43
43
43
43
43
43
42
42
42
42
42
42

4t2

l6pl2.t-pll.2
t6pl2.I-pll.2
16Þ11.2-p11.1
rq22.r
ttu24.3
tqtz.l-q13
rq24.3
16o*
t@,tZ.1-q13
16p13.3*

tq22.r
l6ql2.1-q13
t&23.2-q24.3
l6pl2.l-pll.2

tq22.r
rtu22.1
r6d13. rr-prz.r
r&23.r-q24.3
16ó13.rt-pl2.r
r6it3.2-l3.tr
16oß.2-t3.ll
16þ13.3-13.11

ublished genetic linkage map of chromosome 16'



Table E.3 (cont.) z Markers inctuded in the Chromosome 16 ConsoTtium Map'

Location Gene/Locus Probe/Enzyme IIet. No inf
meioses

CEPH
Lab.

16p
16q

1 12.r-ql3 D165408#
D165410#
D165411#
D165412#
D165413#
D165414#
D165415#
D165416#
D165417#
D165418#
D165419#
D165420#
Dl6s42r#
D165422#
Dl6s423#
D165449#
D165450
D165451#
Dl6s452#
D165453
D165454#
D165522
D165523#
Dl6s524#
D165525#
D165531#
**
**
**
**

AFM137xf8/PCR
AFM165yb6/PCR
AFM186xa3/PCR
AFM191wb10/PCR
AFM196xgI/PCR
AFM205za1I/PCR
AFM205ze5/PCR
AFM210yg3/PCR
AFM220xb10/PCR
ÃFM225xd2/PCR
ÃFM225zf2/PCR
AFM238xb2/PCR
AFM240yh6/PCR
AFM249xc5/PCR

t3.lt-pl2.I
12.l-ql3

.ll-pI2.l

0.69
0.57
0.79
0.76
0.8s
0.61
0.74
0.43
0.73
0.83
0.77
0.82
0.57
0.80
0.75
0.85
0.52
0.84
0.68
0.45
0.75
0.69
0.68
0.76
0.91
0.86

t20
t25
130
101
t54
t37
t2l
53
155
157
t49
t49
140
r66
t36
134
232
r45
t43
335
t34
449
r49
t57
180
147
24r
313
490
243

42
42
42
42
42
42
42
42
42
42
42
42
42
42
42
43
43
43
43
43
43
43
43
43
43
43
20
20
20
20

16p
16q

13
12.l-qr3

.2-l3.ll

.1-q1 3
12.l
.11

.1-q13

.3

.1 l-p

.3-13

.ll-p12.

16p13
tq24

tq^r2
16p13
16p13
rq^r2
16p13
r6q22
16q23
6p13
6{t23
6{122

1

1

.l-q2a.2
1 .3

.2-q24.3
AFM249yc5/PCR
164C5144/PCR1

1 .2-q23.1 16AC8OH3/PCR
164C69F12/PCR
16AC3344/PCR
16AC301G12/PCR
16AC45Gs/PCR
16AC8.21IPCR
16AC13HI/PCR
16AC4OA7/PCR
16AC308G7/PCR
16AC8.15/PCR
Hagl/Hinfl
6944/Pstl
768C6/Mspl
LC9lMspl

rtuzl
todt¡. rl-pr2.r
16o13.3
tO^pt¡.2-pt¡. t t
t@22.2-q23.t
16o13.3
16b13. rr-pt2.r
16o13.3
tqtz.l-q13
16p*
16p*
16q*
16q*

ublished genetic linkage map of chromosome 16'
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Genotypic data were obtained primarily from the 40 families in the CEPH

reference panel. In addition, markers from contributing laboratory 20 were

genotyped on 18 of the 25 families from the extended CEPH panel' All markers

contributed by laboratory 42, and 16 markers from laboratory 43, were genotyped

on 8 of the GEPH families only. The 8 families are: 102,884, 1331, 1332, 1347 
'

1362, 1413,1416.

Most of the loci (L29 loci, 158 markers) included in the database have been

physicalty mapped (callen et al.,1992;1994; Shen ¿r at.,1994)' The 29 loci not

physically mapped are: D16553, D16554, DI6S5/, DI6S6L, D16566, D16568,

D16570, Dl6s7I, D16572, Dl6S73, D16574, DI6S76' D16577' Dl6s83'

D16584, D]65137, D]65155, D]65]56, D]65158, D]65160, D]65246,

D165252,D165282,D165307,D165309,69A4'768C6'Hagl'andLC9'

Most of the data included in this consortium map have been previously published

in linkage maps of chromosome 16, and thus checked for genotype efrors or

inconsistencies. There were 10 new markers not previously incorporated in a

genetic map: DI6S5, D16580, D16s246, D165282, D165307, D165309, Hagl'

69A4, 768C6, and Lc9. Error checking was performed on all of the data as

described bellow, and as far as possible, all potential elrors in the database were

identifred.

The candidate performed the entire linkage analysis for the chromosome 16

consortium database, utilising the computer program CRI-MAP (which uses the

Kosambi mapping function) on a Sun SPARC station IPC' To perform the

preliminary error check, a comprehensive map was constructed, as described in

chapter 2.2. Closely spaced double recombinants were identified and flagged

using the chrompic option of CRI-MAP. Changes made to the database are

indicated in Table 8.4. The PcR markers used in the analysis have been

rigorously checked, as described in chapter 7; some apparent double recombinants

were not altered as a result of regenotyping and were included in the analysis



Table t.4z Corrections made to the databose

Gene/Locus CEPH
Id

cM (Sex

average)a
Codedb

CTRBl

D1654
D1657

D16544

D16548
D16560
D16564
D16567

D16579A

D16583

DI6584

D165137
D165152

D165153
D165150
D165159
DI65261
D165265

1346-09,10
28-07
t347-06
t2-03
1M-07
t332-t2
1345-04
1413-09
1375-05,06
1346-06
1346-09
1346-r0
1346-10
102-14
2r-03
t02-12,16
1333-03
884-13
r02-12
1349-03
13293-09
1345-07
1345-09
t377-09
28-07
102-08
1345-09
102-08,10
37-M
1345-05

7.3
9.9
4.7
5.5
8.8
3.1
8.6
3.0
7.0
10.0
5.9
4.4
4.4
4.4
6.7
8.8
6.4
4.2
6.5
2.3
3.3
3.7
3.7
3.7
6.0
5.5
7.3
4.3
2.5
4.8

00
00
00*
00
00
In PCR
In PCR
00
00
00
00
00
00*
00*
00
00
00
00
00
00
00
00
00
00
00
00
00
00
In PCR
In PCR



Table 8.4 (cont.) z Corrections made to the database

Gene/Locus CEPH cM (Sex

average)a
Codedb

Id

D165283

D165285
D165294
D165299
D165300

D165303
D165308
D165309

D165310
D165359
DI65390
D165450
D165522

69A4

768C6

r7-09
45-09
2r-M
1344-05,07
t345-07
1333-alt
28-W
1350-07

884-09
21-08
r02-12
104-08
1408-04
1344-07
r334-09
r02-12
1349-03
t340-07
1346-10
1349-05
t375-t3
t377-07
t377-09
1416-09
t420-04,05
zl-M,05
2-08
1418-03

00**
00+*
In PCR
In PCR
In PCR
00**
In PCR
In PCR

8.7
3.6
In PCR
10.0
7.9
6.5
6.4
4.4
15
9.5
6.1

2.5
2.5
2.6
3.5
0.6

In PCR
00
00
In PCR
In PCR
In
In
In
In
00
00
00
00
00
00
00
00
00
00
00

3.5
5.7
5.7
5.7
5.7
8.0
7.4
5.2
6.3
8.0
8.7
6.5

PCR
PCR
PCR
PCR

Notes:
a. These represent the distance across the interval where the double

i."oÃuinãtion'' åuåni ocóure¿; only rhose distances >
considered.

b. GenotvPes of PCR markers inv
>

t al, 1994). Alt
in > l0cMha

p"t fo. 1416-10 Pect

tory 43.
* Autoradiograph checkeð, but clear
** lå:Ëä*ty-p"¿iht"" times, gen pes st as

unknown.
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(Iable 8.4). It is possible they are either real recombinant events, or have

occurred as a result of an undetected new mutation to an allele already present in

rhe family.

From this pretiminary analysis, intralocus systems with no recombinations

observed between them were considered as a haplotype, and the distance between

them forced to zero in CRI-MAP. The systems were: APRT, HBZI, D1657,

Dt6S43, D16545, D16546, Dl6S4g, D16554, DI6S56, D]6565, D16567,

D16568, D]6575, D]6577, D16585, D]6594, D165150, D165151, D16S]52,

Dl6sl5g,andDI6S297.Dl6S7gAhastwoint¡alocusmarkers,L6AC66F3and

36-IA,but these were not treated as a haplotype as D16S79A has been found to be

involved in a duplication with D]óS7,B (Phillips et al., 1992; Callen et al"

lgg2). These two RFLP loci hve been estimated to be approximately 1'8 Mb

apart (Julie Nancarrow, personal communication). The four systems MT2A'

Dl6S4, D16SI0, and D16596 were reduced from eleven probe/enzyme systems by

haplotyping by hand from Chapter 3, and 4'

once all the data had been checked, a framework map was constructed, using the

build option of GRI-MAP. For the purpose of this study, the analysis was divided

into two parts - the short arm, 16p, and the long arm, 16q, with overlap either

side of the centromere. The reason for this was that the 191 markers included in

the anatysis made it prohibitive to construct the map in one analysis' Any markers

not previously localised on chromosome 16 were provisionally mapped to one a¡m

using a combined framework map from shen ¿t at $99\ and a preliminary

framework map constructed for the consortium, in conjunction with the all option

of CRI-MAp. Once all markers had been localised to a specific arm of the

chromosome, the buitding of the consortium 16p and 16q genetic maps were

performed as two separate analyses. Six PCR formatted markers were used as

overlapping markers; these were D165285, D]65304, D1654]6, D165415,

D16S3IO, and D165408 for the 16p analysis, and D165288, D165298, D165299'
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spN, DI6S38-3, and D16S3N for the 16q analysis. D1653æ and D165285 flank

the centromere, and as no centromeric marker has been isolated for chromosome

16, the distance between these flanking markers þoth included on the framework

map) was included in the genetic length of 16p. The methods for generating a

map for each arm were the same' and are described below'

For each afm, a pair of highly informative linked loci, separated by a distance of

approximately 10 cM, were selected to be the foundation upon which to build a

frameworkmap.Thelocionl6pwereD]65287(withheterozygosityTS%)and

D16s2g6(withheterozygosityT5vo),withamaximumlikelihooddistancebetween

them on a two point analysis of o : 0. 18 (Z : 29.67). on 16q, the two loci

used as the foundation for the map wereDl6S320 (with heterozygosity 86%) and

D16S3g8 (with heterozygosity go%). These two loci were separated by a

recombination fraction of o : 0.07 cM with a maximum LoD score of z :

83.89, as determined by a two point analysis'

These loci were used as the starting point for the build analysis of loci on 16p and

on 16q. Subsequently, ranked markers were added to these two loci only if the

odds of their placement exceeded 1000:L in one position compared with the next

most likely position, thus generating an initial "framework" map' Map validation

by performing all adjacent two- and three-locus permutations to assess the support

for local orders was carried out. only orders that had tikelihood support of

1000:1 or greater were retained. 82% of the markers included in the consortium

map are physically mapped; the vatidity of this framework genetic map was tested

by close examination of marker order on the cytogenetic-based physical map'

using the all option of GRI-MAP, the additional 98 loci not placed on the

framework map, were assigned to intervals between framework markers within

which they are likely to lie with 1000:1 odds or greater' Comprehensive maps for

each of the chromosome afms were also obtained by manually adding to each map
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loci that could not be placed on the framework map with odds greater than 1000:1,

and thus into the best position on the framework map'

A final error check to examine recombination events was performed using

chrompic. Changes were made to the database as necessary, ild the map was

reconstructed as above. Table 8.4 summarises all changes made to the database,

and also indicates double recombinants in microsatellite markers whose genotypes

remained in the analysis after confirmation (chapter 7; Shen et al" 1994',)'

Once the framework maps were constructed and the remaining markers were

located in their most likely interval, the placement of all loci was reexamined

against the physical map. Discordant localisation was observed for the locus

D165152. This marker was initially placed on the genetic map below D165522

(see Fig. 8.1). The genetic map position (by way of forcing the physical map

order and detecting apparent genotypes as potential double crossovers or errors)

and the physical map position oy repeating the mapping to the somatic cell hybrid

panel) were redetermined. The position on the physical map was checked and

conhrmed. It was found that genotypes for four individuals caused apparent

double recombinants within a 10 cM interval (Table 8.4), and were the cause of

misplacement on the genetic map. These were coded as unknown, using the

criteria described above, and the map position redetermined' On this subsequent

analysis, the location of D16Sl52 shifted to the correct, predetermined physical

interval.

Final maps were validated by running the ftips3 option and also by rerunning

build, using different pairs of starting loci to initiate the map construction each

time. The distances across the centromere, and surrounding intervals, were

verified by performing an analysis involving the framework markers between

D165287 to D165398.

Evidence for sex-specific differences in recombination rates was investigated under

two models: no sex difference (combined male and female recombination rates)
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and variable sex difference, for the framework map, as described in Chapter

2.2.6. The sex difference with respect to recombination was also evaluated in

each of the 59 intervals on the framework map separately, as described in Chapter

2.2.6.

8.4. Results

The frnal consortium framework map is shown in Fig. 8.1. Comprehensive loci

that could not be placed on this framework map with odds of 1000:1 or greater

have been assigned to intervals within which they are likely to lie with greater than

1000:1 odds, as indicated on Fig. 8.1. The physical localisation of each of the

158 markers is also shown on this hgure. Also indicated on Fig' 8'1 are loci

suitable to be classified as index markers, with heterozygosity ) 70Vo and at

intervals of approximately 10 cM on this map. There afe some gaps greater than

l0cMandthesewillneedtobetargetedinthefuture.

Table g.5a gives the distances between the framework markers on the sex-average'

female and male maps, along with the local support for order, and with the chi-

squared values for the investigation of significant differences in recombination

between the sexes for each interval. The average heterozygosity of the 60 loci on

the framework map was 68%, and 46 of these loci were PCR formatted'

The sex-average genetic length of the framework map is 165 cM, with an average

distance between markers of 2.8 cM and a median distance between markers of 2

cM. The sex-specihc length in males is 136 cM and in females is 197 cM' The

maximum distance between any pair of loci on the sex-averaged framework map is

l!.2 cM, between the loci DI6S4M and D165292, and is the only gap larger than

10 cM.

Seventy eight PcR formatted markers were included in the analysis, with 43 of

these being incorporated within the framework map. Of the 43 PCR formatted

markers included on the framework map, 11 (with an average heterozygosity value
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Table 8.5a: CEPH Consortium
adjacent bci, and
between mal¿s and

fernalcs.

I-ocus Sex-Ave Female Male Oddsa chi- _

Squaredb

D16585

DI65282

D165307

D16583

D165309

D165291#

D16S6i

D16Ø
D1ó¡5418#

DL6S4U#

D165292#

D16S7e(A)

D1ó.5287*

DI6S4IO

D165524#

Dr6S73

D165159

D16554

D165294

D165319

D16567#

D165295

D165296*

D165297

D165148

D16f.313

D165288

D165298

SPN#

D1653Ø

D165285#

D165304

t.4

0.6

1,2

4.9

2.4

6.6

7.7

4.1

2.8

tt.2
4.1

1.6

2.6

2.r

2.9

1.1

1.3

1.5

2.7

4.2

t.2

0.5

0.7

0.4

1.4

1.5

0.8

o.2

o.7

1.0

3.3

3.4

o.7

0.0

0.1

5.1

2.2

9.1

6.2

t.7

4.9

8.1

4.2

o.7

5.6

3.9

4.7

2.5

1.5

1.0

4.r

6.0

2.r

0.0

1.4

0.9

2.O

2.8

1.6

0.5

0.9

2.2

6.7

7.1

2.3

1.3

2.1

4.0

2.6

3.2

9.7

6.5

1.3

t3.9

4.0

2.2

o.7

o.7

0.9

0.0

1.0

2.1

0.8

2.6

0.0

1.1

0.0

0.0

0.6

0.3

0.0

0.0

0.3

0.0

0.3

0.0

1011

104

1013

1017

1015

109

rc22

1010

107

1030

1017

rc12

1010

105

to4

103

105

103

106

1030

109

106

1015

103

1014

rc23

1014

103

rc1

103

rc26

104

2.8

4.6

8.3

6.9

0.0

8.3

4.6

3.7

0.5

t.4

t.4

1.8

6.0

7.4

6.9

6.9

0.0

0.0

2.3

5.1

4.t

2.3

6.0

4.r

3.7

7.4

6.9

2.3

1.4

8.7

24.8

26.7



Tabte 8.5a (cont.):

Locus Sex-Ave Female Male Oddsa chi- _

Squaredb

D165416

D16t4t5#

D165390

DI6t4ß
D165320#*

DT65310

D165389

D16545T

D165265

D165186

D165398#*

D1ól54

D1óJ301

D165522

D16S1s3

D165450

D165395

D165289#

D16520

D16S¿102#

D165392

D165393#

D16543

D165154

D165305#

DI6S413

D1657

D165303#

3.4

1.8

3.3

3.3

2.2

1.0

1.5

t.4

z.o

0.5

o.7

o.6

o.7

1.9

3.2

3.9

8.6

6.6

9.5

5.5

r.6

6.5

1.5

3.0

1.1

2.3

5.2

4.2

5.4

6.2

6.4

4.9

1.9

2.4

0.4

2.1

0.9

0.6

t.2

0.5

1.8

0.4

6.5

12.O

3.2

tr.2

6.6

3.5

4.2

2.t

1.8

2.6

0.0

3.4

1.5

0.0

0.5

o.7

0.0

0.0

0.0

2.6

2.2

0.0

0.6

0.0

1.1

2.4

4.2

2.9

4.0

10.5

7.8

4.5

0.0

8.9

r.2

4.3

0.0

3.'l

7.8

105

104

108

1011

rc17

103

106

103

rcr7

105

104

104

104

106

rcrz

rcrz

rc37

1010

108

1013

104

rc12

104

105

103

104

109

27.6

24.4

24.4

23.9

t'l.5

3.7

2.8

0.5

0.5

2.3

0.0

3.2

0.5

1.4

0.9

1.4

7.4

0.9

0.0

0.5

4.6

3.2

0.0

2.3

0.0

r.4

1.8

Total 16p (cM)
Total 16q (cM)
Totat (cM)

'15.4

89.7
165.1

86.8
110.1
196.9

64.3
71.8

136.1

a Odds are calculated from the sex-averaged maP.

b was calculated for each interval by keeping O constant and equal for males and females in three

8djacent intervals on each side. Chi-squared : 3.84 (o : 0.05). If corrected for multiPle

üesting by the conservative test of Fisher-Bonferroni (i.e. divide c by 59), the critical value for

chi-squared is 11.2.
. indicstes the starting loci for the frnal build run for the 16p and 16q maps.

# markers incorproated into an 'INDEX" mâp'



Table 8.5b: Regional analysis of differences ín recombinalion between males atdfemal'es'

Region male female Chi-Squared (df) P

I6pter - DI6S292

D165287-cen-D165451

DI6S393 - I@ter

46.9 cM

14.1 cM

25.9 cM

38.1cM

88.9 cM

17.6 cM

18.86 (10),

214.8 (27),

7.8 (6),

P < 0.05*

P < 0.05*

P > 0.05

*
signifrcant



L82

or76To) of them were typed on only 8 of the CEPH families (29Vo, 11/38, (38 of

the 78 PCR loci typed on 8 families)), where as 80% (32140' (40 of the 78 PCR

loci typed on 40 families)) of the loci typed on the full forty families (with an

average heterozygosity of 67%) were incorporated on the framework map' This

implies that genotyping only a small subset of the reference families has placed

these useful pCR ma¡kers at a disadvantage regarding being selected as framework

markers, because they have a smaller number of crossover events with closely

linked loci, making determination of the correct marker order more difficult.

The length of the sex-averaged comprehensive map was 179 cM., with an average

resolution between loci of 1.1 cM. The length of the male and female maps was

147 cM and 212 cM respectively. The distances between loci and the local

support for loci, based on the sex-average map' are given in Table 8.6.

The comprehensive map covers more tnan 99% of the entire length of the

chromosome, extending from D16585, which is within I7O-430 Kb of pter (Wilkie

et al., 1991) to D16544, which is within 230 kb of qter. The most distal 16q

marker, genetically and physically is D165303, being closed to 16qter than

D16544 @. Harris, personal communication). No centromeric marker has been

isolated for chromosome 16, so it is difficult to determine the exact distance of the

centromere to each of its flanking markers, D165300 and D165285. The distance

between these two markers on the sex-average framework map is 1'0 cM'

For the short arm, 16p, there were97 polymorphisms incorporated in the analysis,

which were reduced to 81 loci after haplotyping. The framework map for 16p

consists of 30 loci, and extends 75 cM on the sex-average map' The mean

distance between loci is 2.5 cM and the median distance between loci is 1'5 cM'

The length of the female map is 87 cM and the length of the male map is 64 cM'

When comparing the sex-specific results with Morton's predictions (199lb), there

is quite good correlation. For 16p, Morton predicted that the male map length

was 60 cM and female map length was 96 cM. The female map is approximately



Table E.6: The distance between loci is
local support Íor order were
ap.

Locus Male Female Sex-Average Odds

HBZl
HagI

DI6585

D165282

D165307

D165525

DI6S83

D165252

D165309

D16584

D165291

DI65283

D16594

D165246

D165523

D165453

D16580

D16563

D16545

D16556

D16558

Dr6s423

D16555

D16560

D16574

D165418

D16S4M

D16S4U

D165407

D16S5T

DI6553

D165414

0.0

0.0

2.3

1.3

0.9

1.4

0.7

2.7

0.8

2.5

1.3

0.0

0.7

4.6

0.0

0.0

r.3
0.0

2.6

3.5

0.0

0.0

0.0

3.5

3.4

0.0

1.6

0.0

2.4

0.9

0.0

0.0

0.0

0.0

0.7

0.0

0.0

0.7

4.1

0.0

0.9

1.4

1.1

0.9

3.7

4.1

0.0

0.0

0.9

0.0

2.9

2.7

0.0

0.6

0.0

0.7

0.0

t.7
5.8

0.0

0.0

1.1

0.0

0.0

0.0

0.0

1.5

0.6

0.3

1.1

1.3

2.7

0.8

2.0

1.3

0.4

1.8

4.7

0.0

0.0

1.0

0.0

2.8

2.9

0.0

0.5

0.0

1.9

t.7
0.0

4.3

0.0

1.6

1.0

0.0

0.0

1.0

1.0

rc20

106

103

1014

1.1

108

106

104

106

rc2

105

104

1.0

1.3

103

1.0

rcr7
1013

1.0

1.0

1.0

108

1.4

1.0

108

1.0

rc4

105

1.0

1.0



Table 8.6 (cont.) z Comprehensive consortium møp'

Locus Male Female Sex-Average Odds

D16566

Dr6s72

D16549

D165405

DI65454

D165292

D1658

D16579A

D16S79AC

D165287

D165%

D165798

D165410

D16576

D165452

D165524

DI65131

D16542

D16573

D16564

D16575

D165159

D165412

D16554

D1654l7

D165403

D16561

D16568

D165294

D165420

D165401

DI65319

DI6567

10.3

1.6

0.8

0.0

0.0

0.9

2.8

0.4

2.5

0.5

0.0

0.8

0.8

0.0

0.0

0.7

0.0

0.0

0.0

0.0

0.0

1.3

0.0

0.0

0.0

0.0

0.0

1.5

0.0

0.0

2.1

2.3

0.0

6.1

0.0

0.0

0.0

0.0

0.0

3.7

0.0

0.6

0.0

3.4

0.9
a',

t.4
0.0

2.4

0.0

1.3

0.0

2.2

1.8

0.0

2.3

0.0

0.0

0.0

0.0

0.5

0.7

3.4

0.0

5.3

2.0

8.2

0.7

0.3

0.0

0.0

0.4

3.5

0.0

1.8

0.3

1.4

0.9

1.5

0.6

0.0

1.6

0.0

0.7

0.0

t.2
1.0

0.0

1.5

0.0

0.0

0.0

0.0

0.9

0.5

2.0

1.0

3.8

1.1

1017

103

1.2

1.0

1.0

101

1010

1.0

1018

1.7

to2

t.2
105

rû
1.0

105

2.1

toz
1.7

rct2
103

1.0

6.3

1.0

1.0

1.0

1.0

106

rû
109

rc2

1031

109



Table 8.6 (cont.): Comprehctuive consortiwn map'

Locus Male Female Sex-Average Odds

D165295

D165296

69A4

D165297

D165148

pKIA22
D165313

D165288

D165299

D165298

SPN

D165383

DI6548

D16557

D165300

DI65285

D165411

D16526I

D165158

D16552

D16S3U

D165308

D165359

D165416

D165150

D165415

D1654I9

D16539

D1657l

D165390

D¿6559

D165408

D165531

t.2
0.0

0.0

0.3

0.3

0.3

0.3

0.3

0.3

0.0

0.3

0.0

0.0

0.0

0.0

0.1

0.5

0.6

0.0

0.0

0.0

0.6

0.0

2.6

0.0

0.0

0.0

0.0

1.7

1.7

0.0

0.0

0.0

0.0

1.4

0.0

2.2

t.2
1.7

2.3

1.5

0.0

0.9

0.0

0.0

0.7

0.1

2.2

0.0

0.8

7.r
0.0

0.0

0.0

0.0

3.3

2.3

3.4

0.0

1.1

3.8

3.5

1.6

1.8

0.0

9.1

0.5

0.7

0.0

1.1

0.9

1.0

1.3

0.8

0.3

0.3

0.0

Ò.0

0.4

0.3

1.1

0.0

0.5

3.8

0.0

0.0

0.0

0.4

1.9

1.8

2.0

0.0

0.5

1.0

3.4

t.2
1.0

0.0

4.8

106

rc4

1.0

104

104

103

1015

1010

1.3

104

1.0

1.0

1.0

1.0

109

1.0

103

108

1.0

1.0

1.0

1.4

108

1.7

8.9

1.1

rcz
101

rcz
103

rc1

1.0

to7



Table 8.6 (cont.) z Comprehensive cotßortiwn map'

Locus Male Female Sex-Average Odds

MT

D16565

CETP

D165320

D165151

D165310

D165389

D165451

D165164

D165265

D16510

D165186

D165347

D165398

D165397

D165421

D165318

D16546

D16538

D16591

D1654

D165301

D165160

D165152

D16547

D165522

D165153

HP

D165450

D16569

CTRB

D165395

D16550

0.0

0.0

5.4

1.8

2.9

1.3

2.O

1.5

0.0

0.0

1.6

0.0

0.8

0.0

0.0

0.0

0.5

0.0

0.0

0.0

1.2

1.6

0.0

0.6

0.0

0.0

1.1

0.1

0.0

6.8
aa

10.9

0.0

1.0

1.6

106

103

103

103

rcl
4.2

1.0

1.0

rclt
1.0

1d
1.0

1.0

1.0

105

1.0

1.0

1.0

109

t.6
1.0

rc2

2.2

108

rc2

1015

1.0

1010

101

1010

1039

0.0

0.8

0.0

0.4

0.3

0.0

0.0

2.5

0.0

0.0

2.0

0.0

0.0

0.0

0.0

0.0

0.5

0.0

0.0

0.0

0.0

0.0

0.5

0.0

0.8

2.3

0.6

4.1

0.0

3.6

0.0

3.3

3.3

0.0

r.2
2.0

t.2
1.4

0.7

1.3

1.7

0.0

0.0

1.7

0.0

0.5

0.0

0.0

0.0

0.6

0.0

0.0

0.0

0.7

0.7

0.1

0.3

0.3

1.4

0.7

2.1

0.0

4.8

1.6

5.3

3.4



Table 8.6 (cont.) z Compreheraive cotßortiwn map'

I-ocus Male Female Sex-Average Odds

D165289

D16520

D1655

D16540

D165422

DT65363

768C6

LC9

DI65402

D165157

D165392

D165332

D165393

Dl65449

D16577

D16543

DI65155

D1654I

D165156

D165154

D16562

D165305

DI65413

D1657

APRT

Dl6544
D165303

5.8

0.0

2.4

1.3

0.0

0.0

0.0

2.7

0.1

6.4

0.0

0.0

8.4

2.2

0.0

2.2

0.0

0.0

0.0

1.5

2.0

0.0

3.5

3.2

2.7

0.0

4.t
6.7

1.5

0.6

0.0

1.5

1.0

0.5

0.7

8.8

4.1

0.0

5.7

0.0

0.0

1.4

0.0

0.0

0.0

0.0

0.9

2.r
0.0

0.0

3.r
0.0

5.7

t.2
3.0

1.5

0.0

0.0

0.5

2.3

0.6

7.3

2.r
0.0

7.7

0.0

0.0

2.0

0.0

0.0

0.0

0.0

2.0

1.3

1.8

1.8

2.7

0.0

1011

1.1

1.8

2.4

1.0

1.0

1.1

3.6

1.0

106

rc2

1.0

1019

1.0

1.0

ß4
1.0

1.0

1.0

1.0

103

103

106

106

105

1.0

Total 147 .4 cM 211.8 cM 179.3 cM



t_8 3

10% shorter than predicted, and the male map is approximately lÙVo longer (table

8.7).

For chromosome l({l, 94 polymorphisms reduced to 77 loci after haplotyping,

were incorporated into the analysis. The framework map for 16q consists of 30

loci, and the sex-average map extends 90 cM. The average distance between loci

is 3 cM and the median distance between loci is 2.3 cMr. On the sex-specific map'

the length of the female map is 110 cM and on the male map, is 72 cl|r;d' Morton

predicted, for 16q, that the male map length was 56 cM and the female map length

was 90 cM. These distances are actually less than those he predicted for the short

arm, hence they are not in such good agreement as for 16p' Both Morton's

estimates of the length of 16p and 16q are approximately 2O% shorter than

obtained here (fable 8.7).

Table 8.7: Comparison of lengths (in cM) between the chiasma map (Morton,

1991b) and the consortiunfratnework map'

Male Female

Morton (199lb)

Current

16p

16q

l6p

16q

96

90

87

110

60

56

&
72

Morton estimated that the short arm was 39 Mb, or 40% of the length of the entire

98 Mb chromosome. The male framework map for 16p is 47% of the total, and

the female map for 16p is 44% of the total length. Morton also estimated that the

long arm consisted of 59 Mb, or 60% of the entire chromosome' The genetic

maps for 16q for males and females represent 53% and 56% respectively' These

results appear to correlate with the physical lengths of the chromosome quite well'

Scrutiny of the data for both the framework map and the comprehensive map,

reveals that in some intervals, the sex-average estimate is either larger than both
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the sex-specific estimates, or less than both the sex-specifrc estimates. CRI-MAP

selects the phase with the highest likelihood. In some cases, the phase chosen for

the sex-average calculations differs from the phase chosen for the sex-specific

calculations. Due to this difference in phase choice, instances where the sex-

average map the distance between two loci was less than or greater than the

distance on the male and female maps were detected on the frameworkl map

berween D165265 and D16518ó; and D165398 and D1654 (for detail se¡ Table

8.5a). For this consortium map we identified one pedigree (family 17) where this

phenomenon occurred, with the markers D165265, D165186, D165398, ild

D1654. There were 10 incidences where this phenomenon occurred on the

comprehensive map, which were between: Dl6S246 and D165523, D16557 and

D165300, D165416 and D165150, D1653%) and Dl6s59, D16565 and CETP'

D165318 and D16546, D16550 and D165289, D165289 and DI6S20, D1655 and

Dl6S40, and D16540 and D165422 (table 8.6). There were six pedigrees where

a different phase was selected in the sex-average calculations to that chosen for the

sex-specific calculations. The families where this occurred were 1330, 1334,

1344, 1359, 1377, \3291. This phenomenon has been previously noted in two

consortium maps 13 and 15q (Bowcock et al', 1992; 1993)

Sex-specific differences in the recombination frequency in males and females were

investigated for each of the maps constructed (16p and 16q)' As a general trend'

greater recombination is observed in female meioses compared with male meioses,

which is significant (Table 8.5b). Over all, the female/male ratio of map distances

for the consortium map, averaged 1.5 across the entire length of chromosome 16'

The sex difference with respect to recombination was evaluated in each of the 59

intervals on the framework map separately. From these tests' seven single

intervals were shown to exhibit a signifrcant difference in the recombination rates

between males and females (Table 8.5a)'
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The region encompassing the centromere on chromosome 16 shows a greatly

expanded distance on the female map compared with that in males due to excess

female recombination. From the region D165287 to D165451 female map length

is 88.9 cM while the male map length is 14.1 cM, representing a 6'3 fold excess

of female recombination. For 27 degrees of freedom, the chi-squared test is

signifrcant if chi-squared > 40.1. Thus, as chi-squareÅ:214-8 for this region,

this six-fold difference in the recombination frequency is significant (See Table

8.5b). In contrast to this trend, the female/male ratio of recombination frequency

is reversed in the two distal regions of the chromosome' Between D1óS85 and

D16s307, at 16pter, there is a 1.6 fold excess in male recombination, which is

signiflrcant. In the interval between D16S3g3 and D165303, at 16qter, there is a

1.8 fold excess of male recombination compared with female recombination was

observed, which is not statistically significant (table 8'5b)' The expansion of the

subtelomeric regions in male maps has also been documented for the consortium

map of chromosome 13, and for linkage maps of other chromosomes; 9, 10, 11,

12,15,l7,lg(SeeO'Connell¿raI.,lgSgfordiscussion)'

Table 8.4 outlines the double recombinants that were detected during the

construction of this map. All of the double recombinant events were coded as

unknown with the exception of some of the double recombinants detected at PCR

loci, which remain in the analysis (Shen et al',1994)'

Many of the markers within the consortium map have been assigned to a

cytogenetic interval, thus enabling the consortium map to be anchored to the high

resolution cytogenetic map, which is divided into 66 breakpoint intervals (Fig' 2)'

comparison of the genetic and physical maps during their development has been

invaluable for validation of marker order. There was one example, the locus

D165152, where the importance of the development of the genetic map and the

cytogenetic map concurrently became evident. The location of this marker relative

to adjacent markers differed on the cytogenetic map compared with the genetic
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map. This conflict was resolved by checking both the genetic map location and

the physical map location, and it was discovered that four erroneous genotypes

were responsible for a genetic mislocalisation. Coding these genotypes as

unknown enabled agreement between the physical map and the genetic map (see

Fig.8.1).

The combination of the genetic map and the cytogenetic map can be extremely

beneficial in refrning locus order at the level of the comprehensive map. For

example, the genetic location of the marker CTRB is between D165153 and

D16S2B9 (Fig. 8.1). However, the physical location is between breakpoints

Cy116/Cy115 and CYl45, which narrows the genetic localisation to between

DI6S4S0 and D165395. Localisation can be refined in this way for 29

comprehensive markers, or 30% of the markers not placed on the framework map

(See Figure 8.1).

8.5. Discussion

The CEPH consortium framework map for chromosome 16 has now been

constructed. The sex-average length of the framework map, 165 cM, is about

l0% longer than predicted by chiasma studies (145 cM; Morton, 1991b)' The

sex-specific maps are also approximately l\Vo longer in this analysis, than

predicted independently by chiasma studies. The difference found between the

length of the map determined by chiasma counts and the genetic distance

determined in the present study could be due to (if the chiasma map is the

standafd) a small number of undetectable errors. Chiasma studies involve

cytogenetic counts of recombination events, and by nature assume interference and

also underestimate the true recombination fraction due to conseryative scoring

(Morton, 1991b). Thus, the predicted length of chromosome 16 by counts of

chiasmata, of 145 cM, may indeed be an underestimate of the chromosomes true

genetic tength. conversely, genetic map distances could be inflated and the
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occurrence of multiple recombination events could be exaggerated by neglecting

interference (Morton et al., 1986) during construction of the genetic map' This

implies that the apparent 10% discrepancy between these two types of maps may,

in reality, be less.

In addition to the framework map, a comprehensive map of 158 loci was also

constructed. The length of the sex-averaged comprehensive map was 179 cM,

with an average resolution between loci of 1.1 cM' The length of the male and

female maps was 147 cM and 212 cM respectively. The distances between loci,

and the local support for loci, based on the sex-average map are given in Table

8.6.

As a general trend, greater recombination is observed in females on the

consortium map. This observation has been previously reported (Donis-Keller, et

al., 1987; Julier et al., 1990; Keith et al., 1990; NIH/CEPH collaborative

mapping group, L992; Kozman et a\.,1993). Donis-Keller et al. (1987) observed

that the genetic length of the autosomes is approximately 90vo longer in females

than in males. However, more reÆently, maps have shown that a smaller ratio

exist between the sexes (NIH/CEPH collaborative mapping group, 1992), where

the estimated female/male ratio of map distances was 1'6; the estimate of 1'5

reported in this chapter does not deviate significantly from this. In contrast,

greatef recombination frequency in males is observed in the two distal regions of

the chromosome; from 16pter, (D16585 to D165307) there is a 1.6 fold excess in

male recombination which is significant, and in the interval between D165393 to

D165303 at the long arm telomere, and there is a 1'8 fotd excess of male

recombination, which is not signihcant (Iable 8'5b)'

The region encompassing the centromere on chromosome 16 shows a significant

increase in female map length over the length of the male map' From the region

D165287 to D165395 female map length is 89 cM while the male map length is 14

cM representing a 6.3 fold excess of female recombination (Iable 8.5b). Overall
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across this region encompassing the centromere, there appears to be a suppression

of recombination, where the average resolution on the sex-average map, between

loci in the interval ftom Dl6S67 to D165395 is 1.6 cM, as opposed to the

resolution of the entire map of 2.8 cM. The reverse is true at the terminal ends of

the chromosome, where the average resolution in the intervals investigated above

were 3.9 cM at 16pter, and 2.8 cM at 16qter. These observations are supported

by those made by Morton et al., 1977, where they based their assumptions on:

,1.) the centromere suppre.ss¿s crossing-over in its vicinity, an¿

2.) there is an excess of crossing-over at the termini of arms and a

deficiercy in the subterminnl regions"

Each specific interval on the framework map was investigated for evidence of a

signifrcant difference in the rate of recombination between males and females; no

interval was shown to exhibit a significant difference (Table 8.5a).

Beutow (1991) estimated that an error rate of 0.5 % wiII increase the map length

by 1 cM per interval, and an error rate of 1.0% will increase the map length of 2

cM per interval. From an analysis of chiasma counts, chromosome 16 is expected

to span a distance of 145 cM (Morton, 1991b). If there is an error rate in the

database of 0.5 %, then we expect that the length of the map containing 59

intervals, would be 204 cM. Since the sex-average length of the map is only 165

cM then an approximate error rate of 0.l7To is estimated to be present in the

consortium database using the chiasma map as the standard' As stated above, the

assumption of no interference may also have inflated the map length, and hence, a

smaller error rate than 0.I7% may indeed exist for this data. I-oci that were

coded as unknown as a result of error checking are listed in Table 8'4'

The first linkage map spanning the length of the chromosome was described by

Donis-Keller et al., in 1987. This map was developed further in 1990 (Julier er

at.;Kerth et al.), and then integrated with the cytogenetic based physical map in

1993 (Kozman et al.). The male map reported by Donis-Keller et a/., (1987) was
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164 cM long. The female map length was 237 cM. All the loci incorporated into

that map have been used in the consortium map. Julier et al., (1990) published a

map of chromosome 16 of 24 polymorphic loci, all of which are incorporated on

the consortium map, with the exception of DI6S49 and the protein polymorphism

for Haptoglobin, É1P. The male map length was 187 cM, and the female map

length was226 clul.

A map of 46 DNA polymorphisms was described by Keith et al (1990), all of

which are included in the consortium map. The distances of the male and female

mapswerell5cM,andlg3cMrespectively.ThemapbyKozmanetal.,

(1993), incorporates 67 polymorphic loci dehning 50 loci, had been localised on

the cytogenetic based physical map. The map extended the same length as the

present map (from D16585 to D16544). It has since been determined that the

marker D165303 is closer to the qter than D16544 (P Harris, personal

communication). on this map the length of the framework sex-average map was

162 cvr; while on the female and male maps the length was 199 cM and 133 cM

respectively. All of the markers incorporated on this map are incorporated into

the consortium map. Comparisons between intervals on each of these maps'

where possible, show that the lengths between loci on each of these maps are in

remarkable agreement.

The 80 locus map of microsatellite markers for chromosome 16 (Shen et aI"

l9g4),has been integrated into the consortium map. This map of chromosome 16

has a sex-average framework map length of 152 cM; 13 cM shorter than the

consortium map. The female map has a length of 181 cM and the male map has a

length of 131 cM. The order of the PCR formatted markers common to both these

framework maps is identical and in general the distance between the markers is

very similar, even when there are intervening RFLP loci. However, there were

several intervals where the difference between the map intervals was greater than 5

cM. This occurred in the following intervals:
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1

PCR 10.8 cM

D165291 (D16563 D16560\ D165418

CONSORTruM 6.6 cM 7.7 cM 4.1 cM

2.
10.5 cM

D165289 (D16520) D165402

CONSORTIUM 6.6 cM 9.5 cM

3
PCR 3.8 cM

D165393 (D16543 D165154) D165305

CONSORTruM 6.5 cM 1.5 cM 3.0 cM

The difference in length is possibly due to undetected errors in the intervening

RFLPS.

The order of loci on the framework and comprehensive maps are congruent with

the cytogenetic-based physical map. The majority of loci on the framework map

were independently ordered on the genetic and physical maps. There were sevefal

instances where the order of loci was determined by linkage alone (as the loci

were not separated by a hybrid cell line), thus resolving the order of loci not

resolved on the physical map. At the level of the comprehensive map, the order

of 30 loci not resolved on the genetic map alone were resolved by consideration of

physical and genetic mapping data. In some instances, the position of the locus

could be rehned to a specihc interval between adjacent markers. The loci for

which this is true are: APRT, CTRB, CETP, HP, Dl6S47, Dl6S50, D16565,

Dl6sg6, D|65151, D|65152, D|65160, D16s347, D165363, D16S4lI'

D165422, and D165531. This demonstrates the value of combining different

mapping techniques to confirm and refine locus order'

The relationship between the physical map and the genetic map becomes cleafer as

the resolution on the genetic map approaches 1 cM. Although on average one

centiMorgan is approximately equivalent to one megabase, this relationship varies

PCR
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across the genome, within chromosomes, and varies with sex. Recombination is

suppressed near the centromere and increased near the telomeres. Recombination

in males appears to be decreased near the centromere and is in some cases greater

than in the females in the telomeric regions (Skolnick, 1991).

The aim of the Human Genome project has been to develop linkage maps with

average resolution of 2-5 cM, using highly informative PcR-formatted loci, with

an average heterozygosity greater than 70% (Roberts, 1992)' The framework

consortium map presented here comprises 49 PCR formatted loci and has an

average resolution of 2.8 cM, which is within an objective of the genome project.

In addition to this high resolution linkage map, which will be very useful for the

localisation of disease genes to this chromosome, a comprehensive map has been

constructed with an interlocus resolution of 1.1 cM. The value of this dense

background map of genetic markers wilt be that the number of informative

meioses needed to establish linkage will be more easily attained. Many genes

responsible for human hereditary diseases can now be localised to small

chromosomal regions to facilitate the task of isolating disease genes'
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The aims of this thesis as set out in Chapter 1.8, have been attained. Genetic

linkage maps of chromosome 16 with increasing resolution have been constructed

and described. The ultimate genetic map is now the CEPH consortium map,

covering 99% of the chromosome, with an average interlocus resolution of 2.8 cM

on the framework map. A summary of the evolution of the linkage map of

chromosome 16, over the past 4 years is described in Table 9.1.

Table 9.1: The development of the genetic linkage map of regions of hwnan

chromosome 16, and of the entire chromosomc, by this proiect.

Chapter No. of
Markers

Chromosome
Coverage

Sex-Average
Length (cM)

9" etroêNo. of
STRs

3

4

5

6

7

8

18

16

27

68

82
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0

2

2l

6

80

80

l6qtz.I-t6q23.r

16p13.3-16p12.1

16p13. ll-l6qtI.2

16pter-16qter

16pter-16qter

l6pter-16qter

22.t#

43.2*

25.g*

rcs#

ß2#

rc5#

0.20

0.03

0.17

# framework maP
t comprehensive maP

a where estimated

The discovery of restriction fragment length polymorphisms (RFLPs) (Botstein er

a/., 19g0) brought with it a proliferation of polymorphic genetic markers suitable

for the construction of human genetic maps. Using these markers, multipoint

linkage maps of chromosome 16 were reported (Donis-Kellet et al',1987; Julier

et a\.,1990; Keith et al., 1990; Kozman et al., 1991 (Chapter 3)).

Since that time, a new generation of highly polymorphic genetic markers, based

on di-, tri-, and tetra- nucleotide repeat sequences of the type (AC)n have been

isolated and characterised (Weber and May, 1989; Litt and Luty, 1989)' These

have streamlined the construction of high resolution genetic linkage maps. These
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markers are PCR formatted, thus more easily typed than RFLPs. They were

found !o be on average more polymorphic than RFLPs, and so the probability of

being informative for linkage studies, including detection of linkage and defining

marker order, is increased

Maps containing PCR markers have been constructed (Kozman et al., 1992

(Chapter 4); Mitchisoî et al., 1993 (Shutter 5); NIH/CEPH collaborative mapping

group, 1992 (Chapter 6), including a high resolution PCR-based genetic map

(Chapter 7). The CEPH consortium map of chromosome 16 integrated the RFLP

and pcR maps (chapter 8) described above. Gyapay et al. (1994) recently

produced an independent map of the human genome incorporating more than

2,000 polymorphic markers, with an average spacing of 2.9 cM. The map of

chromosome 16 generated by Gyapay et al. (1994), when fully integrated with the

pCR map presented in Chapter 7 will represent a powerful tool for genetic

mapping for this chromosome. The markers of Gyapay et al. (1994) which had

been included in the earlier 'Weissenbach et al. (1992) are already integrated and

have been included in the maps presented in chapter 7 and 8. These PcR

formatted markers represent STS's, which in most cases have been physically

ordered along the chromosome, are useful for developing the physical map, and

allow easy integration of the genetic and cytogenetic-based physical map'

The power of a genetic map increases with the density of its markers and the

accuracy with which they can be placed. These maps are of sufficient density to

identify the map location of most Mendelian phenotypes to within a few

centiMorgans (Schmitt and Goodfellow, 1994)- The choice of markers for

genome screening is greater, and once linkage is detected' numerous additional

markers from the region may be useful for precise regional localisation.

The availability of a complete, high-resolution linkage map of human chromosome

16 will provide close flanking markers for use as starting points to initiate the

cloning of the disease gene and enable the characterisation of the gene responsible
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at the molecular level. This will ultimately allowing afflicted families to benefit

from more accurate prenatal diagnosis, and possible gene therapy.

Finally, linkage maps of high density and constructed with highly polymorphic

markers will allow more detaited study of phenomena involving recombination,

sex-specific recombination differences, chromosomal region-specific differences,

chiasma interference, and the non-linear relationship between genetic and physical

distances (Chakravarti, 1991).
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PUSLTCATIONS AND M¡'NT"ISCRIPTS



The majority of the material presented in this thesis has been published, is "in

press", or has been submitted. These are detailed below where the role of the

candidate is specified. Reference to the appropriate chapters in the thesis is

indicated, where appropriate. Publications and manuscripts are included in the

remainder of this appendix.

Addition ol MT, D16SI0, D1654, and D16597 to the linkage map

within 16q12.L-q22.L. Kozman, H.M., Gedeon, 4.K., Whitmore, S.,

Suthers, G.K., Callen, D.F., Sutherland, G.R., ffid Mulley, J.C. 1991.

Genomics 11:756-759.

The candidate genotyped the 40 CEPH families for the loci MT,

Dl6S4, D16510, and Dl6S9l, performed the multipoint linkage

analysis for the map encompassing FRALíB and wrote the

manuscript (chaPter 3).

Fragile X Syndrome: Diagnosis using highly polymorphic microsatellite

markers. Richards RI, Shen Y, Holman K, Kozman H, Hyland VJ,

Mulley JC and sutherland GR. 199lb. Am J Hutn Gen¿t 48:1051-1057.

The candidate constructed the background linkage map in the region

of the fragile X syndrome.

Fragile X syndrome: Genetic loc¿lisation by linkage mapping of two

microsatellite repeats FRAXAC1 and FRAXAC2 which immediately

flank the fragile site. Richards, R.I., Holman, K., Kozman. H.M.,

Kremer, E., Lynch, M., Pritchard, M., Yü, S., Mulley, J., and

Sutherland, G.R. 199la. J. Med. Genet.28:818-823.

The candidate constructed the background linkage map in the region

of the fragile X syndrome.



Dinucleotide repeat polymorphism at the D16S288 locus. Shen, Y.,

Holman, K., Thompson, 4., Kozman. H., Callen, D.F., Sutherland,

G.R., and Richards, R.I. 1991. Nucl. Acids Res. 19:5445.

The candidate placed the DI6S288 locus onto the genetic map.

A (CA)n repeat polymorphism for the human skeletal muscle cu-actinin

gene ACTN2 and its localisation on the linkage map of chromosome 1.

Beggs, 4.H., Phillips, H.4., Kozman. H.M., Mulley, J.C., Wilton' S.D.,

Kunkel, L.M., and Laing, N.G. 1992 . Genamics 13:1314-1315.

The candidate performed the linkage analysis for the localisation of

the (AC)n rePeat PolYmorPhism.

A multipoint genetic linkage map around the fragile site FRAL$A on

human chromosome 16. Kozman. H.M., Phillips, H.4., sutherland,

G.R., and Mulley, J.C. 1992. Genet. (Life Sci. Adv.) LL:229-233.

The candidate genotyped D16579 and D16596 on the 40 CEPH

families, performed the multipoint linkage analysis for the map

encompassing FRALíA and wrote the manuscript (chapter 4).

chromosome 16. In: A comprehensive genetic linkage map of the

human genome. (MH/CEPH Collaborative Mapping Group). Kozman.

H.M., Sutherland, G.R., and Mulley, J.C. . t992. Science2SS:67-162.

The candidate constructed the linkage map of chromosome 16 for

this collaborative report (chapter 6), and wrote the chromosome 16

section.

IdentifTcation of a highly polymorphic marker within intron 7 of the

AIA,S2 gene and suggestion of at least two loci for X-linked

sideroblastic anemia. Cox, T.C., Kozman. H.M., Raskind, W.H., May,

8.K., and Mulley, J.C. 1992. Hum. Mol. Genct. S:639-64t.



The candidate constructed the background linkage map in the region

of the ALAS2 gene.

Integration of the Cytogenetic and genetic linkage maps of human

chromosome 16 using 50 physical intervals and 50 polymorphic loci.

Kozman. H.M., Phillips, H.4., Callen, D.F., Sutherland, G.R., and J'C'

Mulley. 1993. Citogenct. and Cell Genet. 62:194-198.

The candidate performed the multipoint linkage analysis for the

construction of the genetic linkage map of chromosome 16 (chapter

6) and wrote the manuscriPt.

Refined genetic localisation for Central Core Disease. Mulley, J.C.,

Kozman. H.M., Phillips, H.4., Gedeon, 4.K., McCure, J'A', Iles, D'E',

Gregg, R.G., Hogan, K., Couch, F.J., Macl-ennan, D'H', ild Hann,

E.A. 1993. Am. J. Hutn. Genet.52:398-405.

The candidate constructed the background linkage map in the region

of the central core disease and performed the localisation studies

using the affected familY.

A microsatellite marker within the duplicated D16579 locus has a null

allele: significance for linkage mapping. Phillips, H.4., Thompsom,

4.D., Kozman. H.K., Sutherland, G.R., and Mulley, J.C' 1993'

Cjtogenet. CeIl Genet. 64:l3l-t34.

The candidate performed the linkage analysis for this microsatellite

marker, to confirm its localisation adjacent to FRAL'A (chapter 7).

Fine genetic mapping of the Batten disease locus (cLN3) by haplotype

analysis and demonstration of allelic association with chromosome 16

microsatellite loci. Mitchison, H.M., Thompson,A.D., Mulley, J.M.,

Kozman. H.M., Richards, R.I., Callen, D.F., Stallings, r., Doggett, N',



Attwood, J., McKay, T.R., Sutherland, G.R., Gardiner, R'M. 1993.

Genomics 16:455-460.

The candidate constructed the background linkage map in the region

of the CLN3 gene (chaPter 5).

Genetic Mapping of the Batten disease locus (CLN3) to the interval

D16S288-D16S383 by analysis of haptotypes and allelic association.

Mitchison, H.M., Taschner, P.E.M., O'Rawe, 4.M., de Vos, N',

Phillips, H.4., Thompson, 4.D., Kozman, H.M., Haines, J.L.,

Schlumpf, K., D'Arigo, K., Boustany, R.-M.N., Callen, D.F., Breuning,

M.H., Gardiner, R.M., Mole, S.E., and Lerner, T.J. 1994. Gennmics

22:465-468.

The candidate constructed the background linkage map in the region

of the CLN3 gene (chapter 5).

Regional localisation of a second non-specifÏc XJinked mental

retardation gene (MRX19) toXp22. Donnelly, 4.J., Chor¡, 4., Kozman.

H.M., Gedeon, 4.K., Danks, D.M., and Mulley, J.C. 1994. Am. J. Med'

Genct 15:581-585.

The candidate constructed the background linkage map in the region

of the MN09 gene.

A linkage map of microsatellite markens on the human X chromosome.

Donnelly, 4., Kozman. H.M., Gedeon, 4.K., V/ebb, S., Lynch, M.,

Sutherland, G.R., Richards, R.L, ild Mulley, J.C. 1994. Genomics

20:363-370.

The candidate performed the linkage analysis for this PCR map of

the X chromosome.



A PCR-based genetic linkage map of human chromosome 16. Shen Y.,

Kozman, H.M., Thompson,4.D., Phillips, H.4., Holman, K.,

Nancarrow, J.K., I-ane, S.4., Chen, L.2., Apostolou, S., Doggett, N.4.,

Callen, D.F., Mulley, J.C., Sutherland, G.R., and R.I. Richards. 1994-

Genomics 22:68-76.

The candidate performed the multipoint linkage analysis for the

high resolution PCR-based linkage map of chromosome 16 (chapær

7). This linkage map was incorporated into the thesis submitted by

Yang Shen, who characterised and genotyped many of the markers.

The thesis was entitled: A High-Resolution Genctic Map of Hun"an

Chromosome 16 and Localisation of the MEF Gen¿ and was

submitted to the University of Adelaide.

The CEPH consortium map of human chromosome 16. Kozman, H.M.,

Keith, T.P., Donis-Keller, H., White, R.L., Weissenbach, J., Dean, M.,

Vergnaud, G., Kidd, K., Gusellã, !., Royle, N.J., Sutherland, G.R., and

Mulley, J.C. 1994. Genomics,In Press.

The candidate coordinated the efror checking among the

chromosome 16 collaborating laboratories, carried out the

multipoint linkage analysis for the construction of the CEPH

consortium map of chromosome 16 (chapter 8), and wrote the

manuscript.

Clinical and Linkage study of a large family with simple Ectopia Lentis

linked to FBN1. Edwards, M.J., Challinor, C.J., Colley, P.J., Roberts,

J., Partington, M.W., Holloway, G.E., Kozman, H.M., and Mulley, J'C'

1994. Am. J. Med. Gener. In Press.



The candidate constructed the linkage map in the region of the

FBN1 gene, and assisted in the localisation of Ectopia l-entis to this

region.

Autosomal dominant distal myopathy: linkage to chromosome 14.

I-aing, N.G., Laing, 8.4., Meredith, C., V/ilton, S.D., Robbins, P.,

Honeyman, K., Dorosz, S., Kozman, H., Mastaglia, F.L., and Kakulas,

B.A. 1994. (Submined).

The candidate performed the multipoint linkage analysis for the

localisation of the dominant distal myopathy gene to chromosome

t4.

Human chromosome L6, genetic and physical mapping. In:

Encyclopaedia of Molecular Biology. Kozman. H.M., and Mulley, J.C.

1994. (Submitted).

The candidate collated the information for this article from current

published material, and wrote the article. In addition, the candidate

performed the multipoint linkage analysis for the linkage maps

included in this article (chapter 7).
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SummarY

we have studied a family segregating a f orm of autosomal dominant

distalmyopathy(MlM160500)containingninelivingaffected

individuars. The myopathy in this f amiry is crosest in crinicar phenotype

to that f irst described by Gowers in 1902' A search for linkage was

conducted using microsatellite, vNTR and RFLP markers' ln total' 87

markers on all chromosomes except chromosome 12, were run' POSitive

linkage was obtained with 14 out of 15 markers tested on chromosome

14 with little indication of linkage elsewhere in the genome' Maximum

two point LOD scores of 2.60 at recombination fraction @ = 0'00 were

obtained f or the markers MYHT and D14564 ' the family structure

precludes a two-point LOD score of 3 or greater' Recombinations with

D14s72 and D14s49 indicate that this distal myopathy locus (MPDl)

should lie between these markers. A multipoint analysis assuming 100%

penetranceusingthemarkersDl4ST2,Dl4s5o,MYHT,Dl4564'

D14554 and D14s49 gave a LoD score of exactly 3 at MYHT' Analysis

at a penetrance of 80% gave a LOD score of 2'8 at this marker' This

probabte tocalisation of a gene (MPDl) for distal myopathy on

chromosome 14 should allow other investigators studying distal

myopathy f amilies to test this region f or linkage in the various distal

myopathies to consolidate the linkage or demonstrate the likely

heterogeneitY.

lntroduction

The distal myopathies aÍe a genetically heterogeneous group of disorders showing

both autosomal dominant and autosomal recessive inherilance, with diverse

phenotypic features and pathological changes (Mastaglia, 1991)' Gowers (1902)




