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PREFACE

Results from this investigation were published during the course of my

candidature. These works are presented in the Publications section'

Publication prior to thesis submission was undertaken in order to avoid

obsolescence of data and to safeguard the originality of investigations'

Each chapter in this thesis is preceded by a title Page setting out

contents, including any relevant publications. The text for each chapter was

written on the assumption thaf the corresponding publications are read before

the chapter text.
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SUMMARY

Genetic markers on human chromosomes were examined for the PurPoses

of gene mapping and Lesting associations involving the protease inhibitor

system. These heritable markers consisted of 20 rare chromosomal varianls

(fragile sites, tnanslocations, an inversion, a centromere heteromorphism), nine

blood groups and 19 electrophoretic polymorphisms of enzymes and proieins

determined from individuals, kindreds and the local population. Sevenby

kindreds segregated with fragile sites. Some of the kindreds examined were

extremely Iarge with uP lo 9I persons phenotyped for the range of genetic

markers routinely studied. Many of Lhe markers examined had noI been

assigned to specific chromosomes when the study commenced'

No definitive gene assiqnments were made for any of the unassigned loci

examined. These included loci for diseases (epidermolysis bullosa simplex'

Köbner type and epidermolysis bullosa dystrophica, Cockayne- Touraine type)

blood groups (Kell and P), enzymes (cholinesterase-Z and glutamic pyruvic

transaminase) and proteins (factor llB and transferrin)' Loci for complement

3, f acLor LtA, immunoglobulin heavy polypeptide, immunoglobulin kappa

polypeptide, Kidd blood group, Lutheran blood group and the protease inhibitor

(PI) system were assigned by olhen invesLigatons during Lhe sludy period'

Linkage analYsis from 1B

monosomic individuals Pnovided:

kindreds and deletion mapping frorn 16

a) Extensive additions to the exclusion map of man for lhe

unassigned loci mentioned abovet

a clear chromosomal Iocalisation for the galactose-I-phosphate

uridyltransferase locus to region (9XpIl)t

a hinI of linkage between the cholineslerase-2 and haptoglobin

b)

I

c)



loci on chromosome l6t

d) a hint of linkage between the epidermolysis bullosa - Köbner type

locus and the Duffy blood grouP on chromosome l'

e)evidencesupportingtheregionallocalisationofthehuman

leucocyte antigen genes (HLA) to negion (6Xp2I'l)'

acceptedasanewvarianÈbythelnternationalPlCommittee.

One kindred segregated for

allele. This rare variant was

Association studies involving

examined provided:

a previously undescribed protease inhibitor

designated PI*NADELAIDE and has been

PI variants segregating in the kindreds

b)

AtentativeassociationbetweenmildlydeficientPlphenotypesand

mutation to folate sensiLive fragile sites' and

no support for non-random segregation of PIËZ as proposed by

other invesligatons.

some of the kindreds with heritable fragile sites provided insight into

the genetics of fragile sites themselves. Linkage studies were consistent with

the location of DNA causing fragile sites being at the point' of their

expression. This was demonstrated in one kindred segregating for the rare

fragile site at (6Xp2]) and two kindreds each segregating for fragile sibes af

11gxq2l) and (I0Xq25). Fragile sites did not apPear to measurably af f ect

recombination frequency in neanby chromosomal ' segments, even when two

Iinked fragile sites were presenÈ on the one homologue (at 10q21 and 10q25)'

This genetic behaviour of fragile sites is probably general and has important

implications in the search for tightly linked DNA fragments for use in the

detection and charactenisation of fragile sites'

Results were published during the study period. A total of I8 published

papers are apPended to this thesis'

a)

- 1f -
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(a) GENETIC MARKERS

A genetic marker is "any stable characteristic which has a

simplemodeofinheritanceandthuscanbeusedasatagorlabel

f or a gene locus, f or a Iarger genetic region' f or a whole

chromosome, or for an entire population of cells, of r indeedt of

people,, (Giblett, I97g). The inheritance of a genetic marker can be

traced from generation to generation'

Genetic markers have several applications:

3)

4)

5)

r.)

2)

6)

t)

8)

As marker loci in gene mapPing by linkage analysist

Marker loci in association studies (which can involve disease

slates or metric characteristics),

Paternity testing,

Zygosity testing'

Assessment of marrow engraf tment (genetic markers of bone

marrow donor are detectable after a few months)'

Sample identification'

Species idenlification and

Prenatal and postnatal diagnosis by linkage'

The most usef ul genetic markers are polymorphic onest which

have two or more common alleles segregating in the population'

Ford ii195l, described a polymorphism as the occurrence of two or

more distinct forms in a populalion such that bhe raresl could not be

mainlained by mutation alone. A polymorphic marker is operationally

defined as one where the frequency of the common allele is less than

or equal to o.99. Such common genetic variation is usually

considened benign because common alleles are rarely implicated in

disease associations. The 5l heritable markers used in the studies to

2



be presented are listed in Table L.I using currenl marker loci

terminology (Human Gene Mapping 7, l9B4)'

Extensivepolymorphismisacharacteristicfeatureofhuman

populations (Harris, l9B0). Each polymorphic gene is represented in

an individual as a pair of alleles, one from each parent, carried by

two homologous chromosomes. Each allelic form of a gene specifies

a corresponding polypeptide difference through the steps of

translation, processing and transcription. This variation is maintained

by the evolutionary forces of natural selection or random genetic

drift. The source of allelic variation is either mulation or

immigraLion into the PoPulation.

This store of variation within populations is responsible for the

harmless genetically determined diffenences beLween individuals' This

variation could also contribute to differences in disease susceptibility

belween individuals. The analysis of individual differences detecLable

as enzyme, pnoLein and blood group polymorphisms can be applied bo

fundamental problems in human genetics and medicine including gene

mapping (Human Gene Mapping 5, 1979) and associabions wiLh diseases

(Mourant e[ âI., f 97B) and chromosomal abnormalities (Kueppers et

al., L975; Fineman et al., L976).
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TABLE I.I

1.

?.

t.
4.

5.

6.

7.

B.

9.

r0.

tr.
L2.

L3.

r4.

r5.

L6.

17.

tB.

L9.

20.

zL.

?.2.

21.

24.

ACPI

ADA

AK].

AMY2

CHE2

E5D

GALT

GLOI

GPT

PGD

PGM].

PGP

I-{ERITABLE MARKER LOCI USED IN THIS TI.IEsIS

Blood GrouD. I munoolobul in and Leuco cvte Markers

ry
ABO

HLA

IGH

IGK

JK

K

MNS

ABO blood grouP

Duffy blood grouP

Human leucocYLe antigens

Immunoglobulin heavY chain

Immunoglobulin kaPPa light chain

Kidd blood grouP

KeIl blood grouP

Lutheran blood grouP

MNS blood grouP

P blood grouP

Rhesis blood grouP

Xg blood grouP

Enzvme Markers

Acid phosPhatase-l

Adenosine deaminase

Adenylate kinase

Amylase-2

Cholinesterase-2

Esterase D

Galactose-l-phosphate uridyltransferase

Glyoxylase-I

Glutamic pYruvic transaminase

Phosphogluconate dehYdrogenase

Phosphoglucomutase-.I

PhosphoglYcolate PhosPhatase

Contd.

Lu

h

B
R

Xe
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25.

26.

27.

?8.

29.

to.
tL.

GC

HP

PI

TF

C1

FI]A
FI]B

FRAXG2T

FRA2AI]
FRA2CI]
FRA6P2]

FRATPII
FRABG2'

FRA9A]2

FRAl0C2l
FRAIOG25

Pro tein Markers

Complement 5

Factor XIIIA

Factor XIIIB

Group-sPecific comPonent

Haptoglobin

Protease inhibitor sYstem

Transferrin

Chrom osomal Markers

Fragile site at (XXq27)

Fragile site at (zxqll)

Fragile site ar (Zxqll)

Fragile site at (ôþ23)

Fragile site at (7XPff)

Fragile site at (8xq2l)

Fragile site at (9xql2)

Fragile site at 119)(q2l)

Fragile site at 119)(q25)

Fragile site at ç11)(qll)

Fragile site at 111)(q2l)

Fragile site at 112)(qfl)

Fragile site at 116,)(PI2)

Fragile site at 116,)(q22)

Inversion ¿¡ O)Gz5;q?1)

Centromere heteromorPhism on

chromosome 9

Translocation at (l;lXqal;P2I)

Translocation at (I0;IBXq26;qZl)

Translocation ab (II;12Xq2l;qII)

Translocation at (]1;faXPlI;PII)

tz.
33.

t4.

J5.

36.

57.

18.

t9.

40.

4r.
42.

4J.

44.

45.

46.

47.

RAI].AI'F

49.

49.

50.

51.

FRAtlA2l
FRAI2GI]
FRAI6PI2
FRAT6Q22

INV(lXP25:G2l)

9AH

T(I¡lXa4l¡P2r)
T IB G2 a

T I a2l OII
T I4 PII PII
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(b) RESE ARCH OUTLINE

Genetic markers are valuable tools for the study of

genetics. The aims of the investigations to follow can be

summanised as follows :

human

briefly

I) Deletion mapping using individuals with monosomic segments

defined bY G-banding'

z)Mappingbylinkageanalysiswibhinfamilieshavingheritable

chromosomalmarkersordiseaseloci.Thepossibilityoflinkage

allowinggeneassignmentorgenelocalisationtospecific

chromosomal regions will be examined between:

i) Unassigned genetic markers and chromosomal markers'

particularly autosomal fragile sitest

ii) Unassigned genetic mankers and other marker loci and

iii) Unassigned disease loci and obher marker loci'

5) Investigation of associations'

These investigations will be based on the genetic markers listed

in Table l.I.

-6-



(c) HlsToRlcAL BACK GROUND

i) Early HisborY

The foundations upon which gene mapping and association

studies are based will now be identif ied' These encompass

many of the key developments that have occurred in human

genetics. These developments can be broadly divided in[o

three Periods:

(I) Early historY

Mendelismt

(2) Prolif eration of

genetics and

culminating in the rediscovery of

(r) The introduction of recombinant DNA technology'

Adams in IBL  summarised the early pre-Mendelian

knowledge of human genetics' He published "A Treatise on

the Supposed Heredibary Properties of Diseases" as a guide

to counselting in heredity (Motulsky' 1959)' Adams

(I) dif f erentiated between congenital conditions with

properties now recognised as recessive and dominantt

(2) recognised frequent consanguinity in what are now

recognised as recessive conditions'

(l) recognised variable age of onset of hereditary diseases

not Present at birtht

(4) recognised the existence of environmental stimuli as a

trigger to disease in individuals with a genetic

PredisPostiont

(5) recoqnised the existence of disease heterogeneity

(different genetic basis for similar clinical conditions)'

specialisations based on Mendelian

7



conditions),

(6) recognised effects of inbreeding in expressing recessive

alleles in small PoPulations, and

(7) recognised reduction in fitness of the carriers of some

of the hereditary diseases, and that the frequency of

Bhese diseases would therefore diminish without new

inPut.

The general concept of heredity had therefore been

established by the early nineteenth century' Although the

concept of natural selection was not to be firmly established

for animal populations until much later (Darwin, 1859), there

was already the recognition of a reduction in f itness of

sufferers of some hereditary diseases in human populations.

Adams was unable to develop explanations for his

observations. The medical Iiterature of the nineteenth

century documents numerous attempts to attribute the

inf luence of heredity to disease causation (Vogel and

Motulsky, 1979). The existence of heredity was clearly

recognised, but there was no mechanism expressed in the

clear and simple terms of single genes'

The science of human genetics began in about LB65 with [he

advent of biometrical methods (Vogel and Motulsky, L979)'

Unfortunately, Mendel's laws of inheritance, which were

published simultaneously (Mendel, 1866), remained in obscurity

for another 35 years. The unification of biometrical genetics

and Mendelian genetics came when Fisher (l.9IB) proposed

that biometrical Phenomena were

B



quanlita[ive characteristic. Biometrical methods do not

requiredetailedknowledgeofthegeneticarchitectureofa

character.

Credit for the particulate lheory of inheriÈance is due to

Mendel. His findings were nediscovered by Cotrenst

Tschermak and de Vries in 1900 (Barthelmess, L95Ð' The

gene concept arising from Mendel's experiments became the

central concept of all genetics, including human genetics'

The evolutionary concept so well documented by Darwin

(I859) had now been generally accepted by the scientific

community. The realisation that bhe laws of heredity which

appty to animal and plant species were also valid for humans

arose from lhe knowledge that humans are Part of the

animal kingdom, originating from more primitive primates'

Hence, Mendel's laws eventually were apptied to human

pedigrees.

Mendel discovered three laws. The law of uniformity states

thatthecrossingofhomozygotesofdifferentalleles

produces Fl progeny all identical and hetenozygous at that

locus. The law of random segregation describes observations

of I:2:l segregation in intercrosses of het'erozygotes and I:I

segregation in backcrosses of heterozygotes with recessive

homozygotes. The law of independent assortment states that

traits controlled by dif f enent loci are transmitted

independently. Departure from independence is evidence for

linkage between loci, a property later to be applied to gene

mapping by linkage analYsis'

9



The proliferaÈion of human genetics was now possible'

Numerous specialisations evolved in close association with

medical aspects of genetics' The major areas of

specialisation recognised today are:

(t)

(2)

(t)

(4)

(5)

(6,)

cytogeneticst

biochemical genetics,

immunogeneticst

poputation geneticst

clinical genetics, and

molecular genetics.

Gene mapping and gene associa[ion studies encomPass all of

these specialisations.

rr) Cvtoqenetics

Cybogenetics is the study of chromosomes in relation to

inheritance and the origin of pathological conditions'

Cytogenetics includes somatic cell genetics' There was little

progness in gene mapping until the development of human

cytogeneticsforchromosomalidenbificationandregional

definition of chromosomes'

Hamerton (f971) and Hsu (1979) have reviewed the milestones

inhumancytogenetics.Themostsignificantofallearly

developments responsible for the development of human

cytogenetics to a level where gene mapping could begin

were:

-10-



(I) the inÈroduction of the squash technique (Ford and

Hamerton, I956a)t

(Z) colchicine pretreatment of cells (Ford and Hamerton'

L956b,c)¡

(l) use of hypotonic sotution (Hsu, L952; Makino and

Nishimura, 1952),

(4) application of Iymphocyte culture methods (Hungerford

et al., 1959; Moorhead et al', 1960) and

(5) use of phytohaemagglutinin (Nowelt, 1960)'

The squash technique preserved each cell intact and spread

the chromosome complement of the nucleus into one plane of

focus. This technique had. already been used for decades in

plant and animal cytogenetics (Darlington and La Cour'

Ig4Z). Microscopy of a two dimensional karyotype eliminated

the interpretative dif f iculties associated with the slicing of

long chromosomes during serial sectioning of a three

dimensional nucleus.

colchicine pretreatment had two effects : it caused further

condensation of metaphase chromosomes to neduce the degree

of overlap, but more importantly, it arrested cells al

metaphase to increase the number of cells suitable for

cytogenetic examination.

The use of hypotonic solution for pnetreatment of cells was

the turning point in mammalian cytogenetics because it

dispersed chromosomes and their attached nucleolar material.

This permitled the observation of separate sharply def ined

chromosomes.

-il.-



The introduction of lYmPhocYte

biopsy material to be rePlaced bY

accessable for routine studY.

culture methods allowed

blood, a lissue much more

phytohaemagglutinin (PHA) aided microscopic analysis by

increasing the number of cells available for examination.

The observation that PHA stimulated cell division in culture

was responsible for the success of lymphocyte culture

methods.

The modern era in human cytogenetics began with the

identif ication of alI chnomosomes. Casperson et al', (1970)

did this by staining chromosomes with quinacrine in

conjunction wilh examination under the f luorescence

microscope. Each chromosome had a characteristic G

banding pattern arising from preferential binding of

quinacrine to DNA. Sumnner et al. (r971) developed the

simpler G-banding technique which allowed indefinite storage

of banded slides and is now widely used in routine diagnostic

laboratories. These techniques allowed the precise

identif ication of relatively minor chromosomal aberrations'

The Paris Conference (I971) established nomenclature for

metaphase chromosomes and described iTO G bands on the

human karyotype. chromosome identification is the basis for

gene mapping, which became hiqhty efficienl when combined

with somatic cell hybridisation and pref erential loss of

chromosomes in hYbrid lines.

examination of

of cell division.

Yunis Q97 6)

chromosomes

devised a

in the late

method for

prophase stage

-12-



This has led to the descniption of more than 2'000 bands in

the human karyotype (Yunis, lg8f). Although prophase

banding can give up to 21000 bands, there are associated

technical dif f iculties. The latest nomenclature provides

schematic representations of chromosomes at three levels of

resolution : 400, 500 and 850 bands (ISCN, lg8L).

til] Population Genetics

Population genetics is concerned with the behaviour of genes

in populations. Of central importance is the way in which

relative frequencies of genes and genotypes change (or fail

to change) from one generation to the next' It is an

extension of Mendel's laws from the concept of individual

inheritance to the dynamics of genes and genotypes in

populations. The useful genes in population studies are the

polymorphic ones. These ane the genetic marker loci that are

applicable to linkage and association studies.

The first locus amenable to widespread population genetic

analysis was the ABo blood group. Early population genetics

f lourished using the monogenic btood group trails as they

were discovered (Race and Sanger, I975)- These included

disease association studies wherq gene frequencies were

compared between the normal population and segments of the

population af f licted with diseases of unknown aetiology

(Mourant et al., 1.978).

The combination of starch gel electrophoresis (Smithies, 1955)

and histochemical staining for specific enzymes (Hun[er and

Markert, 1957) expanded the number of loci

L'



available for study and provided a more eff icient tool for

quantifying genetic variation in populations. This was

achieved simultaneously in man (Hamis, L966) and Drosophila

(Lewontin and Hubby, 1966). About one-third of the sample

of loci in man demonstrated common allelic variation. The

"average individual,r was heterozygous at six per cent of the

genome. In fact, such extensive levels of variation were

found at the electrophoretic level in most species examined

(Manwell and Baker, I97O; Lewontin, I974i Ayala, L976)'

iv) Biochemical Genetics

Biochemical genetics encompasses the molecular basis of

heredity at the gene (DNA) level and the molecular basis of

heritable variation at the gene product level. It encompasses

both normal and pathological variation. Until recentlyt

emphasis has been directed at the gene product level using

the electrophoretic separation of enzymes and proteins and

quantitative determinations of enzyme activity and protein

levels. These methods have def ined numelous normal

variants at structural loci which have been subsequenbly

applied as genetic markers (Harris, 19B0). They have also

identified many pathologic disorders by detectable deficiency

of specific enzyme activities or 'protein levels associated

with gene dosage of defective alleles (Brock, I972)' The

extent of genetic heteroqeneity for many of these disorders

remains poorly understood, but new techniques directed at

the gene level rather than the gene product level are

presently being applied (Maniatis et al., L9B2; Walker

-L4-



and Gaastra, IgBl). Recombinant DNA technology is now at

the forefront of advancement in human genetics'

v) Immunoqenetics

Immunogenetics is the study of genetically determined

characters called antigens. An antigen is a foreign body

whichwhenintroducedintoananimalelicitsanimmune

response involving antibody format,ion for destruction of that

specificantigen.Antibodiesareserumproteinsandareused

in bloodgrouping to phenotype antigens present in blood of

test individuals. Immunogenetics encomPasses the blood

groups, immunoglobulins of the blood, cellular mechanisms of

organ rejection and immune deficiency diseases'

Immunogenetics began with the discovery of the ABO blood

group (Landsteiner, 1900). when the different ABO types

were shown to be heritable (Dungern and Hirschfeld' lglL)

the ABO system became an outstanding example of early

Mendelian inheritance applied to a human character'

Numerous blood group antigens were subseqenbly def ined

(Boettcher, L91Z) and applied to disease association studies

(Mourant et aI-, l97B) and to linkage analyses (Race and

Sanger, I91r). Their widespread uie as genetic markers has

been surpassed only by the many electrophoretic markers

discovered during the decades since L96O (Beckman, 1977;

Cooper, L972; Harris and Hopkinson' L976)'
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vi) Clinical Genetics

clinical genetics is concerned with the description and

diagnosis of heritable diseases, genetic counselling associated

with these diseases and treatment where possible. Diagnosis

is of ten conf irmed by tests in cytogenetic or biochemical

laboratories.

The family histony, medical history and physical examination

are the basic procedures used by the medical geneticist to

deEermine what laboratory test will be appropriate. This

information may provide a hint as to whether non-genetic,

chromosomal, polygenic or single gene aetiology is involved.

If a single gene pattern of inheritance is indicated' then

autosomal dominant, autosomal recessive or an X-linked mode

of inheritance may be surmised. A term of ten associated

with clinical genelics is r'genetic nosology". This is defined

as the delineation of genetic diseases (McKusick, l97B).

Identification of the locus involved may influence the genetic

counselling, prognosis and management. If the biochemical

basis of a disorder is known, simple enzyme assays may

confirm the exact nature of the disorden' This can be

impossible where the aetiology of the defect is unknown.

Diagnosis is then based solely on clinical criteria determined

f rom family history, medical history and physical

examinalion.

Gene mapping of

unknown aetiology

Ioci responsible for

may be useful

disorders of

an initial

such

for
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classification of a heterogeneous disease. This classification

may then be applied to diagnosis by linkage methods until

the discovery of gene products and establishment of

techniques for their measurement. The various forms of

epidermolysis bullosa (McKusick, LgBt) await further

delineation by linkage analysis.

vii) Molecular Genetics

Molecular biology was established by the late l940rs and

early 1950's. Pauling et al. Q949) discovered that sickle cell

anaemia was a molecular disease attributable to an abnormal

haemoglobin molecule. They demonstrated two

electrophoretically distinct haemoglobins. During the l95Ors

the amino acid sequence of both haemoglobins was def ined.

Many more haemoglobin variants are now known. Most are

rare but a few are polymorphic in some populations.

The length of a polypeptide and comesponding DNA coding

sequence has many potentially mutable points. A lypical

protein of about 100 amino acids corresponds to 900 bases in

the DNA coding sequence (Harris, l9B0). Each base within

the triplet (codon) can be substituted by any of three others.

A large number of dif ferent m.utations is theoretically

possible even after allowing for degeneracy in the genetic

code.

This has been conf irmed by observation for haemoglobint

which has been studied in greater detail than any other

protein. More than I00 variants have been documented from

the ß -chain in the minute sample of the human

-17-



spec¡es examined.

estimated allelic

(Harris, 1980).

This represents about 4oo/o of the

theoretically occurdiversity that can

Electrophoretic screening undereslimates the total amount of

genetic variation present within populations because of

(I) degeneracY of the genetic code,

(2) failure of all amino acid substitutions to alter the net

electrostatic charge of the polypeptide moleculet

(l) different amino acid subs[itutions can produce the same

degree of altered mobilitY,

(4) discriminative power of electrophoretic methods for

some enzymes or proteins is suboptimal and

(5) variants with tittle or no activity are not detectable.

These pnoblems are becoming redundenl. The emphasis is

presently shifting from gene products to direct gene analysis

using DNA restriction techniques and southern transfer

(Southern, I975).

The number of structural genes in man is thought to be of

bhe order of 50,000 (McKusick and Ruddle, 1977). Structural

genes occuf in single copies so that mutations are inherited

in a Mendelian fashion. The s[ructural genes code for all the

enzymes involved in transcription, protein processing and

intermediary metabolism, and all proteins that are structural

or have specialised functions. The amount of human DNA is

suf f icient f or 50

-I8-



to 100 times as many genes of average length, but a large

amountofthisDNAisinrepetitiveformolinother

non-coding regions of the genome' The role of repetitive

DNA may be regulatory, structural (centromeric DNA) or

functional (McKusick and Ruddle, L977)'

The key historical developments and diversification identified

in this section were the prelude for both gene

(section (d) this chapter) and associations (section

chapter).

mapPln9

(e) this
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(d) GENE MAPPING

The aim of gene mapping is to determine for each

Iocus, or position in the genome' This involves

gene its

(L) assignment to respective chromosomest

(2) subsequent regional localisaLion, and

(¡) tne establishment of linear order'

Gene mapping is relevant to both disease loci and loci with no

known disease association'

Whatisthemotivationforgenemapping?Severalreasonscan

be recognised and these have either an academic or applied basis.

These reasons are:

l) Man wishes to investigate himself as f ar as existing techniques

allow, if only for academic reasonst

2) Comparative mapping with other mammals' especially primates'

tostudytheconservationoflinkagegrouPsduringevolution'

t) To determine if genes with related functions cluster on the same

chromosomet

4) To compare the genetic map with the chiasma map and the

mitotic maPt

5) To pnovide a genetical classification of heterogeneous disorders,

6) To apply gene dosage technology for identification of

submicroscopic chromosomal deleLions and duplications and

7)Forapplicationinapredictivefashiontoprenataldiagnosisand

geneticcounsellingbylinkagefordeleteriouslocinotamenable

to direct investigation because

20



i) gene product unknown

ii) gene product known but tissue not amenable to safe biopsy

TIU

iv)

for testing.

existing tests unreliable or equivocal'

delayed onseÈ of sYmPtoms.

linkage analYsist

deletion maPPing'

somatic cell genetics and

in situ hybridisation.

There are several approaches to gene mapping' These are:

I)

z)

t)

4)

human autosomal loci.

Linkage analYsis is

chapter.

Linkage analysis was the first successful mapping technique for

This approach is used in Chapters 4, 5 and 6'

def ined and discussed in section (f) of this

Deletion mapping is defined and applied in Chapter J'

technique has contributed relatively little information to the gene

mapbycomparisonwithlinkageanalysisandsomaticcellgenetics.

Somatic cell genetics has dominated gene mapping until the

necent re-emergence of linkage analysis associated with the discovery

of DNA restriction polymorphisms. somatic cell hybrids are produced

by fusing somalic cells from different species' such as man and the

mouse, or man and the chinese hamster. Fusion is promoted by viral

or chemical agents. The cell hybrid Possesses a single nucleous with

f unctional chromosomes of both parental cells. The human

chromosomes are preferenÈially losÈ in an irregular f ashion from a

hybrid cell during cell division in

This
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culture. The chromosomal complement of cloned cells can be

precisely def ined using G-banding' Gene products are visualised as

isozymes af ter electrophoresis and hisbochemical staining'

Homologous human and animal isozymes are distinguished by their

respectiveelectrophoreticmobilities;non.expressionofthehuman

comPonent demonsbrates loss of the human gene' If a number of

independently derived clones afe found to have only mouse gene

productsforaspecificlocusunder[est,thenthecorresponding

humanlocusmaybeassignedtowhateverhumanchromosomeis

absentfromallsuchclones.Conversely,clonesexpressingbothmouse

and human allelic products would always possess the human

chromosome with the corresponding structural gene. The power of

the technique is that loci need not be polymorphic : interspecif ic

enzymeproductsneedonlybeelectrophoreticallydistinquishable.

Insituhybridisationisanothentechniqueassociatedwith

molecular biology. This involves the hybridisation of cloned sinqle

copyDNAsequenceslabelledwithtritium.Sequencesarehybridised

directlytodenaturedcomplimentarysequencesonmetaphase

chromosomes.

Advancement in gene mapping has been rapid as evidenced

fromreportsofsevenconsecutivelnternationalWorkshopsonHuman

Gene Mapping (HGM) since r97t (HCVÌ, L974; HGMz' I975i HGMI'

L976;HGM4'1978;HGM5'I979iHGM6'1982;HGM7'1984)'The

accelerated progress in recent years resulted from the development

and application of techniques for chromosome banding, electrophoresis

and somatic cell hybridisation. The f irst autosomal assignment was

made by linkage analysis (Donahue et al'' f96B)' At least one

structural locus was assigned to every

22



human chromosome by I976 (McKusick, l97B). By 1977 about ll0 loci

were assigned to specific autosomes (McKusick and Ruddle, L977).

Linkage studies between polymorphic loci using pedigree analysis

accounted for the establishment of about 40 linkages in the ten yeans

since 1968 (McKusick, 1.978). Molecular methods are now providing

renewed impetus to gene mapping, either directly via the mode of in

situ hybridisation or indirectly by linkage analysis using restriction

fragment tength potymorphisms (Human Gene Mapping 7, I9B4)'

Given rapid progress in gene mapping, the map status of some

markers changed dramatically during the study period. of the marker

loÒi examined, their sbatus on the human gene maP at the

commencement and completion of this study is given in Table 1.2.
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TABLE I.2

TI-€ NON-CHROMOSOMAL MARKERS EXAMIT\ED : STATUS ON TI'{E

GENEMAPATCoMMENCEMENTANDcoMPLETIoNoFSTUDY

on an Iatus* ing studY Per od

Manker At commenceme nt** At comPletion***

ABO
ÃFr
ADIA
AKl
AMY26-
cntz
ESD
rrln
Fm-
ry
GALT
GC
Glor
GPT

HLA
HP

IGK
JK
K

MNS

(eXqla)
ç2¡(p25) o. 12¡(P23)
(20XqIl.2)qter)
(e)(qla)
(IXP)
6
(l6xcent)q22)
(rlXq)
Unassigned
Unassigned
I
(gXp)
(aXqlIàqll)
(6)(p?tàpzl,.z)
l0

(6)(p25àpzl..?)
(I6Xcent)q22)
Unassigned
7
(7Xq)
Unassigned
Unassigned
(aXq2Bàqll)
6
I
(IXpla)
or (rXpl
or (lXpl
T6
6orB
(LXpteràPl2)
Unassigned
X

Same
Same
Same
Same
11¡(pzr)
(19)þter) qI1.7)
Unassigned
(rl)(qla.I)
6
Unassigned
(rXqI2àq2l)
(eXp2lâpIl)
Same
(6XpzI.l) pzl-z)
(BXqll)qter)
or (l6Xpter)PJ.I)
(6Xp21.1)
(I6XqzI)q22)
(raXql2.l)
(2xp12)
2
Unassigned
19
(4XqzB)qll)
Same
(lXpteràP16.Lt)
(lXp22.I)

C
c
C
C
C
P
P
C

C
C
C
C
T

c
C

P
P

C
T
C
C

C
I
c

C

C

I
C
C
C

C
C

GH

uL

p35)
?)
I.Iàp22.1)

P
Fco
pc-Mr

PGP
Þr
nn
TF
&

(16,XpI2àPfl)
QÐG?a.,à3?.r)
(1Xpl6)pla)
Same
(XXpter;p22.1)

C

*

**

C - confirmed
I - inconsistent
P - provisional
r - tentative 

l3.t-J"ïJ3¿"1"1î".rf,î"" 
Gene

ng 7 (t984)r latest Human Gene

cõmpletion of studY'
***
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(e) ASSOCIATIONS

The associations usually investigated in human genetics are

disease associations. A specific definition for disease association is:

the correlation of an allele wiLh the presence or absence of disease'

chromosomal abnormalities are regarded as forms of genetic disease

in disease association studies. Not aIl associations involve diseases'

Associations with mutation to fragile sites and segregation distortion

willbeinvestigatedinChaptersiandB.Ageneraldefinitionfor

association applicable to all of the above is: Èhe correlation of an

allele with the presence or absence of the character being studied'

The cause for an association in the population can be:

I) The marker locus is the major gene affecting the traitt

2) the marker locus is in linkage disequilibrium with the major

gene affecting the traitt

t) The marker locus exerts a pleiotropic ef fect on the traitt

or

4) the marker locus is in linkage disequilibrium with the gene

affecting the trait pleiotropically'

The relationship is causal or direct only in cases I) and 3)'

clearly, if a manker locus and a disease locus are tightly linked' then

associations will also be detectable within families. This is the basis

for linkage analysis. such an associabion in no way implies a causal

relationship. This association will not exist at the population Ievel

unless alleles at these loci aÎe in linkage disequilibrium in the

population studied.
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Disease associations with polymorphic marker loci have been

extensively investigated since about 1945 (Mourant et al', 197B)'

Differencesbetweenindividualsaremanifestedinphysicalappearance,

physiological function and suscep|ibility to disease. This ',genetic

backgroundtt, acting in concert with environmental f actors, accounts

for vaniation in the expressivity, penetrance and age of onset of

diseases genetically determined by genes of Iarqe effect' Similarlyt

geneticbackgroundisrelevanttodiseasesofpolygenic,multifactorial

or pnimarily of non-genetic origin'

That functional differences between the polypeptide products of

different alleles are likely to exist is suspected from common

observations of asymmetrical electrophoretic patterns in

he|enozygotes.AsymmetricalpaIternsarisefromallelicvariationin

the expression of enzyme activity or protein concentration' Such

observations are characteristic of PGD' ACPIT GPT; GALT and PI

(HarrisandHopkinson'I976;FagerholandCox,]'98]).Manyofthese

functional differences perhaps represent only slight ot even

immeasurable ef fects on the f iLness of the individual when each is

considered seParatelY'

The small sample of known polymorphisms is likely to reveal

only a fraction of the yet undiscovered as$ociations, except in some

instanceswhererelationshipsofapathologicalorphysiologicalnature

are known. Such is the case with the PI (protease inhibitor) system

which is related to diseases involvinq tissue destruction (Laurell and

Eriksson, L96)i Sharp et al., L969). Totally fortuitous associations

withoutanyknownbasishavebeendetecLed;suchasthePCl

polymorphism with depressive psychosis and multiple sclerosis

(Cominqs, I979)-
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Extensive documentation supports many specif ic disease

nelationships with blood groups (particularly the much studied ABO)

and histocompatibility antigens (Giblett, L977; Mourant et al., L978;

Harris, I9B0). Little is known regarding enzymes and plasma proteins

except for instances where gross variations in enzyme activity or

protein concentration are responsible for inborn errors of metabolism'

Although numerous associations have been postulatedt strong

associations have been established and verified at least between blood

group A and carcinoma of the stomach (Aird et aI., L95t), Duffy

blood group and resistance to malaria (tvtilter et al., L975rI976) and

HLA-827 antigen and anklosing spondylitis (Brewerton et al.r L97t'

Schlosstein et al., L97t)-

(f) LINKAGE ANALYSIS

The basics of tinkage analysis are discussed in Publication ll

(Mulley, L9B5) of Chapter 4. Linkage analysis is the mapping

technique predominantly used in this thesis'

The diffenence in recombination rate between men and women

was first recognised in 1965 (Cook, 1965; Renwick and schulzet

1965). Crossing oven in certain well studied chromosomal segments is

almost twice as frequent in females compared with males' If this is

general, the female genetic map would therefore be nearly twice as

male map. Genetic distances are standardised by the

of map distances in units of male recombination

The sLandard lod table may be subdivided into male and female

components when linkage is suspected from limited data or when

Iinkage is known from a large body of data. Linkage is easier to

Iong as the

presentation

frequency.
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demonstrate in data from an informative male parent because

crossing over is neduced in males. An accurate estimate of the

relationship between male and female recombination rates is possible

only from extensive data.

The basis of sex dif ferences in recombination rate and

dif ferential recombination rale within chromosome arms is not

understood. It could be speculated that sex differences in

recombination rate could result from differential chromosomal

condensation at meiosis. Differential crossing-over in pnoximal

compared with distal chromosomal segments is presumably determined

somehow by the physical Presence of the cenbromere'

Another generalization about the human genome is less clear'

less well documented, and of a maqnitude Lhat for practical Purposes

may be ignored in exploratory Iinkage analysis. There is possibly a

reduction in recombination with aqe (Rei¿ and Parsons, 1963;

Henderson and Edwards, 1968). If this correlation existsr it has not

been clearly demonstrated.

The maximum likelihood estimate of the recombination fraction

(8) is determined from families as follows:

The frequency of recombinant gametes is gr by def inition.

Therefore the frequency of non-recombinant gametes is I - g.

Two strand crossing-oven produces two recombinant gametes in

equal frequency, Èhe frequency of each being 8l?, and two

non-recombinant gametes in equal frequency, the frequency of

each being (f-g)12. If loci are on dif ferent chromosomesr or

syntenic but unlinked, then all foun gametes would be produced in

equal frequency as stated in Mendel's law of independent

assortment.
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The probability of obtaining an observed segregation pattern

within a family is determined from simple probability theory as the

pnoduct of the frequency of gametes from the informative parent'

offspringareassessedasrecombinantsornon-recombinants,firstlyon

the assumption of coupling phase in the informative parent' Thust in

afourchildfamily,forexample,theprobabilityofgettingthree

non-recombinants and one recombinant is:

(r-s), e = s(1,-9)l

-2216
However, it is equally likely that the phase of the informative

parent was not in coupling as assumed, bu[ in repulsion' The

conresponding ProbabilitY is:

(r-s) (e)l = 8l(rr8)
2 2 16

Iflinkagephaseisknown,asisoftenthecaseinkindredsof

t,hree or more generations, one or other of the above expressions

determinestheprobabilityofobtainingthefamily.Iflinkagephase

isunknown'asintheexamplegiven,thereisanequallikelihoodof

coupling or repulsion, and the probability of obtaining the family is

the average of the above probabilities and is:

I ts(]-s)l + el(r-e)ì
2L 16 16 J

TheprobabilityofobtainingthisfamilyforvariousvaluesofE

from 0 to 0.5 can then be calculated. similar examples are given by

Emery Q976).
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The maximum Iikelihood estima[e of B is obtained from the

probability ."¡is (Pr) of having obtained a given value of 8, where

Pr = P(famil iven 8=0 .05 0.1 ...0.5
family given g=0.5

Log lgPr is the lod score (see Publication ll)'

The calculation of lod scores from these exPressions are

When Panental data is
extremely tedious, even for simple f amilies'

completethereareonlyafinitenumberofpossiblelodscoresfor

anySinafamilyofgivensize.Suchtablesareavailablefrom

sources such as Morton (1955), Smith (f968) and Emery (.l976)'

Computer facilites provide a means of more rapid analysis and a

means of analysing families where manual computations are virtually

impossible. Algebraic procedures (Elston and Stewart, I97Li Lange

andElston,LITS)havebeenappliedtothecomputeranalysisof

extended families. The ubiquitous program is LIPED (Ott, tg74, I976)

writteninFORTRANlVandexportabletomostcomputer

installations. other programs have been described (woien, 1970;

Friedhof f and chase, rg75i Sturt, rgTB). The program LINKAGE

(Lathrop et al., I9B4) written in PASCAL now allows mullilocus

Iinkage anaIYsis.
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This chapter defined the general objectives of the project using

genetic markers. The basis for gene mapping and association studies

was developed by documenting the key histonical developments

relevant to these studies. These developments were considered on a

background of the evolution of specialisations in human genetics

which proliferated after the rediscovery of Mendelism. Finallyt gene

mapping, associations and linkage were discussed as a prelude to the

specific investigations to be presented in this thesis'
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(a) INTRODUCTION

This chapter has the following aims:

l) To document the maberials used by the invesLigator

2) To discuss the principles behind the methods

t) To discuss characteristics of the genetic markers used for

the investigations

4) To present the phenotyping results derived from the

families to be analysed in subsequent chapters

5) To genetically characterise the base population for

validation of subsequent linkage analyses.

Care was taken to ensure

l.) Proper choice of materials and methods to maximise the

efficiency of gathering data,

2) full understanding of mebhodologies in order to extract as

much information as possible from the samples, and

t) development of technical expertise with each of the

markers unden usual laboratory conditions in order to

correctly interpreI observations for provision of valid data

for subsequent analYsis.

(b) SAMPLES

Blood is the most common source for the determination of human

genetic markers. It is readily obtainable from Iiving individuals'

Markers nestricted to other tissues may normally be available only at

autopsy. These ate impractical for family study because of the

generation length in humans. Their heritable nature may be difficult

to demonstrate because of this.
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The major advantage of blood as the source material is the large

number of markers that can be characterised from a small sample'

These are generally determined by bloodgroupinq (Race and Sanger,

L975; or electrophoretic separation (Beckman, I972; Cooper, L972;

Harris and Hopkinson, I976). The range of blood markers is now

potentially limitless with the discovery of extensive restriction

fragment length polymorphism (RFLP) as described by Botstein et al.'

(1980). These are detectable by Ehe electrophoretic separation of

restriction endonuclease digesbs of DNA, transfer to nitrocellulose and

hybridisation with radioactive probes.

Whereven possible a blood samPle

cytogenetic and genetic marker studies.

marker sludies was subdivided as follows:

of l0 ml was obtained fon

The 6 ml porLion for genetic

2 ml allowed to clot for serum collection.

2 ml placed in a lithium heparin tube for subsequent separation

of red cells and plasma by centrifugation.

2 ml added to l- ml ACD I disodium hydrogen citrate (JY")

dextrose (l%) anticoagulent solution, pH 5.2J'

ACD provided an enetgy source for red cell metabolism until the

sample was processed.

Serum, plasma, red cells from the heparinised tube (washed twice

in physiological saline) and red cells from the ACD tube (nCO and

plasma discarded, equal volume of buf fered glycerol added) were

frozen at -20OC until required for electrophoresis or blood grouping.

Buffered glycerol comPrised:

9.759 potassium citrate

l.B g potassium hydrogen phosphate

t.4tg potassium dihydroqen phosphate
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100 ml water

200 ml glycerol

pH 7.0

Bloodgnouping was usually performed on a fresh aliquot prior to

f reezing. when frozen cells were used for blood-grouping the cell

suspension in glycerol was dialised a¡ 5OC overnight in physiological

saline to obtain a high yield of intact red cells'

Thawed serum, plasma and red cell haemolysates were used for

electrophoresis. Haemolysates prepared from the frozen intact red

cells in glycerol (one wash in 9 per cent saline, refrozen to

haemolyse) were preferable for aIl red cell electrophoreIic markerst

except GALT and GLOI-, for which haemolysate from heparinised

tubes provided clearer electrophoretograms. cells stored in glycerol

were washed in 97o saline ralher than physiological saline in order to

reduce the amount of haemolysis during washing. Haemolysates were

used without further treatment for the electrophoresis of ACPI and

PGP. Haemolysates were routinely treated with the reducing agenl

g-mercaptoethanol (l%) for half an hour at room temperature prior [o

the electrophoresis of the remaining red cell enzymes. The ratio of

$-mercaptoethanol to sample was l:J'

The use of reducing agents reverses oxidation of thiol (sulphydryl)

groups in cysteine residues which occurs during storaqe (Harris and

Hopkinson , I97 6). Oxidation by glutathione (which accumulates in

stored red cells) can create discrete stepwise chanqes seen as

secondary isozymes. ß -Mercaptoethanol was incorporated into the

gels rather than the sample for ACPI and PGP, but not for gels

stained using electron transfer dyes. This would create heavy

background interference and prevent visualisation of bands'
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(c) MARKERS DET ERMINED

Thegeneticmarkersroutinelyexaminedduringthisstudyafe

listedinTable?.L.TheyaredescribedfurtherinAppendixl.

Detailed composition of the electrophoretic systems used are given in

Table Z.Z. AII markers were determined using established

electrophoreticorserologicaltechniques.Stainingdetailsformost

loci are summarised in Appendix l. Details f or the remaining loci

are presented in Publications l-5 (MulIey,I9B0; J.9BZai L9B2b; Nicholls

and MulleY, I9BZa, lg82b)'

The allele frequencies given for each locus in Appendix I f alI

within established limits for populations of Anglo-saxon origin' These

allele frequencies were supptied as data to the computer program

LIPEDT which was used for linkage analysis' Upon complelion of lhe

study, these allele f nequencies were compared with those obtained

f rom the study population. see section (h) this chapter' Allele

frequenciesforPl'GC'TFandGALTwerealsodetermineddirectly

from the Adelaide population in separate investigations (Publications

r-5).

AII procedures, except those for cytogenelic' HLA' IGH and IGK

determinations were carried out within my own laboratory'

Cytogeneticmarkersandaberrationsweredeterminedwibhinthesame

deparlment (Department of Histopathology' Adelaide Childrenrs

Hospital)r IGH and IGK in the Department of Applied Biology' Royal

Institute of Medical Technology, Melbourne' and HLA in the

Department of Serology, Adelaide Blood Centre of the Red Cross

SocietY.

The genotypic and phenotypic system of human qene

nomenclature for all markers is based on that adopted by the 5th
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International Gene Mapping workshop in Edinburgh, July L979, and

subsequently published (Shows et al., 1979) with modifications to blood

group nomenclature according to Shows and McAlpine (1982).
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TABLE 2.I

GENETIC MARKERS EXAMINED : SUMMARY OF COMMON VARIANTS'

ELECTROPI-{ORETIC SYSTEMS AND VISUALISATION METHODS

Marker *Common
Variants

**Electro-
phoretic
System

Visualisation
Method

(a)

I.
2.

3.

4.

5.

6.

7.

B.

9.

10.

il_.

L2.

I***
2

2

t
4

5

6

t
t
1

B***
7

Red cell electrophoretic markers:

ACPI A, B and C SGE

ADA IandZ SGE

AKI IandZ SGE

ESD ?andl SGE

GALT D, LA and N SGE

cPT 2andI SGE

cLOl 2andL SGE

PGMI ?and L SGE

PGMz*x*rr Monomorphic sGE

PGD AandC SGE

PGP 1, 1 and 2 SGE

soD**** Monomorphic sGE

Fluorescence

Enzyme linked

Enzyme linked

Fluorescence

Enzyme linked

Enzyme linked

Chemical

Enzyme linked

Enzyme linked

Electron transfer dYe

Chemical

Electron transfer dYe

(b)

rt.
T4

D.

markers of serum and plasma:

AMYz

CHE2

C'

AandB
C5+ and C5-

land2

land2
Landf
lF, LS and 2

Iand2
Ml, Ml, M2,

SandZ
CL, Cl and CZ

PAGE 9

SGE 10

AGE I]

AGE 1].

AGE ].I

PAGIEF ]2

SGE ]]
PAGIEF 14

PAGIEF ]5

Chemical

Chromogenic

Non-specific Prolein

stain

Fluorescence

Specific protein stain

Protein preciPitation

Chemical

Non-specific Protein

staining

Non-specific Prot'ein

staining

16.

n.
18.

L9.

20.

F1]A
F].]B

GC

HP

PI

2.T. TF
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(c)

22.

7t.
24.

?5.

?6.

27.

Blood t¡roups

ABO

Fy

K

JK

Lu

MNS

ArBandO
AandB
K and [<

AandB
AandB
MS, Msr NS

and Ns

PI and P2

Rl, r, RZ and

Rg

Xga and Xg-

Agglutination

Agglutination

Agglutination

Agglutination

Agglutination

Agglutination

Agglutination

Agglutination

Agglutination

28.

29.

to. X9

*

***

lç***

P

Rh

**

In order of electrophoretic mobility from anode to calhode I blood

groups, CHE2' GALT (D and LA) excePtedl'

SGE - starch gel electroPhoresis

PAGE - polyacrylamide gel electrophoreis

AGE - agarose gel electroPhoresis

PAGIEF - polyacrylamide gel isoelectric focusing

l7o B-mercaptoethanol added to gel

Non-polymorphicmarkersdetectedsimultaneouslywithpolymorphic
markers.
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TABLE 2.2

DETAILS OF ELECTROPHORETIC SYSTEMS USED

Buffer System Electrode
(lngred ients/ti tre)

Gel* VoIts Time

SGE I
(Swallow and
Harris, L97Z)

SGE 2
(Anonymous)

SGE ]
(Spencer
et al., L964)

SGE 4
(Sparkes
et al., L977)

SGE 5
(Chen and
Giblett, l97L)

SGE 6
(Parr et al.,
Le77)

SGE 7
(Anonymous)

SGE 8
(Barker and
Hopkinson,
teTB)

PAGE 9
(Ward et al.,
teTr)

Sodium dihydrogen phos-
phate (lA.Zq¡. Trisodium
ciÈrate (aa.fg). EDTA**
(r.aeq¡. pH 6.0

Potassium dihydrogen
phosphate (6.77g).
Disodium hydrogen phos-
phate (2.t9¡. pH 6.5

tris (12.29). Maleic
acid (rr.69). EDTA (7.7s).
Magnesium chloride (r.rù.
Adjusr pH ro 7.4 with lOM
sodium hydroxide.

Tris (I8.29). EDTA (acid)
(r.zg), DL-Histidine
(I9.r59). pH 7.8

tris (12.1.9).
Citric acid (5.99).
pH 7.4

Disodium hydrogen phos-
phate Qa.Zg). Sodium
disodium phosphate
(15.69). pH 6.7

Disodium hydrogen Phos-
phare (zag¡. citric
aci¿ (4.69). pH 7.0

Tris (lz.ls). EDTA Ø.ts¡
Magnesium chloride Q.a6g)
Maleic anhydride (9.89)
pH to 7.2 with L0 M
sodium hydroxide

tris (24.29)
Glycine (rrz.eg¡
pH B.)

150 Overnight

I50 Overnight

I75 Overnight

ZOO Overnight

25O Overnight

n5 Overnight

150 Overnight

150 Ovennight

I50 4 hours

l:I00
dilution

l:I0
dilution

I:I5
dilution

L:10
dilution

I:10
dilution

3.75zIOO
dilution

I:20
dilution

l:10
dilution

Tris
(a.5s)
pH 8.6
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SGE 10
(Harris and
Hopkinson,
Le76)

AGE Il***
(Ashton and
Braden, f96L)

PAGIEF 12
(Kuhnl et al.,
re78)

SGE I]
(Poulik, 1957)

Citric acid (86.169)
pH to 5.0 with I0 M
Sodium hydroxide

Solution A

See Publication J

Boric acid (l8.55g)
Sodium hydroxide (2.+g¡
pH to 8.0

Tris 150 Overnight
(2.27s)
Succinic
acid (1.89q)
pH 5.0

I:9 of
A:B

Tris
(e.zs)
Citric

400 Determin-
ed by
haemo-
globin
marker

L,000 4 hours

100 4 hours

acid
(1.0:s¡

PAGIEF 14
(Frants and
Eriksson, L979)

PAGIEF 15
(Constans
et al., l9B0)

See Publications 1r 2

See Publication 4

1,000 4 hours

1,200 4 hours

*

**
Dilution of electrode buffer, or ingredients/litre.

Ethylenediamine tetra-acetic acid

Solution A : Lithium hydroxide (I.2g)' boric acid (tl.gg)' pH 8.0

Solution B : Tris çe.Zg), citric acid (1.69)' pH 8.4

***
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(d) ELECTROPHORESIS

standard electrophoretic procedures use an electrical field to

separate charged protein variants in a constant pH gel' Good

resolution is due to molecular sieving because the pore size of the

gel is approximately of the same distribution as the molecular size of

proteins. The electrophoretic separation of variants for a given

protein depends on the differences in net electrostatic charge on the

surface of the molecule. The magnitude of these charge differences

vary with the pH of the supporting medium. when allelic variation

determines an aminoacid subs[itution in the corresponding polypeptide

which alters the net electrosLatic charge, allelic variation is

demonstrated simply by differential electrophoretic mobitity of the

corresponding protein. The rate of migration is deLermined by the

magnitude of applied voltage, magnitude of the electrostatic charge

and molecular size of the polypeptide'

starch gel electrophoresis was camied ouI using connaught

hydrolysed starch. Starch (a6g) was suspended in L?O ml of gel

buffer while the remaining 280 ml of gel buffer was brought to the

boil. The boiling portion was mixed with the suspension, the cooked

starch solution evacuated, then poured into horizontal moulds' The

ingredients were increased proportionately when a number of gels

were casÈ simulbaneously, the dimensions of each gel being 260x l70x

5mm. After standing for I-2 hours the top of lhe gel was sliced off

flush, and Iz samples applied approximately Jcm from the cathodal

end by pushing into the starch along a marked line. In most cases

samples were absorbed into whaLman IMM chromatography Paper'

samples for the detection of GPT, GALT, and PGP were loaded onto

thicker inserts, Beckman No. J|gt?g. Alt starch gels were run
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overnigh[r excePu for HP which was run for four hours' Gels were

stackedoneontopoftheother,butseparatedbyfrozenfreezer

bricks to maintain low temperature during electrophoresis'

AgarosegelelectrophoresiswasperformedusingLo/oagarose

(sigma A-6877). Agarose was suspended in the gel buffer and heated

to boiling point, then maintained at 60oc until used. All glassware

coming into contact with the agarose, such as stirring rods, measuring

and glass plates, were maintained al 60oC until used' For

ml of ]ro/o agarose was made' Portion of this was

cylinders

each gelt 60

initiatly painted onto the glass plates, particularly near the edges, and

theplatesdriedat60oC.Theplateswerethenplacedonaflat

surface and 15 mI of agarose poured and spread to edges with a glass

rodtoproducegels26xl?.5x0.Ìcm.Afterstanding20minutesin

airtight conditions, gels were mounted on an LKB Multiphor and

cooled by circulating chilled water. slots were formed Jcm from the

cathodal edge and samples loaded and run for f ive minutes before

wells were sealed with molten aç¡aroser covered with plastic wrapt

/

and electrophoresis completed. Twenty-four samples were run on

each gel.

Although many electrophoretic procedures can be done usinq

either stanch, aganose or polyacrylamide as the supponting matrix for

protein separation, wherever possible starch was used' Apart from

isoelectric focusing, electrophoresis was done in polyacrylamide only

for AMYz. The non-gradient 5.60/o gels were made from cyanogum

(l.tg¡ in 64 ml gel buffer, the solution degassed, and polymerisation

achieved with ammonium persulphate (2 ml of J.50m9/10 ml solution)

and TEMED (50 pt). The gel was moulded with slots on plates to fit

the LKB Muttiphor. Glycerol (10-20%) was added to the samples to

prevent drYing out of slots.
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The apparatus used for starch gel electrophoresis is shown in Fig

2.L, The apparatus used for agarose gel and polyacrylamide gel

electrophoresis is shown in Fig 2.2.

-44-



-çn'

.slsaJoqdoJlcele Ie6 qcJels Jo' Pecn snleJPddv T'Z 'tlIJ



./
i

I

I

lLG. Z.Z Apparatus used for agafose and polyacrylarnide gel electrophoresis

and for isoelec[ric focussing'

a
)

'.'" o
) 6. t o

5

e
at
g

'o'e
gFl í"r; I O

---t-ì-,-==P-.;æ

I

I oo
OC
Or

-:'

-46-



(e) ISOELECTRIC FOCUSING

Isoelectric focusing (IEF) is electrophoresis in a pH gradient

rather than at constant pH. The technique was developed in the

early l960ts and has been in widespread use in recent years. It is

based on electrochemical reactions at the electrodes which affect a

mixture of amphoteric substances added during gel prepanation' The

anode becomes acidic and the cathode alkaline under the influence of

an electrical current forming sLeep micro pH gradients in the vicinity

of the electnodes. Under these conditions the amphoteric substances

migrate to their isoelectric points. They have buffering capacity at

their isoelectric points forming a small pH plateau around the zone

of maximum concentration. A Iarqe number of such amphoteric

substances with a range of isoelectric points will genera[e a

continuous pH gradient. These synthetic substances are designed for

various pH intervals and commercially available as Ampholinet

Pharmalyte and Servalyt from different suppliers.

Proteins added to the pH gradient wilt migrate under high

voltage to their isoelectric points where they are concentrated'

Departure from the isoelectric point by dif fusion confers a net

electrostatic charge which immediately forces the protein back to its

isoelectric point. The diffusion associated with electrophoresis is

therefore prevented in IEF and this results in greater resolution.

ResoluLion can be of the order of 0.00I of a pH unit. Additional

common variants were detected from PGMITPIr TF and GC when IEF

superseded electrophoresis in the study of these markers.

Details of IEF procedures used are given in Publications I-4.

The apparatus used for IEF was similar to that used for agarose gel

and polyacrylamide gel electrophoresis. This is shown in lig 7.2. It
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differed by tlre substibution of an electrofocusing tid for the simple

electrodes used for electrophoresis in gels of uniform pH'

(f) INTERPRETAT ION OF ELECTROP HORETOGRAMS

Specif ic staining methods were first developed for esterases

(Hunter and Markert, J.957) and then for dehydrogenases (Markert and

Moller, 1959). These were subsequently extended to other enzyme

systems. The simplicity of sample requirements, electrophoresis and

staining was readily adaptable to mass population screening, in the

same way as blood-grouping was in previous decades. Methods for

the visualisation of isozymes fall into the following classes:

l) Chromo oen ic sta rnlno

This involves the conversion of a colourless substrate into a

the site of enzYme activitYcoloured product with

(Fis 2.3).

an azo dye at

2) Fluorescence

Both positive and negative fluorescent methods ane used. Usually

a non-fluorescent substrate is conVerted to a fluorescent product

on a non-fluorescent background (Fig. 2.4). Sometimes the

reverse, a non-fluorescent product on a fluorescent backgroundr is

used for detection.

4B



FlG. 2.' Detection of cHE2: cleavage of eubstrate by cHEz yields

a Product which couples to an azo dye to produce an

insoluble PreciPitate.

A- NA

æ

ACETATE c-N
Fast red TR

COLOURED DYE (Red)
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FIG. 2.4 Detection of ESD¡ cleavage of substrate by EsD yields a

fluorescent cleavage Product'

4 M ACETATE

EsD

ACETATE 4 M UMBELLIFERONE
(Fluorescent)

-50-



t) Autoradioqraphy (Cavatli-Sforza et al. Q977)

A radioactive product is detected on an x-ray film after the

electrophoresis of ligating proteins that have been radiolabelled'

4) Bioautoqraphv (Naylor and Klebe, L977)

Isozymes are located by use of a microbial reagent such as a

mutant bacterium. The microorganism cannot utilise the

subslrate on the plate, but grows at the site of enzyme activity

if the enzyme convents substrate to a product necessary for

growth.

5) Electron transfer dyes

These substances, colourless when oxidised, form precipitates at

the site of enzyme activity when reduced. MTT (Sigma M2l2B)

is the most widely used electron transfer dye forming a formazan

precipitate (Fig 2.5),

6) Enzyme linked staininq methods

Methods may not be available for Èhe detection of the product of

Ehe enzyme reaction under test, but use of an added enzyme

converts that product to a substance which can be detectedt

often by electron transfer dyes (Fig 2.e).
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FtG. 2.5 Detection of PGD: reduction of an electron transfer dye forms

an insoluble PreciPitate'

NADP PMS MTT *
6-PG

Pgd

PMS* W (Blue)IR-5-P NADPH
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flã. 2.6 Oetection of GALT: the enzyme of interegt is dotected by a

serieg of conversioß linking it to an electron tranefer dye.

l..DP-G GAL-l-P

Galt

UDP-GAL G-I-P
Pgm Gl : 6P2 6Psd

G 6P 6PG

g-6-pd

t,lADP NADPH

PMS rus+

MTT + MTT
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7) Chemical detection

These meLhods employ chemical reagents other than the electron

transfer dyes or the azo dyes used in the chromoqenic staining

procedures. The method may be used to detecb the product of

an enzyme reaction, or else lack of activity may be seen on a

background produced by enzymatic activity Fig 2--7).

B) Non-soecific protein staininq

Dyes such as Coomassie Blue R bind to protein and are useful

for demonstrating the positions of proteins present in sufficient

concentration (Publications L and 4).

e) Specific protein staininq (e.q. FIIB)

Proteins present in low concentration are precipitated by specific

antisera. Non-specif ic protein is then pref erenlially removed

f rom the gel by washing. The precipitaled protein is then

detected as in (B) above.

I0) Protein precipitalion

Immersion of the gel in fixing solution precipilales the protein.

opaque bands may be seen on a dark background in transparent

gels, such as polyacrylamide, using side illumination (Publication

t).
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FlG. 2.7 Detection of GLOI: the enzyme is detected by a colourless

conversion Product.

S - LACTOYL - GLUTATHIONE
(Colourless)

GSSG GSH

DCIPH DCIP

MG

Glo

MTT MTT I (Blue-green background)
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Details of all staining procedures used in this study ale given in

Appendix l.

Visualisation of enzymes and proteins after electrophoresis can

give complex patterns. These are caused by isozymes which are

multiple molecular forms of a given enzyme or prote¡n. Several

isozymes can be present in an individual and the isozyme pattern may

differ between individuals. The term "isozyme" was introduced by

MarkerL and Moller Q959) as a functional definition at the level of

the stained electrophoretic pattern, the zymogram. It has no specific

genetic implication. The more narrow term, allozyme, does have

genelic connotations : allozymes are allelic isozymes which usually

dif fer by a single amino acid (tne basis for electrophoretic

separation).

Disregard any additional secondary isozymes and consider the

simplest case of an enzyme with monomeric subunit structure. The

total number of primary allozyme bands within a population sample

can be demonstrated as electrophoretically distinct bands. Within any

diploid individual, only one or two such allozymes can occurt

conresponding to homozygosity and heterozygosity respectively

(Fig.2.B). Alleles controlling electrophoretic phenotypes are usually

codominant because both allelic products are displayed irrespective of

genotype. The electrophoretic display is phenotypic' not genotypic'

because inactive enzymes ate not detected and allozymes with

dif ferent aminoacid sequences but identical charge states are not

distinguished. Exact genotyping is only available from DNA

sequencing and this is impractical for population screening.
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FlG. 2.8 Simple electrophoretic pattern associated with monomeric enzyr¡e

or protein siructure. Phenotypes from left to right are CJ 2t C'

2, Ct 2, Ct L-2.

ÏF

-
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The expected number of electrophoretic phenotypes for any locus

coding for a monomeric aene product is given by n(n+l)/2, where n is

the number of electrophoretically detectable "alleles", or

electromorphs, at a locus.

Most genetically determined enzyme and protein variation has

two basic electrophorelic pattetns: monomeric or multimeric' In both

cases homozygotes are represented by a single band of enzyme

activity or protein concentration. Monomeric enzymes and proteins

appear in heterozygotes simply as the summation of individual bands

seen in the homozygotes. This was the case discussed in the previous

paragraph.

The number of primary bands seen in the heterozygole when the

functional enzyme is multimeric is normally not simply the summation

of bands present in lhe corresponding homozygotes. Any heterozygote

displays (n+l) primary isozymes consisting of two homodimeric bands

and (n-l) heterodimeric bands, where n is the number of subunits in

lhe active form of the enzyme. Usually ñ=2 and the enzyme or

protein is dimeric.

Dimeric molecules usually display one additional hybrid band on

zymoçlrams, the heterodimer, comprising subunits with diff erent

electrostatic charges or isoelectric points (Fig.2.9). Homodimers

consist of bwo identical subunits. While the presence of hybrid bands

is evidence for dimeric structure, their absence is not necessarily

evidence for monomeric structure. Phenotypic absence of a hybrid

band can be caused bY
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I)

2)

3)

dissociation during electrophoresis, e.g' haemoglobin'

structural limitation on formation of heterodimers from

alterna[ive polypeptide chains, but not for homodimersr or

polypeptide components are formed in different cellsr e.9.

human glucose-6-phosphate dehydrogenase'

symmelrical isozyme patterns arise from multimeric isozymes if

alI polypeptides contribute equally to enzyme activity. The activity

of each functional component with random combination of subunits is

proportional to the binomial coef f icients of the expansion (A+B)n

where A and B represent different polypeptides and n the number of

subunits in the functionally active molecule. This pattern of activity

de[ermines the band intensiby of each isozyme. If all polypeptides do

nol contribute equally to the phenotype, then activity patterns are

asymmetrical.

Electrophoretic patterns ate usually more complex than the

simple patterns described above. Dif f erent activity levels, dif f erent

rates of synthesis and dif ferential stability can cause asymmetrical

patterns in heterozygotes. superimposed on these basic palterns can

be extensive modifications caused by secondary isozyme formation'

Secondary isozYmes have

modif ication of PolYPePtides to

(Harris, I9B0). These include:

r)

of causes involving the

electrophoretic mobilitY.

variety

affect

Deamination of glutamine and aspanagine residues to

glutamic acid and asPartic acidt

acetylation'2)
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3)

4)

5)

addition of PhosPhate grouPs'

oxidation of sulphydryls on cysteine residues (e'g' ADA)

addition or removal of carbohydrate groups with various

numbers of sialic acid residues,

partial cleavage of the amino acid sequence by proteolytic

enzymest

conf ormational isomerism if more than one stable

configuration exists (e.9. ACPI),

dif ferential saturation of dehydrogenases with coenzyme

(e.g. alcohol dehydrogenase) or inorganic ions (e'g' TF)'

aggregation and polymerisation (e'g' HP)'

7)

6)

B)

e)

Someofthesechangesarereversible.Usuallyonlyafractionof

the molecules are subjecl to secondary modification' Modification is

more likely to residues on the outer surf ace of the molecule'

Extensivemodificationofpoorlypreservedspecimenscanresultin

the misinterpretation of isozyme palterns' especially if secondary

bandsareintheapproximatepositionofknownaltelicvariants.The

degree of secondary isozyme f ormation can vary markedly between

cells of different tissues even in fresh ot well preserved specimens

(e.g. GALT). Enzymes of red cells (with their long lifespan in which

protein synthesis stops aI an early stage) commonly exhibit secondary

isozymes.
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(q) BLOOD GROUPING

The investigator cagied out the electrophoretic procedures but

had only limited experience of bloodgrouping. Hence, the technical

responsibility for this aspect of the work was given to trained

haematologists in order to ensure quality of results. The early

bloodgrouping was carnied out in the Department of Haematologyt

Adelaide children's Hospital until it could be carried out within my

own laboratory under my direct supervision. Technical responsibility

for HLA, IGH and IGK was also given to experts for the same

reason. Since these determinations were not directly canried out

myself, specific details of the methodology employed are not given.

Blood grouping was performed by observing agglutination using

the spin technique according to manuf acturersr insbructions

accompanying the antisera. centrifugation for bloodgrouping

pnocedures was carried out using a Dade immufuge' Antisera was

obtained from Gamma, Biotest and ortho depending on the cuntent

advice of haematologists in this field. Reverse grouping determined

ABO groups from serum if cells were not available for study'

Reverse grouping was not applied to infants less than six months of

a9e-

(h) FAMILY DATA

Kindreds were routinely typed for the marker loci described

above (Table 2.1). Kindreds in this study were broadly defined as a

group of related individuals f rom simple two generation f amilies to

complex kindreds of more than 100 individuals' Pedigree information

in tabular form wibh results only from informative markers are fully

documented for each kindred in Appendix 2'
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The families in Appendix 2 were analysed by LIPED (Ott'' L974;

Lgl6) on a Hewlett-Packand HPl000 computer. The procedure of ott

(f978) was adopted wherever more than four alleles were segregating

wiLhin a family. Allele frequencies given in this chapter (Appendix l)

were inconporated as data for computations involving missing

individuals and loci with dominance. LIPED does nol correct f or

ascertainment bias, which is trivial for families of more than two

generations (Fraser, 1968) and unnecessary for two generation families

in the context of linkage exploration. For the same reason, prior

probabilities for linkage (Renwick, 1969, L97L) weÎe ignored' Prior

odds would be affected by differential recombination rates in males

and females, known chromosomal location of one of the markers and

the relative lengths of the chromosomes'

Idenlif ication codes were assigned to individuals merely for the

purpose of computer analysis of that pedigree (Appendix 2). Fon

some loci, data were sparse in portions of the pedigree. These

pedigrees were analysed twice, once for these loci in the informative

portion of the pedigree, and once for all other loci in the total

pedigree. This was done merely to avoid excessive use of computer

time, and applied only to pedigrees 6047CR, L0l5-LHo and 10556DO'

one branch of kindred 5656EH was included in the FRAI0A25 group

and another branch in the group with mole than one fragile site'

These branches were separated for analysis because branches to

relatives went upwards rather than downwards, and LIPED is unable

to analyse pedigrees in that form.
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(i) ALLELE FREGUENCIES

Genefrequenciesformostofthemarkerlocistudiedwerenot

initially known. The gene frequencies presented in Table 2.1[a] were

assumed at commencement of study to allow LIPED analysis of

famity data to proceed. These assumptions were based on published

data from other caucasian populations' At the completion of alI

familystudies,thesevalueswerecomparedwithvaluesderived

directly fnom the study population (Table 2.1[b]). The diffenences

observedatenotofsufficientmagnitudetoaffectconclusionsfrom

the linkage investigations presented. Virtually alI estimates of allele

frequency (shown with 95% confidence limits) were similar to values

assumedatcommencementofstudy.Thereliabilityofthe

phenotyping procedures used can be assessed from the qoodness of fit

between observed phenotypic distributions and Hardy-weinberg

expectations (Table 2.4). Phenotypic classes with low numbers were

grouped as descnibed in Publica[ion 2 (Materials and Methods)' There

was reasonable agreement between observed and expected phenotypic

distributions in all cases'

The allele frequencies f rom the study population (TaUIe 2'lI b])

were derived from the data presented in Appendix 2' To avoid bias

(most individuals within families are nelated and cafry genes identical

bydescent)onlyPersonsmarryingin|ofamiliesandonlyparentsat

the head of kindreds were counted. onty observed phenotypes from

these personsr nevet inferred phenotypes if these persons were

missing,werecounted.Theseestimatesshouldberepresentativefor

thelocalpopulation,andareatleastrepresentativeforthegroupof



families studied. They are, however, associated with considerable

standard errors (Table ?.t). The standard errors themselves are

approximations since they were calculated from the sample allele

frequencies, not from the population frequencies (which are unknown)'

The extent to which the individuals represent a random sample of the

population depends on the extent to which certain alleles might be

associated with chromosomal abnormalities or variations, on if certain

racial groups ate more prone to chromosomal abnormalities ot

variations.

AIIele frequencies and expected phenotypic distributions for

codominant markers were calculated by MULTAL. This is an

unpublished program in FORTRAN IV originally written by the author.

This program has previously been extensively used for the analysis of

animal population data (Mulley, L975; Barker and Mulley, L976;

Multey and Lat[er, J.9Bla, ],9Bf b). Statistics for ABO and P were

calculated manually. Frequencies for recessive alleles were simply

determined as the square root of the recessive phenotype. MNS

haplotype frequencies were also calculated manually. Haplotypes for

the MNSs phenotype were determined by f amily analysis where

possible; otherwise they were divided into the same proportion as

those which could be classified.
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TABLE 2.]

Ia]
tbl

ALLELE FRECTJENICIES

Values assumed at commencement of study (used for LIPED analysis)

Values determined at completion of study (from the study population)

Allele Frequencies ReferencesMarker (a)
(b) Sample

( Study
Sizes
population )

(a) Red Cell Electrophoretic Markers

ACPIABC
(a) .tI .64 .05
(b) .J4+.o5 .64yO5 .02+.01

ADA

.95

.96+.OZ

AKI I

.96

.96+.O?

Harris & HoPkinson, I976
ZNr = 112

Harris & Hopkinson, I976
2N = 7t2

Harris & Hopkinson' L976
2N = 366

Harris & Hopkinson, I976
2N = 166

Mulley, L9BZb
ZN = t1O

Harris & Hopkinson, L976
2N = j6Z

Parr et al.' I97B
ZN = j6O

Harris & Hopkinson, L976
2N - 166

(a)
(b)

(a)
(b)

(a)
(b)

(a)
(b)

?I

2

.05

.04

.04

.04

ESD

(a)
(b)

GALT

GPT

GLOI

L

.90

.BB+.01

.95

.95+.OZ

.52

.58+.05

.78

.13+.O5

D

.05

.04

2

.48

.42

.56

.56+.O5

2

.22

.27

LA

.ot

.001

?

.r0

.L2

(a)
(b)

N

l

2I

L

.44

.44

PGMI

(a)
(b)
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PGD

PCP

(a)
(b)

(b)

AMY2

(a)

cr-{E2

(a)

C'
(a)
(b)

FI]A

FI'B

PI

(a)

(b)

TF

(a)

(b)

I

.97

.99+.01

.Bt

.88+.01

A

.95

c5*

.05

I

.25

.L7

.79

.85+.04

I*r
.87
.89+.01

.Lt

.L2+.O7

B

.05

c5-

.95

?

.15

.Bl+.04

.01

.01

2

.2L

.15

3

.Ll

.LI

IF

t
.04
.01+0.0

7

2

(a)
(b)

Electrophoretic Markers of Serum and Plasma

Harris & HoPkinson, L976
ZN = ZtB

Barker & Hopkinson, l97B
ZN = t5Z

Komph et al., J.980

Steegmuller, L975

Alper and ProPP ' 1968
2N - 298

Board, J.979
ZN = l0B

Board' l9B0
ZN = t6B

Nicholls & MulIeY' L9B2a
2N - t90

Queen & Peacock, 1966
2N = tBZ

2-t

I

GC Other

t
.t9
.41

(a)
(b)

(a)
(b)

001
(a)
(b)

(a)
(b)

IS

.14

.15+.04
.56
.55+.O5

.10

.10+.05

2HP

GIMI

- .70

.6r

.59+.O5

M?

.t4

M]

.r0

.08+.01

C2

.I5

.I7+.04

S

.ot

.O7+O3

Z

.0r

.001 .005.67+.O5 .15+.04

B CI

.BZ

.BL+.04

.o?

C'

.ot

.0I+.0I

Mulley,
L9BZa
2N = IBB

1980,

Nicholls & MulleY'
L9B2b
2N = tB601.
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(c) Btood Groups*#

ABO A].

(a) .l.B
(b) .14+.04

FvA
(a) .44
(b) .48+.06

KK

JK A

.5r

.57+.O6

Lu A

B

.08

.09+.01

NS

.10
.07+.01

R2 Ro

.04

.o6

M5

.26
.21+.05

PI

A2

.06
.06+.01

B

.56

.5?

.96

.94+.Oj

Ms

.29
.12+.O6

P2

.50
.46+.08

.69
.70+.05

.002

.004

Ns

.t5
.41.+.06

rt rtt

ZN = ZB0

2N = 260

2N = Z5B

ZN = ?42

2N = ?66

2N - 160

o

(a)
(b) 2602N

.06

.05

k

.94

.95yo3

B

.49

.47
(a)
(b)

B

MN5

(a)
(b)

(a)
(b)

(a)
(b)

(a)
(b)

P

OB

.50
54+

Rh

Xg

R1

.42
.37+.O6

Xga

.64

.4r
.46+.O6

.1.5

.15+.02
.01
.00r

.004

.004

r

2N = 254

(a)

X9-

.16

*
**

***

2N = number of alleles (or haplotypes for MNS) sampled

FIlBttI pooled with FllB*2
Gene frequencies at commencement of study calculated from

phenotype frequencies given in the csL Blood Group Reference

Guide (1977)
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TABLE 2.4

CHI-SOUARE GOODNESS OF FIT TEST (WITH SIGNIFICANCE LEVELS)

BETWEEN OBSERVED (O) AND EXPECTED (E) PHENOTYPIC

DISTRIBUTIONS

ACPr. (O.rcP<0.75)

AC BC CC

2.4

AB
79
Bt.0

o
E

AA
2t
zr.t

ADA (0.5<P<0.75)

1-l r-2
L54 T2
r54.? Il.6

AKr (0.5<P<0.75)

I-I I-2
I7O I'
L70.2 L2.5

ESD (O.?5 < p < 0.r)

t-L r-2
t40 42
14r.6 tB.7

GALT (0.5<P<.75)

NN ND
T59 15
159.4 L4.t

cpr (o.25 < p < o.>)

r-1 L?
64 Bl
6L.' BB.O

cLor (0.05<pco.r)

t-r L-z
?9 l0r
35.I BB.B

BB
77
76.8

l 6 0
4.5 0.1

o
E

2-
0
0.

2

2

o
E

?-2
0
o.2

2-2
I
2..6

0
.30

2-2
t4
tL.5

2-7
50
56.r

NLA
I
0.0

DLA
0
t.0

LALA
0
0.0

o
E

o
E

o
E

DD

o
E
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I

i

I

I

I

1

o
E

PGMI (s.25 < P < 0.5)

I-l L-2
o9676
E 9B.I 7I.B

PGD (P > 0.9)

AA AC
tl6 t
116.0 1.0

PGP (0.5<P<0.75)

I-I L-Z
L56 t4
tt4.B t6.8

ct(o.75<P<0.e)

l-I L-2
542
4.5 42.9

FrlA (o.rcp<0.2¡)

I.I L.?
t10 4t
LLZ.' 18.4

FrlB (o.r<P<0.25)

t-t L-,
r47 t,
L45.t t6.4

GC (0.25<pcO.:)

ISTS ISIF
6t 29
59.O tO.6

HP (0.5<P<0.75)

t-1
34
t2.7

PI (0.rocpco.z:)

M1MI M].Mz
9t ,t
87.1 t9.O

2-2
II
rl.l

CC
0
0.0

2-2 L-t
4
2.5

o
E

2
1.8

2-Z
LOz
IOI.5

?-2
1
t.t

4
2.t

2FLF
7
4.4

2-2
67
65.7

M2.M2
5
4.4

IS2
59
64.4

MIM]
IB
20.8

LFz
L6
17.6

2-?
zo
rt.6

M'M]
I
r.2

2-3
0
o.2

7-t
0
0.0

o
E

o
E

t-t
o
E

o
E

o
E

o
E

7

L?
90
92.

Other
I
0.0

MS MZ Other
2574
24.4 7.0 5.4

MzM'
B

4.7
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Ev-

o
E

K

o
E

JK

o
E

Lu

(s.25 < P < 0.5)

AA
55
to.5

(0.¡<P<0.75)

KK KK
014
0.4 tt.t

BB
t7
t4.59

AB
60
64.

kk
1r6
LL6.4

(P > o.e)

BB
29
28.8

AA
t6

2

AA
2
0.4

o
E

55.8 64.1

(0.5<P<0.75)

AB
64

AB
t0
Lt.

BB
r09
LO7.4

Footnote: O and E for MNS, P and Rh are not given. MNS and Rh

are each a system of linked loci in linkage disequilibrium

(Race and Sanger, 1975). Thene are only two phenotypes for

P.
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Insufficient individuals were typed for AMY2, CHEz, HLA' IGH'

IGK or Xg to estimate realistic allele frequencies. Genetic variation

at AMYZ and CHEZ was so low that typing was impractical and was

slopped soon after commencement of study. HLA, IGH and IGK were

only typed in certain kindreds by co-invesligators specialising in those

markers. Insuf f icient persons were typed for X9. This bloodgroup

was only determined in the early fragile X f amilies, prior to

knowledge of a precise localisation for Xg.

The estimated allele frequencies should be useful as fulure data

for the calculations of probability of paternity, probability of

zygosity, probability of linkage and probability for association in the

study population. Blood grouPs and electrophoretic markers will

remain the techniques of choice for paternity and zygosity testing

with existing technology. Their determination is f ar cheaper and

fasten than it is for typing restriction fragment length polymorphisms'

(j) SUMMARY

This chapter described details of sample collection and

preparation, electrophoretic separation and histochemical staining'

These techniques provided the data for this thesis. All family results

were documented in this chapter and form the basis for subsequen[

chapters. Allele frequencies and genotypic distributions were

det,ermined from the individuals examined in the study population'

These confirmed the validity of the loci examined as neliable genetic

mankers, and validated the choice of allele frequencies initially

selected as data inPut [o LIPED.
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(a)

(b)

(c)

(d)

(e)

CHAPTER J

DELETION MAPPING USING PERSONS WITH MONOSOMIC SEGMENTS

INTRODUCTION

MATERIALS AND METHODS

RESULTS

DISCUSSION

SUMMARY

Publication Numbers

Mulley, Bryant and Sutherland (1980)

Mulley and Sutherland (Ì982)

6

7
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(a) INTRODUCTION

The first gene mapping invesligations in this thesis will now be

described using the technique of deletion mapping. Deletion mapping

is a specif ic form of exclusion mapping where exclusion limits ane

def ined by chromosomal breakpoints. The precision of the Iimits

depends on the level of resolution achieved by chromosome banding'

In contrast, limits derived from linkage analysis are defined only in

probability terms. The main advantage of deletion mapping is its

simplicity. Problems include the presence of rare null alleles making

the technique susceptible to occasional error and the relative rarity

of liveborn individuals with different chromosmal deletions'

(b) MATERIALS AND METHODS

The methods used for phenotyping afe described in chapter 2.

The early bloodgrouping data presented in Publication 6 was carried

out in the Department of Haematology, Adelaide Childrenrs Hospital'

soon after, all bloodgrouping was performed within my own laboratory

under my control in order to minimise the possibility of error' The

deletions examined are described in Publication 6 (Mulley et aI., L9B0)

and Publication 7 (Mulley and Suthenland, I?BZ)' Blood samples for

cytogenetic and genetic marker investigation were obtained bef ore

death, at necropsy, or if compatible with life, whenever associated

mental impairment became evident.
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(c) RESULTS

Tables f.I and 1.2 show the daba upon which the exclusions were

made. All exclusions are presented in Publications 6 and 7. The GM

locus referred to in Publication 7 has since been renamed IGH

(Human Gene Mapping 7, L9B4).

(d) DISCUSSION

Subsequent to the time when this project was initiated, Cf, IGH,

Jk and PI were assigned and tlre MNS assignment Pnoven (see Chapter

e).

Historically, deletion mapping has been ineff icient for gene

assignment compared with genetic Iinkage analysis and somatic cell

hybridisation. However, deletion mapping has been useful for

narrowing regional localisations (Aitken and Ferguson-5mith, J.978;

Aitken et aI., I975; Ferguson-$mith and Aitken, I978, I9B2; Turleau

et al., L97B; Emanuel et al., I979). It has provided initial gene

assignments for ACP] and GC and confirmed the assignment AKI

(Ferguson-Smith et al., L971; Mikkelsen et al., 1977; Ferguson-Smith,

I978). The application of deletion mapping is usually restricted to

Iiveborn infants and consequently most of the deletions are nelatively

minor, minimising the eff iciency of the technique for gene

assignment.
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TABLE ].I

BASIS FOR EXCLUSIONS OF IÍ\¡FORMATIVE MARKERS OF INTEREST

(puaucRTloN 6)

Phenotypes

Patient

No. Mother Father Affected Proband

I

FI'B I

NNss, Lu AB

GPT 12

6 MNss

7 CrZ

MNSs, Jk B

FL'A L2

NNSS, JK A, GPT I,
PI MzM]

FL'B L2

GPT 12

MNSS

C' L2

MMSs, Jk AB

FT'A L2

NNSs, Jk AB' GPT

rl, PI MlMl

FL'B L2

Jk AB, PI MIMz,

ct L2, FL1A 12

MNSs, Lu AB

cPT 12, FLSA L2

MNSs

GPT 12, Ct L2

MMSs, GPT 12,

PI MTF

MNSs, Jk AB'

FL'A L2

2

t

4

5

I

l0
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TABLE ].2

BASIS FOR EXCLUSIONS OF INFORMATIVE MARKERS OF INTEREST

(PUBLICATION 7)

Phenotypes

Patient

No. Mother Father Affected Proband

z FtlA L2, FrtB Lt

PI Ml, TF Cl-Cl

FrlA L2, lLtB L3,

PI M2Mf, TF CI
FrrA 12, FL1B Lt

PI MlM2, TF CrCl

GPT 12

TF CIC]

PI M].Mz

ct r2, FLlB ll
PI MlMz, GALT ND

C' I?

IGH L2l5

FllA 12, Jk AB,

Kk, Lu AB' MMSs

t

4

7

B

5 PI MIM]

ct 2, PI Ml.Mz

GALT N

FtlA 12, Jk B,

kk, Lu B, MNSs

L0

rt ct ),?

12 IGH LZ35

TF CIC2

PI M]M2

ct L2, PI MlMl
GALT ND

ct t2

IGH I2]5

FrlA r, Jk A,

Kk, Lu AB' MMSs

PI MIMz

9 IGH15, TF CLCZ lc¡1r?l5, TF Cl rc]ts|rzt5, TF CrC2

TF CICz

L'
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Cook et al., (1980) recognised another source of information not

usually utilised. Some markers, such as P and CHE2, cannot show

heterozygosity by phenotyping due to their dominant mode of

inheritance. If the monosomic individual in these cases can be shown

to have inherited the dominant allele from the parent from whom the

deletion clearly orginated (because of familial translocation or

centromeric polymorphism) then these loci can also be excluded.

Magenis et al., (I979) recognised two additional sources of

information. Duplications are informative for exclusion if both

parents were heterozygous and the affected offspring homozygous.

Duplications are also informative if there was heterozygosity in the

parent of origin and homozygosity in the affected offspring'

Determination of gene dosage by the enzymatic activity of gene

products is another form of deletion mapping, but using quantitative

rather than qualitative criteria. Retanded children with bilateral

retinoblastoma usually have a deletion involving band 13q14 (Yunis

and Ramsay, L97B). Mental deficiency is the outcome of deletion of

a block of ç¡enes, which include the ESD locus. The absence of

another unidentified gene within 11q14 is equivalent to its mutation

to a dominant allele : deletion or mutation predisposes to

retinoblastoma. This assignment of the retinoblastoma gene has

recently been confirmed by linkage with ESD (Sparkes et al., 19Sl)'

Similarly, the gene for Wilm's tumour - aniridia syndrome is

associated with a deletion at tlpl3 near CAT (catalase) (¿e

Grouchy, IgBl). Half the expected levels of ESD and CAT can be

used to diagnose these nespective conditions. Consequentlyr the

assignments of ESD and CAT are confirmed by deletion mappingt but

by quantitative rather than qualitative critenia.
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The use of quantitation for large trisomies such as Down

syndrome has been discredited because of disruption to regulation of

enzymes irrespective of their chromosomal localisations

(Ferguson-Smith and Aitken, I9B2). Gene dosage is now an

established technique for the regional localisation of assigned genes

using individuals with small monosomic or trisomic segments for

chromosomal regions of interest.

Gene dosage studies are most appropriately applied to red cell

enzymes. Red cells are non-nucleated end cells giving high

reproducibility from dif ferent samples in the same individual

(Ferguson-Smith and Aitken, IgBZ). Samples with high reticulocyte

counts should be excluded to guard against over-representation of

immature cells. Althouqh fibroblasts and white cells have been used

to demons[rate dosage ef fects, variation in activity is generally

greater than is found in red cells. The f irst gene assignment by

deletion mapping (Açel to chromosome 2) was confirmed by gene

dosage (Ferguson-Smith et al., L97t) and this was the first

confirmation of an assignment and localisation by gene dosage' The

method has since become f irmly recognised as a valuable technique

for chromosomal localisation of assigned genes (Ferguson-Smith et al',

1976; Aitken and Ferguson-Smith¡ L979; Ferguson-Smith and Ailken'

reBz).

Partial trisomy (duplication) can give comparable nesults to

deletion mapping by eibher dosage or qualitative presence of three

alleles for multiallelic loci. This can be useful for gene localisation

and has been achieved with trisomic codominant expression of HLA

antigens (Pearson et al., 1979) and similarly for PGMI isozymes

(Robson, IgB2). The method is theoretically possible for ACPI, GC,
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IGH, PI, TF and any o[her codominant system with more tlran two

common alleles segregating.

Exclusion in the present sÈudy was not possible using duplications'

Similarly, demonstration of a dominant allele in a proband inherited

from the parent responsible for the deletion was not possible' There

are now insufficient unassigned markers of the conventional tyPe to

make deletion mapping by qualitative criteria a worthwhile

proposition, except where the chromosomal abernations involve

chromosomal regions suspected of containing the locus of interest'

Daiger and Chakravanti (19Bl) described a new application' the

assignment of DNA polymorphisms. They presented a general method

for calculating the probability that a deletion at a specif ic locus

would provide an assignment. This application of detetion mapping is

arguable, given the viable alternatives of in situ hybridisation and

analysis of somatic cell panels of partial hybrids, which are also

applicabte to non-polymorphic sequences.

(e) SUMMARY

New additions to the exclusion map of man (at the time of

study) were determined by deletion mapping. Alternative slrateqies

of exclusion were discussed but not applied. The chromosomal

localisation for GALT was determined by deletion mapping to be

(exPÌl).
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CHAPTER 4

LINKAGE ANALYSF USING FRAGILE SITES AS IVIARKERS

INTRODUCTION

MATERIALS AND METHODS

RESULTS

DISCUSSION

SUMMARY

Publication Numbers

(a)

(b)

(c)

(d)

(e)

I

9

IO

tt

12

T'

Sutherland, Baker and MulleY QgBZ)

Mulley, Hay, Sheffield and Sutherland (I9Bla)

Mulley, Nicholls and Sutherland (Ig8lb)

Mulley (1985)

Mulley, Cox and Sutherland (I9Blc)

Mulley, Hill and McPhee (l98ld)
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(a) INTRoDUCTION

The technique of linkage analysis has been described in Chapter

1.. This chapter describes the use of fragile sites in linkage analysis'

Fragile sites weDe f irst reported by Dekaban 0965) and

subsequently found to be herilable (Lejeune et al., 1968). The fragile

site situated on the X chromosome was soon shown to be associated

with a form of X-linked mental retardation (Lubs, 1969). The

significance of this finding was not immediately recoqnised. It is the

second mosl common cause of mental retardation (McKusick, tg8l)'

Fragile sites may correspond to cancer breakpoints on

chromosomes (Hecht and Sutherland, l9B4). This is based on similar

positioning of cancer breakpoints and some fragile sites, though these

points have not been located precisely enough to prove

correspondence. Whether fragile sites correspond with oncogenes is

yet to be determined.

True fragile sibes have been defined by Sutherland (L979) as

t) gaps in chromosomes usually involving both chromatids'

always at the same locus in cells from any one individual

or kindred,

inherited as simple codominant variants, and

fragitity must be evident under the appropniate cell culture

conditions by the production of acentric fragments, deleted

chromosomes, triradial conf igura[ions, and other such

abnormalities. The autosomal fragile sites have been

2)

t)

4)
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presumed to be fully, or nearly fully, penetrant' However, the one

at (XXq27) is not always expressed cytogenetically in females (Lubs,

L969) and there is a suggestion that it is also not penelranl in some

males (Sherman et al., 1983, l9B5).

Many different fragile sites are now recognised (Figs. 4.I and

4.2). The one at I0q25 requires BrdU for expression (Sutherland et

â1., I9B0) and is present in the study population at a carrier

fnequency of one in 40 (sutherland, I9g2). All other fragile sites are

raDe. The fragile sites a[ I6q22 and I7pL2 are often expressed

spontaneously, but in some individuals expression is enhanced by the

addition of BrdU or Distamycin A (Schmid el al., J'980; Croci, I9B3i

sutherland et aI., l9B4). The remaining f ragile sites are folate

sensitive. Requirements for their expression include

I) absence of folic acid and thymidine in the culture media,

or

z)

3)

inhibition of folate metabolism with methotrexater or

inhibition of thymidylate synthetase with

fluorodeoxyuridine. These conditions presumably lead to

deficiency of DNA precursor substances (Glover, l9B5).

a
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FIG. 4.I ldeogram of known fragile sites'
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FLG. 4.2 Partial karyotypes showing all known fragile sites

(supplied by Dr' G'R' Sutherland)'
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Linkage analysis was not feasible using the BrdU dependent

fragile si[e and folate sensitive fragile sites until the appropniate

lymphocyte culture conditions necessary for their demonstration were

determined (sutherland, 1977; Sutherland et al., 19B0). Heritable

fragile sites occur at a defined map location, presumably the region

carrying the DNA responsible for fragile site expression. These

chromosomal locations may be used as genetic markers, in addition to

the standard blood group, enzyme and probein polymorphisms.

common non-random gaps and breaks are seen at lqter, 2q23, 1pL4,

6q26, 9ql) and llqter. These are now accepted as a fourth class of

fragile siEe (Glover et al., 19B4)r known as common fragile sites.

These are unsuitable as markers for linkage analysis because man is

probably homozygous for all of them. Knowledge of fragile sites to

date has been collated by Sutherland and Hecht (1985) to which the

reader is referred for more detailed information.

(b) MATERIALS AND METHODS

The methods used for phenolyping are described in chapter 2.

The kindreds studied are described in Publications B-Ll (Sutherland et

al., L9B2; Mulley et al., lg8la,b; Mulley, I9B5) and Appendix 2'

(c) RESULTS

Results are presented in Publications B-II. Linkage comparisons

involving test loci assigned by other investigators during the course of

these studies were no longer of in[erest. These unpublished results

are tabulaled separately (Tables 4.L and 4.2). They do not challenqe
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TAE}LE 4.].

LOD SCORE5 BETWEEN TEST LOCI AND FRAGILE SITES.

TI-{ESE TEST LOCI WERE ASSIGI"IED BY OTHER INVESTIGATORS DURING

THE COURSE OF THIS STUDY

Linkage

Comparison

I

.05 .L .2 .t .4

Ct : FRA2QI

FRA6P2]

FRABA2]

FRAt0A2l
FRA].0Q25

FRAIIGI]
FRA].2QI]

GPT: FRA6P2I

FRAlIG]]
FRAr1A2]
FRA].2GI]

JK : FRA6P2I

FRAlOG2]

FRAl.0A25

FRA].].GI]
FRAl6A22

MNS: FRAZGÌI

FRA6PZ'

FRABG2]

FRA9G]2

FRAr.0Azl

-0.5

-r.t
-0.4

-4.8

-7.2

-0.8

-1.4

-0.9

-4.2

-0.5

-2.3

-4.2

-0.8

-0.6

-4.4

-0.8

-0.5

-J.6

-r.7
o.7

0.4

-o.2

-o.7

-o.2

-?.6

-t.7
-o.t
-0.7

-o.?

-2.4

-o.2

-I.2.

-z.B

-0.4

-0.1

-2.7

-0.5

-o.2

-2.2

-L.l
0.4

0.5

-0.1

-0.1

0.0

-0.8

-o.9

0.0

-0.1

o.2

-0.9

-0.1

-o.t

-1.4

-0.1

0.1

-l.l
-o.2

-0.1

-0.9

-0.5

o.?

0.5

0.0

-0.1

0.1

-0.1

0.0

0.0

0.1

0.0

0.0

0.1

0.1

0.1

0.0

0.1.

o.2

-0.1

0.0

0.0

-0.7

0.0

0.L

-0.4

-0.1

0.0

-0.4

-o.2

0.1

o.3

0.1

0.0

0.0

0.1

-0.1

0.0

0.0

-0.1.

0.0

0.0

-0.1

0.0

0.0

o.2

87

Contd.



FRA]0G25

FRAITG].]

FRAT2OI'
FRAI6PT2

FRAI6A22

PI : FRAzOII
FRA6P2]

FRA8A2]

FRAIOGz]

FRAIOG¡25

FRAIIAI]
FRAIIG2]

-5.t
-2.O

-5.4

-2.8

0.4

-2.5

-1.4

-1.6

-L.7

0.4

-0.6

-0.7

-L.9

-0.6

0.4

0.1

-0.1

-r.0
-o.?

o.3

-0.1

-L.t
0.1

-0.4

-0.I
-r.4
0.1

-o.2

0.6

0.4

0.0

-0.1

-0.4

0.0

0.I

-0.7

-7.7

-0.6

-2.9

-II.9
.IO.I

-0.6

-r.r
0.6

0.5

-0.4

-5.2

-0.1

-1.8

-7.8

-6.6

-o.2

-?..2

o.7

0.6

-o.2

-2.7

o.2

-0.8

-1.0

-5.O

0.1

-0.8

o.7

0.6

0.0

-0.5

o.2

-0.r
-o.t
-0.5

0.1

0.0

o.t
o.2

FRA].24I]
FRAI6PT2

FRAl6A22
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TABLE 4.2

LOD SCORES BETWEEN TEST LOCI AND MARKER LOCI FROM

KINDREDS WITH FRAGILE sITES. TI-{ESE TEST LOCI WERE ASSIGII.TED

BY OTHER INVESTIGATORS

DURING THE COURSE OF THIS STUDY.

Linkage I

Comparison 05 L 2 t .4

Ct : ABO

ACP].

ADA

AKI
ESD

ú_
GALT

GPT

HP

IGH

IGK

GPT*: ABO

ACP].

ADA

AK].

ESt)

I
GC

GLO

-8.9

-10.6

-2.I
-3.O

-8.1

-2.7

-2.7

-L9.6

-2.9

-11.8

-6.5

-0.9

0.5

-7.r

-r0.6
-7.7

-1.7

-L3.2

-2.6

-5.1

-5.7

-1..r

-I.9

-3.5

-r.7

-L.3

-t0.9

-0.9

-6.8

-2.9

-0.4

0.4

-4.1

-5.9

-t.B

-r.5

-7.O

-4.7

-I.2
-r1.0

0.0

-0.8

-2.7

-6.2

-L.9

-2.L

-o.3

-0.9

-o.7

-0.5

-o.2

-4.5

-0.1

-4.0

-o.t
0.0

0.1

-0.9

-?.2

-o.7

o.2

-2.I
-r.6

-0.5

-0.7

-0.1

-o.t
o.J

-0.1

0.0

-1.9

0.4

-0.8

o.t
0.1

0.1.

-0.8

-0.8

o.2

0.6

-0.1

-0.5

0.5

-r.6
o.3

-o.2

o.2

-r.2

0.0

-o.7

0.0

-0.1

0.4

0.0

0.1

-0.6

0.1

-0.r
o.2

0.1

0.0

-o.t
-0.4

o.J

o.t
0.1

0.0

o.2

-0.6
0.1

0.0

o.2

-0.4

JK

MNS

PGM].

PGP

PI

Rh

-t.B

-r9.0

-o.7

-r.2

-5.7

-r0.t

0.4

-4.1

0.4

-0.4

-0.4

-7.7ú
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GALT

IGH

JK

MNS

PGM]

JK 3 ABO

ADA

AKI
E5D

ú_
GALT

GC

GLO]-

HP

IGH

MNS

PGP

PGM]

PGP

PI

Rh

Lu : ABO

ACP]-

AK]-

ESD

GPT

HP

JK

GC

GLO].

PI

Rh

-9.8

-30.7

-t5.8
-2.4

-9.2

-17.8

-L2.1

-15.8

-rr.7

-5.7

-L6.5

-8.0

-1.5

-4.6

-10.1

-9.2

-8.7

-6.5

-2.4

-5.4

-2.5

-0.7

-L.3

-l.B
-t.5
-?..8

-2.4

-1..0

-r.,
-0.6

-o.5

-o.t
-1.5

-0.9

-0.8

-0.8

-o.t
0.0

-o.?

-0.1

-0.1

-0.4

0.r

-0.1

-o.?

I

ry
GC

GLO

-7.t
-0.5

2.O

-Lt
-9.0

-0.9

-l_9.0

-7.4

-]}.6
-0.9

-9.4

-0.8

-9.1

-t.t
-9.4

-9.2

-1.9

-o.2

I.B

-o.3

-4.8

-0.4

-l.t.r
-t.r
-6.4

-0.4

-4.1

-0.5

-5.1

-1.9

-4.4

-4.1

-0.5

-2.4

0.5

0.6

-1..6

-?.4

-l.L
-1.4

1..0

-2..t

-l.B

-I.Z
0.0

L.t

-o.2

0.0

0.6

0.I

-0.4

0.0

-L.6

0.0

-0.9

-0.1

0.5

-0.1

-o.7

-0.4

0.1

0.1.

0.1

0.0

o.2

0.0

-0.1.

0.0

-0.1

-0.1

-o.3

0.0

0.5

0.0

-o.t

-o.2

o.2

0.r

-t.r
-4.6

0.6

o.7

-2.4

-4.r

-r.9
-5.6

o.,

-t.g
-t.o

o.2

-L.t

-0.1

-4.6

-0.4

-2.2

-o.2

-o.z

-o.z

-1.5

-0.9

-0.9

-0.8

-0.5

-0.8

0.1

0.4

-0.8

-0.9

-0.5

-r.4
1.0

-t.0
-0.8

0.1

-o.2

o.2

o.2

-0.4

-0.1

-o.2

-0.5

o.7

-o.3

-0.1

0.0

0.0

0.0

0.1

-o.2

-0.1

0.0

-o.2

o.z

-0.1

-0.rMNS
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PGMI

PGP

PI

Rh

MNS: ABO

ACP]-

ADA

AK].

ESD

ú.
GALT

PGP

PI

Rh

PI : ABO

ACP]

ADA

AKI
ESD

ry
GALT

PGD

PGMl

PGP

Rh

50D

-0.1

-1.6

-5.7

-0.9

0.1

-0.9

-t.t
-0.1

o.7

-o.t
-t.6
-0.4

0.6

-0.1

-o.1

0.0

o.t
0.0

-o.2

0.0

GLO]-

HP

IGH

IGK

PGMI

-L3.6

-r?.3

-2.1

-6.1.

-l.B
-l_8.6

-r.t
-rt.9
-r7.5

-4.4

-L.r

-9.7

-4.6

-?o.5

-24.5

-8.0

-6.4

-r.4
-1.6

-z.r
-10.9

-0.6

-6.6

-9.9

-2.4

-o.1

-4.6

-2.5

-tI.6
-L2.4

-3.2

-2.7

-o.7

-r.4
-o.7

-4.5

-o.2

-r.4
-4.0

-0.9

o.?

-1.0

-1.0

-3.8

-4.3

-r.?

-0.1

-0.4

-0.5

-0.4

-I.B
0.0

0.0

-L.7

-o.J

o.3

-0.1

-0.5

-I.6
-t.l

-0.1

0.t

-o.z

-0.I
-0.1

-0.4

0.0

o.2

-0.6

0.0

o.2

0.0

-0.5

-0.4

-o.2

GC

GLO]

HP

IGK

-t5.8
-2L.5

-I.J
-t.r
-B.B

-7.9

-.1.0

-37.?

-L2.9

-18.I
-1.6

-3.r
-?r.9

-7.2

-L9.5

o.3

-B.B

-tr.5
-0.6

-r.t
-5.1

-1.9

-0.5

-20.2

-5.0

-9.5

-0.9

-2.O

-r1.0
-1.5

-II.]
o.2

-7.?

-1.6

0.0

0.0

-1.8

-0.9

-o.?

-6.5

-0.6

-2.8

-0.4

-r.0
-5.4

-1.0

-4.6

0.1

-1.0

-0.9

0.1

0.1

-0.6

0.0

-0.1

-1.6

0.4

-0.5

0.1

-0.5

-?.L

-0.1

-L.7

0.t

-o.2

-0.6

0.1

o.2

-0.1

0.r

0.0

-0.1

0.1

0.1

0.0

-o.2

-0.6
0.1

-0.4

0.0

* GPT is on either chromosome B or 16 (Human Gene Mapping 7' l9B4)'
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any confirmed assignments. MNS was included in these tabulations

because it was f irst assigned indirectly by exclusion (Cook et al',

l9B0) rather than by direct methods'

(d) DISCUSSION

The studies described in Publications B' 9 and lI provide a basis

for the interpretation of linkage studies with fragile siEes' The

fortuitous double ascerLainment of both fragile sites on the long arm

of chromosome l0 (Publication B), the discovery of a new fragile site

linked to HLA (Publication 9) and the results from fragile sites at

L6q22 and Xq?7 (Publication II) have pnovided the basis for

generalisations probably applicable to all fragile sites. subsequent to

Publication Il, HP has been localised to L6q22 by in situ

hybridisation (¡VcCitt et al., 1984) and found to be distal to the

f ragile site at I6q2?.I by in situ hybridisation to metaphase

chromosomes expressing the fragile site (Simmers, 1985 - personal

communication). The presence of fragile site DNA has no gross

effect on recombination frequency, and pnobably has very little or no

effect even in the immediate vicinity of the lesion. The fragile site

DNA maps to the chnomosomal locus of its phenotypic expression'

Linkage studies involving DNA fragments near fragile sites should

therefore be interpreted in the same way as a linkage comparison

between any two markers. However, tightty linked ftanking markers

are needed in order to evaluate the amount of recombination that

occurs at the point of fragile site expnession as distinct from the

amount of recombination which occurs on the chromosomal segment

between the fragile site and closely linked marker. A battery of

tightly linked f lanking markers are also required bef ore accurate
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prenatal diagnosis of the siLe at (XXq27) is routinely

These flanking markers are now being found (Camerino

Drayna, l9B4).

undertaken.

et al., I983i

That the DNA responsible for fragile site expression mapped to

the locus of phenotypic expression was not known for certain ab the

commencement of study. Linkage analysis could have included

comparisons between fragile site loci and all assigned markerst not

just syntenic loci, in a search for possible fragile site debermining

genes remote from the lesion. This was not carried out. The results

that emerged during this study conf irmed that this approach would

have proved fruitless: the genes responsible for fragile site expression

are indeed at on near the locus of their phenotypic expression'

Anapplicationoffamiliessegregatingwithfragilesitesisin

gene assignment. Despite extensive invesLigations, no unassigned

genes were delected near fragile siLe markers. This is evident from

both the preliminary report (Publication I0) and the final assessment

(Publication Ll) from alt f amilies ascertained with fragile siEes in

Appendix 2. Extensive exclusion data was accumula[ed (Publication

U.) which may be of value if loci are subsequently assigned to

chromosomes where partial exclusions have been made'

Recombinalion between HLA and FRA6P2' (Publication 9) contributed

to the precise localisation of HLA to sub-band 6pZI.3 (Human Gene

Mapping 1, L9B4).

SeverallinkagecomparisonsdidinfacbgeneratelodScoregln

excessof+]'.ThesearecompiledinTable4.]asanextractfrom

Publicabion I'l and Table 4.2. Surprisingly the ABO:AKI comParison

is not included as it only reached 0'B at g - O'2'
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This merely reflects the lack of sufficient informaLive families' As

expected, lod scores involving FRA6P2I and HLAt and FRA6P2I and

GLOI'weresuggestiveoflinkage.PerhapstheassignmentofCHEZ

to chromosome 16 needs to be reconsidered on the basis of the

CHE2:HP comparison. Provisional assignment of CHEZ to

chromosome L6 was withdrawn at Human Gene Mapping 6 (L982)'

The FLlA locus showed indications of linkage to markers on three

different chromosomes (I, 4 and L4) but not to chromosome 6 to

which it was provisionalry assigned at Human Gene Mapping 7 (1984)

by Olaisen et al. (1984). Provisional assignment was based on linkage

to HLA. HLA and GLo] af e linked, but he Fl]A:GLoI linkage

comparison in this study did nol contribute worthwhile information

with a lod score of 0.1 at I 0.4. The Positi Ve GPT:PGP

comparison is interesting given the inconsistent assignment of GPT to

chromosomes 8 and L6. The result for Jk:AKl is surprising, since Jk

hasnowbeenconfirmedtochromosome2.occasionalchance

findings such as this are explicable on the basis of the large numben

of comparisons being made. This lod score may be dismissed' given

existing large negative tod scores for this same comparison (KeaLst

tod scores may belgBL). SimilarlY, the Positive Lu:HP and P:MNS

dismissed (see Keats et al., L979)'
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TABLE 4.]

SUMMARY OF HINTS OF LINKAGE

DETECTED IN FRAGILE SITE KINDREDS EXAMIT€D

Linkage Comparison Maximum Lod Score

FRA6P2] : HLA

CHE2 : HP

FI]A :FY

:GC

: IGH

FI]A

FI]A

GLO

GPT

JK

L.4

r.5

r.0

l.l

r.6

L.t

r.5

2.O

1.0

r.3

at

at

at

at

at

at

at

at

at

at

B=

g-

8=

8=

8=
g-

8=

0=

8=

8=

o.z

0.05

0.4

0.4

0.05

0.1

o.2

0.5

0.I and 0.2

0.I

: HLA

: PGP

: AKI

HPLu

P : MNS
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There has been doubt cast upon the use of the fragile X as a

reliable X-linked marker (Sherman et al., LgBt' l9B5). This does not

invalidate the use of fragile siles for gene assignment in the linkaqe

studies reported here. If fragile siles, including the autosomal onest

are noÈ fully penetrant, recombination fractions will have been

underestimated and suggestions of linkage would be stronger than the

results indicate. Demonstration of non-expression of fragile sites in

f amily members would be possible using series of lightly linked

flanking markers.

Simple segregation analysis has been reported from kindreds with

autosomal fragile siEes. This simply means counting camiers and

non-carriers in each kindred, but omitting the index case and each

carrier through whom the next generation of carriers was ascertained

(in the line of descent between the earliest ancestor and the index

case). Segregation was nob significantly different from a l-:l ratio in

a large kindred segregating for tra(re Xqzz) (Magenis et al'' r970)'

many kindreds segregating for fra(L0Xq25) (Suthertand, 1982) and

several kindreds segregating for autosomal f olate sensitive f ragile

sites (Sutherland, I9B5). Though the ra[io of carriers to non-carriers

did not differ significantly, there was however a deficiency (86:l'00)

in kindreds with autosomal f olate sensitive fragile sites. Complex

segregation analysis by computer is required from a large number of

such families to investigate in detail the phenotypic segregation of

autosomal fragile sites.

This analysis has now been carried out (Sherman, l9B5 - personal

communica[ion). Segregation of fra(16)(q22) from a

96



total of five kindreds was random overall, but with a Lendency for an

excess of normal sons and an excess of carrier dauqhtens among

of fspring of carrier mothers. Thene is no deviation from simple

codominance among alI fra(f0Xq25) f amilies studied. Segregation of

autosomal folate sensitive fragile sites is apparently codominant when

transmitted by females but there is evidence for reduced penetrance

(or selection of male gametes) when fragile sites are transmitted

through males. These tesults for fra(L6Xq22) and the autosomal

folate sensitive fnagile sites are only preliminary at present.

Associa[ed with these linkage studies was the discovery of a new

PI variant in one of the families. This variant is fully described in

Publicatio n I2 (Vuttey et al., lg8lc). Forby-three variants were

already described at this locus (Cox, 19BI). Among subsequent

variants to be described was Nnagato, with an isoelectric point

between Nadelaide and Nhampton (Yuasa et al., r9B4). These

variants are heritable, in contrast to the one described in Publication

J-5 (Mulley et al., fg8ld).

(e) SUMMARY

There is now little doubt from the work presented [hat fragile

site DNA has no gross effect on crossing over and is situated at the

site of the chromosomal lesion. The use of fragile siLe markers did

nol contribute any new assignments to bhe human genome despi[e an

extensive exploration. Numenous additions to the exclusion map of

man were made. A new PI variant was identified from one family

with a fragile site. This variant was subsequently described and then

accepted by the International PI Committee as a new variant'

Nadelaide.
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(a)

(b)

(c)

(d)

(e)

CHAPTER 5

LINTKAGE ANALYSIS USING CI-IROMOSOMAL VARTANTS AS MARKERS

INTRODUCTION

MATERIALS AND METHODS

RESULTS

DISCUSSION

sUMMARY

Publication Number

L4 Sutherland, Mulley and Goldblatt (I98I).
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(a) INTRO DUCTION

Chapter4describedtheuseoffragilesitesinlinkageanalysis.

This chapter describes the use of other chromosomal markers for this

PUrpose.

Theapplicationofchromosomalheteromorphismstolinkage

analysishasbeendiscussedinPublication]I.Centromericmarkers

have not been very useful for the purpose of gene assignment. The

applicationofsegregabingstructuralrearrangements(balanced

translocations and inversions) has been more successful' These

aberra[ions have been responsible for a number of assignmentst

including HP to chromosom e 16 (Robson et al" L969)' HLA to

chromosome 6 (Lamm et al', 1974) and MNS to chromosome 4 (Cook

etal.rfgBI).Suchrearrangementshavebreakpointsscattered

throughoutthegenome.Likefragilesites,theyprovidemarkers

whicharenotrestrictedtocentromericortelomericregions.The

familialcentromeremarkersfoundonchromosomeslttr4rg,Lt'14'

L5, L6, 2I and 2-2 are the more commont but the rare familial

structural rearrangements have proven to be more informative (cook

et al., l9B0).

(b) MATE RTALS AND METHODS

The methods used for phenotyPing were described in Chapter 2'

Linkage analysis was carried out in nine kindreds with a variety

of structural markens. Two of these kindreds (6047CR' 557F1) were

segregating with unusual 9GH variants as previously described

(SutherlandandEyre,].981).LinkageresultsbelweenGALTand9QH

from a portion of one of these kindreds was previously presented in
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Publication 7. The whole kindred was reanalysed by LIPED. Another

kindred (5001KR) had a large inversion inv3)b?5;q21) and linkage

analysis from Part of this kindred has been described in Publication

t4 (Sutherland et al., J.9Bl). The whole kindred was ¡eanalysed using

LIPED. The other kindreds had a variety of balanced translocations :

r(to;t8xqz 6;q2L) in kindred I0I99HU, t(LL;22)(q21;q1r) in kindred

l004BMU, t(r;lXqal;pzl) in kindred I092855C' t(5;I0xp14;ql5) in

kindred I0556DO, and t(11;l4Xpf 1;pIl) in kindred l017CH' These

kindreds have not previously been analysed fon linkage' All kindreds

ale documented for pedigree structure and markers examined in

Appendix 2.

(c) RESULTS

Although most of the families analysed were large, litble

infonmation of value was forthcoming from linkage comparisons

involving the chromosomal markers (TaUle 5.1). FllB was excluded

from 5cM either side of IqÕ or 3p2I. Results for cJ, GPT' IGH'

IGK, Jk, MNS and PI became redundant during the study period (see

Chapten 9, Tables 9.L and 9.2).

Addition of the GALT:9GH comparison to exisling data is

presented in Table 5.2. There is clearly close linkage between GALT

and 9aH. GALT must be very close to the centromere on

chromosome 9, or else there is little crossing ovef in the proximal

part of 9p.
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Lod scores for loci assigned during the progress of this study

given in Table 5.3. Status of assignment is that determined by

Human Gene Mapping 7 (1984). In no instance was a conf irmed

assignment seriously challenged. The Cl:GLOI comparison reached

LZ at I = 0.05, but this has previously been negated (Chapter 4,

Table 4.2). GPT has been included here because it is on either

chromosome B or L6.

Linkage analysis between unassigned test loci (determined at

Human Gene Mapping 4, l9B4) and assigned marker loci in farnilies

with segregating chromosomal abnormaliIies ate given in Table 5'4'

Linkage comparisons involving marker loci that are assigned to

rearranged chromosomes are excluded because of possible bias' The

posilive lod scores that were obtained (the larqest being TF:GC with

a lod score of ?.I at I = .05 and 0.1) were negated by mote

extensive data presented in Publication IJ', with lhe exception of the

K:C3 comparison. Combined da[a fnom fragile site families and these

f amilies with chromosome reatrangements and variations gives a

max¡mum lod score of I.4 at I = 0.05. This possible tinkage requires

further study.
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TABLE 5.2

LIN]<AGE BETWEEN 9OH AND GI\LT

Reference g

.05 .I 2 .t .4

Sparkes et al. (1980) t.4 5.L 2.4 L.7 0.9

2.L L5

0.1 0.1 o.2 0.1

5.8 4.8 t.4 r.9

Ferguson-Smith and

Airken dgaz)

This study

Total

0.92.42.t

o.2

5.9
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TABLE 5.]

LOD sCOREs BETWEEN TEST LOCI AND MARKER LOCI FROM

KINDREDS WITH CHROMOSOMAL MARKERS'

TI-.IESE LOCI WERE ASSIGNIED BY OTHER INVESTIGATORS

DURING TI_IE COURSE OF THIS STUDY'

BLinkage

Comparison
I .?. .t .4

C3

GPT*: ADA
ESD
FJ
GC
GLOI

JK
MNS
PGMl
PGP
Þr
Rh

IGH : ABO
ACP].
FJ
GALT
GC
GLOT
HP
vNs

ABO[¡a
GÞT
cnt-r
GC
ct-or
JK
tvtNS
Þcr"trFi--
RH

HP
icn

05

-1.6
-1.0
o.2

-0.7
0.7
LZ

-ú
-r.0
-0.6
-L.Z
0.8

-1..0
-0.6
o.t

-0.4
0.7
1.0

-0.g
-0.4
-0.4
-0.8
0.8

-0.5
-o.3
o.2

-o.z
0.6
0.6

-0.5
0.0

-o.2
-0.4
0.7

-0.1
-0.1

0.0
-0.1
0.5
o.)

-o.z
0.1

-0.r
-o.?
0.5

-0.1
0.0
0.0
0.0
o.2
0.1

-0.1
0.0
0.0
0.0
o.t

-0.6
-2..7
-0.4
-1.2
-7.1
-0.8
-r.t
0.1

-2.O
-o.7
-L.2
0.6

-0.5

-0.1
-r.7
-o.t
-T.B
-r.1
-0.4
-0.9
o.t
-l.r
-o.2
-0.8
0.5
-o.t

0.1
-0.8
-o.?
-o.1
-0.7
-0.1
-0.5
o.2

-0.4
o.2

-0.4
0.4

-o.z

0.r
-o.t
-0.1.
0.0

-0.1
-0.1
-o.z
0.1-

-0.1
0.1

-0.1
o.2
0.1

0.0
-0.r
0.0
0.0

-0.1
0.0

-0.1
0.0
0.0
0.0
0.0
0.1-

0.0

-r.5
-0.9
-0.6
0.1

-r.6
-0.9
-I.0
-2.9
-I.2

-0.9
-0.6
-0.4
0.1

-0.6
-0.6
-0.8
-1.8
-0.8

-0.1
-o.2
-o.2
o.J
o.2

-0.1
-0.1
-0.8
-0.5

-0.1.
-0.1
-0.1
o.2
0.4

-0.1
-0.1
-o.1
-o.7

0.0
0.0
0.0
0.1
o.2
0.0
0.0

-0.1
-0.1.

PGM
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IGK : ACP]
AK]

MNS
Þffir

Jk : ABO
ADA

-
ry
GCdor

PGP
Rh

MNS : ABO

GCF

-0.8
0.5

-2.O
-0.5
-L.l
-o.7

-t.4
-2.7
-r.4
-2.5
-I.9
-L.7
-L.?
-L.5
-?.t

-0.5
0.5

-r.7
-o.J
-0.7
-0.4

-o.2
o.t

-0.6
-0.1
-o.t
-o.2

-t.4
-o.7
-0.4
-0.8
-0.4
-0.5
-o.t
-0.4
-o.7

-0.6
-0.5
-o.2
-o.2
0.0

-o.2
-o.7
-0.8
-0.1
-0.6
-0.6
-o.2

-0.1
o.2

-o.2
0.0

-0.1
-0.r

0.0
0.0

-0.r
0.0
0.0
0.0

-0.1
-0.1
0.0

-0.I
0.0
0.0
0.0
0.0

-0.r

HP
lt tl.ts

-2.I
-1.6
-0.9
-L.7
-1.L
-l.r
-o.7
-0.9
-1.5

-0.4
-0.1
-o.2
-0.4
-o.2
-o.2
-0.1
-o.2
-o.5

-o.2
-o.2
0.0

-0.r
0.0

-0.1
-o.2
-o.t
0.0

-0.1
-o.2.
0.0

ACP]
ADA
ÃKrfDFlr
GC

HP
Þcr.¡r
PGÞ-_
Rh-

-?.4
-1.8
-r.4
-o.7
-0.4
-r.0
-t.5
-1.6
-l.l
-?.I
-?.5
-T.I

-r.4
-L.L
-o.7

0.0
0.0
0.0
0.0
0.0
0.0

-0.1
-0.1
0.0
0.0

-0.1
0.0

-0.5
-o.2
-0.6

LOIG

-2.O
-2..r
-0.4
-t.l
-r.5
-0.6

PI : ABO
ACPI
ESD-
crur
Gc-
clor
HP
IGHil-
pcvr

-1.8
-I.6
-0.6
0.5

-2.5
-1.1
0.4

-5.r
-0.4
-t.4
-o.7

-0.9
-r.0
-0.4
0.5

-r.7
-0.6
0.4

-2,O
-0.1
-2.r
-0.5

-o.2
-0.4
-o.2
0.4

-0.6
-o.2
o.2

-.1.0
-0.1
-r.0
-o.5

0.1
-o.2
-0.1
o.5

-0.r
0.0
0.1

-0.5
0.0

-0.4
-0.I

0.1
0.0
0.0
0.r
0.0
0.0
0.0

-o.?
0.0

-0.1
0.0Rh

* GPT is on either chromosome B or 16 (Human Gene Mapping 7 ' 
L9B4)
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TABLt ,.4

LOD SCORES BETWEEN TEST LOCI AND MARKER LOCI

OTI.{ER THAN CHROMOSOMAL MARKERS'

THESEMARKERSREMAINIEDUNASSIC'I\¡EDDURINGTI-IEcoURsEoF
THIS STUDY.

Linkage

Comparison

g

.05 I .? .t .4

FI]A:

Lu

ABOffir
-r.5
-r.3
0.8

-0.1
-0.9
-I.4
-0.4
-L.3
0.6

-l.L
0.8

-1.0
-0.8
o.7

-o.z
-0.6
-l-.L
-0.1
-0.9
0.6

-o.7
0.7

-0.5
-o.3
0.5

-0.1
-o.2
-0.6
-0.1
-0.4
0.5

-0.1
0.4

-o.2.
-0.r
0.1
0.0

-0.1.
-o.t
-0.1
-0.1
o.t

-0.1
o.2

0.0
0.0
0.1
0.0
0.0
0.0
0.0
0.0
0.1
0.0
0.1

-0.1
0.0
0.0
0.0
0.0
0.0
o.2
0.0
0.0
0.t
0.0

0.I
0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0

C'
-tir
GC
GLOI
HP

PI

IGH
MNS
PGMl

GPT

-t.5
0.0

-0.9
-r.4
-r.,
-t.r
-0.1
-1.4
0.1
0.5

-0.4

-?.r
-0.4
-0.6
-0.9
-0.9
-I.B
0.1

-0.8
0.1
0.4

-o-z

-0.9
-o.z
-o.J
-0.4
-0.4
-0.7
0.4

-o.z
o.z

-o.t
-0.1
-0.1.
-0.r
-o.2
-0.1
o.t
0.0
0.r
o.1
0.0

FIIB : ABO
ACP].
ED_
C'
cnlr
õ-
cpr
HP
IGI-t
Þ-cvr
Fõtr-

K zCj
GCFr
fV-t¡S
pcwL

0.4
0.0

GCilor

0.7
-0.4
-0.4
-1.4
-1..4

0.6
-o.t
-o.2-
-0.9
-0.9

-0.6
-0.7
-0.5
-0.4

0.4
-0.1
-0.0
-0.4
-0.4

-o.2
-0.1
-o.z
-o.2

0.1
-0.I
0.0

-o.z
-o.?

-0.8
-l.l
-0.9
-0.5

-0.r
-0.r
-0.I
-0.r

IGH
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P ABOffir
ÃRI_
€
ESO

-
L-Y
GALT
Cc
HÞ
Î-cr<
t'¡ÑS
pCtr¿f

E-
Rh

-I.7
0.4

-o.7
0.5
o.3
0.5
0.1
0.4
0.5

-0.8
-0.8
-0.9
-0.4
-0.4

-L.l
0.4

-0.5
0.5
o.?
0.5
o.2
o.6
0.5

-0.5
-o.3
-0.6
-0.1
-o.2

-0.5
0.1

-o.?
0.1
0.I
o.2
0.I
0.5
o.t

-o.2
0.0

-o.2
-o.2
0.0

-o.2
0.1

-0.1
o.2
0.r
0.1
0.r
o.5
0.1

-0.1
0.0

-0.1
-0.r
0.I

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.1
0.0
0.0
0.0
0.0
0.0
0.0

0.0
0.0
0.0

-0.r
0.1
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

TF : ABO
ACPI

IGK
MNS
Þcvr

ADA6-
GC
cuo
æT

o.6
-L.'
-0.1
-r.6
2.L
-ß
-0.9
-l.B
-L.2
-0.4
-0.9
.T.I
-0.5

0.4
-0.8
-o.2
-r.0
2.I

-ú
-0.5
-L.r
-0.9
-0.1
-0.4
-o.7
-o.t

o.z
-0.4
-0.1
-0.5
r.7

-õ:l
-0.I
-0.4
-0.5
-o.?
0.0

-o.3
-0.I

0.I
-o.2
0.0

-0.1
1.0
0f
0.0

-0.I
-o.2
-0.I
0.I

-0.1
0.0

HP
tcn

PI
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(d) DISCUSSION

The effect of translocations on recombination in balanced carriers

is not exactly known. The map of chromosome I constructed from

families with chromosomal rearrangements closely resembled the map

determined from the segregation of markers in chromosomally normal

f amilies (cook et al., I9B0), suggesting that chromosomal

rearrangements do not markedly effect recombination in any of the

chromosomes of a balanced carrier. The genetic location of the

translocation relative to other markers is defined as one or other of

the breakpoints of the rearrangement.

Inversions in man tend to reduce recombinalion within the

inversion breakpoints (Publication ll). No effect is assumed outside

the inversion breakpoints. The genetic location of the inversion in

relation to other markers is the closest breakpoint of the inversion.

There is little or no crossing-over within small inversions. Tight

linkage between a marker and such an invension implies that the

manker is within the inversion or not very f ar outside it. Tight

Iinkage between a marker and a large inversion only implies that the

marker is near one of the breakpoints, because crossing-over can

occur within t'largert inversions.

No definite recombinant between GALT and 9QH was observed in

the family pnesented by Sparkes et al. (1980). One recombinant from

Lt has been observed by Ferguson-Smith and Aibken Q9B?), and

corresponding lod scoles were given in Table 5.2. There was a

probable recombinant in kindred 557 presented in this study. The

most likely distance between GALr and 9GH is 5-I0 cM

-l0B-



corresponding to band 9pL2-L3. This agrees with deletion mapping

(Publication 7) and the placement of GALT at 9pL5 rather than other

alternatives at pter-)p24 or p2? (Human Gene Mapping 6, 1982). The

9pl3 tocation has now been accepted (Human Gene Mapping 7, I9B4).

So far, only the validity of linkage relationships between test loci

and the chromosomal markers have been discussed. What of the

validity of lod scores from comparisons between test loci and marker

Ioci other than chromosomal markers in these families?

Validity of lod scores depends upon the effects that chromosomal

rearrangements have on crossing-over. Possible small physical effects

of the translocations and of the large inversion on rates of

crossing-over in the families studied may be ignored. Lod scores

from the families with centromeric variants will be unbiased.

However, structural rearrangements destroy some linkage groups and

create others. This occurs only within chromosomes involved in the

rearrangement. By excluding all linkage comparisons with marker loci

that ane assigned to rearranged chromosomesr validity of lod scores is

maintained. These lod scores were presented in Tables 5.f and 5.4.

They are additive over families, including fragile site families and

other families without cytogenetic aberrations or variations.

The only lod scores not yet considered are those involving two

test loci: that is unassigned loci as defined at Human Gene Mapping

7 (L984). The extent or existence of bias cannot be determined

because the position of neither locus is known relative to the

rearrangement. Therefore such data are usually useless for gene

exclusion and were not presented.

-t09-



These data could be of value under certain circumstances. If Iod

scores suggest linkage between two unassigned loci in a family in

which a rearrangement is segregating, then this could be the direct

result of creation of a new linkage group by the tearrangement'

Such data could provide clues to chromosomal locations as

demonstrated in the hypothetical examPle (f i9. 5.1). Positive lod

scores between unassigned loci could not be found from the kindreds

studied. If they had been, suspected locations could have been test'ed

using appropriate restriction fragment length polymorphisms.

(d) SUMMARY

Although structural chromosomal rearrangements have historically

proven useful for gene assignment , they provided no new gene

assignments in this study. They did provide further additions to the

exclusion map of man. The conditions under which linkaqe

comparisons in such families are valid were discussed'

I]_0



FtG. 5.1 Hypothetic translocation responsible for the creation of a new

linkage group involving locus A and locus B' Linkage is defined

here as the proximity of two loci indicated by a suf f iciently

positive lod score in families segregaÈing for this translocation'

b

B*

*
reciprocal

translocation

B

LociAandBon
separale chromosomes

Loci A and B
now linked

on one chromosome
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CHAPTER 6

LINKAGE ANALYSIS USING FORM5 OF EPIDERMOLYSTS BULLOSA AS

DISEASE LOCI

TNTRODUCTION

MATERIALS AND METHODS

RESULTS

DISCUSSION

SUMMARY

Publication Numbe

(a)

(b)

(c)

(d)

(e)

t5

L6

Mulley, Nicholls, Propert, Turner and Sutherland (1984)'

Mulley, Turner, Nicholls, Propert and Sutherland (1985)'
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(a) RODUCT ION

Linkage analysis has been applied in the previous two chapters to

families segregating for chromosomal markers. Emphasis now shifts

to single disease loci.

Some syndromes and diseases once thought of as homogeneous

genetic entities are instead a collection of disorders arising from

different mutations. Delineation is achieved by ref inements in

clinical observation, genetic analysis and laboratory testing' The

basis for genetic heterogeneity can be :

I) Different mutations at the same locus

2) Mutations at different loci

(a) affecting the same enzyme or protein

(b) affecting different enzymes or proteins

Mappingthelocationsofdiseaselocibylinkageanalysisisone

approach to defining genetic heterogeneity among a group of similar

disorders with unknown gene products. This underlying genetic

heterogeneity is the basis for the spectrum of clinical observations

associated with many disorders. Those diseases with essentially single

Iocus determination are amenable to mapping, and hence identification

as discrete entities.

clinicat geneticists classify familial single locus conditions

according to their mode of inheritance and spectrum of phenotypes.

The mode of inheritance may be autosomal dominant, autosomal

recessive, X-linked necessive or X-Iinked dominant' The major

difference between autosomal inheritance and X-linked inheritance is

that for X-linked inheritance every mating involving a carrier female

is a Mendelian backcross with regard

-rll-



to male of fspring, irrespective of dominance or recessivity. Atl of

these modes of inheritance differ from codominant inheritance in that

the various genotypes are not necessarily associated with a unique

phenotype'eventhoughtheexpressionisprimarilyundersinglelocus

control.

Autosomaldominanttraitsafetransmittedfromoneparent!o

half the offspring. If penelrance is complete, unaffected parents

cannot transmit such traits except as new mutations. Transmission is

usually through either sex and affected individuals are almost always

heterozygotes. Persistence of such deleterious dominant alleles is

unlikely if they affect reproductive fitness. If deleterious effects are

minor, large kindreds could be available for study, as is the situation

with the milder forms of epidermolysis bullosa (EE!). Such conditions

are amenable to linkage analysis but this is frequentty complica[ed by

reduced penetrance (some carriers of the gene remain unaf fected

while still transmitting it to their offspring) and variable expressivity

(a spectrum of phenotypes within a f amily, though not usually as

great as between families).

Thischapterdescribesanattemptbomapatleasttwodistinct

EB genes. These studies developed from one of the kindreds with a

rare folate sensitive fragile si[e which also segregated for a form of

EB.
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(b) MATERIAL S AND METHODS

ThemethodsusedforphenotypingweredescribedinChapter2.

The kindreds studied for EB are presented in Appendix 2' Kindred

l05ltFR had Epidermolysis bullosa simplex - Köbner type (EBS-K) and

was investigaLed in Pubtication 15 (Mutley et al., I9B4). Portion of

this kindred was thought previously to have had Epidermolysis bullosa

simplex - weber cockayne type (EBS-WC), but that diagnosis was

undoubtedly due to variable expressivity of a single gene (99!-5t) in

the whole kindred derived from one mutational event' Kindred

Llr66Jo also had EBS-K but provided insufficient data for

publication. Kindred I6BJO had Epidermolysis bullosa dystrophica -

Cockayne Touraine type (EEID-CT) and was inves[igated in Publication

16 (Mulley et al., 1985). The distinctions between the above forms

of EB are discussed in Publications l-5 and 16' The complete

classification and distinguishing features of all forms of EB are given

by McKusick (I9Bl).

(c) RESULTS

For kindreds l05llFR and t68JO the lod scores involving EB loci

are given in Publications L5 and 16. Lod scores involving EBS-K for

kindred II]66JO are given in Table 6.I. Unfortunately, none of the

Iod scores were of interest. There was no information linkage

between fy and EBS-K, the comparison of interest identified from

kindred l05lLFR (Publication l5), but there was an extension to the

exclusion limits for EBS-k! as indicated in Table 6'1'

Linkage comparisons among loci other than EB are given in

Tables 6.2 and 6.1. Table 6.2 includes test loci assigned during the

study period (1984). Table 6.t includes test loci that remained
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I

unassignedduringthesameperiod.Thesetablesincludedatafrom

Families2and}onty.DatafromFamitylwasincorporatedinto

lodscoresforfragilesit,efamiliesincludedinPublicationllin

Chapter 4. [t was segregating for both EBS-K and FRAlZQll'

I

I
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TAI}LE 6.I

LOD SCORES BETWEEN EBS-K AND FOTJR ]YIARKER LOCI FROM

KINDRED II'66JO

Linkage

Comparison

e

05 .1 z .t .4

EBSK: GPT

ct
ACPI

ESD

-0.7

-1.0

-1.7

-t.0

-0.4

-o.7

-t.l

-o.7

-o.2

-0.4

-0.6

-0.4

-0.t

-o.2

-0.1

-o.2

-0.0

-0.1

-0.I

0.r
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TABLE 6.2

LOD SCORES BETWEEN TEST LOCI

AND MARKER LOCI FROM KINIDREDS WITH EPTDERMOLYSF BULLOSA'

THESE TEST LOCI WERE ASSTGNED BY OTHER INVESTIGATORS DURING

TI-IE COURSE OF THIS sTUDY.

Linkage

Comparison

g

05 .1. z J .4

C3 -t.L
-0.5
-0.4

2.O
-TÃ
o.1

-3.8

-L.7
-0.8
0.0
1.8

-Lz
o.7

-?.o
-r.2
-1.8
-r.6
-r.1
-0.4
-4.2
-0.9
-l.L
-0.6
-r.9

-o.7
-o.2
o.2
I.2

-0.5
0.5

-o.7
-0.6
-0.8
-o.6
-0.6
-0.1
-?..o
-o.2
-0.4
0.0

-0.8

-o.2
0.0
o.2
0.6

-o.2
o.t

-o.t
-o.t
-o.3
-o.2
-o.z
0.0

-0.8
0.0

-0.1
0.1

-o.3

0.0
0.0
0.1
o.?
0.0
0.1

-u.l
0.0
0.0
0.0

-0.r
0.0

-o.2
0.0
0.0
0.1

-0.1

: ABO
ÃKl
GPT
ESD

-t.B
-2..8
-t.o
-t.L
-o.7

GH

ú_
GALT
GC
GLO]
HP

JK
LU
MNS
pc-vr

-6.6
-r.7
-r.9
-1.6
-t.t

PGP
PI
Rh

GPT*: ABO
ACPI
ESD

-l--YGC
ct-or
HP
lcr-'t

-0.6
-2.1
-r.1.
-1.0
-2.9
-1.9
-I.Z
-0.8
-0.8
-r.5

-0.1
-r.t
-o.6
-0.6
-1.6
-1.1
-0.4
-o.z
-0.7
-0.8
0.5

-2.1
-o.1
-r.0
-o.t
-0.6

o.2
-0.5
-o.2
-o.2
-0.5
-0.1
0.t
0.1

-0.4
-o.2
o.3

-r.1
-o.2
-0.4
0.0

-o.2

o.2
-o.2
-0.r
-0.1
-o.2
-0.r
o.2
o.z

-o.2
0.0
o.2

-o.)
-0.r
-o.2
0.1
0.0

0.0
0.0
0.0
0.0
0.0
0.0
0.1
0.1
0.0
0.0
0.0
0.rJ

0.0
0.0
0.0
0.0

IGK
JK
Lu

PGM]
PGP

0.5
-4.5
-r.?
-L.6
-0.7
-L.2

NSM

PI
nn
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IGH : ABO
ACP].
AKI
fD
-
ry
GC
ct-or
HP
tcx
Lu
MNS
PGMI

L.6
-I^0
1.0

-ñ
-2.2
-t.7
-r.2
0.8
-r.t
-0.5
-2.O
-2.8
-0.7
-2.t
-0.1

2.O
-os
0.9

-0.4
-r.2
-7.O
-0.7
0.8

-0.7
-0.1
-1.1.
-t.B
-0.4
-1.4
0.0

-0.1
o.7

-o.2
-o.3
-0.6
-o.2
0.6

-o.z
-o.2
-0.4
-o.7
-0.1
-0.5
0.1

-0.7
-0.1
-o.2
o.3

-0.4
-0.1
o.2

-o.3

t.B

-0.4
-0.1

t.l
õ-o
0.4

-0.1
0.0

-o.2
-0.t
0.4
0.0

-0.1.
-0.r
-o.2
0.0

-o.2
0.r

-o.3
0.0
0.0
o.z

-o.2
0.0
0.r

-0.r

0.1
-o.2
0.0

-0.4
-o.t
-o.2
-0.4
-o.?.
-0.1
-0.1
-o.3
-o.t
-0.1
o.2
o.z

0.1
0.0
0.1
0.0
0.0
0.0
0.0
0.1.
0.0
0.0
0.0
0.0
0.0
0.0
0.0

IGK

JK:

MNS

PGP
ã-
nn

ABO
cõ-
ct-or
Lu
Fco
Fi--
MNS
Rh

-1.5
-0.6
-0.8
0.5

-1.4
-0.8
0.5

-I.L

-2.6
-1.0
-L.t
-5.7
-z.I
-4.5
-1.7
-1.6
-L.t
-3.7
-2.4
-?.9
-r.5
-l.l
-1..4

-r.2
-0.1
-0.5
0.4

-0.9
-0.4
0.4

-o.7

-0.r
0.r
0.0
0.1
0.0
0.0
0.0
0.0

0.r
-0.1
0.0

-0.1
-o.?.
0.1

-0.1
-0.1
0.0
0.0

-0.1
-0.r
0.0
0.0
0.1

ABO
ACPI
AK].
E5D

-l:rGC
ct-or

0.0
-0.7
-0.6
-3.t
-T.J
-2.6
-?.2
-1.0
-0.8
-2.O
-r.6
-I.B
-0.9
-0.1
-0.4

0.4
-0.4
-0.1
-T.J
-0.6
-0.9
-t.0
-0.4
-o.3
-0.8
-o.1
-0.8
-0.4
0.1
o.2

GC
Þr

Lu

PI
nn

: ABO
ACPI
AKl

HP6
vtNs
PGD
Þct"tr
ÞcÞ--

ESD

-
Lr
GC
ct-or
FiF_-
pco
Þffir
PGP

-o.2
0.0

-L.2
-0.9

-0.8
-0.4

0.0
0.0

-6.4
-0.8
-L.2
-4.6
-5.7
-8.0
-0.7
-4.?
0.7

-4.0
-1.0

-4.0
0.1

-0.7
-2.6
-t.4
-4.5
-0.4
-t.t
0.9

-2.2
-0.4

-l.B
o.3
-o.t
-r.0
-1.4
-r.6
-o.z
-0.8
0.8

-0.8
0.0

-0.8
0.1

-0.r
-0.4
-0.6
-0.4
-0.r
-0.1
0.5

-o.2
0.0

-o.2
o.z
0.0

-0.1
-0.I
-o.2
0.0
0.0
o.2
0.0
0.0
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PI
nn

-4.4
-7.4

-2.t
-4.I

-0.8
-L.'

-o.,
-0.4

-0.r
-0.I

PI

* GPT is on either chromosome B or 16 (Human Gene Mapping 7, 1984)

ABOffir¡m-
ES-D

-l-v.
GCilor
HÞ-
Þõo
ÞFvr
mP
Rh

-2.4
-5.7
-I.0
-0.5
-2.O
-2.8
-2.6
0.4
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TABLE 6.]

LOD SCORES BETWEEN TEST LOCI AND MARKER LOCI

FROM KINDREDS WITH EPIDERMOLYSF BULLOSA.

TI.{ESE MARKERS REMAINID UNASSIC'N¡ED DURING TI-{E COLJRSE G
THIS STUDY.

Linkage

Comparison

I
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(d) DISCUSS ION

The hints of possible linkage in Tables 6'2 and 6't are

summarised in Table 6.4. The cl:ESD comparison is negated by the

same comparison in Table 4.2 (Chapter 4). Both the IGH:ABO and

TF:IGH comparisons are negated by the same comparisons in Table

5.t (chapter 5). The IGH:AKI and K:fy comparisons were negated

by published works (Keats et aI', Ig79)' Hence' none of the results

summarised in Table 6.4 require follow-up because all are chance

observations.

Chapters 4 and 5 identified a hint of linkaqe (Iod score of l'4 at

g = 0.05) between K and cl. This chapter provided no further daÈa

regarding this observation. None of the families wefe informative'

There were several other hints of linkage identified in Chapter 4

(Publication LI). Three of these involved FL'A' Additional data

from chapters 5 and 6 now provides the data summaried in Table

6.5. The hint of linkage between FllA and F¡ disappears. similarly

for GPT:PGP, but the data is not inconsistent with loose linkage'

The hints of linkage between FI]A and GC, and Fl]A and IGH'

remain. At least one of these is misleading because GC and IGH are

firmly assigned to different chromosomes and both are clearly chance

observations now that FLlA has been assigned to chromosome 6

(chapter 9). The positive lod score bebween cHEz and HP remains

int.eresting.
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TABLE 6.4

SUMMARY OF HINTS OF LINKAGE DETECTED

IN KINDREDS II'66JO AND 
'68JO

Linkage Comparison Maximum Lod Score

C' : ESD

IGH : ABO

IGH : AKI

:F1

: IGH

K

TF

2.O

2.O

I.0

t.l
I.9

at

at

at

at

at

8=

8=

9=

8=

0=

0.05

0.r

0.05

0.05

0.05
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TABLE 6.5

AFFECT OF ADDMONAL DATA FROM CI-IAPTERS 5 AND 6

ON HINTS tr LINKAGE DETECTED IN CI-IAPTER 4 (TABLE 4.')

Linkage

Comparison

B

.05 .I .2 .t .4

C'K Unchanged from ChaPter 5

-0.6 0.t o.t

-r.4 l.l I.0

0.9 L.2 1.0

-I.7 0.7 0.8

t.t 0.9 0.5

FflA: fr
FI]A : GC

FLlA: IGH

GPT : PGP

CHEZ: HP

-2.2

-5.5

0.5

-7.0

r.0

0.0

0.4

0.4

0.5

-0.r
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These attempts at assignment for at least two epidermolysis

bullosa genes discussed in this chapter were unsuccessful. According

to Solomon and Goodfellow (l98l): r'For a dominant disorder a

linkage study of L, f amilies, with six children (each) and their

parents using classical markers will cover only eight per cent

of the genome. This number increases to 44 per cent with the

currently available RFLP's". The reported linkage sLudies

(Publications L5 and 16) did provide clues for gene assignments, and

these can now be pursued using RFLPts. Conf irmation of the

proposed EBSz locus (see Publication 15) is being sought using

polymorphic restriction sites associated with ATI (antithrombin III)

(Bock and Levitan, 1985). Polymorphic sites are detected using the

restriction enzymes Pstl and BamHI (Bock and Leviton, Ì98); Bock -

personal communication). ATIII is assigned to (1q21) (Shows et al',

r9B4) within measurable linkage distance to r-y (Kao et al., l9B4).

The choice of marker loci for further exploration of linkaqe to

EBD-CT depends upon the location of previous exclusions (Fig.6.f).

Exclusions (Iod scores less than -2 between EBD-CT and marker loci)

are made from the midpoint of the marker locus localisation (if this

is an interval). The regional localisations are those determined at

Human Gene Mapping 7 (1984). Exclusions based on provisional

assignments of marker loci are dependent upon subsequent

confirmation of the assignment. The genetic map used is the one of

cook et al. (I980). Exclusions near unassigned and inconsistently

assigned marker loci (ÇHEZ, FIrB' GPT TF cannot be given at this

time. The search for Èhe EBD-CT gene can now proceed using

RFLP's located at regions not yet incorporated in the exclusion map'

-r27-



Thedominantgene,asenvisagedbyMendel,isoneinwhichthe

phenotype of the heterozygole closely resembles one of the

homozygotes. Most so-called dominant conditions in man are, strictly

speaking, partially dominant. This is the case for EB' The

heterozygote is intermediate between the two homozygotes. In

human genetics the term dominance has been more loosely applied'

Dominant conditions are regarded as those in which the heterozygote

differs from the normal homozygote. Near complete dominance is

theoretically possible in a case where the pnotein product is

multimenic, because much more than hatf of the protein formed in

the heterozygote might be structurally defective. Pauli (I9Bl) has

suggested that, on available evidence, complete dominance does not

exist in human genetic diseases.

several mechanisms of gene action could explain these so-called

dominant genes of human genetics (Vogel and Motulsky, 1979)' Such

mutations may af fect regulation at loci coding for enzymes or

proteins or affect the function of structural proteins. The dominance

condition is brought about either by abnormal amounts of a given

gene product, or by incorporation of defective gene product which

weakens a structural protein. Diseases which affect the function of

enzymes are usuallY recessive.

The number of Mendelian conditions with single modes of

inheritance have been documented by McKusick (l9B]). There are

Lr6t7 confirmed examples and a further IrTtI examples not yet fully

identif ied or conf irmed. of the conf irmed examples, 9t4 are

autosomal dominant, 584 are autosomal recessive and 1I5 are

X-linked. These conditions are amenable to linkage analysis. This is

usually more ef f icient for dominant disorders, except for

-L28-



those of late onset or low penetrance, and for X-linked disorders'

(e) SUMMARY

' Evidence (albeit inconclusive) was presented for t'he existence of

allelic variation at a proposed EBSZ locus responsible for both EBS-K

and EBS-WC. This provided the basis for further work to confirm or

refute the localisation of EBS2 to a segment on chromosome I'

TherewasnocluetothegeneassignmentforEBD-CT.The

exclusion map derived from the large EBD-CT kindred is presented as

the basis for further linkage exploration'
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FIG. 6.1 The current exclusion map for EBD-CT determined from kindred 368J0.
The excl-usions (shown in red) wene determined assuming penetrance = 0.7.

2 3 4 56 7 I 9 l0 il t2

100

50

50

100

PGD

Rh

Fy

ACPl

IGK

PI

F13A

o1
T

0

ã
U

o
o
ã

JK AK1

ABO
Ss

I

O
I

l3 14 t5 ló17 18 192021 22YX
Xg

50 P c3

ão
q)

o
ãso ü

--

-
t
-

I

I
-

I

=

I
-I

I

t
I

I
I
tr

100

+ESD

IGH

HP ADA



CHAPTER 7

ASSOCIATION BETWEEN PI PI.{ENOTYPE AND MUTATIONI TO FRAGILE

SITES

(a)

(b)

(c)

(d)

(e)

INTRODUCTION

MATERIALS AND METHODS

RESULTS

DISCUSSION

SUMMARY

Publication Number

T7 Mulley and Sutherland (l98l).

Mulley and Sutherland (I9BI).IB
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(a) INTRODUCTION

The nature and origin of fragile sites are not understood.

c1-antitrypsin is associated with diseases involving tissue destruction

(Lauretl and Eriksson, L963; Sharp et al., L969), and when this study

commenced, it was under suspicion as a possible factor in the genesis

of certain chromosomal aberrations (Aarskog and Fagerhol, L97O;

Kueppers et al., I975; Fineman et al., I97 6). Fragile sites are

another form of chromosomal abemation. They ate heritable

chromosomal lesions. On this tenuous pathophysiological basis, data

were tested for possible association beLween o 1-antitrypsin and

mutation to fragile sites. Data were already on hand from the

families studied in ChaPter 4.

(b) MATERIALS AND METHODS

Two series of data (Series I and 2) were collected and analysed'

PI phenotyping and allele frequencies from the study population were

described in Publications I and 2. The families studied were those in

Appendix 2 that were segnegating with fragile sites. Data from

isolated ascertainments were also included, as described in Publication

I7 (Mulley and Sutherland,ì.981). Publicalion l7 reported results from

Series l-. Results for Senies 2 were obtained the same way: from

f amilies segregating with fragile sites and from isolated

ascertainments where family sbudy could not be undertaken' Results

for Series 2 are reported in the text of this chapter' AII data refers

to the earliest carrier of the fragite site in each kindred as described

in Publication 17' con[ingency x 2 tests were applied with a

correction for continuity (Steel and Torrie, 1960)'
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(c) RESULTS

Series I

The results from series I are presented in Publication 17'

These led to the postulation of a major gene Q!) implicated in the

mutagenesis to fragile sites. No mechanism was immedia[ely obvious'

In the absence of other series, these results are unconfirmed, and

chance must therefore be regarded as a reasonable alternative

explanation for the results obtained'

There was also an unexplained high rate of double ascertainment

of fragile sites in these families. The double ascertainments

involving both folate sensitive and Brdu dependenl fragile sites were

made from l.g families with folate sensitive fragile sites that were

testedforthepresenceoft'heBrdUdependentfragilesite.

Twenty-two of the 40 families with folate sensitive fragile sites were

not tested for the presence of the fragile site at 10q25. Given a

carrier frequency in the normal population of I' in 40 for the BrdU

dependent fragile site (Sutherland, L}BZ) the pnesence of three J'0q25

fragile sites among lB earliest carriers with folate sensitive fragile

sites is six times greater than expected' However' this did not reach

significanc" (X {, - I.99, 0.10 < P < 0.25). AII observations of the

fragile siEe at L6q22 were part of double ascertainments' Three of

these were with the fragile site at 10q25. Culture conditions

(Sutherland et al., I9B4) may have been sub-optimal for the detection

of the fragile site at L6q22 in these samples, and many single

ascertainments could have been missed. However, the fragile site at

L6q22 is sufficiently rare that by chance it should almost always be

ascertained alone. It is probably present with a frequency of

approximately I in 90 individuals (Sutherland' L9B5)'
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Publication 17 raises two separabe questions. Firstlyr is there a

causal relationship between PI phenotype and mutagenesis to fragile

sites? Secondly, does the apparently high rate of double

ascertainment of fragile siEes suggest a common genetic or

environmental componenÈ involving the PI locus or something else

which predisposes to the mutational events for the expression of

fragile sites?

The new PI variant NADELAIDE (Publication 12) segregated in

one of the families, but was independent of [he f indings neported'

The NADELAIDE and fra(l0xqzl) variants had separate ancestry'

Series 2

Another series of fragile site ascertainments was clearly required

in order to confirm or refute these findings. Thirty-seven new

ascertainments from t6 kindreds have so far been accumulated' This

number is, as yet, inadequate for clear evaluation of the possible role

of the PI locus in mutagenesis to fragile siles. one of these families

did, however, provide another double ascentainment. The double

ascertainment involved two rare fragile sites ' 1t.1¡)(q27) and

fra(16Xq22).

Results from these addilional kindreds are summarised in Table

1.I. Data from kindreds with the fragile site at 117)(pI2) are now

included. These data may be pooled with that from families wiLh the

fragile site ab (l6Xq22). These are both dystamycin A inducible

fragile sites (sutherland el al., l9B4). No new data is presented for

the polymorphic fragile site at (lOxq25) because no association was

originally found with this fragile site. Reasons for this were

discussed in Publication 17.
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No signif icant association was found with the LZ addibional

kindreds with fra(X)(qz7) (¡2 = 0.07, O'75 < P < 0'9)' No association

was found with Il additional ascertainments of the autosomal folate

sensitive fragile sites ( 
t = I.B0; 0.10 < P < 0.25). No association

was detected from a total of 19 ascertainments with either

tra(t6XqZ2) or tra(l7Xplz) ( X| = LJ?¡ O.25 < P < 0'5)' This second

series of fragile site ascertainments failed to conf irm the results

from the first series. The sample for series 2 remains, however, of

inadequale size.

Since all data was derived from the same population, results

from both series were pooled. Significance (P < .01) remains for both

the fra(XXqz7) ascertainments and the autosomal folate sensitive

f ragite site ascertainments. However, this is meaningless if the

distribution of PI phenotypes obtained from the original series was

merely a chance observation.



TABLE 7.1

DISTRIBUT¡ON OF PI PHENOTYPES

AMONG A SECOND SERIES tr FRAGILE SITE GROUPS

Fragile Site Classifica[ion

PI Phenotype

PI M Non-PI M, Total

Xq27

Autosomal folate sensitive

L6q?2 + L7pIZx

Control

t0

I
t5

575

z

t
4

L2

tt
l9

64065

* Includes five ascertainments of ç¡5)(q22) from first senies. These had

not previously been analysed for association due to insufficient numbers.
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(d) DISCUSSION

Fragile sites have been postulated to arise as specific viral

lesions (Lubs, 1969). Morphological changes to chromosomes can be

produced by adenovirus-l2 (Zur Hausen, L967; McDougall, I97L;

McDougaII et al., Lg73) and these gaps are in specific chromosomal

regions on chromosomes I and 17 (Shows et al., l9B4). Viral

infection could explain the high rate of double ascertainment by

inducing more than one fragile site simultaneously'

Reduced regulation of proteases in individuals mildly deficient in

pnotease inhibitor might in some way predispose DNA to viral atback'

Protease attack on the histone cores of chromoro.", -"y undermine

their structural integrity. This hypothesis is highly speculative, and

furthermore, non-specific in regard to lhe mechanism of action in the

absence of full knowledge of metaphase chromosome structure'

Development of such knowledge is now proceeding (Kornberg and

Klug, lg8l; Happala and Nokkala, l9B2).

It has now been shown that the PI locus is unlikely to be

associated with numerical chromosome abnormalities. Proposals by

Aarskog and Fagerhol (1.970); Kueppers et al. Q9l5) and Fineman et

al. Og7 6), have been ref uted by Publication LB (Vultey and

sutherland, lgBl) and BufLon et al. (1982). Further study may well

show that there is no associa|ion between certain PI types and

mutation to fragile sites, just as further study refuted the proposed

association between certain PI types and nondisjunction resultinq in

numerical chromosomal abnormalities-

The hypothesis proposed in Publication l7 was that mildly

deficient PI phenotypes predispose to mutation to fragile sites' This
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hypotheeis may be ptaced in perspective by a Passage from Darwin

(f859) as cited by Bishop (l9BJ): 'rFalse facts are highly injurious to

the progress of science, for they often endure long; but false viewst

if supported by some evidence, do little harm, for everyone takes a

salutory pleasure in proving their falsenessr'.

(e) SUMMARY

An assoc¡ation was detected which suggested that mild

cr1-antitrypsin deficiency may predispose to mutation to fragile sites.

This associaÈion has not yet been verified in the study population and

is yet to be tested from other populations. If this association

represents a real relationship, its basis is unclear.
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CHAPTER B

THE PI*Z ALLELE AND SEGREGATION DISTORTION

(a)

(b)

(c)

(d)

(e)

INTRODUCTION

MATERIALS AND METHODS

RESULTS

DISCUSSION

SUMMARY
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(a) INTRODUCTION

This chapLer explores another potential relationship involving the

PI sysbem. The possibility of segregation distortion in the

transmission of the PI*Z allele will now be examined'

That there may be preferential transmission o1 PI*Z by PI MZ

males, but not by PI MZ females' was first prposed by Chapis-Cellier

and Arnand (L979) and Iammarino et al. Q979). However, the data

re-analysed to remove ascertainment bias do not support acceptance

of the hypothesis (cox, l9B0), nor do further data (Mittman and

Madison, I9B0; Constans el al., I9B2; Chakraborty et al., l9B2)' but

controversy regarding ascertainment bias remained (Iammarino et al',

I9B0). Data from the families presented in Appendix 2 are not

derived from referred cases of severe c1-anlitrypsin deficiency, and

therefore should eliminate the problems of ascertainment bias (unless

the relationship between PI phenotype and fragile site mutation is

real - see Chapter 7). Preferenbial transmission has nob been

observed for PI*S (Suarez et al., L?BZ).

This chapter reports the outcome of simple segregation analysis

for non-PI*M alleles (including PlxZ) in the kindreds in Appendix 2'

Mating combinations included the non-Pl M phenotypes PI MZ' PI MS'

PI MI, PI MNADE and PI MG. AII data had been assembled during

the course of investigations presented in chapters 4, 5 and 6.
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(b) MATERIALS AND METHODS

SimplesegregationanalysiswasappliedtokindredsinAppendix2

segregating for non-PI*M alleles. Kindreds were ascertained mainly

from fragile sites and never from PI phenotype, hence there should

not be ascertainment bias due to severe al-antitryPsin deficiency in

propositi. Most data was derived from simple sibships.Portion of

kindreds where the informative parent was of the pheno[ype Pl sz

were omibted because lhey obviously had to lransmit one or other of

their non-PI*M alleles. Heterozygote offspring from families with

both parents heterozygous for the same non-PI*M allele were also

ignored, because the path of transmission of the alleles could not be

determined.

PI was phenolyped as described in Publications I and 2'

(c) RESULTS

Resultsfrom92offspringarepresentedinTableB.I.Simple

inspection shows an excess of MZ female offspring (6) from MZ

fathers, an excess of MS female offspring (11) from MS fathers' an

excess of non-M daughters (2I) from non-M fathers (subtotal tll

Table B.l) and an overall excess of non-M daughters (ll) from all

matings (grand total - Table B.L). The sample is too small for

meaningf ul tesling of the f irst two observations. The excess of

female non-M offspring from all matings (grand to[al - Table B'I) is

not statistically significant (X3 = t.B, O'25 < P < 0'5)' The excess of

f emale non-M of fsPring from

(subtotal l- I I - Table B.L) is

0.I0 < P < O.25). SimilarlY'

all matings involving non-PI

not statisticallY signif icant

M fathers

= 4.8¡

offspring

part of

k3

consideration of onlY f emale

from matings involving non-Pl M males (M:non-M L4zZI'
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subtotal tll
expectations (X 2

1

Table B.I) is not signif icantty different from

=L.4to.r<P<0.25).

(d) DISCUSSION

The controversy described above (Introduction) has apparently

been resolved. There was no statistical evidence for the preferential

transmission of Pl*Z from kindreds examined in this study'

Furthermore, there are no additional reports from the literaturè in

support of segregation distortion, apart from those mentioned in the

Introduction section. The question of ascertainment bias if there is a

real association between PI phenotypes and mutation to fragile sites

(Chapter 7) does not arise in the data analysed because no association

of PI alleles with segregation distortion could be demonstrated'
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TABLE 8.1

RESULTS FROM SIMPLE SEGREGATION ANALYSIS FOR NON{I*M
ALLELES

OffspringParental Combination

(Male X Female) No. Male Female

PIMSXPIM
PIM XPIMS

MS

?
L

M

Lt
7tvz

XP
XP

PI
PI

2
L

0
2

0
t

l
?

M

l
0
0

M

5
t

M

I]
5

PI MI
PIM

MZ
M

IM

XPIM
XPIMI

PI MNADE X PI M
PIM XPIMNADE

PIMG XPIM
PIM XPIMG

Subtotals

(L) Non-PI M* x PI M
(2) PI M x Non-PI M*

Grand Total

M MZ M MZ

MS

'58671856?5
MI M MI

MNADE NADE

MG MG

Non-M M Non-M

6
4

2
0

2
0

0
0

0
0

0
0

M

2
L

M

0

M

0
?

M

0
2

57
t5

12 t0
9

19

L4
7

ZL

2L
l_09

92 2I 3I

* Non-PI phenotypes are either PI MZ' PI M5' PI MI, PI MNADE
or Pl MG.
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(e) SUMMARY

PI alleles segregate randomly in the sample of the population

studied. The sample consisted of informative portions of 78 kindreds

used in linkage studies (Appendix 2), This result, based on 92

offspring, agrees with the more recent reports from the literature.
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(a)

(b)

(c)

CHAPTER 9

CONCLUSIONS

GENE MAPPING

ASSOCIATIONS

IMPACT OF MOLECULAR BIOLOGY

-r45-



(a) GENE MAPPING

Two significant factors wele evident during the progress of this

work. Firstly, the promise of signif icant advancement by bhe

molecular approach in human genetics became a reality, and is now

the dominant method of gene mapping' Secondly, the ra[e of

progress in gene mapping continued to accelerate' Accelerated

progress resulted from the continuation of conventional methodology

as well as from the introduction of the techniques of molecular

biology. This meant that a number of loci not assigned at the

beginning of this study are now assigned, making some of the

investigations during the study period obsolete'

The status on the gene maP of the marker loci investigated at

the commencement of study was given in Chapter l' Advances to

the present time in the mapping of relevant loci are summanised in

Tables 9.L and 9.2. The loci CHEZ, FIIA' FIIB' GPT' K, P and TF

remained unassigned, provisionally assigned or inconsistently assigned

at Human Gene Mapping 7 (1,984). More recent data has now

conf irmed the assignment of FllA to (e Xp) (Board et al., I9B4;

Eiberg et al., l9B4). The status of FLrA will be upgraded to

confirmed at the next Human Gene Mapping workshop. In addition,

the loci cf, tGH, IGK, Jk, Lu and PI have been assigned during the

study period. when the study commenced, cHEz was provisionally

assigned to chromosome L6, C5 pnovisionally assigned to chromosome

6, IGK provisionally assigned to chromosom e 7 , Jk provisionally

assigned to chromosome 7, PI inconsistently assigned to chromosomes

6 or B and P tentatively assigned to chromosome 6. None of these

were subsequently confirmed. Two of the provisional assignments (Cl

and Jk) proved to be wrong, the other (çHEZ) was downgraded to
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TABLE 9.]

CHANC€ IN STATUS OF MARKERS AT I-ILJMAN GE¡.¡E MAPPING 6 (L9B2r*

Marker Chromosome Status** Region

C3

CHEa

AMY2

ESD

F:¿

GALT

GLOI

GPT

IGH

IGK

PI

Rh

Xe

As for HGM5

19

Unassigned

As for HGM5

As for HGM5

As for HGM5

As for HGMS

Bor16
14

2

2

6

As for HGM5

As for HGM5

As for HGMS

t4
As for HGM5

As for HGM5

P

C

J.p22.l-)qII

llql4
lpter-)q2l or q?5 or ql2-)qter

pter-)pI3
6p23-)pZL

B or l6pter-)pJ.I

pter-)p34

p22.I

pI)-)pI?

p36-)p12

pter-)p22.5

C

P

C

P

JK

B
PGD

PGM]

PGP

JT Compared with status at Human Gene Mapping 5 (1979).

C - confirmed, P - provisional, I - inconsistent.*.tÉ
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TABLE 9.2

CHANGE IN STATUS OF MARKERS AT HUMAN GEI\¡E MAPPING 7 (T984)

Marker Chromosome Status* Region

AMYz

C'
ESD

FI]A
ry
GALT

GLO]

GPT

IGK

Lu

As for HGM5

L9

As for HGM5

6

As for HGM5

As for HGM5

As for HGM5

As for HGM6

As for HGM5

As for HGM5

As for HGM6

2

I9
6

As for HGM5

As for HGM6

As for HGM5

p?I

pter-)qJ-).2

q14.J.

qLZ-)q?I

pZL->.pI3

p?L.1-)pZI.?

BqI)-)qter or l6Pter-)PlJ-

pZL.l

qZI-)q22

q72.3

PIz

pter-)p56.13

q24.3-)q32.I

p?6-)p34

L

P

HLA

HP

IGH

PGD

PI

Rh

q

C

C

T

*C - confirmed, P - provisional, T - inconsistent'
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unassigned, the inconsistent assignment e!) was wrong and the

tentative assignment (B) was downgraded to unassigned. The status

of a proposed EBS2 locus on chromosome I (Publication 15) may be

equally suspect. However, the map locations determined for DNA

responsible for fragite sites (Publications B' 9 and LI) will remain

f irm.

The status of loci wi[hout confirmed assignments are as follows

CHEL, F].,8' K, B and TF are unassigned. The status of TF is

uncentain. There is no direct evidence for an assignment, although

circumstantial evidence from comparative gene mapping supports a

provisional assignment to chromosome J (Human Gene Mapping 7,

l9B4). GPT is still inconsistently assigned to chromosomes B or 16.

consider now the effects that recent molecular approaches are

having on gene mapping. At Human Gene Mapping 6 (I9BZ) gene

mapping had reached 'rthe crossroads" (Lindley, 1979). The gene maP

was poised for rapid expansion using moleculan technology. This is

now occurring as evidenced by the content of presentations at Human

Gene Mapping 7 (1984).

Solomon and Goodfellow (f98l) pointed out that the revolution of

recombinant DNA technology has "completed the circle". The

imminent discovery of potentially unlimited numbers of new Iinkage

markers by restriction enzymes has reinstated Mendelian genetics as

once again the main force in mapping the human genomer but relying

heavily on somatic cell genetics and in situ hybridisation' The

immediate goal is to cover the genome with markers at regularly

spaced intervals, as a means for systematic mapping of all single

gene inheribed diseases by linkaqe
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analysis. This strategy will facilitate the mapping of the EBS-K and

EBD-CT genes discussed in Publications l'5 and 16'

(b) ASSOCIATIONS

The causal connection in associations between alleles at some

loci and diseases is often unclear. The marker locus may either be

the gene directly involved in the association or in linkage

disequilibrium with it if it is closely linked. The type of association

examined in Chapter 7 (that mutation to fragile sites is associated

with mildly deficient PI phenotypes) would be direct, if it exists, if

the mutation to fragile sites is the outcome of protease attack on

the chromosome. It could be indirect if a locus causing fragile site

mutations had mutator alleles in linkage disequilibrium with non-PI*M

alleles. The type of associaLion investigated in Chapter B (that PI*Z

can be preferentially transmitted) could have been either direct or

indirect, depending on the mechanism of distontion, if it existed'

A clear distinction needs to be drawn between association by

linkage and direct association. A direct association involves the

marker locus as the causal agent in the disease, even if it interacts

epistatically with another linked or unlinked locus. Epistatic

interaction between a marker locus and an unlinked disease locus can

mimic linkage belween them if a single disease locus is assumed

(HoOge and Spence, f ggl). The association of HLA-tsz7 with

ankylosing spondylitis (Brewerton et al., I97); Schlosstein et al''

L97t) is a direct pleiotropic effect (Ebringer et al', f97B) rather than

an ef f ect of tightly linked immune response genes in linkage

disequilibrium with the HLA
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markeî. If the association was the outcome of Iinked immune

response genesr then it would have been indirect'

usuatty in random mating populaLions there is some crossing over

even between linked loci (such as a marker locus and disease

susceptibility locus) and all haplotypes will be nandomly distributed'

such a population is in linkage equilibrium and only direct

associations will be detected in population samples. Hence a linkage

described in a kindred is an association only within the kindred, not

an associa[ion a[ the population level. Only associations wibhin

kindreds are applicable to Iinkage analysis.

There are three causes of linkage disequilibrium which could

cause associallon bY linkage:

L) Admixture of two populations with dif ferent allele

frequencies.

?) Populabion bottleneck.

t) Selection.

Linkage disequilibrium induced by populabion admixture or a

population bottleneck is eroded over successive generations and

equilibnium is eventually re-esbablished given sufficient time' Linkage

disequilibnium induced by selection is maintained at existing levels

unless environmental conditions alter the relative f itnesses of

haplotypes.

Interpretative difficulties are characteristic of data analysed for

associations. Assuming valid control Populations have been chosent

the generally accepted significance level of 57o for comparing control

and tes[ populations provides one false
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positive assoc¡at¡on by chance for every ?O tests performed. The

statistical methodology described by Mourant et al. (f 978) provides

not only a relative incidence and a test of significancer but also a

homogeneity check with data presented by other investigators. In

this way, spurious associations are evident by the lack of regularity

with other investigations. In the absence of comparable data sets for

checking homogeneity, further independent investigations are needed

to verify suspected associations. This aPplies to the proposed

association between PI phenotype and mutation to fragile siLes

(Chapter 7) and was the reason for the further examination of the

possibility of non-random segregation of PIIZ (Chapter B)'

(c) IMPACT OF MOLECULAR BIOLOGY

The development in molecular biology which has changed the

course and intensity of gene mapping, and which has opened up new

horizons in medicine, is recombinant DNA technology. The tenm

"recombinant" Iiterally means the joining of two pieces of DNA. It

has no connotations whatsoever with crossing over or rates of

recombination as analysed by linkage analysis. In general usage, the

term has a broader meaning than the joining of two pieces of DNA

and encompasses:

(l)

(z)

(l)

(4)

Generation by resLriction endonucleases of DNA fragments having

part or all of the gene of interest

Synthesis of DNA by chemical or enzymatic processes

Incorporation of DNA fragments into vectors as recombinants

Cloning the fragment of intenest to provide usable amounts of

DNA for laboratory maniPulation

Sequencing DNA.(5)
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Southern blotting (Southern, 1975) is the key technique used to

locate specific DNA fragments after electrophoresis. DNA fragments

from reslriction endonuclease digests are electrophoretically separated

by size on agarose gels. The DNA is denatured as a prelude to

hybridisation, and transferred by Southern blolting to a nitrocellulose

f ilter. The DNA f ragment of interest is hybridised to a denatured

radioactive f 2P-labelled probe consisting of complementany DNA'

The position of the fragment on the filter is visualised by

autoradiography.

The main applications of recombinant DNA technology are in the

following areas:

(I) Investigtion of gene structure and function

(2) Gene mapping

(1) Prenatal diagnosis, preclinical diagnosis and carrier detection

i) using direct DNA Probes

ii) using tightly linked DNA polymorphisms

(4) Biosynthesis of biological compounds

(5) Improvement of production traits of plants and animals

ultimately, there is the possibility of treatment for genetic

disease, but the problems of insertion and control of replacement

genes are enofmous. For the pnesent, disease detection and

delermination of disease mechanisms, rather than disease treatment'

is the goal of recombinant DNA technology. These goals have been

alluded to in Chapters 4 and 6 in relation to both fragile sites and

heterogeneous diseases for which aetiology is unknown'
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APPENDIX 1

DESCRIPTION OF MARKERS STUDIED

AND HISTOCFIEMICAL METHODS FOR THEIR DETECTION
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Marker

(a) Red Cetl Electroohoretic Markers

ACPI

ADA

AKI

ESD

GALT

GPT

GLOl

PGM].

PGM2

PGD

PGP

soD

(b) Electrophoret ic Markers of Serum and Plasma

AMY2

CHE?

C'

FI]A

FI]B

GC

HP

PI

TF

Paqe

r57

158

L59

t60

I6I

L62

r6t

I64

r64

r66

L67

168

L69

170

17r

L7?

L7t

L75

175

L76

L76
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(c) Blood Groups

ABO

Fy

K

JK

Lu

MN5

P

Rh

Xg

L77

I7B

L79

179

r80

t80

r81

L82

r81

(d) Others

HLA

IGH

IGK

L84

tB5

tB5

l

I

i

I

I

The following background on the electrophoretic markers in human

blood was compiled from review sources of Beckman (L972), Cooper Q972),

Harris and Hopkinson Qg76) and Harris (1980) as well as many original

references. Original references are cited for key points.
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ACPr (r.C. t.r.3.z)

Slaining method:

I0 ml Citric acid (0.1M) to pH 5.9 with lM NaOH

5 mg  -Methylumbelliferyl phosphate (w-gggl, Sigma)

Apply with filter paper overlay (Whatman IMM).

Incubate for f0 minutes aL i7oC.

Remove overlay and view under UV liqht.

(Vo¿itie¿ from SwaIIow et aI., 1977),

The polymorphism was discovered by Hopkinson et al. (196r). ACPI'

and PGD were the f irst red cell electrophoretic enzyme polymorphisms

known in man.

Phenotypes A, AB, B, AC, BC, C.

ACPL is a monomeric hydrolytic enzyme with a wide lissue

distribution. The isozymes associated wiLh each allele consist of a pair

of interconvertible zones : they apparently represent conformational

isomers (Harris, I9B0). The ACPI B and ACPI C isozymes have identical

electrophoretic mobility. They diff er in the relative intensily of

component bands. Activities attributable to ACP.L A' ACPI B and ACPI

C ane in the approximate ratio of 2zTz4 (Beckman, 1912).

The polymorphism is widespread (Beckman, I972). A

ACPI*R is common in negroe populations. Numerous rare

null allele have been reported (Harris and Hopkinson, 1976).

f ourth allele

alleles and a
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ADA (s.c. t.5.4.4)

Staining method:

l0 ml Phosphate buffer (0.02M) pH 7.5

J.0 mg Adenosine (A-925L' Sigma)

20 ul Nucleoside phosphorylase (N1005, Sigma)

20 ul Xanthine oxidase (XtB75, Sigma)

I ml MTT (M-2]28, Sigma) (5mg/ml)

I ml PMS (Phenazine methosulfate) (P-9625, Sigma) (5mg/ml)

12 ml Agar (2%) at 60oC

Incubate at lToC in dark until bands develop.

(Modified from Spencer et aI., t96B).

The polymorphism was first described by Spencer et al. (ffeg).

Phenotypes r, L-?, 2

ADA functions in the catabolism of purines by the deamination of

adenosine. ADA is expressed in all tissues but with great variation

between tissues. The subunit structure is monomeric and three isozyme

bands are characteristically expressed for each allele. Mean enzyme

activity of ADA I is greater than ADA t-2 (Battistuzzi et al., 198.I)'

Polymorphism is present in most populations (Beckman, 1977). Several

rare alleles are known including a

combined immunodef iciency disease

Hopkinson, I976).

null allele associated

when homozYgous

with severe

(Harris and
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AKI (E .C. z.l.t+.1)

Staining method:

I0 ml Tris HC-l- (0.2M) PH 8.0

40 mg Glucose

20 mg M9CI2

25 mg ADP (Adenine diphosphate) (A-8146, Sigma)

5 mg NADP (Nicotinamide adenine dinucleotide phosphate) (N-0505'

Sigma)

20 ul Glucose-6-phosphate dehydrogenase (G6PD) (140 u/ml) (G7750,

Sigma)

I0 mg Hexokinase (H->Ooo, Sigma)

I mI MTT

I ml PMS

Il ml Agar (ZYo) at 60oC

Incubate al 77oC in dark until bands develop'

(Vo¿itie¿ from Fildes and Harris, L966).

Fitdes and Harris (f966) first described this polymorphism'

Phenotypes : L, L-2, ?

AK converts ADP to ATP. It occurs in most tissues except lymphocytoid

cells and is one of three human AK loci (Harris and Hopkinson' 1976)'

AK-l is monomeric. Enzymatic activity is apparently higher for AKI l

than fon AKI 12 (Beckman, 1972)-

This marker is not highly polymorphic. Addibional alleles aÎe known'

A silent allele is associated with chronic haemolytic anaemia when

homozygous (Harris and Hopkinson, 1976)'
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E5D (E.C. l.L.r.L)

St,aining method:

l0 ml Phosphate buffer (0.IM) pH 6.5

2.5 mg 4-Methylumbelliferyl acetate (M-OBBI'

drop of aqueous acetone (l:I).

Apply with filter paper overlay (Whatman IMM)'

Incubate for l0 minutes at f7oc.

Remove overlay.

View under UV.

(¡¿oOitieO from Coates et at., 1975).

Sigma) dissolved in a

This polymorphism is among the more recent of the polymorphic red

cell enzymes to be discovered (Hopkinson et aL', L977)'

Phenotypes I, r-2, 2

ESD is one of a number of hydrolytic esterases found in human

tissues. Tissue distribution is widespread (Hamis and Hopkinson ' L976)'

The enzyme is a dimer. The electrophoretic phenotype of heterozygotes is

asymmelrical with activity associated with ESD*I 600lo greater than ESD'nz

(Horai and Matsunaga' l9B4).

Polymorphism is present in most populations (Harris and Hopkinson,

Lgl6). Several rafe alleles, including a subtype of ESD*Z and a silent

allele, have been reported (Olaisen et al., fgBI)'
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GALT (2.C. 2.7.7.L2)

Staining method:

I0 mI Tris (0.1M) pH 7.8 with glacial acetic acid 40 mg'

Mixture of glucose-lr6-diphosphate (I0mg)'

Galactose-l-phosphate (250mg) (C-ofao, Sigma), and

UDP-gtucose (200mg) (u-+ez>, Sigma).

l0 mg MgCl2

I0 mg NADP

25 ul PGM (P7502 or tt97, Sigma)

I00 ul G6PD

50 ut PGD (P0507, Sigma)

I ml MTT

0.2 ml PMS

14 ml Agar (2%) at 60oC

Incubate at tToC in dark until bands develop. (Sparkes et al., L977)'

This market is described in Publicat,ion 5.
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GPT (E.c. z.ø.t.2)

Staining method:

l0 ml Tris (0.1M)

400 mg L-Alanine (A-7627, Sigma)

150 m9 c-Ketoglutarate (Na) (X-f475, Sigma)

pH to 7.5 with HCt

I0 mg NAD (Nicotinamide adenine dinucleotide) (N-7004, sigma)

100 ul Glutamic dehydrogenase (G-2626, Sigma)

I ml MTT

0.2 ml PMS

L2 ml Agar (27o) at 60oC

Incubate at fToC in dark until bands develop.

The author has used this modified method since l97B after application

to the mouse by Eicher and Womack (L977). Chen and Giblett (I97I)

discovered GPT in man.

Phenotypes r, L-2, 2

The enzyme GPT catalyses transamination and has a wide tissue

distribution. It is typed from red cells. The enzyme is dimeric but the

electrophoretic pattern of the heterozygote is asymmetrical. GPT I has

about three times [he catalytic activity of GPT 2 (Harris, f9B0) with GPT

2 difficult to detect in aged samples.

The locus is polymorphic in most populations (Harris and Hopkinson'

L976). Rare and silent alleles are known (Harris and Hopkinson, I976)'

The silent allele is relatively common (Kompf and Ritten, L97B).
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cLor (E.c. 4.4.r.5)

Staining method:

20 mt Phosphate buffer (0.2M) pH 6'8 for four slices

0.9 ml Pyruvic atdehyde (Mo252, Sigma)

10 mg Glutathione (c4z5L, Sigma)

Apply with filter PaPer overlaY.

Incubate for f0 minutes at f7oC.

Remove overlay.

4 ml MTT

I ml Dichlorophenolindophenol (l mq/mlXD-lB7B' Sigma)

L0 ml Tris HCI (0.2M) PH 8.5

15 mI Agar (2olo) at 60oC

Expose to light until bands develop.

(t"to¿itieO from Kompf et al., 1975).

This recently discovered red cell polymorphism was first described as a

new marker by Kompf eE al. Q975).

Phenofypes : I, I'Z' 2

GLOI is a component of the glyoxylase system of two enzymes in red

cells which convert methylglyoxal to lactic acid in the presence of reduced

glutathione. The enzyme is a dimer and the electrophoretic pattern of the

heterozygot,e is symmetrical.

Polymorphism is widespread (Harris and Hopkinson, L976). A silent

allele has been described (Rit¡ner and Weber, 1978)'
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PGMI, PGMz. PGMI (e .c. ?.1.5.Ð

Staining method:

ro ml Tris HCr (0.2M) pH B.o

50 mg Glucose-l-phosphate wit,h G-tr6-diphosphate (C-tZsl, Sigma)

(use I00 mg for PGMI).

5 mg MqCl2

5 mg NADP

20 ul G6PD

I ml MTT

0.5 ml PMS

ll mI Rgar (2%) at 60oC.

Incubate at 17oC in dark until bands develop.

(wo¿itie¿ from Spencer et al., 1964).

This system was finst appiied as a marker by spencer et al. (1964).

PGM is a component of glycolysis. Three PGM loci are known :

PGML, PGMz and PGMI (Harris and Hopkinson, 1976). The major PGM

activity @5-95Vo) is attributable to PGMI in all tissues except red cells

and f ibroblasts. PGMI and PGM2 contribute equally to red cell PGM

activity. In fibroblasts PGMI is responsible for about 7o/o of PGM activity'

but PGMI contributes nothing in red cells and muscle. PGM1 is more

effective in catalysing the phosphoglucomutase reaction. PGM2 is capable

of both phosphoglucomutase and phosphoribomutase activity. The primary

role of PGMI is yet to be determined.
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PGMI

Phenotypes : I, L-2, 2

PGMI is a monomer. The isozyme associated with each allele is

double-banded. Each allele can be fur¡her subdivied by IEF. The

polymorphism is widespread (Harris and Hopkinson, 1916) at both the two

allele (Spencer et al., 1964) and four allele (Bark et al., L976) degnee of

classif ication. Numerous lare varian[s occur and some have been

documented since the introduction of IEF. Some tare variants are

associated with reduced enzyme activity and def iciency is attributable to

homozygosity for a null allele.

PGM2

PGMZ migrates anodally to PGML. The usual pheno[ype is

characterised by three isozymes and occuls in all Eissues. Numerous rare

electrophoretic variants have been described and common variants can

occur in negroid populations and cerlain isolated communi[ies' PGMZ is

monomorphic in caucasians. PGMZ is a monomer.

PGMf

Phenotypes : L' L-2, 2

PGMI migrates anodally to bo[h PGM] and PGMZ. PGMI is a

monomer and each phenotype is characlerised by a prominent anodal

secondary band. Polymorphism is widespread. A rate variant has been

reported (van Wierst et al., I97i).
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PGD (8.C. r.t.t.44)

Staining method:

10 ml Tris HCI (0.2M) pH 8.0

I0 mg 6-Phosphogluconate (Nal) (P-7877, Sigma)

5 mg NADP

I ml MTT

I ml PMS

Il ml Agar (2"/o) at 60oC

Incubate al 37oC in dark until bands develop.

(Vo¿itie¿ from Fildes and Pan, L961).

Inherited variation at this locus was firsl described by Fildes and Parr

(re6t).

Phenotypes A, AC, C

PGD is a component of the hexose-monophosphate shunt (pentose

cycle) and has a wide tissue distribubion. The enzyme is a dimer. The

electrophoretic pattern of the heterozygote is symmetrical except for red

cell extracts where asymmetry is due to in vivo instability of the PGD C

isozyme (Harris and Hopkinson, 1976).

The locus is polymorphic in most populations (Harris and Hopkinson,

I916). Numerous rare alleles are known including two associated with a

marked reduction in enzyme activity (Parr and Fitch, L967)-
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PGP (E.C. l.t.l.l8)

Staining method:

25 mL Tris HCL (0.f M) pH 7 -5 f or four slices

I50 mg Phosphoglycolic acid (P-426\, Sigma)

I0 mg M9SO4

Apply with filter paper overlay (Whatman IMM).

Incubate for two hours at f7oC.

Remove overlay and apply I.25 g Ascorbic acld, 25 ml 2.5Vo Ammonium

molybdate in 4N sulphuric acid with filter paper overlay at room

temperature. Remove overlay when bands begin to develop'

(¡¿o¿itie¿ from Barker and Hopkinson' 1978).

This marker rePlesents another necently discovered marker in red cells'

The polymorphism was first described by (Barker and Hopkinson' I97B).

Phenotypes r, L-2, Z, L-t, 2-t, t

PGP may have some regulatory role in oxygen transport via the

activating effect of its substrate on 2, }-diphosphoglycerate phosphatase'

(2, ]-Diphosphoglycerate binds with haemoglobin and alters its oxygen

af f inity). PGP is widely distnibuted in human tissues (Barker and

Hopkinson, I97B). It is a dimer. The electrophoretic pattern appears to

be symmetrical.

The polymorphism is widespread but not present in all ethnic grouPs

(Blat<e and Hayes, I9B0).
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soD (E.C. r.r5.r.r)

Staining method:

Biproduct of staining methods using MTT.

Reaction enhanced by exposure to light and use of alkaline pHr e.9. Tris

HCf pH 8.5 - 9. (First reported by Brewer, L967)-

The physiological function of SOD is the neutralisation of potentially

harmful superoxide free radicals. The soluble form of SOD is expressed in

most tissues. The enzyme is a dimer.

Genetic variation is rare except in certain isolated populations (Harris

and Hopkinson, 1976).
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AMYz (E.C. t.z.r.L)

Staining method:

20 ml Phosphate buffer (0.02M) pH 6-9

I0 mg Sodium chloride

200 mg Soluble starch (previously boiled)

Incubate I hour aE JToC

Rinse in water

Stain briefly with iodine solution (l0g KI, Llg l? in I litre).

(løo¿ified from Merritt et al., L97J).

A clear genetic interpretation of the AMY isozymes was presented by

Vacikova and Blockova ¡969)- Genetic heterogeneity had been described

earlier (Kamaryt and Laxova, L965, L966).

Phenotypes : Ar B

Pancreatic amylase (AMY2) and salivary amylase (AMYI) are coded by

two tightly linked loci (Merritt et al., L972). AMYZ is a monomer and is

expressed in serum, plasma and urine as multiple bands with bwo

phenotypes. The phenotype AMY2 A arises from homozygosity of the

common allele. AMY2 B is the heterozygote or less common homozygote'

Agarose electrophoresis has been used to distinguish all three genotypes

determined by AMYZ*A and AMYZ*B (Kompf et al., I9B0). A third

phenotype, AMY C, is common in negroe populations.
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cHEz (E.C. l.L.l.B)

Staining method:

25 ml Phosphate buffer (0.2M) pH 7.J-

5 mg a-Napthyl acetate (N-6750, Sigma) in 0.5 ml aqueous acetone

(r:r)

l0 mg Fast red TR (F-r500, Sigma).

lncubate in dish at tToC until bands develop.

(Harris and Hopkinson, 1976).

The polymorphism was detected by Harris et al. Q962) and the

dominant mode of inherit,ance suggested by Harris et aI. Q96t).

Phenotypes : +r -

cHEz is one of two cholinesterase loci widely expressed in human

tissues with other esterases. CHE is usually studied in serum or plasma

where the cholines|erases are the principal esterase isozymes present' The

[wo phenotypes of cHEz presence or absence of the c5 isozymer are

determined by two common alleles, one active and one silent. The active

allele is expressed in about I0% of Ehe population (Harris and Hopkinson'

Le76).
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C'

Staining method:

Terminate electrophoresis when the haemoglobin marker has run Bcm.

Fix in 5:l saturated picric acid : acetic acid for 15 minutes, rinse briefly

in running tapwater, then cover with wet filter paper (Whatman MMm)r

lcm thickness of paper towel and compless for 5 minutes with 2 kg

weight. Dry with hairdryer until agarose has shiny surface. Stain for 10

minutes in O.2o/o Coomassie blue R (8-0610' Sigma) in methanol : H2O :

acetic acid at 9¿922. Destain until background clear (destained in methanol

: HZO : acetic acid ab 9z9z?).

(tøo¿itie¿ from Alper and Propp, 1968).

Phenotypes r, L-2, 2

Ct carries out many of the physiological functions necessary for

defence against pathogenic microorganisms. Cl deficiency results in

recunrent bacterial infection. Ct concentration in serum is by far the

highest of all the components of complement. The molecule has an a and ß

chain (Harris, l9B0).

Polymonphism is widespread among caucasian populations but reduced

in negroid and mongoloid populations. Many variants have been described.

All appear to be allelic, and are all products of either the c or ß chaint

but it is not known which (Hamis, f9B0). This protein is unstable when

stored.
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FI'A

Staining method:

Terminate electrophoresis when haemoglobin marker has run l0cm

2ml

2ml

60 mg

20 mg

Tris HCr (rM) pH 8.0

Calcium chloride (0.05M)

casein in 6 ml Tris HCr (0.2M) PH B'o

Monodansyl cadaverine (o-4ooe, sigma) (initiatty dissolved in

dropof0.lMhydrochloricacid)andmadeupto2mlwithTris

HcL (0.1M) PH B'0

40 ul 2-MercaPtoethanol (I%)

2 units Thrombin

Apply with filter paper overlay (Whatman IMM)'

Incubate at tToC overnight in humid chamber'

Replace with f ilter paper overlay of 7.5 Vo trichloroacetic acid for 5

minutes.

Replace with filter paper overlay of O.lM disodium hydrogen phosphate for

5 minutes.

Wash in dish of running tapwater fot 2 hours (avoiding direct contact of

water stream with gel).

View under UV.

(Board, L979)
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FIfB

Staining melhod:

Terminate electrophoresis when haemoglobin marker has run 6.5cm l5o/o vlv

FXIII S antisera (OTOKO5, Calbiochem-Behring) in physiological saline

placed on gel 2-4cm behind the haemoglobin marker.

Incuba[e for I hour at room temperature in a humid chamber.

Rinse briefty in dish of running tapwater for 5 minutes (avoiding direct

contact of water stream with gel).

Cover with wet filter paper (Whatman IMM), Lcm thickness of Paper towel

and compress for 5 minutes with 2 kg weight.

Soak overnight in litre of physiological saline.

Dry with hairdryer until agarose has shiny surface.

Stain for l0 minutes ln O.2o/o Coomassie blue R in methanol:H20:acetic acid

aL 9z9z?.

Deslain until background clear (desEained in methanol:H20:acetic acid at

9z9zZ).

(Board, l9B0). An improved method was subsequently described using an

enzyme-linked immunoblotting technique (Board, L9B4).

FACTOR XIII

CoagulationfactorXlll(r1])isthePrecursorforfibrinoligase.

Fibrinoligase forms crosslinks between fibrin molecules for the slabilisation

of clo[ structure. Plasma F It comprises two A subunits and two B

subunits : the B units probably acting as carrier molecules for the A

subunit in the plasma (Board, I979; 1980).
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FI]A

Phenotypes L, L-2, 2

The A subunils of F13 are detectable from plasma and platelets.

FLlA is a dimer and the electrophoretic pattern of the heterozygote is

symmelrical.

The populations so far studied suggest that the A subunit polymorphism

is widespread (Boar d, 1979; Board and coggan, lg8l; Kera and Nishimukai'

LgBz). Rare alleles have been described (Board and coggan, lg8I). A

silent allele is responsible for herited def iciency (Rodeghiero and Barbui'

teB0).

FI]B

Phenotypes : I, L-2, 2, I-t, 2-1, t

The B subunits are detectable from either serum or plasma. This

polymorphism may also be widespread (Board, 1980; Nakamura and Abe,

Le82).

The FLlA and FIrB polymorphisms were only recently discovered

(Board, 1979; I9B0). Subsequently, Kera et al. (I9Bl) challenged

theclassification of Eloard (1980) on the basis of IEF studies in Japanese'

Board (1984) resolved the problem. Thene are only the two common alleles

in Japanese populabions (I and l) and IEF fails to separate the I and the 2

variants. Distinction between the one and bwo variant was of [en

ambiguous in the hands of the present invesligator using the technique

described. Results are reported in Appendix ? only as I or 3, where I is

the sum of the L and 2 variants reported by Board (1980).
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GC

see Publication f . The polymorphism was discovered by Hirschfeld

(Le5e).

t-tP

Staining method:

(Saturate samples with haemoglobin prior to electrophoresis).

Lower pH of gel in IM acetic acid for 15 minutes'

10% Guaicol mixture in fume cupboard comprising

20 ml Guaicol (c-S>oz, Sigma)r

90 ml Acetic acid

7 g Sodium hydroxide in 90 ml H20, for four gels'

Immediately before use add 3 ml hydrogen peroxide. (Gueen and Peacockt

re66).

This was the first electrophoretically detectable protein polymorphism

described in man (Smithies and Walker, L955)'

Phenotypes : I, L-2., 2

HP is an az-glycoprotein of serum and plasma. The physiological role

of HP is in binding haemoglobin with subsequent removal from circulation

by the liver. Low or undetectable levels of HP occur in neonat'es (Cooper,

reTz).

Dissociation of HP gives two different subunits : c and ß chains' The

gene determining the a chain is polymorphic, and the common alleles are

designated HP*l and HP*Z (Smithies and Walker, L955). Rare B chain

variants have been found. The HP polymorphism is
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wonldwide.

reï¿).

Rare HP alleles and a null allele have been described (Cooper,

Subunit structure associated with each geno[ype ane :

HP T.I z o-IZ $2

: o Ic 2 ß n

z a22B n

HP I.2 n=3.....7-I0

HP 2-?

where subscripts refer to the number of such chains. HP L is a single

electrophoretic band. HP 2 consists of multiple bands of varying intensity.

The heterozygote is asymmetric with bands unique to the heterozygote

formed by random association of the a dimer. HP 2 has a tendency for

polymerisation.

HP I can be subtyped into HP LS and HP lF controlled by two alleles

HP*IS

common

HP*IF

alleles

and

HP

(Smithies et al., L96Z),

when subtyping is done.

There are thus three

Subtyping involves the

reductive cleavage bY

asa

HPz

PI

TF

electrophoresis of purified HP subsequent to

ß-mercaptoethanol in the Presence of 8M urea. HP*z arose

duplication by unequal crossing over between HP*lS and HP*IF.

has c chains almost twice as large as HP I, as a result of lhis duplication.

See Publications I and 2.

Fagerhol and Braend (L965).

Polymorphism has been known since

See Publication 4. The polymorphism was first discovered by

Smithies (1957). It was the second electrophoretically detectable pnotein

polymorphism described in man.
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The following background on blood groups was compiled from Boettcher

(tglZ) and Race and Sanger (1975) : Original references are cited only for

key points. These blood groups were applied to investigations described in

this thesis merely as genetic markers for linkage studies.

ABO

This was the first blood grouP discovered in man (Landsleiner, 1900).

Genotypes PhenotyÞes

oo

420
[|¡2

A10
AIA2 AL
A]A].

A28 AzB
AlBAIB

AIleIes A and B are codominant to each other, but dominan! to O.

Conversely, O is recessive to A and B; being an amorph, producing no

detectable antigen. Further subdivision of ABO grouPs resulted from the

splitting of A into Al and A2. AI reacts with anti Al while A2 does not'

hence AlA2, Al0 and AIAI are indistinguishable. Numerous additional

variants of group A are known, but are rare in Europeans. B subgroups

are rare. The ABO polymorphism is worldwide.

o

A2

BO
BB

)
)

)
)
)

)
)

B
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The ABO system is important in transfusion. If a patient lacks A or

B antigens, corresponding antibodies devetop in sera which rapidly destroy

incompatible cells following transfusion. The ABO antigens of cells and

ABO antibodies of sera are not fully developed a[ birth' Neonates typing

as A2 at birth have been shown to be Al at six months of age' Subgroups

of A can be diff icult to determine without family study because of the

weakening of antigen A in the Presence of antigen B'

Et

This blood group was not discovered untit 1950 (cutbush et al.' 1950)'

Phenotypes : A, AB' B

The Duffy (Fy) locus was the first autosomal gene assignment in man

(Donahue et al., 1968) and is now Part of a linkage group on chromosome

I. Polymorphism is widespread, except in asian

allele is commonly present in negroes for which

found. Antigens are well developed at birth'

populations. A

no antisera has

third

been
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K

The existence of this system was f irst shown by coombs et al'

(Le46).

Phenotypes : k, Kk' K KPa, KPab' KPb

Polymorphism is widely distributed but not worldwide. Heterozygosity

is relatively low. Gene K and k are allelic. Kpa and Kpb are allelic at

a second closely linked locus. JsA and JsB are antigens at a third tightly

linked locus. Numerous other antigens are known. K negative individuals

exposed to K positive cells have a risk of forming anti-K antibody

resulting in haemolytic transfusion reactions. Both K and k ant'igens are

well developed in neonates. Similarly, KPa and Kpb anbigens are well

developed in neonates.

JK

This group was recognised soon after the discovery of I y. It was

reported by Allen et aI. (I95I).

Phenotypes : Ar AB' B

Polymorphism of Kidd (Jk) is widespread. A rare allele with no

antigenic activity has been found in Europeans. Perhaps this silent allele

has a frequency as high as 0.0I. A common difficulty with the Jk sys[em

is the instability of Jk antisera. Delayed haemolytic transfusion reactions

may occur with Jk antibodies. Antigens are well developed at birth'
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Lu

This locus was first recognised by Callendar et al. (1945).

Phenotypes A, AB, B

The Lutheran (t-u) system has two common codominant alleles' The

polymorphism is widespread but the level of heterozygosity is low.

Numerous other antigens are known but their relationship to A and B is

unclear. Antigens are not fully developed on the red cells of neonates.

The Lu locus provided the first known autosomal linkage in man (Mohr,

I95I) to the locus for salivary secretion of the ABO anLigens (secretor

status).

MNs

The MN locus was the second blood group discovered (Landsteiner and

Levine, I927a). Anti S was not discovered for another 20 years (Walsh and

Montgomery, L947).

Phenotypes : MMSS, MMSs, MMss, MNSS, MNSs, MNss, NNSS' NNSs' NNss.

Phenotypes correspond to genotypes except for MNSs which can be

either MS/Ns or Ms/NS. The MN and Ss loci are tightly linked (Sanger

and Race, 1947; Sanger et al., l94B). Inheritance is codominant. Linkaqe

disequilibrium is present : 5 is more usually in coupling with M than with

N. A rare variant is known at the Ss locus and a number of rare

variants are known at MN. M may be subtyped but this is not generally

done because of the rarity of the necessary antisera. Polymorphism is

worldwide.

A technical enror sometimes arises in typing the MN system because

M bloods give a slight agglutination with anti-N sera. In the absence
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P

of MN and N controls some M bloods can be lyped as MNr pnoducing an

apparent excess of MN offspring from MN x MN matings.

This was another of the early blood groups and was discovered during

the same work that disclosed the existence of the MN group (Landsteiner

and Levine, L927b).

Genotvoes Phenotvpes

PIPI PI

PLPz

P2P2 P2

Pt is dominant Lo P2. A third rare allele exists. The polymorphism

is worldwide. The Pl antigen is tabile and in poor samPles PlPl and PIPZ

genotypes can be mis[akenly phenotyped as P2. The antigen strength is

considerably weaker in children.
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Rh

The Rhesus (Rh) system (Levine and Stetson, I%9i Landsteiner and

wiener, 1940) consists of three closely linked loci : cr D and E (serial

order probably DCE) (Fisher and Race, 1946; Fisher, 1947)- The

notational representation of genotypes has two common forms : a CDE

formula originating from Fisher and a shorthand R form. A range of

antisera (anti-D, anti-C, anti-c, anti-E, anti-e) allows classif ication of

samples into most probable genotypes. A single phenotype can sometimes

Iepresent any one of a number of different genotypes and this pitfall must

be recognised when testing paternity. Each of [he three loci have two

common alleles and many rare alleles. The polymorphism is widespread'

Many series of observations are based on the D antigen alone because

of the greater availability of anti-D during the early days and because of

the medical signif icance of the D antigen. Individuals lacking the D

antigen are regarded as Rh negative. The Rh grouP is the most significant

system involving haemolytic disease of the newborn arising from maternal

immunisation by transfusion (Levine et al., 194I). Rh antigens are well

developed before birth.
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Xe

Phenotypes : Ar -

The X-linked Xg system (Mann et aI., L962) was the first blood grouP

gene assigned to a specific chromosome in man. X-linked loci are readily

recognised by the characteristic inheritance pattern of their alleles.

Unlike most X-Iinked loci, Xg is not subject to random inactiviation in

females when carried on a structurally normal X chromosome (Fialkow,

1970). It is preferentially inactivated on structurally abnormal

chromosomes (Race, 197I). The polymorphism is widespread. A is

dominant. The Xg antigen is well developed at birth, but not well

developed until late in foetal life. Full development does not occur until

well after birth.
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HUMAN LEUCOCYTE ANTIGENS

Allete frequencies ()0.05) (Tait, 1977).

A locus: B locus:

HLA-AI HLA-85

-A.2

-At

-49

0.r7

o.52

0.r5

0.09

0.05

0.05

0.r0

-87

-BL2

-BWl5 =

-BWf5 =

C locus:

HLA-CW]

-cw4

-T7

Blank =

= 0.lg

0.09

0.18

o.46

.BB

0.05

0.t4

0.ll

0.r4

0.09

0.07

0.10

.AII

.A2B

-AWI9 = -BW4O

Numerous other antigens exist at these loci, and at the D locus' The

HLA system of leucocyte antigens is the most polymorphic set of loci yet

known in man. At least four loci, HLA-A, !W, HLA-C and HLA-D

(order : centromere - D-B-C-A) are well established (Tait, L977). HLA is

the major histocompatibility system in man and as such is of major

significance in renal transplantation.
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IMMUNOGLOBULIN SERUM GRqJPS

Human immunoglobulin 0G) is built from heavy and light chains:

Chain Composition

IG Classes Heavy Chains Light Chains

IgG

IgA

IgM

IqD

IgE orÀ

The function of the immunoglobulins is to form soluble complexes

with foreign materials such as proteins and viruses. IgG is quantibatively

the predominant class. the IgG molecule is built from two identical

heavy chains (.f) and two identicat light chains. The gammaglobulin (IGH)

system is polymorphic and is characteristic of the IgG heavy chains' The

kappa (IGK) system is also polymorphic and is characteristic of light

chains of the r type only, found in all I9 classes. Polymorphism is

detected using the haemagglutination inhibition test (Grubb, 1970)' Infanbs

less than six months of age are not typed because of transplacen[al

movement of ma[ernal immunoglobulin.

K

K

K

K

K

Y

0

u

ô

e

or

or

or

or

À

À

À

À
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IGH

Common haPlotYPes z L, L7, 2L = O.22

L' 2, L7, 2I = 0.lI

t, 5, Lt, L4 = 0.67

(Propert, L977).

I-l

f'
r,

L-3, 2

L, 2-5, 5

t, 5-t, 5

t
= 0.09

= 0.gI

These are recognised using antigens GM(I), GM(z)' GM(l) and GM(5)'

Genotypes Phenotvoes

2-L,

2-I

z

l

Lr2

L12

LrttS

Lr2rtrS

515

Numerous antigens have been rccognised. The haplotypes are

determined by four tightly linked loci on the y chain'

Common alleles : I

IGK

(Propert, 1977)

I+, I- using only KM(l) antisera.Phenotypes
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APPENDIX 2

FAMILY DATA PRESENTED IN THIS TI-€STS
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INDEX TO FAMILIES

Number of
Families

L7

22

2t

I

4

(a)

(b)

L

6

?

7B

AUTOSOMAL FOLATE SENSITIVE FRAGILE SITES

X-LINKED FOLATE SENSITIVE FRAGILE SITE *

(c) BRDU DEPENDENT FRAGILE STTE **

(d) DISTAMYCIN A INDUCIT}LE FRAGILE SITE

(e) MORE THAN ONE FRAGILE SITE

(f) FRAGILE SITES AND CHROMOSOMAL HETEROMORPHISMS 2

(g) FRAGILE SITES AND EPIDERMOLYSIS BULLOSA

(h) CHROMOSOMAL HETEROMORPHISMS

(i) EPIDERMOLYSIS BULLOSA

TOTAL ***

***

Two families informative for Xg only.

Kindred 5656EH listed in this group not included in total' Another

branch of this kindred is included in the total for section (e).

Of these, 70 are fragile site families.

*
**
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The 78 kindreds documented in this appendix formed the basis for

the linkage investigations reported in Chapter 4, Chapter 5 and Chapter

6. All unrelated individuals within these kindreds provided the gene

frequency data presented in Chapter 2.

The full range of markers were determined for mosl kindredsr but

only those informative for linkage are presented. Both informative and

uninformative markers were considered for the derivation of gene

frequency data presented in Chapter 2. The pedigree format is based on

that used for linkage analysis by LIPED. The pedigree information

presented in this appendix were extracted directly from the stored data

f ile for each kindred, which had been established on the computer for

linkage analysis. Alt pedigree information was built into a single file to

which kindred identif ication, locus abbreviabions and nature of

chromosomal markers or disease loci were added. Slight improvements to

the setting out were performed using a word processor'

The data format is as follows :

Column L

Column 2

Column J

Column 4

Identification code for each individual.

Identif ication code for one parent. The numerical pref ix

identifies the generation to which that individual belongs.

Identification code for other parent-

Sex of individual (M = male, F = female).

This fully specifies pedigree structure. For example, in the first

kindred (B7BBU) the third individual is in generation 2 is male and has

f or its parents 1A (a male in generation I) and 1B (a female in

generation f). The unrelated individuals used for the
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calculation of allele frequency in Chapter 2 are readily identified as those

without parents (blanks in columns 2 and f).

The next column shows the phenotype of segregating chromosomal

markers or disease loci. If the chromosome marker was sporadicr then

this column shows, instead, the first marker locus. All marker loci are

readily identif ied by locus abbreviations at the top of the columns'

Chromosomal marker phenotypes and disease loci phenotypes are identified

as follows :

NN

NF

FF

NE

NT

NI

NV

normal

canrier of a familial fragile site

male hemizygous for familial FRAXA2T

carrier of familial epidermolysis bullosa

carrier of a familial translocation

carrier of a familial inversion

carrier of a familial chromosomal variant

Where more than one fragile site segregates, each is identified at the

ùop of the respective column. The designation X for any locus implies

either the locus was not typed, could not be typed with confidence oI

could noL be typed due to insufficient sample. The designation X at all

loci for any individual implies either the individual was deceased, could

not be located or would noL cooperate for family study. If phenotypes

are not given for chromosomal variants in a kindred with such a variantt

then this variant was considered to be sporadic and omitted. Linkage

between FRAXG2T and Xq was tested assuming no male transmission and

omitting families with possible new mutants. Subsequently, Shenman et

al.r (t98l, l9B5) demonstrated probable male transmission in a proportion

of families and suggested that all new mutations occurred in sperm'
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Hence, isolated males could noL be new mutants' Data was not

reanalysed using these assumptions because x9 and FRAXGZT were by

then firmly mapped lo [he extremities of separate chromosome arms

(Human Gene Mapping 6, LSBZ). Two families uninformative for

autosomal linkage comparisons were informaLive for the & Iinkage

comparison. Including these, the number of fragile site kindreds is 7o,

not 68 as stated in Publication II.

The locus abbreviations ACP, AK, GLO and PGM refer !o ACPIt

AKt, GLOI- and PGMI respectively. Genotype designations KZ and zz

refer to Kk and kk of the KeIl system, MNSZ and MNZZ refer to MNSs

and MNss of the MNS systerrì, f, 2 and J refer to M], MZ and Mf in the

PI system or cI, c2 and cJ in the TF system. otherwise, phenotypes

and genotypes are designated as described in Appendix I. Generally'

inferred genotypes are given, rather than phenotyPes. For example' for

the GC system, a genotype ISIS is given rather than the phenotype ls'

Information for each individual extends to a second line in many kindreds'

otherwise all information is contained within a single line.
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(a) AITIOSO}IÀL FOT.ATE SENSITIVE FRAGILE SITES

KINDRED 878BTJ FRA2O11

1A

1B

2A

2B

2C

1A

1A

lAlBFNN

GFT ES¡D FGI,I S HP ACP Aæ

L2L2T211L2ABO

22 11 12 L2 22 BB AB

2211T2T2L2ABB

22 1.2 22 11 L2 BB A

M

F

M

F

1B

1B

NN

NF

NF

NF

PI

11

1S

11

1S

1S

NNSZ AB

MNZZ AB

HNZZ AB

HNSZ BB

HNSZ AA

HMSZ AB

11 11 L2

L2 L2 11

11XL2

xxxxxxx

KINDRED 12778NI FRA2O13

GFT C3 F13B JT T{I¡S ACP N( ADA PGII GâLT GTO æ

2C 1A

2D 1A

2A 1A

1À

1B

28 1A

1B

1B

1B

1B

H

H

H

l,t

F

F

NN

r{F

NN

x

x

NF

L2

22

L2

L2

22

L2

11

22

22

t2

t2

22

13

13

13

11

33

13

BB

BB

BB

AB

BB

BB

LL 1,2 11 Nt L2 LEz

1.L L2 L2 NL L2 1F2

L2 L2 L2 NL 12 LEz

NN L2 Lsz

NL 22 LETE

NL 12 1SlF

Bh FY

R1LR AB

RlR1 AB

R1R1 AB

R1LR BB

R1Rl AA

R1t,R ÀB
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KIìIDRÐ 10647T{A FRA6P23

GPT C3 F13B PI F13À JK HNS PG}I GT.o HP æ RTI PGP H[À'(

3C2F2GHNF
2G MNN

2F1AlBFNF
1A FNN

2D1A18F X

2CLAlBFNN
3A2E2FFNF
382E2FFNN
28 1A 18 I,I NN

18 MNF

2À1A18HNN
2H181CMNN
2118lCFNF
2KLBlCFNN
2J MNN

3D212JMNN
3F2L2HFNF
4A3F3GMNF
3E212JFNN
3H2L2MMNN
483F3GFNN
4C3F3GFNF
3G MNN

312L2MFNN
3J2L2HFNN
AC FNN

2E MNN

2L181CMNF
214 F NN

11

L2

L2

11

11

11

22

L2

11

L2

11

11

t2
22

11

L2

X

L2

11

t2
t2
L2

11

T2

11

x

X

x

x

T2

x

22

L2

T2

L2

t2

L2

t2
T2

22

L2

22

22

22

22

22

22

x

X

22

22

22

22

22

x

x

x

x

13

11

13

13

11

11

11

13

11

x

13

11

11

13

11

11

11

11

X

X

x
x

x

X

x

x

x

x

x

t2

11

2L

X

11

x

LZ

L2

1I

1I

1I

L2

13

2T

11

11

1I

11

11

t2
x

x

T2

1I

1I
x

x

x

x

11

11

L2

11

t2
L2

L2

x

L2

t2
11

22

T2

t2
11

L2

L2

L2

11

11

11

X

11

t2
L2

x

x

x

X

L2

T2

t2
22

L2

L2

11

L2

L2

11

t2

11

11

11

t2
11

11

11

11

11

11

t2

L2

11

11

x

X

x

x

L2

L2

L2

22

L2

t2
11

22

L2

11

L2

L2

11

L2

L2

11

L2

11

11

11

t2
T2

11

t2
L2

x

x

x

x

Fy

AB

AB

ÀB

AA

AB

AB

AA

AA

AB

BB

AB

BB

BB

BB

AB

BB

AB

BB

AB

11

11

11

11

11

11

L2

11

11

11

11

11

11

11

11

11

13

13

11

11

13

13

11

11

11

X

x

x

x

T2

23

13

34

24

14

t2

23

14

L2

13

13

24

23

13

T2

L2

23

L4

23

14

24

34

14

L4

34

z4

24

13

ÀB t'lt'tsz

AB MNZZ

AB MMSZ

AA MNZZ

AB NNZZ

AB MNSZ

AÀ MMZZ

BB MNZZ

AB NNZZ

BB T.TNSZ

AB NNZZ

AB HNSS

AB MNSS

AB I,TNSS

AÀ Ì,INZZ

AA T.INSZ

AB MNSZ

AB HNSS

AB I,iNSZ

xx
BB MNSS

BB MMSZ

BB MNSZ

AB MMSS

XX
XX
XX
XX
xx

L2 LSz x

L2 Is2 LRR2

12 1SlF R1LR

12 LEz R1LR

L2 TS2 R1Rl

11 1S2 R1LR

12 151F R1LR

22 lSlF R1LR

11 1S2 RlR1

11 1S2 R1R1

L2 22 R1LR

L2 TS2 R1LR

12 1S1S R1LR

12 1S1S R1LR

12 lFlF R1I,N

22 1s1F LRt R

T2 TS2 LRR2

L2 Ls.z LRRz

11 1SlF R1LR

22 LS2 X

11 1S2 R1R2

22 22 R1R2

L2 LSz R1LR

X 1S2 LRLR

11 152 X

xxx
xxx
xxx
xxx

X

AB

AB

AB

AB

BB

x

x

x

x

* HLA coded by the method of Ott (1978).
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KINDFED 2231ÀR FRÀ7P11

GFT F13B 1T F13A Jk Hrr¡ P GtP HP æ Àþ Rh Fy

1A

1B

2A 1A

28 1A

2F 1A

2D 1A

2C LA

2E 1A

2G 1A

H

F

18F

18F

lBF

18F

18F

18F

18 tl

xx
xx

22 33

L2 11

12 33

t2 13

L2 33

x13
x13

xx
xx

L2 BB

L2 AB

T2 BB

L2 AB

T2 BB

L2 BB

L2X

xx
xx

tlNZZ

Ml'lsz

MMSZ

w{zz

VNZZ +

t+lzz +

xx

X

T2

11

L2

11

11

11

11

L2

t2

11

L2

xx
xx

L2 L2

L2 L2

L2 t2

L2 22

L2 L2

11 22

L2 22

xxx
xxx
O R1R2 AA

O R1R2 AB

A1 R1R2 AÀ

A1 R1R2 AB

A1 R1LR ÀÀ

O R1R2 AB

x xx

x

x

NF

NN

NF

NN

NN

¡tF

NN

x

x

t2

22

11

11

t2

t2

11

x

x

1S2

1S1F

tE2

Ls2

22

22

L5.2

KII¡DRED 1291224 FRA8æ3

1À H X XX X

38 2E 2F H NF 22L2 11

3A 2E 2E F IIF T2 L2 11

2E 18 1C F NF L2LT 13

2E H NN 22L2 11

2C 18 1C F NF I?LL 23

2B 1A 18 F NF 22TL 23

2D 18 1C H NF L?LL 33

18 F T{F 22 LL 13

3C 2E 2E H NF 22LT 11

lC !l NN 12 11 23

2A 1A 18 M NN 22LL 33

G¡ lF PI JK XT¡S reF ACP ES¡D GIP HP æ Arc

x

AB

AA

AB

AA

AB

AB

AB

AB

x

BB

x

x

NNSZ

MNSS

HNSZ

NNSZ

¡4t4ZZ

HNSZ

vrN,zz

MHSZ

x

HNZZ

x

x

ÀA

AB

AB

AB

AB

AB

BB

AB

AB

AB

AA

x

11

11

11

11

T2

11

L2

L2

11

11

11

x

22

22

t2

22

11

t2

11

T2

22

L2

22

X

22

T2

T2

22

T2

L2

1,2

22

x1

11

L2

x

LS.z

1S1S

1S1F

152

1F1F

151S

1F1F

1S1F

52

1F1F

1S1F

x

A1

A1

A1

A2

A1

A1B

A1

A1

x

A1B

x
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KINDRED ¿6OI{C FRA9P21

GFT 1T PI ¡CP AI( FGI{ GTP HP æ

1A

1B

2A

28

2C

3C 2A 29

4D 3D 3E

4C 3D 3E

3E 2C 2D

3A 2A 2B

48 3A 38

4A 3A 38

2D 1A 18

3B

3D

1A

3A 2A 2B

2B

38 2A, 28

2A 1A 18

1B

MX

FX

FX

HX

HX

FX

l,f tz

Ft2

Ft2

M22

H22

M22

F22

FX

I't x

x

x

x

x

x

11

t2

1,2

11

11

11

11

11

x

x

x

x

x

x

x

1F

2T

L2

2T

11

11

11

L2

x

x

x

x

x

x

x

AÀ

AB

AB

BB

BB

BB

BB

BB

x

x

x

x

x

x

x

11

11

11

11

t2

11

L2

11

x

x

x

x

x

x

x

L2

t2

11

L2

t2

11

L2

12

x

x

X

x

x

x

x

11

t2

L2

L2

L2

L2

11

22

x

x

xx
xx
xx
xx
xx

12 1515

22 1S1S

11152

12 lSlF

11 lSlF

11 lS1F

11 1S1S

12 lSlF

xx
xx

KINDRED 11277WI FRA9O32

IIi. PI F13A Xrr¡ P ÀCP PGll GIO æ AÐ nÙ¡ Fy

MXXxxxxxx
H NF 11 t2 11 Hllss + AB t2

M NN 11 T2 L2 HI{52 AB L2

H NN 11 11 22 MHSS + BB L2

F NF 12 11 12 HNSS + AB 11

FNNL21111XXAA12

xxxxx
T2 1S1F A1 R1R2 AA

T2 lS1F O R1LR AB

22 1S1S A1 R1LR AB

22 1S1S A1 LRR2 AÀ

221S1SXXx
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KINDRÐ 1O92OBL ERA9O32

C3 JK HI.¡S rcP FGil GIP HP AÐ Rh FV

2F 1A

1B

1A

2D 1A

28 1A

2C 1A

2A 1A

2E 1A

tßtzz

¡$tzz

MHSZ

HHSZ

HHSZ

HHSZ

l,lNZZ

HNSZ

AA T2

AB 11

AB 12

AB 11

ÀÀ 11

BB 11

BB L2

AB 12

22X

t2 L2

L2 T2

11 11

12 L2

11 22

12 11

22 L2

LRLR AB

R1LR AB

LRI.R AB

R1LR AB

R1LR BB

R1LR BB

LRT.,R AB

LRI.R AB

lBHX

FT2

I't 22

18 F 1.2

18F22

18F12

18FT2

18H22

AA

AA

AB

AA

AA

AB

AB

AÀ

A1

A2B

À18

À1

B

B

A1B

A2B

KINDRÐ 6534Y FRA1OO23

F13B PI æ

1AM

18F

2A1A18M

2B 1A 18 l,l

2C1À18F

2DM

x xxx
NF 13 23 rS2

NF 13 2N 1S1S

NF 13 3N 22

NF 13 2N tsz

NN 11 L2 tsz

3A2C2DFNF112NX

KINDRED 751I{O FRA1OO23

C3 F13B TF PI HP æ

1AMNN22

lBFNFL?

2A1A18FNNL2

zB1A18HNFL2

11 L2 L2

13 11 11

11 L2 11

13 L2 L2

L2 lSlF

22 1S2

LZ 1S1S

22 lSlF
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KINDRED 1O555hT FRA1OO23

GPT C3 F13B F13A K Jk IÂ¡ l{l{s PGP ACP ES¡D PG}l GIO Xp æ nrc Bh Ey

1A

2D

2F

2E 1A

1B

3G 2F

3F 2F

3E 2F

28 1A

2A

3A 28

38 28

2C LA

3C 2D

3D 2D

3H 2F

xx
xx

NN 11

NF 12

NF 22

NN 11

NN 12

NF 11

NF 22

NN 12

NN 12

NN 12

NF 12

NF 11

NN 12

NF 11

xx
xx

t2 zz

TT KZ

xzz
tt zz

LT ZZ

LL KZ

rt zz

LT ZZ

Lt zz

tL zz

L2 ZZ

12 zz

xzz
T2X

XX
xx

NNSZ 12

HMSZ 11

MNSZ 11

MNZZ 11

MNSZ 11

MNSZ 11

MNSZ 11

t4vtzz LL

l,tNzz 11

HMSZ 11

MMSZ 13

MMSZ 13

MNZZ 11

x11

XX
xx

ABX
BB 11

AB 11

BB 11

BB 11

BB 11

BB 11

AB 11

BB 11

AB 11

AB 11

AB 12

BB 12

AB 11

xx
xx

L2 L2

L2 L2

22 12

T2 L2

11 11

22 LT

t2 22

LZ 22

t2x
t2 22

22 22

22X
t2x
11 X

x

x

1SlF

1S1S

1S1S

1S1F

1S1F

1S1S

1S1S

tsz
1S1S

1S1S

1S1S

LSz

rsz
x

xx
XX

LRR2 AB

R1LR AB

R1LR AB

R1R2 AÀ

R1LR AÀ

R1R2 AA

R1t.R BB

LRR2 BB

LRR2 BB

R1LR BB

R1LR BB

R1LR AB

R1LR AB

xx

1B

2E

2E

2E

1B

2A

2A

1B

2C

2C

2E

M

M

M

F

F

H

t,l

F

M

F

M

H

F

M

F

F

x

x
22

x

22

22

22

22

22

22

22

22

22

L2

22

22

x

x

11

11

11

11

11

11

13

11

11

11

11

11

11

11

x

x

AA

AB

AB

AÀ

AÀ

AB

BB

AA

AB

AB

AA

AB

AB

X

x

x

AB

BB

BB

BB

BB

AB

AB

BB

AB

AB

AB

BB

BB

x

x

x

11

t2
L2

11

11

t2
T2

L2

22

11

t2
T2

T2

L2

x

x

o

o

o

o

o

o

o

A2

o

o

o

o

o

x

KINDRED 1OO49[,A FRA1OO23

IE' PI F13A PGP ACP AI( ES¡D PG}I GALT G[.O HP æ Arc

2F 1A

1B

1A

28 1A

3A 2A

2A

2C 1A

2E 1A

2D 1A

2G 1A

18M
F

I't

18F
2BM

M

18F
18F
18F
18F

NN 1.2

NN 11

NF L2

NF 11

NN 11

NN 12

NN 11

NF 11

NN 11

NF 11

L2 AB

L2 BB

11 AB

11 BB

11 BB

11 BB

T2 BB

11 BB

12 BB

L2 BB

L2 ND

L2 ND

11 NN

L2 NN

12 NN

11 ND

11 ND

L2 NN

T2 NN

11 NN

22 Ls2 0

12 1SlF O

L2 tS2 A

12 1slF O

22 XX
22 LSz X

22 LEz A

11 1F2 A

22 LEz A

12 1S1S A

t2

11

L2

11

11

L2

11

11

11

11

T2

t2

T2

L2

11

11

x

11

L2

L2

11

11

L2

11

11

L2

L2

L2

T2

L2

L2

l2
L2

22

22

t2
11

L2

11

L2

22

T2

L2

22

22

22

22

t2
22

22
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KINDRED 1O635GI FRA11O13

GPT F13B TF PI PGP ADA PG1I q.O æ Arc

L2

L2

11

L2

T2

11

11

11

1.2

t2

11

x

13

11

13

11

13

11

13

11

13

13

11

x

11

T2

ACP

AB

AB

AB

BB

L2

11

L2

L2

L2

L2

11

L2

L2

11

11

x

1A18H

M

F

1A18F

2E2EH

1A18M

1A18F

1A18F

1A18F

1A18 F

1A18F

M

NF L2 13

x2233

x11 11

NF L2 13

NNX11

NN L2 13

NN t2 13

¡¡r 12 13

NF T2 13

NN t2 13

NN L2 13

xxx

11 22

t2

11 12

Ls.z 0

1S1S O

1S2 B

Ts,z B

LEz X

tsz 0

1S1S B

TS,2 B

1515 B

Ls2 B

152 B

xx

x2D

1A

1B

2E

3A

2A

2T

2H

2G

2B

2C

2E

L2

11 11 t2

11 AB 11 22

t2 AB 11 22

11AAL222

11 AB L2 22

11 BB 11 22

1,2 BB L2 22

L2 AB 11 11

xxxx
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KINDRÐ 1061¿I,IC FRA11O13

GFT C3 F13B TT PI F13A JK T,¡J }TUS PCF ACP ES'D rcü G[.O HP æ Aþ Bh FI/

AAl.lxxx
2B MXXX
2N1À18H X X X

2W HXXX
22 11 xxx
3Y2V2TFNFL222
2U HNN1212
322T22FNFL222
3X2T2UFNF1222
483W3XMNN X22
4A 3Vú 3X F NF tl 22

3W HNN1222

2V Ì4 NN 12 12

2T1A18FNF11 X

4FAÀ32FNNtLL2
18 F XLL22
1A H XL2L2
AB 2T 2U F NF L2 1.2

2K1À18FNF1112
2C1A18HNF12T2
2R 1A 18 I,I NF LL 22

2L 1.A 18 H NN LL 22

2P 1A 18 I,I NN LI L2

2E1A18FNFL2L2
241ÀlBFNFITL2
2G1À18FNNt222
3F2C2DMNN22t2
3G2C2DHNN12L2
2D FNN2212
3P2J2KMNNtLT2
æ2J2KFNNLt12
2J MNN1112
3R2J2KMNNLT22
23 FNN2222
3U2R25MNN1222

x

x

x
x

x

11

11

11

11

11

11

11

11

11

11

11

11

11

11

11

11

11

11

11

11

11

11

11

11

11

11

11

11

11

11

x

x

x

x

x

11

L2

11

L2

X

11

t2

11

11

x

11

11

T2

11

11

11

11

11

11

11

11

t2

L2

T2

11

11

T2

11

11

11

XX
xx
XX
xx
xx

L2 L2

11 13

11 13

L2 L2

xt2
L2 LL

11 11

11 11

t2 23

11 33

11 13

22 22

11 13

L2 23

12 23

L2 23

L2 1,2

L2 23

L2 23

T2 LZ

1,2 23

LL 23

T2 L3

IL L2

11 13

L2 T2

11 11

11 13

T2 IL

22 12

xx
xx
xx
xx
XX

ÀB 12

BB 12

BB 11

BB 11

ÀB 12

BB 12

AB 12

BB 12

AB 11

BB 11

AB 11

AB 11

BB 11

AB 11

AÀ 11

AB 11

AB 11

AB 11

AB 11

BB 11

BB 11

AB 11

AB 11

BB 12

AA 11

BB 12

AB 12

AÀ 12

ÀB 12

AA11

xx x x

xx x x

xx x x

xx x x

xx x x

AB AB NNZZ 11

AB BB NNZZ 11

AA BB NNZZ 11

BB BB NNZZ 11

BBBB X X

BB BB I4NSZ 11

BB BB MMSS 11

AÀ BB NNZZ 11

AB AB NNZZ X

xxx 11

AB BB MNZZ 11

AB AB NNZZ 11

AÀ AB NNZZ 11

AB AB NNZZ 11

AB BB MNZZ 11

AB BB NNZZ 11

AA BB NNZZ 11

AB AB NNZZ 11

AA AB I4NZZ II
ÀA AB NNZZ 11

AB BB NNZZ 11

AÀ BB I4TIZZ L2

AA BB MNZZ 11

AÀ BB VIMZZ 12

AB BB NNZZ 11

BB AB NNZZ 11

AB BB NNZZ 11

AB AB NNZZ 11

AB BB NNSZ 11

AB BB NNSZ 11

xxxxxx
xxx xx x

xxx xx x

xxx xx x

xxxxxx
11 22 1S1S O RlR1 AB

L2 22 Ls.2 A1 LRZ AÀ

L2 22 1S1S A1 RlR1 AB

L2 12 1SlF A1 R1LR AB

rt22 X X X X

12 12 1SlF O LRR2 BB

T2 22 1515 A1 LRRz BB

L2 22 LSTE O R1LR AB

TL L2 lS1F A1 R1R1 AB

12X152 X X X
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3D 28

3E 28

2C

1B

2A 1A

4B 38

4C 38

4A 38

3C

MX
HNF

FNF

FNF

FNN

FNF

MNN

FNF

MNN

MX
HNF

MNN

MNN

XX
LI 22

L2 22

IL L2

22 L2

L2 t2
12 t2

22 22

22 22

L2 22

L2 L2

L2 T2

22 22

XX
11 11

L2 IL

11 11

L2 IL
T2 LT

11 11

11 11

13 11

11 11

11 11

11 11

LL L2

x

1S1F

1S1S

1S1F

1S1F

1S1F

1S1F

1S1S

1S1S

1F2

rs2

Ls2

22

x

RlLR

LRLR

LRLR

RlLR

Rlt,R

RlLR

x

X

x

x

X

LRZ

x

AA

AA

AB

AB

AÀ

AB

x
x
x
x

x
AB

2C

1B

2C

2C

2C

1B

3C

3C

3C

x

BB

AB

AB

AB

BB

AB

x

x

x
x
X

AA

x

L2

11

11

L2

L2

L2

L2

11

11

11

11

11

x

L2

11

L2

11

t2
L2

11

11

11

11

T2

L2

xx
MNZZ BB

MHSZ BB

I,INZZ AB

HNSZ BB

T,INSZ BB

NNZZ AB

XBB
XBB
XBB
XBB
XAB

NNZZ AB

xx
11 NN

11 NN

11 NN

11 NN

11 NN

11 NN

11 NN

11 NN

L2 NN

T2 NN

T2 NN

T2 NN

XX
t2 22

TL L2

L2 22

t2 12

L2 22

22 22

T2 L2

L2 TI

]-2x
L2X
t2x
LI L2

KINDRED 6O¿{AR FRA1O@5

GPT IE PI F13A UTT¡ PEP ACP ES'D PGI{ G[¡ æ Arc

1A

1B

2A

28

1A 18

1A 18

MXL2
FXLz
MNN11
FNF22

L2

11

11

L2

t4tlzz

MNZZ

ìlnzz

t[vtzz

BB L2

AB 11

BB 11

AB 11

TE2

1S1S

1S1F

151F

1,2

11

t2
11

t2

22

22

22

22

L2

12

12

A1

B

o

A1B

13

11

11

11
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KINDRED 5274ÈIE FRA1OÛ25

GFT C3 TE' PI FA JK }TNS P PGD PGP ACP ESD PGI{ GA G['O HP GC Rh FY

1A HXXXXXXX XXXX X

4A3A38MNF1222L2LLLL X X XAA11 BB

3A H NN 12 T2 12 LT X AB I'INSZ + AA 11 AB

38 2A 28 F NF L2 22 T2 LL 12 BB T{NZZ + AF 11 BB

2À M NN 22 22 LL TT T2 BB MNSZ + AA 11 AB

28 1A 18 F NF IL 22 L2 L3 X AB MMZZ + AF 11 BB

3C 2À 28 F NF L2 22 t2 L3 11 BB MHSZ - AA 11 BB

18 FNF112213 1111 X X XAA11 AB

3E l.lNN12 X11 11 11 X X xAA11 BB

3D2A28FNFL222LLLt22 X X XAA11 AB

4F3D3EMNNL222L:-ITL2 X X XAA11 AB

4D3D3EFNFLL22TLLTT2 X X XAA12 AB

4E3D3EFNN2222LLLtL2 X X XAÀ12 AB

4C3D3EMNNL222LITTL2 X X XAA12 AB

3F2A28FNFL222LZLTLT X X XAF11 AB

48 3A 38 F NN 22 T2 11 11 11 AB MMSZ X X 11 BB

x

11

T2

11

11

11

11

11

11

11

11

11

11

11

11

11

x

11

11

11

L2

11

t2

11

22

L2

22

L2

22

22

11

11

xxxx x x

ND22 XlS1F X X

NN 12 12 1S1F LRLR AB

ND 12 11 lS1F LRR2 AB

NN 12 12 151F R1LR AA

ND 22 11 15 2 R1R2 AB

ND 12 11 15 2 R1R2 AA

ND12t2LS2 X' X

NN2222LS2 X x

ND 12 12 lS1F X X

NN 12 22 ISLE X X

NN 12 22 TSLF X X

ND 22 12 1S1S X x

ND 12 12 lS1F X x

NN 12 12 1SlF x x

X L2 X lS1F LRR2 AB

KINDRED 52941I{ FRAI.OO2s

GPT C3 IT. PI F13A K JK I{MS PGP ACP ADA PG}I GA G[¡ HP æ Arc Rf¡ FY

3C 28 2C

2C 1A 18

1A

1B

2B

38 2À 28

3A 2A 28

2A

3D 28 2C

M

F

t4

F

M

F

F

F

M

NF

NN

NN

NN

NF

NN

NF

NN

NN

L2

L2

11

1,2

L2

t2

22

t2

T2

22

22

22

22

22

22

22

t2
22

x

x

x

x

AB

AA

AB

AB

x

11

11

T2

11

11

11

11

11

x

12 1.2

tt L2

L2 TL

LL 23

22 rS
L2 LS

22 rS
12 15

t2 12

L2X
11 x
11 x
L2X
xzz

L2 ZZ

L2 ZZ

LI KZ

xx

x

X

x

X

HtISS

MHSZ

Hl,lSZ

MHSZ

x

L2 AA

T2 AB

L2 AÀ

L2 BB

11 AA

11 AB

LL AB

11 BB

T2 AA

11 NN

11 NN

11 NN

11 NN

11 ND

12 ND

12 ND

12 ND

11 NN

t2 XlS1S X x x

22t1-].sz 0 x x

22L2 22 0 x x

12111S1S O X x

IL L2 15 2 A1 R1LR AB

IT L2 15 2 A1B LRR2 BB

LL L2 15 2 A1B R1R1 BB

12 L2 T5 2 B R1R2 AB

T2 X1S2 O X X

-22L-



KINDRED 5179F0 ERA1OÛ25

GPT F13B PI F13A PGD ACP PGI'I Gt.O HP

22 L2

22 L2

12 LL

t2 L2

12 22

t2X
22 L2

XX

æ

ts2
1S1S

151F

1S1F

LS2
LS2
lF2
22

Arc

X

A

A

A

AB

1A

2D

2E

1B

2A

2C

2B

3A

1A 18

1A 18

1A 18

1A 18

2B 2C

HNN22
FNF12
I't NN L2

FNF11
I,I NF L2

MNNT2
FNFT2
FNF X

AC BB 11

AC AB T2

AC ÀB L2

AA AA 22

AC AB T2

AA BB L2

AÀ AB L2

AAXX

13

11

11

11

11

11

11

11

1S

11

11

11

1S

11

1S

1S

I2
L2

I2

L2

22

11

11

11

x

A

X

KTNpRED 10003æ FRÀ10Q25

GPT C3 F13B T'E' PI F13A ACP PG}I GT.O HP æ Aþ

1A

1B

3J

2T

3L

2J

3K

3M

ZG

2C

3E

2H

3F

2E

2F

3G

3H

3I
2B

3D

2D

2T

1A

2f

2T.

2T.

1À

1A

2C

1A

2C

1A

2J

1B

2J

x

x

11

11

11

L2

t2
11

x

L2

11

11

11

11

L2

t2
t2

x

t2
11

11

x

X

t2

T2

22

22

t2

T2

22

22

22

22

22

x

22

x

22

x

T2

22

22

X

X

11

11

13

13

11

11

13

11

11

11

11

11

11

11

11

x

11

11

11

x

x

11

11

T2

L2

11

L2

11

11

11

11

11

11

11

x

11

11

11

11

11

x

x

13

13

13

1S

3S

13

11

11

11

33

11

13

L2

13

11

t2
13

11

11

x

x

X

L2

22

x

X

x

11

11

11

11

11

T2

22

X

x

x

x

11

11

X

X

BB

BC

BB

BB

BB

BB

BB

BB

BB

AB

BB

AB

BB

BB

BB

BB

AC

BB

BB

x

X

11

11

11

11

11

11

11

11

11

11

11

11

L2

11

11

t2
11

11

11

x

x

11

L2

L2

tz
22

11

L2

L2

12

72

11

L2

I2

11

T2

11

L2

T2

L2

2J

2J

1B

1B

2D

1B

2D

1B

MX
FX
FNF
FNF
l,t NN

MNN
FNF
MNN
FNN
FNF
HNF
FNN
FNN
HNF
FNN
MNF
MNN
FNN
FNF
MNN
MNN

XXX
xxx

11 1S1S A

11 1S1S B

11 1515 A

11 1S1S A

11 1S1S O

11 1S1S O

121F2 X

12 1515 X

11 1S1S X

11lF2 X

22L52 X

L2tS2 0

12 1S1S A

x 1sls X

12 1515 X

x 1s1S X

11152 B

12 1S1S O

12152 0

2E

2E

2E

1A

2C

2E

2F

2E

1B

2D
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KINDFED 5656E}I FRA1OO25

GPT F13B TF F13A JK H¡IS PCP ACP ES'D PGI{ GALT HP æ Àrc Bh FY

1A

1B

2J

2E

2H

2D

2B

2C

3A

3B

3C

2G

2E

2T

2^

1A

1A

1A

1A

1A

1A

2G

2G

2G

1A

1A

1A

H

F

18F
18H
18M

18M

18F
18M

2HM

2HH

2HM

F

18 l.l

18F
18F

x

x

11

13

13

11

11

11

x

11

11

11

11

11

11

x

x

11

11

11

11

11

t2
11

11

11

13

11

11

11

x

x

11

11

11

T2

11

11

11

11

11

11

L2

12

11

x

x

11

L2

11

11

11

11

x

x

T2

t2
11

x

x

x

x

BB

BB

BB

BB

BB

BB

AB

x

AB

AB

BB

BB

BB

X

x

11

11

11

11

11

11

x

x

11

T2

11

11

11

x

x

L2

t2
11

L2

11

t2
x

x

11

11

11

L2

11

X

x

NN

NN

NN

NN

NN

NN

x

x

NN

ND

NN

NN

NN

x

x

L2

T2

L2

T2

L2

L2

T2

L2

12

11

T2

12

X

x

X

1S1S

1S1F

1S15

1S1S

1S1S

1S1F

151S

X

rs2
ts2
1S1S

1S1S

151S

x

X

AB

AB

AB

BB

AB

AB

x

X

x

AA

X

x

x

x

x

NF 12

NN 11

NF 11

NN 11

NF 11

NN 11

NFX
NNX
NFX
NN 22

NN 11

NN 11

NN 12

XX
xx

AA },TNSZ

AB MHSS

AB MNSZ

AB MMSS

AB MNSZ

AB HNSZ

xx
xx
XX

BB MMSS

xx
xx
xx

x

x

x

x

L2

L2

L2

11

t2
L2

L2

xx
XX
O R1LR

O R1LR

A1 R1Rl

A1 R1LR

A1 R1Rl

A1 R1R1

xx
XX
xx

A1 R1LR

XX
XX
xx

KINDRED 5716æ FRA1OO25

GFT ÀCP ESD GTP HP æ

3A

3C

1B

48 3C

3D 2A

1A

38 2A

28

4A 3A

3E 2A

2A 1A

MX
ttX
FX
FNF
FNF
MNN
FNN
FNF
MNN
MNN
l,l NN

XX
xx
XX

11 AB

T2 AÀ

T2 AA

22 AB

22 AB

L2 BB

T2 AB

T2 AA

XX
xx
xx
x ls1s

L2LS2
11152
T2LS2
L2 22
xx

11152
11 1S1S

3D

2B

x

x

X

22

L2

L2

L2

22

t2
t2
11

ZB

3B

28

1B
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KINDRED 1O549KE FRA1OO25

GPT ci¡ F13B TF PI K JK Trc; reP ACP ESD FGil GIP HP æ Arc Rh FY

1A

1B

2D

¡14 3C 3D

3D

3C 2A 2B

2A

28 1À 18

2C 1A 18

3E 2C 2D

3E 2C 2D

38 2A 28

3A 2A 28

1A

1B

48 3A

3A

38 2A

4À 3A

4C 3C

3D 2A

2A

28 1A

3C

4D 3C

3E 2A

2D 1A

2C

3F 2C

3G 2C

HX
FX
MX
F ¡¡F

HNN

FNF

MNN

FNF

FNF

MNF

HNN

I,I NN

MNN

xx
xx
xx

22X
L2 L2

22 L2

T2 L2

22X
22 22

22 22

L2 22

LZ 22

22X

xx
xx
xx
x22

1.L T2

L2 t2
L2 L2

11 11

L3 T2

13 11

11 11

11 12

LL L2

x

x
x

x
ì{NZZ

tlNZZ

MNZZ

Ì'INZZ

¡lvlzz

ì{t{zz

MNZZ

NNZZ

l+4zz

xx
xx
xx
XBB
XAB

11 BB

L2 AB

11 AB

11 AB

11 AÀ

11 ÀB

11 AA

L2 AB

XX
xx
xx

22X
L2 L2

L2 12

tI 22

12 L2

22 22

22 t2
22 12

L2 22

L2 22

x

x

x

E2
1F1F

IS2
152
1S15

1.5 2

LS2
152
t52
152

xx
XX
xx
xx

R1R2 BB

R1R2 AB

R1Rl AÀ

T.RR2 BB

T.RR2 AB

LRR2 BB

R2R2 AA

R1LR AB

R1LR AB

x

x

x

13

33

11

13

11

11

11

11

11

11

x

x

x

x

zz

zz

zz

zz

KZ

zz

zz

zz

zz

x

x

x

x
BB

AB

AB

ÀB

ÀB

AA

BB

AÀ

ÀB

x

x

x

11

11

11

11

L2

L2

11

11

11

t2

x
x

x

11

11

11

t2

11

11

11

11

11

L2

x

x

x

x

B

A1

A1

A1

A1

A1

À1

A1

A2

KINDRED 10562æ ERA1OO25

GPT C3 F13B TF PI K Jk til t{¡15 ÀcP ADA ESD FGil G[.O HP æ Aþ Bh Ey

3B

2B

3B

3D

2B

1B

3D

28

1B

2D

2D

x

x

NF

NN

NF

NF

x
I{F

NN

NF

NN

NF

NN

NF

NN

NN

NN

x

x

x

zz

zz

x

zz

zz

zz

zz

x
x

x

zz

KZ

KZ

KZ

x
x

x

AB

AA

x

AA

AB

AB

AÀ

X

x

x

AA

AB

AB

AB

x

X

x

BB

BB

x

AB

BB

BB

BB

X

x

x

BB

BB

BB

BB

x

x

22

22

T2

x

L2

11

L2

72

22

L2

L2

11

L2

L2

t2

x
X

x

11

t2
L2

22

22

t2
22

22

22

L2

22

22

22

22

x
x

151S

1S1S

1S1S

x

LE2
1S1F

LS2
151F

LS2
1S1F

LF2
1S1S

1S1S

1S1S

1S1S

M

F

l.l

M

F

F

M

F

t'l

F

H

F

F

M

F

F

F

x

X

22

22

1.2

L2

11

T2

22

11

11

11

L2

11

L2

t2
11

X

x

11

T2

11

x

11

11

11

11

11

11

11

11

11

11

11

x

x

11

L2

11

x

11

L2

t2
T2

11

L2

11

11

11

11

11

xx
xx

22 Lt

L2 T3

22 LL

22 13

22 LL

22 1,r

22 Lt
22 LL

22 13

22 rt
22 LL

22 TL

T2 T1.

22 tr
22 LL

XX
xx

11 11

L2 TL

11 11

xx
13 11

11 11

11 11

12 11

13 11

13 11

T2 LT

L2 LT

1,t t2
12 tt
LT L2

x

x

x

t4Ilzz

MNSZ

x

I,IHSZ

lrNsz

NNZZ

ì,lNsz

x
x

x

Ml.tss

HNSZ

HHSZ

Mr{sz

XX
XX

AB 11

AB 12

AB 11

XX
AB 11

AB 11

AB 11

AÀ 11

AA11

ÀA 11

AB 11

ÀA 11

BB 12

AB 11

AB 11

xxx
xxx
xxx
À RlR1 BB

A R1LR AÀ

xxx
O R1Rl BB

O R1LR AB

B RlR1 AB

ALRZAA
xxx
xxx
AXX
ORlZAB
O LRLR BB

O R1LR BB

OLRZAB
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KINDRÐ 1OO94GL FRA1OO25

GPT C3 FB TF PI FA K Lu Jk HMi ACP ESD PGI{ GA G[¡ HP æ Arc Rh Fy

1A

38 2A

2C 1À

2E 1A

28 1A

2A

1B

3A 2A

2D

3C 2C

3D 2C

MNF

FNF

HNF

FNN

MNF

FNN

FNN

FX
FNN

MNN

FNN

NNSZ AA

XAB
I'INZZ AB

MNZZ AB

XAB
XAB

MNSZ AB

xx
MNSZ BB

MMSZ BB

NNZZ AB

12 ND

11 NN

11 ND

12 ND

12 NN

11 NN

12 NN

XX
11 NN

11 ND

11 ND

L2 TL

22X
LI L2

L2 LL

L2 LT

22 L2

TL L2

NL2
22 L2

L2 TL

T2 L2

152B
xx

151F B

1F2B
1F2B
1S1F O

151F B

1F2X
220

1F20
1F2B

R1R2 AB

xx
R2R2 AB

R1R2 AB

xx
xx

LRR2 AA

XX
XBB
XX
xx

28

1B

1B

1B

22

x

22

L2

T2

11

t2

x

11

T2

I2

22

x

L2

L2

22

22

t2

22

L2

t2

L2

11

X

13

11

13

11

13

x

11

11

13

11

x

11

11

11

t2
11

T2

t2
t2

11

23

X

23

23

23

11

33

x

1S

x

X

11

x

11

11

11

11

11

x

X

x

L2

KZ

x

KZ

KZ

x

x

KZ

x
zz

zz

KZ

AB

x

AB

AB

x

x

AB

X

AB

AB

BB

BB

x

BB

BB

x

x

BB

X

BB

BB

BB

L2

11

11

T2

11

11

11

x

11

11

11

28

2D

2D

KINDRED 10297æ FRA1OO25

GPI F13B TF Pr F13A Jk HlEt rcP ADA ESD PGll GtO HP æ Arc Bh ry

1A

1B

2F

4A 3D

48 3D

3D 2A

3E

3C 2A

3A 2A

38 2A

28 1A

2A

2D 1A

3H 2D

3K 2D

3G 2D

2C 1A

31 2D

3J

XX
XX
xx

NFX
NFX
NF 12

NN 22

NN 11

NF 11

NN 12

NF 12

NN 12

NF 12

NN 11

NN 12

NN 12

NF 11

NF 11

NN 11

XX
xx
xx

L2 12

11 11

LL T2

L2 LS

tt L2

LL T2

LT T2

11 11

11 23

11 11

11 11

11 11

11 11

11 11

11 11

LL L2

xx
xx
XX

22X
22X
22 22

22 L2

11 11

t2 t2

t2 L2

12 L2

t2 72

L2 L2

L2 L2

L2 22
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22

lS1F A1

lS1F A1

1FlF A2

1S1F O

1F1F A1

3H

2F

3l'i

3lri

2E

3H

FNN

F.NN

FNF

HNN

FNN

MX
FNN

FNN

22

x

L2

22

22

x

T2

t2

11

11

11

L2

11

x

t2

x

11

11

11

11

11

x

11

L2

22

T2

22

22

22

x

L2

T2

152
1S1F

1F1F

rs2
LE2

x

1S1F

1S1S

T2

11

11

11

11

11

T2

11

o

o

B

x

x

x

B

o

ND

ND

ND

NN

NN

NN

x

x

AB

AA

AB

BB

BB

x

AC

AA

KINDRED 10833C}T FRA1OO23 AND FRA1OO25

1A

2A

1B

2B

2C

ws

NN

NF

NF

JK

AB

BB

AB

AA

AB

Q23

NN

NF

NF

M

F

F

F138 F13A t^¡ tl¡E¡ N( æ Àrc Rh

1A 18

11

13

13

11

13

L2

11

11

11

t2

L2

22

L2

LL

T2

RlLR

LRLR

LRLR

LRLR

RlLR
1A

1A

1B

1B

FNNNN
HNNNN
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KINDRÐ 56568úI FRA1OO25 AND FRA11O23

Q25 Q23 GFT C3 FB Irt PI FA Jk Hl¡S PGP ÀCP At( ESD rcl{ GIO HP æ Arc Rh Fy

2E

3A 2A

28 1A

2A

38 2A

3C 2A

3D 2A

1B

2C 1A

2E 1A

3E 2F

2D 1A

1A

xx
FF NN

NF NF

NF NN

FF NN

NF NN

NF NN

NF NF

NF NN

NF NN

NF NN

NF NF

NN NN

xx
XX

t2 t2
t2 22

L2 L2

12 L2

xt2
L2 L2

Lt 22

11 X

t2 L2

LL L2

It L2

xx
xL2

MNSZ 12

MNSZ 11

x12
x12
x12

NNZZ 22

NNZZ 12

l,lNsz 12

x11
MNSZ 12

HNSZ 11

xx
BB 11

BB 12

BB 11

BB 11

BB 12

BB 11

AB 11

AB 11

BB 11

BB 11

BB 12

BB 12

xx
12 L2

TL L2

12 L2

tL 22

x12
IL T2

LT 12

1L 11

LL L2

tL 22

tL 12

L2 LL

X

152
IS2
1S1S

rs2
1S1S

ts2
rs2
LE2
1SlF

1S1F

1S1F

LE2

xx
xx

R1LR BB

R1LR AB

xx
xx
xx

R1LR BB

R1R1 AB

R1LR AB

xx
RlRl AB

R1LR AB

2B

1B

2B

2B

28

1B

1B

2E

1B

x

x

11

11

11

11

11

11

11

13

33

13

13

x

L2

L2

11

L2

x

11

t2
11

L2

11

L2

L2

x

13

13

11

11

11

13

13

11

11

11

13

11

X

11

11

11

11

11

11

L2

L2

11

x
L2

11

x

x

BB

AA

X

x

X

BB

BB

AB

X

BB

AB

x

11

L2

11

11

11

t2

L2

11

11

11

11

11

x

X

11

T2

T2

11

11

11

t2
11

11

L2

L2

X

x

o

o

x

x

x

o

o

o

x
o

o

H

M

H

F

F

F

F

F

M

F

H

tl

M
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(f ) ERAGILE SITES AI\¡D CHROÈ|æOI'|AL HEffiOMORPHISMS

KINDRED 6O47CR ERA1OO23 AIID 9O+T (PART' WITH F:RAGILE SITE)

GPT F13B IE PI F13A K JK HTTTS FGP ÀCP PGil GIO HP æ Arc Rh EY

2C

4A 3C

3D

3C 2A

48 3C

28 1A

2A

3E

1B

38 2A

3A 2A

1A

3G 2C

3E 2C

2D

xx
L2 L3

TL 23

L2 LL

LL L2

L2 LT

11 11

11 13

L2 LL

11 11

T2 LL

11 11

11 13

12 IL
11 13

22

22

22

22

L2

22

22

xx
11 X

11 X

11 X

11 X

TL ZZ

t2 zz

LL ZZ

LL ZZ

LL ZZ

L2 ZZ

rt zz

LL KZ

TL ZZ

TL KZ

XX
11 BB

11 BB

11 BB

11 BB

11 BB

11 AB

L2 BB

11 BB

11 AB

11 BB

11 BB

L2 BB

T2 BB

L2 BB

xx
12 22

L2 22

L2 22

12 22

1,2 22

12 22

L2 L2

22 L2

L2 22

22 22

Lt 22

22 12

L2 22

t2 22

xx
xx
xx
XX
xx

LRLR BB

R1LR AB

R1LR BB

R1LR AB

LRLR BB

R1LR BB

R1LR BB

LRLR BB

R1LR AB

LRLR AB

3D

2B

3D

1B

2B

28

2D

2D

MX
MNF

HNN

FNF

FNN

MNF

FNN

MNN

MNN

FNN

HNN

FNF

FNN

FNN

FNN

x

11

11

13

13

11

13

11

11

13

11

13

13

13

13

x

x
x

x

x

AB

AB

ÀA

AB

AB

AA

AA

AB

AB

AB

x

x
x

x

x

NNZZ

NNZZ

NNSZ

vrN.zz

NNZZ

NNZZ

MNSZ

NNSZ

NNSZ

NNSZ

x

152
152
152
1S1S

152
152
22
22
LS2
152
1S1S

152
1S1S

1S1S

x

AB

B

A

A

A

o

o

A

o

o

o

o

o

o

x

22

L2

L2

L2

L2

L2

22

L2

22

L2

L2

22

t2

L2

x

L2

T2

11

12

11

11

11

11

11

11

T2

T2

11

11

KINDRED 6047CR FRA10O23 A¡ID gott (PARr $rTH 9QH)

GFT C3 PI F13A Ireil GI¡O Arc

3A

28

2A

3B

1A

1B

2C

13

23

11

L2

1.2

3S

13

11

11

11

11

11

L2

11

L2

t2
11

L2

11

L2

11

2A 28

1A 18

2A 2B

MNV22
HIW L2

FNNL2
FN\/L2
M I\¡V 11

FNN22
MNVT2

L2 AB

T2B
t2A
T2A
11 0

T2 AB

L2A1A 18
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KINDFED 10556M FRA16P12 AND T(5:10ì(P1¿:P15I

1A

1B

2C 1A

2D

3M

3N

30

2A 1À

28 1A

3A 2A

3C 2A

4À 38

48 3C

4C 3C

3D 2C

3E 2C

3F

3G 2C

4D 3F

4E 3F

3H 2C

3I

4F 3H

4G 3H

3J 2C

4H 3N

4I 3N

4J 3N

4K 3N

4M 30

3L

3K 2C

4L 3N

2E

38 2A

HXX
FXX
FXX
HXX
F.XX
MXX
MXX
HNF12
FNN12
FNN12
FNF12
MNN12

FNN11
MNN12

MNF11
FNF22
MNN12

FNF22
FNF12
FNN22
FNF12
MNN12

FNF X

FNF X

FNF22
FNN X

MNN X

MNN X

FNF X

HNN11

MNN11

FNN11
MNF12
FXX
HXX

xx
xx
XX
xx
xx
XX
xx

11 11

11 11

11 11

L2 LI
L2 IT

11 11

L2 TS

LL L2

12 11

22 tS
11 11

t2 It
12 15

LL T2

L2 L3

T2 LL

t2 L3

LL L2

x23
t2 12

12 23

11 11

11 11

12 15

LL 12

IL L2

xx
xx

xx
xx
xx
xx
xx
xx
xx

HNSS

ì{MZZ

HNSZ

HNSZ

nl,.zz

NNSZ

t¡tMzz

+ tMzz

X

!{I4ZZ

+ Ml,lSZ

HHSZ

HHSZ

¡MZZ

X

x

x

+x
x

+X
+X
+X

NNZZ

X NNZZ

x

x

xx
xx

xx
xx
xx
xx
XX
xx
xx

AB 11

AB 22

AB 11

BB 11

AB 11

BB 11

AB 11

AA 11

AÀ T2

ÀB 11

BB L2

BB 11

AB 11

AA T2

BB 11

xx
XX

AA T2

xx
xx
XX
xx

BB 11

AB 11

BB 11

AB 11

xx
xx

xx
xx
xx
xx
xx
xx
xx

T2 T2

t2 L2

22 12

L2 LL

22 22

t2 L2

22 L2

22 L2

L2 LI

22 12

L2 L2

22 L2

L2 T2

22 LL

t2 22

xL2
xt2

22 L2

xt2
N22
x22
x22
xL2

22 22

22 L2

22 Ll
xx
xx

æ

x

x

x
x
x

x

x
1F2

x

152
152
1S15

22
152
LS2
1S1S

1S1S

152
LS2
1S1S

LE2
1S1F

LE2
LFz
LS2
1S15

22
LS2
1S1S

1F2
152

x

LS2
x

x

GFT F13B TF PI CüE¡ HT¡S PGP ACP ADA ESD FGTI GT¡ HP

1B

1B

1B

2E

2E

3M

3t
3L

2D

2D

2D

3G

3G

2D

3I
3I

2D

3J

3J

3J

3J

3K

2D

3J

x

x

x

x

X

x

x

11

11

11

13

x

13

11

11

11

11

11

11

11

11

11

11

11

13

11

11

11

11

11

11

13

11

x

x

x

x

x

x

x

x

x

11

11

11

11

11

11

11

11

11

L2

11

11

L2

11

L2

x

x

11

x

x

x

x

T2

11

11

11

x

x

x
X

x

X

x
x

x
11

11

11

11

11

11

11

11

11

11

11

11

11

11

L2

x

x

11

x

x

x

x

11

11

11

11

x

x

x

x

x

x

x

x
x

11

11

11

11

11

11

11

11

L2

L2

11

11

11

11

22

x

x

11

x

x

x

x

11

11

L2

11

x

x
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KINDRED 10556D FRA16P12 AND T(5:1OT(P14:P157

GFT F13B TF

NN

NT

NN

tü
3C

3C

3L

3L

3L

3C

4B

4C

H

F

F

H

1t
T2

11

L2

11

13

13

11

L2

L2

11

t2

234



(g) FRAGILE SITES AI.ID EFIDERÌ'IOLYSIS BULLOSA

KINDRED 1O531FR FRA12O13 AND EBÉi-K

GFT C3 ÎI' PI FA Jk HìE¡ P ACP AK ESD PGI{ GtO HP æ Aþ Bh Ey IGtl IGK

1B

1A

2A

28 1À

2C 1A

2D

38 2A

3C

3D 2C

41 3C

4K

6A 5F

6D 5F

6E 5F

5F 4F

5G

68 5F

6C 5F

5J 4I

4J

4F 3C

5H 4F

5K 4E

4E 3C

5L

6F 5H

6G 5M

51 4F

5M

6H 5H

3E 2C

48 3À

4A

M

F

F

18M

18F
M

2B ]4

F

2D ì4

3D l.l

F

5GH

5G l,l

5GF

4GF

tl

5GM

5GH

4JF
F

3DF

4GF

4KH

3DM

H

5LF
5IF
4GF

l,l

5IH
2DF

38M

F

xx
xx
xx
xx
xx
xx
xx

x

L2

11

11

L2

11

L2

11

t2
22

11

L2

T2

11

1.2

11

11

T2

T2

L2

x
L2

L2

xx
xx
xx
xx
xx
xx
xx

x

x

x

x

x

x

x

x

x
x

x

11

11

11

11

11

11

11

11

T2

T2

t2

11

L2

11

X

11

11

11

11

x

11

11

x

x

x

x

x
x

x

x

x
x

X

L2

11

L2

t2
11

12

t2

22

L2

11

11

L2

L2

11

11

22

L2

t2

22

L2

11

t2

x

x

x

x

NE

x

NE

x

NE

NE

x

x

x

x

x

x

x

x

x

x

x

x
x

x

x

x

x xxx
xxx
xxx
xxx

xxxxxxxxxxx
xxxxxxxxxxx
xxxxxxxxxxx

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

X

x

x

x
x

x
X

x

x

x
11

11

11

11

11

11

11

22

L2

11

L2

11

11

t2

11

11

11

11

11

L2

L2

11

x

x

x

x

x
x

x

x

x

x

11

11

L2

11

11

11

11

x

x

t2

11

11

x

11

11

11

11

L2

t2
11

x

x

x

x
x

x

x

x

x
x
x
x

x x x xx
x x x xx
x x x xx
x x x xx
x x x xx
x x x xx
x x x xx
x x x xx
x x x xx
x x x xx
x x x xx
O LRR2 AB 35 -
OLRR2AA 35-
o LF|R2 481235 -
o R1R2 AB123s -
O LRLR 441235 -
O LRR2 441235 -
O LRR2 AA 35 -
o R1R2 M1235 +

A1 R1LR AB L2 _

A1 R1R2 881235 +

o R1R2 881235 -
o R1Rl AB 135 -

A1 RlR1 AB 135 -
B R1LR 481235 -
x x x xx
x x x xx

À1 R1R2 881235 -
O RlRl AA 35 -
x x x1235 -
x x x L2-
o RlR1 481235 +

A1 R1R2 881235 -

xxx

xx
NE NN

NN NF

ÀIE NF

NE NF

NN NN

NN hIF

NN NN

NN NN

NN NN

NE NF

NN NF

NN NN

NN NF

NN NN

NN NF

NN NF

NN ¡¡F

NN NN

NN NF

NE NN

NE NN

NN NN

xx
MNSZ-

MMSZ+

Hl,lSZ+

MNSS+

trNzz-

NNSZ-

NNSZ+

ì4NZZ+

MNZZ+

NNSZ-

ilNzz+

NSZ +

HNSZ-

NNZZ+

xx
xx

HNSZ+

MMSZ+

XX
xx

HNSS-

HMSZ+

xx
BC 11

BB 11

BB 11

BC 11

BB 11

BB 11

BB 11

AÀ 11

AÀ 11

BC 11

AC 11

AB 11

AB 11

AB 11

x11
x11

Àc 11

AB 11

AC 11

AA 11

AA 12

AB 11

xx
22 22

L2 22

L2 22

22 L2

t2 22

22 L2

22 22

L2 L2

22 LL

22 22

22 12

22 22

22 t2
L2X
L2 22

xL2
22 L2

22 22

22 22

t2 12

22 L2

IL L2

x

tE2
1S1S

152
LS2
151F

IS2
rs2
22

LS2
1,5 2

152
LS2
rs2
1S1S

1515

LE2
152
1S1F

1S1F

1S15

x
1S1F

x

11

t2

22

L2

T2

x

x

22

x

22

22

L2

11

x

x

22

22

22

x
x

22

L2

x

T2

t2

11

T2

I2
11

L2

1S

11

11

11

11

11

11

11

L2

L2

11

11

11

13

13

x

AB

AB

AB

AA

BB

AB

ÀB

AA

ÀB

AÀ

AB

XM

AA

AA

x

x

AÀ

AB

X

x

AB

AB
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58 4A 48 F NE NN 12 L2 1'L 33 11 AB MMSZ- AB 12

5C 4A 48 F NE NN 12 22 12 11 11 AA HNSS+ AB 11

5E 4A 48 M NE NN 12 L2 12 13 t2 AA MI'TSS+ AA 11

5D 4A 4B F NE NN X X 12 11 11 AB MHSS+ AA 11

5A 4A 48 H NN NN 12 22 T2 11 11 BB MMSZ- AB 12

4C 3A 38 M NN NN 11 22 22 1T 11 BB HNSS- BB 12

3A F NN NN N 22 L2 13 11 AB MMSS- AB 11

4D 3A 38 F NN NN 11 X 22 33 12 AB MMSZ- AB 11

4L 3A 38 F NN NN X 22 L2 13 11 AA HI'TSZ- AB 11

4G Mxxxxxxxxxxxx

L212 x oRlR2AB 35-

1222rs2 0R1R2AB 35-

L2 t2 x A1 RlR1 481235 -

L2 L2 lSlF A1 RlRl AB 35 -
L2 L2 1SlF A1 R1R2 481235 -
L222 X OLRR2AÀ 35-

12 12 1S1S O R1R2 AB 35 -
LL L2 IS 2 O LRR2 481235 -

22 L2 LSLS 0 R1Rl AA 35 -
xxx xx xxx

11

11

11

11

11

11

12

11

L2

x

1.2

L2

t2
11

L2

L2

11

12

11

x

-236-



(h) CHrcHGOMÀL HSTEROT.IORPHISHS

KINDRED 500ü(R INI(3ì (P25 :@3ì

GPr FB TF PI FA [¡tl Urls P PGP ACP AI( ESÐ FGil GA G[.O HP æ Arc Rh Fy

HXXXXXXX XXX X X X X XXXX X X X

x

1B FXXXXXXX XXX X X X X XXXX X X X

xx

IGIT IG¡(

1A
x

2A1A18FNI X
xx

28
x x

2C1A18F X

xx
2D

x x

2E1A18F X
xx

2G1A18MNI X
xx

211A18F Xxx

2L1.A lBHNI Xxx

HNN X X X X X X X X X X X X X X X X X X X X

xxxxxx xxx x x x x xxxx x x x

xxxxx xxx x x x x xxxx x x x

xxxxx xxx x x x x xxxx x x x

xxxxxx xxx x x x x xxxx x x x

xxxxx xxx x x x x xxxx x x x

HNN X X X X X X X X X X X X X X X X X X X X

xxxxxx xxx x x x x xxxx x x x

2E HNN X X X X X X X X X X X X X X X X X X X X

xx

2H FNN X X X X X X X X X X X X X X X X X X X X

xx

2J HNN X X X X X X X X X X X X X X X X X X X X

xx

2n
x

FNN X X X X X X X X X X X X X X X X X X X X

x

2N1A18F Xxx xxxxxx xxx x x x x xxxx x x x

20 HNN X X X X X X X X X X X X X X X X X X x x

xx
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2Q MNN X X X X X X X X X X X X X X X X X X X X

xx
3G

x
FNN X X X X X X X X X X X X X X X X X X X X

x

3H2C2DM X X X X X X X X X X X X X X X X X X X X X

xx
3I FNN X X X X X X X X X X X X X X X X X X X X

xx
3N FNN X X X X X X X X X X X X X X X X X X X X

xx
30

x
MNN X X X X X X X X X X X X X X X X X X X X

x

3P212JF X X X X X X X X X X X X X X X X X X X X X

xx
3T

x
FNN X X X X X X X X X X X X X X X X X X X X

x

3A 2A 28 F NN 11 11 11 11 12 BB T,TMSS + 12 BB 11 T2 L2 NN 22 11 1FlF A R1LR BB

35

3C 2A 28 F NI 11 11 11 15 12 BB HMSS - 11 AA 11 11 22 NN 22 12 1FlF A R1LR AB

1235

3E 2C 2D M NN L2 LL 12 15 11 BB MMSZ - 11 BB 11 11 11 NN 11 12 1S1S A R1LR AB

135

4A 3G 3H F NN 11 11 11 11 L2 BB IMZZ + 11 BB LL LI 11 NN 11 22 1S1S A LRLR X

1-

3M 2c 2H H NI 11 11 L2 LL 11 AB !{n¡rZZ - 11 AB 11 11 11 NN 12 t2 tF 2 0 R1Rl AA

35

4E3H3NMNNL2LL 111111BBINZZ+ 11AA 11 11 11 NN22 11lF20 R1RlAB
135 +

2R1A18HNN X1111IL12 X X X X X X X X X X 22tSrEX X X

1235 +
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ADDITIONS TO THE EXCLUSION MAP OF MAN

SUMMARY

Exclusion mapping was applied to individuals with mono-

narrowing lhe regional localisations of any genetic markers
subsequently assigned to the chromosome involved in the
exclusion. No new gene assignments were made from
cases where family data was available.

J.C. MULLEY I, G.D. BRYANT 2,

G.R. SU'|HERLAND 1

RÉSUMÉ

Suppléments s
La technique n
de la carte s
partiels. Une s
sanguins ont s
exclusions pour des marqueurs non encore localisés aux

localisés sur des chromosomes intéressés par I'exclusion.
Aucune localisation nouvelle n'a pu être obtenue à partir
des cas pour lesquels des données familiales étaient
dispon ibles.

KEY-WORDS : Deletion mâPPing. 
- Exclusion mapplng. - Chro- MOTS-CLÉS : Technique de dététion. - Techníque d'exclusion.mosomal defetions. _ Délétions enromosoìñique-s

Gene mapping by excltÌsion is applicable io cases
having unbalanced chromosomal rearr.angements
with defined monosomic se_qrrÌents. The exclusion of
codominant loci provides supplementary mapping
data to that derived from somatic cell hybridisatioñ
and segregation analysis. Test loci are excluded
\ryhen an indiviclual with a deletion is heterozygous.
Gene assignments are indicatecl when obligate hetero-
zygotes (on the basis of parental phenotvpes) are
shown to be hemizygous. Possible misclassification.
the presence of null or silent alleles and incorrect
paternitv require careful investigation for the confir-
mation of assignments by deletion mapping. While
deletions can be useful for narrowing regional
localisations rvithin chromosomes, the technique is
relatively inefficient for gene assignment. Exclusion
data is readily interpretable and considerable infor-
mation has been obtained since the advent of chro-
mosomal banding (Aitken et al., 1975 [1] ; Aitken
and Ferguson-Smith, 1978 [2]).

MA'T'I-..]RiALS AND METIìODS

Genetic markers were examined from patients
with deleted autosomal segments (3)(p25Þpter),
(4)(q27 >3 t), (7)(q2z), (12)(p12), (12)(pter), (12)
(p13), (15)(q15), (l8Xpl1), (18) (ct2!'>23) and
(19Xp or qter) and a fetus with deleted (5)(p1a>
pter).

The (3Xp25>pter) deletion resulted from a
familial pericentric inversion inv(3)(p25q23). Apart
from the ten cases of autosomal deletion, another'

7. Cvtogenetic.g Uttit, Depurtment of Histopatltology;
2. Departntent ol Haematology,
Tlte Adelaicle Children's' Ho.spital Inc., ADELAIDE, S A
5006 (Australia).
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TABLE l. - List of exclusions lor both assígned and unass¡gned
loci f¡om ten cases with autosomal deletlons.

* Previously excluded from the segment investigated (Aitken et
a! , 1975; Aitken and Ferguson-Smith, 1978).

DISCUSSION

The localisation of ACPL lo the short arm of
chromosorne 2 (Ferguson-Smith et al., 1913 I7l)
remains the only locus to be assigned by deletion
mapping. Meanwhile, other ttnassigned loci have been
eliminated from significant regions of the genome :

MNS being the most notable (Aitken and Ferguson-
Smith, 1978lzD. $dditional portions of the genome

in the vicinity of assigned markers may be excluded
by segregation analysis when the absence of linkage
is demonstrated between the unassigned markers
ancl markers previously localised. Recent examples
of regional localisations arising from exclusion
mapping are HPA to (16)(cent*q22) (Fergusou-

Smith and Aitken, 1978 [8], ACPI to the distal

xg- xg*

xgt xg+ xg-

3

fit rf
0 7

t¡ lt
I t0

?

family included a female proposita with del(X)
(pllpzz). Deletions were delineated by trypsin-
Leishman G-banding and partial karyotypes lor the
autosomal cleletions are given in figure 1.

Samples of serum, plasma, red cells or fibroblasts
where available were stored and subsequently typed
by standard blood grouping and electrophor,etic
procedures. PI was completely subtyped by isoelec-
tric focusing (Mulley, 1980 t1ll) and F13A and
FljB |yped by agarose gel electrophoresis (Board.
1979, 1980 [3]). Locus designations follow the
recommendations of Shows et al. (1979) t13-l.

RESULTS

The r,esults of autosomal genetic marker stuclies
are presented in table I. No gene assignments were
made. New exclusions or extensions to existing
exclusions were ,determined for the unassigned loci
IK, MNS. LU, GPT, PI, FI3A, FI3B and C3.
These may prove useful for regional localisation if
subsequent gene assignment is made to the chromo-
some involved in the exclusion. Although new
exclusions were de'termined for the assigned markers
IK, RH, FY, PGMI, PGM3, AKL, ACPL, GLOI-,
PGP, ESD and HPA, these were irrelevant for
regional localisation as all are assigned to other
autosomes.

The XG result from the family of the propositus
with del(XXpl1'>p22) indicated anomalous inheri-
tance involving the proposita (flg. Z). Paternity
testing (apart from XG) indicated that the probabi-
lity of correct paternity was 97 % . Tl'tts family either
suggests ttr'e localisation of XG to (XXp11>p22), or
demonstrates inactivation of the paternal XG allele
present on the deleted chromosome.

Patient
no

Segment
del€ted

Assigned Loci Unassigned Loci

MNS*, JK, GPT,
PI

Ét3B

MNS, JK, PI, C3,
F13A

MNS *, LU,

GPT *, FI3A

MNS

GPT, C3

MNS, GPT, PI

MNS, JK, F13A

1

2

J

4

6

o

10

(3) (p2s>pter)

(4) (q27>31)

(a) (q27>31)

(5) (p14>pter)

(7) (q22',)

(12) (pl2)

(12) (p13) and
(15) (q15)

(12) (pter) and
(19) (p or qter)

(18) (p11)

(18) (q21>23)

RH, PGM1, PGP,
ACPI, PGM3, HPA

JK, PGM3, HPA

RH, ESD, PGM1

AK1, PGM3

ACP1, PGMI

RH, FY, GLO1,
PGP

PGM1, PGM3,
ESD, HPA

ACPí, GLO1, ESD,
HPA

HPA'

HPA*

Flø. 2. - Pedlqree sho¡rinq anomalous XG inheritance in the pro'
þó-sita w ittr ca ry;otype 46,x,dél(xxpl 1 p22).



20i)

portion of band (2)(p23) (Emanuel et al,, 1979 [6])
and ESD to (13)(q3l) or (13)(q32) pending confir-
mation of a previotrs assignment to (13Xq3) (Tur-
leau et al., 1978 ll4l).

XG is not normally inactivated (Fialkorv, t97A
[9] ; Fialkow et a7., 7970 [10] ; Ducos et al., l97l
[5] unlike other studied Xlinked loci which are
subject to random inactivation. On this basis, XG is
apparently localised to (XXpl l'>p22) given rhe
anomalous inheritance ; but this conclusion is inva-

J.C. MULLEY, G.D. BRYANT, G.R. SUTHERLAND
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lidated by the occurrence of inactivation of XG
alleles carried on structurally abnormal X chromo-
somes (Race, I97I [12]). The alternative explanation
for the observed result is the inactivatioñ oi the
abnormal X of paternal origin.
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Regional Localization for HLAby-Recombination with a Fragile

Site at 6P23

J. C. MulleY,l J' HAY'2 L' J' SserpIELD'3 lr{o G' R' Su'rgeRt-e¡o1

Am J Hum Genet 35:1284-1288' 1983

SUMMARY

the allele predisposing to expresslo

fragile site.

INTRODUCTION

A family segregating for a of band p23 on chro-

mosome 6 provided an oppo ring the recombination

rate betwee n HLA and the localization for HLA on

chromosome 6 between p2 established [1]' and there

is strong evidence for its e ortion of this interval [2-

61. Given a proximal fi-ii to' HLA at 6p2l '2'the distance.petwlen HLA and the

fragile site must b" I;;h* 25 map units áccording to the male meiotic map

presented by cook ",ïi. Ïìî. rt"n"", tinkage betw ""1utl' 
and this fragile site

can be assumed'

:t:rxrìïT:i.erican sociery of Human cenetics. All fishrs reserved. oo02-e2s7 t83t3soo-óozz$oz oo

t284
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MATERIALS AND METHODS

y and the
for detecti
ed for the
ined bY th

îJïåjj:ï:il:li'i.,:iiÎiäï recombination rrequencv ts

approximately linear up to 0 r is often greater in females

than in males [10]'

RESULTS

Four generations were available for study (frg' 1)' The fragile site at 6p23 was

detected without difficulty in every ge.reration."right carriers were detected' and

one untested irdi"id;;ii'ri.ii;;å.";; ourigut.-"ãrrier. It is highlv improbable

that the other untesteà, ìnretated individuals (I'3' II

iäiì" ri," ,ince this is ihe only family in which this

irrã r."qu"ncy of expression was 447o f.or the propo

lq" t" iOq" of cells for the other carriers' For the p

irrå i*tri" site in this family may be regarded as a heri

The inheritance of the frâgile "'t" 'nd..ilÀhaplotypes T: t1:*" in figure 1'

HtA haplotyp". tu.,"'îã"n-"î¿"¿ as indicated in taute 1. The HLA phenotypes

could be inferred i",t",ri"rted individriai. "t 
lla in I.3, 6l? tr^ll'4' 218 trt'

II.11, and lll12inrì'ii' ir'"'" were threJionrecombinants (NR) betweenHLA

andthefragile'it"i"g"n"tationIV'tft"'"*"t"sevenNRandtworecombinants
(R) in generarion Ji.tä't;;^;it". n""*t"ie"-"r linkage, it is hishlv probable

that there are six NR and rwo R in g"n".uiioT II rather ihan six R and two NR'

The combined male and female.""o-ùìnu,iãn fr"qo"n"y (0) is 207o (4120)'

well within tr," -uiiår. "*p""r"a 
*ut" *lontbination frequency of less than

I

t11

NFNR

3/1

tþ
NR

l

III

rþ

l2

R

tl7
NR RNR

2ls
NR

3/5

ale 2le

NRR
tl6 316 tls
NR NR NR

zltr 5,13 2/r2 srlt 8,ll

NR RNRNR

2/s tlrl3 2,13

NF NR NR

M

[l Q tral6)t023)

@ Sl rraoile s¡le not detected

OÚ r'¡ot t"tt"o

Ftc. 1.-Inheri¡anceofHLAandthefragilesiteat6p23withrecombinants(R)andnonrecombinants
(NR) indicated. See text f"tï"b;bl" p;;;;ivp"t or únt"tt"d individuals'



1286

Code

MULLEY ET AL

TABLE I
iry¿A HApLorypE CoDE

Haplotype

I
2
3
4
5
6
7
8

9.
10.
11.
12.
13.

4w31, 8w57, Bw4. Cw6Al, 8w49. Bw4
Al, 88, Bw6

, Cwi
Cw5
, Cw3

43,87, Bw6
426, Bw4l, Bw6
4u,33, B l4
4w30,818, Bw6. Cw5
42.8w35, Bw6. Cw4
428, 827

,1tí:"1ï*ïT1ï 1:"..:::1" 
was r.7 ar 0 : 0.2. rherecombination frequencv

'|v '¡'ap u¡õrdrc€ expressect as cM because of the approximate'rinearrelationship between map distancè and 0 up to 0 : .25. The low-[,r g.voprobabilitylimit for this intervar ir s.s .rr¿ unJ*ul.o"r.rmined by subtracti ng 5vo of thearea under rhe rruncated rerarive probability .u.u" froi ;;;';;o of rhe curve.The curve was rruncare d at 6p21.2. cir"n rhat recombi"uti;; fl"qu"n"y is ofrengreater in femares than in,nui"r, the estimate of 20 cM for the interval betweenHLA and the fragile sire.at 6p23 i";;*i;iy an overestimate for comparison wirha map expressed in male cM' However, in 
lrrjs 

f;rt, ;ö àn" ort of eightoffspring of informative remales *"."1à.o-uinants, compared to three out of
frt';:)îJ,ïî#t;; 

males. rhese resulr, ,ogg"rt a probabìe regional localization
knownp,"^i."ir_iii:,"i;";î*":::î:rf i:;i;ir;i^rr;îi,lr#Tif; Hiï:
,i:: ili ï,îïiT',? i: å; î ï,ïr: 

íll' "i,i " d i s t a, h ar rî r ápli" r n"m o s t r ikþ

DISCUSSION

onal localization of HLA.
uggested the probable lo_

with t(6;20Xp21;pI3)
t (in 6p21 near 6p22)

not definitely known n recombination is
absence 

"r " 
a"pr.år"a ,Ït-"1t:r^"i jisruption Il ll. The

ror 6p22 2-->ptei derived ;i,'#,1?i;i;iiï,i?::i::.ì:iJ;
was localized to 6p2l [6]. Berger' 

more precise localization
1.2 or at the interface of

data agree closely with
slte. ination with the fragile
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25 21 23 22 21.3 21.2 21.1 12 1r

fra (6 HLA

l."o,J,T,*oí1on r3no¡ou JnTcY ( ,ul

FIc. 2.-Probable localizatiotof HLA by recombination with the fragile site at 6p23

The intervals between the fragile sites at 10q23 and 10q25 in families with
both fragile sites [l2] , and now between HLA and the fragile site at 6p23,have
been estiurated by recourbinal-ion and fall within limits established by other pro-
cedures. consequently, fragile sites do not appear to disrupt recombination in
chromosomal segments near the loci of expression and thus are valid markers
for linkage analysis giving unbiased recombination values. Hence, the distance
between HP and the fragile síte at 16q22 as estimated by recombination between
them [13] is probably a true indication of their distance apart.

The alleles responsible for the expression of fragile sites are probably situated
on the chromosomes at or very near to the fragile site. This had been verified for
the fragile sites at 10q23, 10q25 lr2l, and now at 6p23. The interval between
genes responsible for the expression of fragile sites at 10p23 and 10q25 was
estimated by recombination and is consistent with that expected from their locations
on mitotic chromosomes. The positive lod score between HLA and the fragile
site at 6p23 is consistent with existing knowledge of the locati on of HLA and the
position of the fragile site at 6p23. Control of fragile site expression must be
within the homolog expressing the fragile site since confirmed heterozygous
carriers do not express fragile sites in both homologs.

The rapid rate of discovery of fragile sites [8] indicates that many more of
these are likely to exist and be used for linkage studies. Fragile sites have advantages
over other chromosomal variants because they are not restricted to paracentromeric
regions. They are precisely mapped by banding and are ideal both for use in
searching for linkages with unassigned markers in chromosome regions devoid
of polymorphic genetic markers and for the regional localization of markers
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shown to be near regions of fragile site expression. The fragile site at 6p23
confirms a more exact regional localization for HLA and, consequently, the cluster
of genes that are known to be linked to HLA. Confirmation that the location of
DNA responsible for a fragile site is at the locus of expression may now permit
the characterization of this DNA by study of the relevant chromosomal segments.
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CASE REPORT

RESULTS
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Figure l.(a) Stained with C"o_o,massie blue R, phenotypes (l to r): MI a;Z);(b) print immunofixalion. MI.; r;;;rl;;;ï(c) Desialared no.nral Mi'o;-;.;;;;;;¡;,äiatared rransienr !

0

transient t; MIS A

ii:ääi'"i:å1 :rN 
to 100¡rl of serum ar 0, 8, and 24h with incubation at

The index case was a fu,-term femare neonate_(birth weight 3300g) who hadìrs 5, 7). She was disch,"pÍ ,i* äuy, ãn"iûirt¡-frñv
:ie.ltr^FortV days after birth she presented with mild4950 Ð. The live.r was onl¡i 0.5 em below the costaler birrh rhe rotal ::lu_ UiliruUln-was l2g ¡rmot/I,

i,ïïlr-,ïiîli::l j,:äïUi,îifi:î,ï,'Jîllll'ï:';il',,,ffi #,,Jî,#
blurrins in rhe .ori^rr:T:^l-:or.in 

eiectrop_horesis on cellulose acetate cletected
tr,.u,,u",,åi;,Ài';ìäi"",,#""iiT,iilli?:,¡T;îïrlåîiiff 

iffi [.fi :chird was *"ir unà ri""; ¡;;;r;;;';;i;';... normar rr Ar .,,o" 1 < ^,, ,. tassouiaied with a normal pl Ml ,¡*áiïrl"'v 
¡¡urrlr4r' u¡'4 I !¡'/üs z s gt anu

The unusual phenotype determined by pAGIF at day5r was confìrmed as ana,AT-related prorein-by- p.,nl ì.L,inån*ation (Figure lb). A normal Mlphenotype determined 88 cuy, "ilil; was compatibre with the marernarMlM3 phenorype. Alt traces of ;h;ìr;;;;"r bands had disappeared.Ne uraminidase rrearmenr or^serum ,rgË.rt.¿ un .*p¡*ãrl;;"fb, rhe transienr.banding' Desiararion of.rhe ;";; ;i,;"Ti" t unri.nt phenorvpe, and normalMl sera, converred both phenor*.;;;a'a 
^ba¡d "o...rponáing to the mostcathodal atrd most nrominent 

";;;;;;i.o[the ,nrreaied rransienr varianr(Figure rc)' rhe trãnsient uuriuni'Ã"pïåuuuru 
" ;i;;;;; äipartiary andcompletely unsialated u,AT. 

- '- v'L
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DISCUSSION

The variant described is a non-heritable transient type similar to the other cath-
odal transient variant which has been described (Hug et al., 1982). Transient
cr,AT phenotypes are common in association with liver disease, but in an
anodal position. Anodal shifts have also been associated with disseminated
intravascular coagulation (Inokuma, 1980). Possible reasons proposed for in
vivo transient cathodal variation are post ribosomal changes in the sialic acid
content associated with liver disease, or that another a,AT locus not normally
expressed is switched on by the stress of liver disease (Hug et al., 1982). The
transient variant in Figure I was probably a mixture of asialo forms of u,AT
associated with mild liver disease and jaundice. However, this pattern is not
normally observed in infants with hyperbilirubinemia.
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Genetic linkage analysis of epidermolys¡s
bullosa dystroph¡ca, Cockayne-Touraine

tYPe

J. C. Mur.r.¡.vt. T. TUnNr:nr. c. Nlcuor_r.sr, D. PtOpDnrr ¡Ntr c. R. Surt¡nnt.¡Nt>r

rDcpartmcnt of Histopathology, rscnior Visiting Dcrmatologist. Adclaidc Childrcn's lìospital'
NortË Adclaidc. and,[)cpartnrõnt olApplicd Biology, Royal Mclbournc Institutc of Tcchnology,

Mclbournc. Vic., Australia

Ccnctic linkagc rclationships bctwccn 27 informativc nrarkcr loci and thc l<rcus forcpi<lermoly-

sis bullosa dy-strophica. Cockaync-Tourainc typc (lrBD-CT). wcrc cxamincd in a singlc largc

kindrcd. Linlagc could not bc dcmonstratcd to any of'thc markcr loci. furthcr arJding to thc

cxclusirrn n1op io, þ:BD-CT. Thc dominant ltrrms of trtìD so lar tlclincatcd by clinical critcria

and clcctron microscopy rcmain gcnctically undclìncd itr tcrnrs of'loci and allclism. Irurthcr

invcstigation will be urrãcrrakcn uìing rcstiiction fragrncnt lcngth polyrnorphisms mappc<J to

rcgions outsidc thc cxisting cxclusion ntap.

Rt't't'it'ul2l)t'<'t'nthcrl984'uctt'plctllìtrpuhlicution5Junuur.rl9tl5

K(,t' ¡'()r(ls: Aut6sonral rlonritrattt inhcritancc; cpidcrrnolysis bullosa; gcnctic linkagc analysis'

Epidermolysis bullosa (EB) is a hetert'¡-

geneous group of skin disorders subdivided
into two major classcs (McKusick l9tÌl)'
The EB dystrophica (EBD) class is charitc-

teriscd by scarring bullac locatcd subcpidcr-
mally and is oltcn associatcd with niril

dystrophies. Apart from several autoso-

mal rccessive ltrrms of EBD, thrcc donrinant
lorms havc bccn dclincatcd by clinical cri-
tcria and clectron micrttscopy: Cockaync-
Touraine (EllD-C'f), Bart (EBD-B)and l)a-

sini (EllD-P) (Getldc-Dahl l97ll). 1'hcir
pathogcncsis is unknown.

The numbcr of separatc major gcncs as-

sociated with EB, untl the cxtcnt ol'cliflcre nt

allelic mutations. is unclcar. ln thc abscncc

of identifiablc gcnc products. linkagc analy-

sis is nccessary lor thc dcrivation ofa gcncti-

cally based classifìcation. No linklgc rc-

lationships have bccn cstablishccl fìrr gcncs

responsiblc lor any ol the EBD types. The

genetical basis lor clinical heterogeneity has

becn partially clucidated lor thc EB simplex

(EBS) class (Oliriscn & Geddc-Dahl 1973)

but resolved only to the extent of dominant
vcrsus tcccssivc typcs within thc EIID class.

This invcstigation considcrs only the

dourintnt typcs ol' EBD. Linkage analysis

is rcporlccl l'rotl a large kindred with a

tlelìnitivc lrllD-C'f diagnosis.

Malerlal and Methods

Nincty-onc available persons frorn the kin-

drcd shown in l-ig. I were typed [or the

rnarkcr loci in làblc I using standard clcc-

trophoretic and scrtllogical proccdurcs. Thc

prcscncc or abscncc ol' EB symptoms was

dctcrnrinccl by rcport ol'thc lamily mclnbers

thenrsclvcs. All alìèctcd individuals in the
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kindred studied must possess the sa¡ne EB

mutation identical by descent. This elimi-
nates the possibility ol genetic heterogen-

eity of EB in the data to be presented. The
data were analysed for linkage using the

computer program LIPED (Ott 1976).

Results

Electron microscopy olintact skin frorn two
affected members of the geneology con-
fìrmed the diagnosis oi EBD-CT. The an-

choring fibrils connecting the underside ol
the basement membrane to the upper der-
mis were rudimentary in structure and

markedly reduced in number. The delective

anchoring fibrils were present only at the

site of blister lormation, This is diagnostic
lor EBD-CT (Geddc-Dahl l98l). EBD-P
was excluded by the prescnce of normal
anchoring fìbrils in non-blistered skin.

The distribution ol lesions among al-
lected persons who responded to a ques-

tionnaire is summarised in Table 2. Somc
reported no symptolns until the third or
fourth clecade ol lilè (Table 3). Hence. sotne

Table 1

Lod scores between the locus for EBD-CT and
27 marker loci
(a) assuming complete penetrance
(b) assuming penetrance of 0.7

Linkage
Com-
paíson I

05 1234

q

¡

Fig. 1, The pedigree showing segregation of the EBD-
CT gene

E8D-CT:
ABO

ACPl

AKl

C3

CHE2

ESD

F1 3A

F 138

Fy

GALT

GC

GLOl

GPT

HP

IGH

IGK
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Table 2

Distribution of lesions determined by question-
naire lrom 33 affected individuals

Atfected Regions Right Left

Knees
lnner ankles
Elbows
Outer ankles
Shins
Knuckles
Backs of Hands
Heels
All toe-nails'
Some toe-nails'
Finger nails'

thumb
l¡ rst
second
third
fourth

Nails were affected in all individuals Not all indiv¡d-
uals provided complete details of which nails were
affected

mcnlbcrs of tlìe kindrcd classcd as unal-
lected may indeed carry the EBD gene.

Simplc segregation analysis dctcrmined
affected and unaffected individuals to be in
the ratio oi 58:83, just significantly different
l-ror¡ l:l (Xi:4.4. P<0.05). Penctrance
could be as low as 0.7.

-t -1

The data were analysed lor linkagc as-

suming (a) complete penetrancc of thc trait
and (b) penetrance of 0.7. There was no
detectable linkage between this lorm ol
EBD and any of the markers examined (Ta-

ble l). The EBD-C?" locus was excluded
lrom substantial chromosomal segmcnts
ner ABO, ACPl. AKI, C3, ESD, Fl3A, f ¡',
GC, GPT, HP, IGH,TGK.K, MNS, PGMl,
PI, and ^R/¡. Exclusions ol a smaller magni-
tudc wcre detected at the remaining loci.

There was a hint of linkagc 1o FI3B (Ta-
ble l). The lod score reached l.l at l/:0. l.
This positive fìnding could easily represent
iì chance fluctuation (given the number ol-

loci examincd lor linkage).

Discussion

The characteristic leatures ol EBD are

subcpidermal bullae associated with nail
tJystrophies and usually scarring ol'the
skin. Nails on some of the digits may be

unaflcctcd in some individuals. In lanrilics
where the diseasc is only mildly expressed.

nail dystrophies rnay be the only maniles-
tation (Ccdde-Dahl 1978). Unlikc EllS.
blistering is on dorsal aspects olextrernitics

26
26
14

12
'10

9
9
7

19
4

28
28
13

12
'1 

1

9
I
7

19
4

6
4
a

0
1

9
6
4
4
0

Table 3

Age ol onset of skin symptoms from 33 affected individuals

Age ol
Onset of Skin
Condition

No of
lnd ivid ua ls
Alfected lnvolvement of Nails and Teeth'

Birth

Pre-school (<5 yrs)

Early School (5-12 yrs)

No skin symptoms

11

'15

Na¡ls aflected in all somet¡me belore school age, often at birth Teeth
afected in five cases

Nails atfected simultaneously or sometimes a little later, bul one nol
until 20 yrs Teeth afected in seven cases

Nails atfected simultaneously or a little later Teeth atfected in one
case

Toenails affected since birth Teeth affected
Nails affected since pre-school Teeth not atfected
loenails affected at 40 Teeth atlected
Na¡ls aflected at 50 Teeth not affected

J

+
Ir

Age 25
Age 35
Age 50

Adu
i)

¡¡)

¡ii)
iv)

' Sometimes both lingernails and toenails atfected, sometimes toenails more severely atfected. somelimes only
toenails, nol f ingerna¡ls, affected



34

(lìnger and toe knuckles, elbows and knces)
and red. atrophic scarring results from re-
currenI blisters. The more severely aflected
individuals of this kindred had extensive
involve¡ncnt ol the lowe r lcgs. Tooth cnarncl
hypoplasia was evident in many of thc aflcc-
tecl (T.rble 3). EBD-CT is less severe than
EIID-P in terurs ol'age of onset and extent
ol' blistering (Geclde-Dahl 1978).

Characteristically. EBD-CT is apparcnt
bctween the fìrst week and as latc as thc
l-ourth or fìfth year ol lile (Gedde-Dahl
l97tì). Later age ol- onset was noted anrong
son.rc larnily mernbcrs ol this kindrcd (-I¿rble

l). Locl scorcs b¿rscd on thc assurnption ol-

conrplcte penctrance nray bc biascd. givcn
that a ¡rumbcr of the youngcr unaflccted
membcrs tll' the kindred may yet nranilest
svlllptonls in latcr lilc.

l'hc three do¡nin¿rrrt EBD types involvc
¿tn utrknown nuurbcr ol gcnc loci. EBD-
CT and EIID-P both result lrorn mutations
alì'ccting anchoring fìbrils (Ccddc-Dahl
l9fì l). Thc two conditions arc not ncccssuri-
ly allelic because rnole than one polypeptide
could be necessary lor normal structure.

A nurnber ol EBD fanrilies have bccn
prcviously exarnined lor linkagc. Linkage
has bcen sought lrorn onc dcfìnitc Cockay-
ne-Tourainc lìrmily (cited as unpublishcd
clata Gcdclc-Dahl 1978) and two possiblc
Cocklyne-1-ourainc lar¡ilics (Gccldc-Dahl
1971, Jocnscn et al. 1979). 

-fhcrc 
u,as a low

positivc lod scclrc bctween Lhe EBD-CT
gcnc ancl ICK (Kappa light inrnrunoglobu-
lin chirin) in onc of- thesc lantilics This was

confirnretl in thc p|cscnt str.r<Jy. bLlt vcrv
lcu,inclivicluuls wcrc infornrativc utrd onl¡, i¡

srnlll positivc locl scorc w¡s dctcctcd (lìrblc
I ) l\'o Pusini lìrnlilics havc prcviously bccn
stucliccl ((ìctldc-Dlhl 1971. l97lt). Onc ol'
I lrcsc proviclcd l hint ol'linkagc bctwccn thc
lißl)-l' gcrtc irnd .Sc (AUll sccrctor gcnc).
A possiblc llrrlt lìrrlily gavc ir hirrt ol'linkirgc
lrctr.r'ccn l; ll l)- ß'¡t'td l'(i Il / (plrosphoglrrco-
nrullsc I ) (.locuscrr ct rrl 1979)

Thcrc rcurains no clcar cvi<icncc for link-
age involving any of the EBD genes. Thc
chrorrosornal location ol' I:l3B is unknown
(Human Gene Mapping 7. 1983). Thc possi-

bility of close linkages to many markcr loci
were excluded in the kindred presented. All
EBD types are indepcndcnt of L'r9S/ be-

cause they are not linked to GPf (glutarnic
pyruvic transamjnasc). Tltc G PT: EBS I
linkage was establishcd by Ohiscn & Gcd-
de-Dahl (197-l). The additions to the cx-
clusion rnap ol EBD-C'f from this kindred
are reported to enable the concentration of
luture effort using rcstriction l-ragrncnt
length polymorphisnrs to chrot.r.ttlsotlaI Io-
cations rlot yet excluded.
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PROTEASE INHIBITOR (PI) PHENOTYPE OF INDIVIDUALS
WITH CHROMOSOMAL FRAGILE SITES

J.C. MULLEY, G.R. SUTHERLAND

MULLEYJC,SUTHERLANDGR 
-Proteaseinhibitor(Pl) 

phenotypeof MULLEYJC, SUTHERLAND GR.-Phénotype protéase inhibiteur(Pl)
individuals with chromosomal fragile sites d'individus ayant des sites chromosomiques fragiles, (En anglais)
Ann. Géné1., 1983, 26, no 3, 143-146. Ann. Généti 1983, 26, no 3, 143-146

SUMMARY : One hundred and four fragile sites were ascertai-

pendent fragile sites. The significance of this finding is unclear
and is based upon relatively small numbers. Another ser¡es of
fragile site carriers would need to be studied and sim¡lar results
found before the question of any relationship between Pl pheno-
type and mutagenesis to fragile sites could be raised.

RÉSUMÉ : Cent quatre sites fragiles ont été détectés à partir de
95 familles non apparentées. Dans chaque famille, l'origine an-
cestrale du site fragile a été retracée aussi loin que possible et le
phénotype Pl déterminé chez le porteur le plus ancestral. Des
phénotypes Pl moyennement déficients étaient plus fréquents
que prévus parmi les porteurs les plus ancestraux des sites fragi-
les sensibles au folate, mais non des sites fragiles dépendants
du BrdU. La signification de cette observation n'est pas claire et
n'est fondée que sur des nombres relativement petits. Une autre
série de porteurs de sites fragiles devrail être étudiée et des ré-
sultats semblables retrouvés avant que la question d'une relation
causale entre phénotype Pl et mutation vers des sites fragiles
puisse être posée.

KEY-WORDS : Fragile sites - Protease inhibitor MOTS-CLÉS : Sites fragiles - Protéase inhibiteur

Fragile sites are non-staining gaps in chromoso-
mes inherited as codominant markers. The folate
sensitive fragile site at Xq27 is associated with mild
to severe mental retardation in males, and mild
mental retardation in some females (Sutherland,
1983). The significance of the autosomal folate sen-
sitive fragile sites is unclear at present, but in some
carriers could possibly be associated with mental re-
tardation (Sutherland, 1982). The common BrdU
dependent site at 10q25 is phenotypically harmless

The PI locus (protease inhibitor system) has a
major influence upon levels of alpha-1-antitrypsin
(crAT), the predominant regulator of proteolytic
activity in body fluids. The common alleles PI*Ml,
PI* M2 and PI* M3 are associated with normal levels
of c,AT, while some of the less frequent alleles,
PI*5, Pf Z, PI*1, PI*F and others, are associated
with reduced levels of o,AT. Mildly deficient PI
phenotypes have been associated with some chromo-
somal aberrations but the evidence is unconvincing
(Fagerhol and Cox, 1931).

The nature of the mutations which give rise to fra-
gile sites are unknown and this investigation exami-
nes the possibility of an association between mildly
deficient PI phenotypes and mutations to fragile
sites.

INTRODUCTION

Adelaide Chil-
(Australia).

Cytogenetics Unit, D epartment of H ß topatho logy,
dren's Hospital, NORTH ADELAIDE, S.A. 5006
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F¡9. 1. - Pedigrees showing segregation of fragile s¡tes and Pralle-
les to demonstrate the need to consider only the earliest carrier.
a) The true relationship is eroded in generations ll and lll by indepen-
dent assortment. b) Assoc¡at¡on developed in generalions ll and lll is
spunous.

PATIENTS AND METHODS
This invcstigation is unusual in that thc chromosomal lesion is a

heritable ch¿rracteristic irnd any ¿rssociation between nlutation to
the fragile site ancl PI phenoty¡re is clirectly testable in familics
only at the generation in which tlre rnutation arosc Evi<lencc lor
such association would be eroded irr successive generations by in-
dependent ¿ìssortrnerìt (l'ig la) and nor.r P1*M alleles could e asily
associate with fragile sites by chance (fig lb). For this reasorr
only the carrier in the carlicst avail¿rble generation of each family

TABLE I - Portion of pedigree from which the earliest carrie¡ was
examined.

was examined for statistical association to eliurinate as far as pos-
sible effects of independent assortment and association by
chance. This provided a sample of carriers as close as possible to
iire rrtutaiiorral everri requiretl lor ihe cxpression oí íragile siÍes.
The earliest carrier, whether propositr.rs or otherwise (table I).
was detennined priol to PI typing. The unmber of gerrerations
available for study depended on the availability and co-operation
ol larnily mernbers

Alt the fragilc sitcs ascertained fit the criteria for classification
as true fragile sites (Sutherland, 1979). PI typing was carried out
as previously described for the determination of allele frequencies
in the nonnal population (Mulley, 1980 and 1982). Fragile site
acertainments were grouped for statistical analysis into three clas-
ses : folate sensitive af Xq27,lolate sensitive ¿¡-t autosomal loci
and BldU dependent at 10q25. There were insufficient fragile
sites at 16q22 for meaningful statisticâl analysis.

Of the families with lolate sensitive fragilc sites, t8 of the 40
ascertained had been exarnined for the presence of the BrdU de-
penderÌt fragile site. Alt BrdU dependent fragile site ascertain-
nrents liad been examincd for folate scnsitivc fragile sites.

RESULTS

A total ol 104 fragile sii-es were ascertained lrom
95 unrelated families. There were l7 ascertainments
for the fragile site at Xq27 ,23 for varioì.rs folate sen-
sitive autcsomal sites, 59 for the BrdU dependent
site and 5 for the site at 16q22. More than one fra-
gile site \ryas found in 8 families. One family had
three fragile sites, two at 10q25 (homozygous in two
individuals) and one at llq23. The remaining seven
families were all double ascertainments : an Xq27
with 76q22, two cases of 10q23 with 10q25, three
cases of 10q25 with 76q22 and a 20p11 with 76q22.
In all 8 families the earljest carrier for one flagile
site was also the earliest carrier for another fragile
site. The earliest carrier was the propositus for three
farniiies, the parent of the propositus in two families
and the grandparent of the propositus in three fami-
lies.

The distribution of PI phenotypes determined
from the earliest carrier of all fragile site ascertain-
nlents ill shown in talrle II. Fol exa,ulple- the ¡rheno-

TABLf ll - Pl phenotype in the êarl¡est car¡icr cf cach fragilc sitc ascc!-tainmcnt.
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23

59

640

b

6

I
2
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17
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Xq27

Autosomal - folate sensitive

1 0q25

16q22

Control (nonfragile site)
(Mulley, 1980, 1982)

Total
Non Pl MPI M

Fragile site classification Pl ohenotvDe

VoLUME 26
N'3 - 

1983

TABLE lll - D¡stributions of Pl phenotypes (Pl M subtypes combined
for the fragile slte gfoups and a random sample.

types given for the pedigrees in figure 1 are presen-
ted in table II as MIZ (fig. 1a) and M1 (fig. 1b).
Comparisons of the fragile site groups with those in
a random sample from the population (phenotypes
classified as either PI M or non PI M) are given in
table III. Non PI M phenotypes have at least one al-
lele other fhan PI*Ml, PI*M2 or PI*M3. The distri-
bution of PI phenotypes was similar to that of the ge-
neral population for the BrdU dependent fragile site
sample (X',:0.36,0.50 < P < 0.75). The corres-
ponding comparison for the autosomal folate sensi-
tive fragile sites is significant (X', : 4.34,P < .05).
The data derived from the limited sample of 17 as-
certainments with the fragile site at Xq27 also detec-
ted an association (X'' : 8.41, P < .01).

DISCUSSION
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mozygote has been recorded. In view of the proba-
ble long period of elapsed time in generations bet-
ween mutation and ascertainment, any relationship
that might exist between PI phenotype and mutation
to the autosomal folate sensitive fragile sites would
be unlikely to be detected. Suprisingly, an associa-
tion was found in the present study.

A third class of fragile site at 10q25 is a harmless
polymorphism. Lack of selection against this fragile
site implies that virtually all ascertainments are far
removed in generations from the actual mutational
events, and genetic drift might be responsible for its
common occurrence. No association was found bet-
ween PI phenotype and this fragile site as expected.

The molecular mechanism underlying fragile site
expression is unclear. The chromosomal phenotype
is probably associated with a mutant gene given the
heritable nature of fragile sites. Linkage between
the fragile sites at 10q23 and 10q25 (Sutherland, et
al., 1982) and between the fragile site at 6p23 and
HLA (Mulley, et al., 1983) confirms that the genes
responsible are at the position of fragile site expres-
sion. They may effect either condensation of DNA,
DNA repair or DNA synthesis. Penetrance and ex-
pressivity at the cellular level is largely dependent
upon the culture environment.

The statistical association between rnildly deficient
PI phenotypes and carriers of the folate sensitive
fragile sites may be only coincidental because the
numbers analysed were low. This could be confir-
med by an independent investigation of a separate
series, but folate sensitive fragile sites are extremely
rare and a separate series will not be available to the
present investigators in the immediate future.

Another matter for speculation arising from the
series studied concerns the apparent high rate of
double ascertainment. The observed rate is a lower
limit because 22 famllies known to have folate sensi-
tive fragile sites were not examined with BrdU for
the presence of the fragile site at 10q25. The detec-
tion of the fragile site at 16q22 can be difficult and
in some patients requires the addition of distamy-
cin A to lymphocyte cultures 24 hours prior to har-
vest (Schmicl et al., 1980) or high (30 mg/ l) levels
of BrdU 6-8 hours prior to harvest (Croci, 1983).
Conseqrrently the significance of douhle ascertain-
ment involving the site at 16q22 is unknown as
culture conditions for expression of this fragile site
were suboptimal in the great majority of indivi-
duals examined.

ACKNOWLEDGEMENTS
We wish to thank Elizabeth Baker, Helen Eyre, Lily Gowans,

Louise Maland and Erica Woollatt for technical assistance with
the cytogenetics, D'Peter Jacky for useful discussions on the na-
ture of fragile siles and the National Health and Medical Re-
search Council of Australia, the Channel 10 Children's Medical
Research Foundation and the Adelaide Children's Hospital Re-
search Trust for support.

PI PHENOTYPE OF INDIVIDUALS W]TH CHROMOSOMAL FRAGILE SITES

There is strong selection against the folate sensi-
tive fragile site at Xq27 , which in terms of reproduc-
tive fitness, is virtually lethal in affected males and
in some females. A significant proportion of inde-
pendent Xq27 fragile site ascertainments are expec-
ted to result from new mutations and many of the
remaining ascertainments are likely to be of relati-
vely recent mutational origin. This group of fragile
site families is therefore likely to provide the most
sensitive test of any hypothetical relationship bet-
ween PI phenotype and mutagenesis to fragile sites.
An association was indeed found in this study. Un-
fortunately, the identification of new mutants is un-
certain given the difficulty in detecting this fragile
site in some female carriers (Sutherland, 1983).

If a relation between PI phenotype and mutation
to the fragile site at Xq27 does exist, then a similar
relationship may also exist for the other fragile sites.
While it is not inconceivable that recent mutations
are represented amongst the autosomal folate sensi-
tive fragile site sample, the mutational origin would
be expected to be more remote than for the fragile
site at Xq27. Most heterozygotes for the autosomal
folate sensitive fragile sites are normal individuals
and any selection pressure against them is small.
Whilst these might prove harmful in homozy-
gotes, by analogy with known clinical effects of he-
mizygosity for the fragile site at Xq27, no such ho-
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ERRATA

Additions to the Exelusion of Man (Publication 6)

Ann. Génét. 1980, 232 I98-2OO

J.C. Mulleyr G.D. Bryant and G.R. Sutherland

This paper reported the exclusion of the MNS blood grouP from

(aXq27->lf). Whilst the paper was in press a blood grouping

error was detected, and as a consequence this exclusion is

retracted.

Jk should be deleted from paraqraph l, Iine 10, of the RESULTS

section.

The f irst sentence of the DISCUSSION section states that only

ACPI had been assigned by deletion mapping. To this must be

added GC (see Chapter l, DISCUSSION section)'

A word in the caption for Fig.Z should read karyotype¡ not

caryotype.

AS fnn LinkaneinFa rnilies wi rhF S tes Pub lication Ì0)

Hum. Genet. L98t, 652 79-8I.

J.C. Mulley, C Nicholls and G.R. Sutherland'

In the note added in proof (p.BI) should also be added that the

assignment of Lu to chromosome 19 has been confirmed.
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Linkaqe Relationships of Fraqile Sites (Publication Il)

In: Fragile Sites on Human Chromosomes, 1985.

(Sutherland, G.R. and Hecht, F., Eds.)' pp. L79'2OO.

Oxford University Press, New York.

J.C. Mulley

The reference Ferguson-Smith et al. (L97t) on page 185, line 19,

should be changed to Ferguson-Smith (1971).

P on line I of the table on page 196 should be PGD.

Contemporary terminology for Km given in Table L2.4 (P.f96) is

IGK.

A Transient Cathodal PI PhenotvDe in an Infant with Mild Persistent

Jaundice (Publication 1l).

Disease Markers L98t, Iz 55-57.

J.C. Mulley, G. Hill and A. McPhee.

Wherever MI appears in the caption to Fig.I it should be

substituted with Ml.
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