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Appendix A

L I ST I NG OF COMPUTER PROGRAI'IS.
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Si x computer programs !,Jere wri tten i n the course of thi s

project. They were all written'i n Turbo-Pascal Version 3.024

(Borland Internationa'l ) for an IBM-compatible personaì

computer. Five programs were uti'l ity programs that simply

aj ded the handl ì ng of data or the i nterpretatì on of output

from other programs. Li nkage anaìysi s usual ly i nvol ves

generati ng and mani pu'l ati ng a l arge vol ume of data, âñd any

automated procedure that coul d reduce the ri sk of i ntroducì ng

"c'ì eri cal" errors in the ana'lysis seemed worth implementing.

As a bonus, these programs tllere al so f aster than do'ing these

procedures by hand. A second reason for wrì tì ng these

programs was that the output f rom some of the 'l i nkage or

database programs djd not encourage easy'interpretation- The

sixth program (B00TMAP) was wri tten to estimate approx'imate

confjdence 'i ntervals for gene location us'ing mu'l tìpo'int

ì'i nkage data from many pedigrees. The appì icat'ion of th'i s

program is detailed in ChaPter 2.

The source codes of the sjx programs are listed jn this

Append i x:

DNASIZE

TEI'IPLATE

XPHASE

P LOT

I'IO RGAN

B OOTl'IA P

p

p

p

p

p

p
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program DNASIZE

Th j s program est'imated the size of a DNA f ragment of unknown

s i ze by compari ng i ts mobì'l i ty i n an agarose gel wi th that of

fragments of known size. The mobil ity of DNA within a geì

does not have a fj xed rel atì onshì p wi th the sj ze of the

fragment (southern I979; Elder & southern 1983). It is

usuaììy necessary to determ'ine the relationshìp for each gel

stud'i ed. DNASIZE took the mob'iì i ty of a number of f ragments

of known size, Pêrformed four transformatìons on that data

(lnIfragment sìze], l/lfragment sìzel, l/1n[fragment size],

and ìnImobility] vs ìnIfragment size]), and calculated the

I inear correlation co-efficient of mob'il ity versus fragment

size for each transformation. The transformatjon wh'ich gave

the best fit to the known data was then used to estimate the

size of unknown fragments. Appropriate warn'ings !'lere given

regardi ng the number of standards that shoul d be used and

ensuri ng that the standards brere of a s i ze s'im'i I ar to that of

the fragment bei ng esti mated.



progrdn TNASIZE (input' otttpttt) ;

{sourcæfì I e: tlt¡SIZE. pas ;
sourcecú: Turbo-Pæcal Version 3.024;
anthor : Graem Suthers, 17/9/87.\

{ TNASIZE est'imates the size of a tM fragrent by cørparirg its npbilìty- 
with that of lmo¡n stardards. Details will be fotrd 'in the procedure

INFOR'îATIO{.

Th'is is a s'inple progril ard I do rnt profess to be very 
-

prof icient in Pascal. I htope tlrat ìt will be easy to nndify as enors
o.inproved algoritlms cctf. to light' 

Gra.,'Þ S'tl.rers r7/æ/g7t

const

(output format)
flè15;
shortfld4;
prcc=3;
lorprec=l;

{input limits}
mufrag2O;
rnaxkÞ3O;
geìlengtlF2m;

var
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{input var}
nunfrag, fragrent: integer;
stdkb, stddist : arrqy [l..50] of real;
distrmla¡om:rcal;
løurgi nput, usçri nter : bool ean ;

{calc var}
tenpsize, taçd'ist:array [..50] of real;
intercept, slope, goodfit:real ;
equationt¡pe, besteqatim: intqer;
best'intercEt, bestslope, bestgoodfit:real ;
goodfitl, goodfitz, goodfjt3, goodf it4:real ;
khrnloom:rcal;

{nenu vaÐ
chojce: integer;
decisim:char;

label

start;

{muREs}

procedure inputenor;
begin
textcolor (red);

writeln;
wrìteln ('Tle value you have entered 'is otrts'ide tle rarç epected.');
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writeln ('Please try again.');
wrìteln;

textcolor (yellov);
end;

procedure'i nformati on ;
beg'in

cl rscr;
textcolor
writeln
writeln
writeln
writeln
writeln
writeln
writeln
writeln
writeln
writeln
writeln
writeln
writeln
writeln
writeln
writeln
writeln
writeln
writeln

(
(
(

t
(

t
(
(
(
(

,
(

,

(cyan);
Progran D,IASIZE');

[source code: Turbo-Pasca] .l' ) ;

[source fì I e : c : \b'i n\utì ì s\dnasi ze. pas. ]' ) ;

ITTCRTATIO{') ;

-lhìs 
program estimates the s'ize ('in kb) of DIA fragnents fiott');

tt¡eirnnbility in a gel. ÎB relat'ionsh'ip betvcen DIA s'ize and'
nnb'ility is not straightforuard. 0l øçirica'l grourds tle best')
descrìpt'ion of tl¡e relat'ionship ìs usually');

nob'ility = sloPê * log (kb) + intercEt ');

'(vttrere slope and intercept are constants.)');
'[h,cver th'is does not hold true for'ìarge ü'lA fragnents i...');
'> 15kb, ard rnay vary accord'irg to the particular nrnnjrg');
'corditions. Therefore any nnthonatìcal sunmary of the size/');
'rrobil'ity relat'ionship mrst be determjned separately for each');
'gel .');

(
(
(
(
(
(
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writeln;
writeln ('lpress any key to continue]');
repeat r¡ntil Ke),pressed;

clrscr;
writeln ;

writeln ('This program takes standard ü'lA fragrrents of locrnn sìze ard ');.
wrìteln ('neasured-nobiljty and r,prks out r^,tlich eqration best describes ');
writeln ('the relat'ionshìp. The eçrations tested are of the form:');
writeln ;
writeln ('
writeln ('
writeln ('
wrìteln ('

nnbìlìtY = slope / (kb) + i
nPbilitY = slope * log (kb)
nrcbilitY = slope / log (kb)

log (nob'ilitY)= 51* * log (kb)

ntercept');
+ jntercept');
+ ìntercept
+'intercept

)

)

writeln ('formrla.');
writeln ;
writeln ('[press any key to contìnue]');
repeat r¡ntil Ke)pressed;

clrscr;
writeln;
writeln ('SoTÊ tips:' ) ;
writeln ;

)

)

)
)

)

,
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writeln ('a) calculate a new forrula for each gel.');
writeln ;
wr.ìte'ln ('b) yoq rW çt mjsleadjrg est'inntes of ü,lA size if you use');.
writeln (' ' ine one forrula to estjmate very srnìì. d.t.tg" fragnent');
wv.iteìn (' sizes. If yotr have both SPPI ard laròda markers, use the ');
writeìn (' SPPI markers to est'imate the size of snall fragrents.-lhq')i.
w¡iteln (' use the progran to gererat a ne,r eqlat'ion us'irg tl¡g læúda ');
writeln (' markers to estimate-tlre s'ize of laryer fragænts.');
writeln ;

writeln ('c) there are sqre arb'itrary l'imits on r^,trat data you can enter.');
writeìn (' ' e.g. no npre than 20 stand s'ize,-ge'ls');
writetn (' cañnot be nnre than st be less ü* ')t
wrìteln (' 30 kb. These limits ');
writeln ;

wr''iteìn ('d) do check yurr data entry. Garbaæ ìn, garbage ffi.');
writeln ;

unìte]n ('e) durìrg data entry Genie will r€frefrber the vajues you entered');..
*it ln i' ' beforõ ard sþo¡ tnsn in [sçare brackets]. If t]rese valrcs are ');
writeln (' correct iust press B'{IER ard nnve on. ');
writeln;
writeln ('[press any key to return to nBnu]');
repeat unt'iì Ke¡pressed;
clrscr;
textcolor (yello¡);

end;

procedure dataentry;
bæin
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clrscr;
repeat

dec'ision:= 'n';
write ('Horl nnny frqrents of kror¡ size do you hant to enter ? ');
read (nunfrag);
writeln;
wrorg'i nput : =(ntrnfrag<2) or (nuntræ>maxfræ) ;
'if worçìnput

tlen inryterror
else @ìn

for fragrent:=l to nunfr4 do
begin

writeln;
write ('T¡pe in tlre size of loon fragent (in kb): ');
'if stdkblfragmnt]>O

then unjte (' [',stdkb[fr4rrent] :slnrtfld:prec,'l' ) ;

read (stdkb[fragrent] ) ;
writeln;
rvrite ('T¡pe in ttp nnb'il'ity of kron fragrrent (ìn rm): ')
'i f stddj st [fraglpnt] >0

tien r'¡rite (' [',stddist[fragrerìt] :shortfl d:'lonprec,' I'
read (stddi stlfragrBnt] ) ;
writeln;

erd;
wrìteln;
writeln;

)

textcol
writeln
writeln

0r (l'ightgray);
Fragnent sìze

(kb)
Fragrent npbil ity') ;

(nm)') ;
('
('

writeln;
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for fragnent:=l to nuntrag do

begin
write 1 stlt<U lfragTent] : fl d : prec, stddi st [fragrent] : fl d : I oçræc) ;

wrongin$rt:+rot(((st¿l¡tfragTentl) < rnaxkb) and (stdd'istlfragrpnt] < ællength));
if wprgìnPut

tlran write (' .... II'IORRECT VÍtl-UVS');
rriteln;
end;

textcolor (yellot);
writeln;
wrìte ('Is th'is l'istirg correct ? (y/n) ');
read (dec'ision);
clrscr;
erd;

untjl dec'isioe'y';
ìf useprinter
then beg'in

r¡¡r'iteìn(lst,' SIAN)ARD FRAC¡'Ðffi /N) ]frlLITY:' ) ;

writeìn('lst) ;
writeln(lst,' Fraçrrent size Fragrent nnbility');
wrìteln(lst,' (kb) (nm)');
writeln(lst);
for fragrent:=l to nmrfrag do

begin
write llst,stdkb[fragrent] :fld:prec,stddistlfragrent] :fldloç*) ; 

- -
wrunginsti{'ot( ((stdkbtfiagrpntl ) < maxkb) ard (stddist[fragrent] < gellergth) ) ;

'if wongìnplt
then wrìte('lst,' . . .. IIú0RRECT Vltl-UVS');

r,n'ite]n(ì st) ;
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erd;
writeln(lst);

end;
end;

procedue regrression;
var

reans'i ze, nBandj st:real ;
srmsizedi st, smsizesqr, sutd'i stsqr:real ;

beg'in
reans'ize:{;
rBandist:=0;
st¡nsizedist:{;
sumsizesqr:{;
strdistsgr:4;

for fragrent:=l to nunfrag do
bæin- 

rBansize:+Bansize + tenps'ize[fragrent] ;

reardi st : +rBardi st + tsrpdi st[fragent] ;

erd;
rBansi ze : +rpans'i z{nunfr4 ;
nBandi st : qeand j st/ntmfræ ;

for fragrnnt:=l to nmtr4 do
begin- 

smsizedist:=smsizedist + ((tenpsize[frqrent]-ræans'ize)*(tsçdistlfragrpnt]-nBardist));
stms i zesqr : =sms i zesgr + sqr (tenps'i ze I fragent ] +eans Í ze ) ;

Appendix A. Conputer prograns. p. A-11



surd'i stsqr: =surdi stsqr + sqr(tøçd'ist[frqrent] -reardi st) ;
erd;

'if (suns'ized'ist4) or (sunsizesqra¡ or (surd'istsqr{)
tlen beg'in

writeln;
writeln ('There is an error in your data srrch that ttre stm of the squared');
writeln ('resìdua'ls ìs 0.');
r,riteln ('Please check your fìgures ard try again.');
writeln;
halt;
erd;

sl ope : =stmsì zedi st/surs i zesqr ;
'i ntercept : +reardi st- (sl opeteans'i ze) ;
goodf ì t : =sqr ( sum'i zed i st )/ ( sms ì zesqr*surd'i stsqr) ;

if goodfiÞbestgoodfit
then begin

bestgoodf it:-oodfit;
bestslope:=slope;
besti ntercept : =i ntercept ;

besteqtati on : =equati ontype ;
erd;

{ BEGIN roRA¡4 ü,IASIZE )

erd;
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beg'in
clrscr;

iinitial ìse anays)
for fragrrent:=l to maxfrag do

bqin
stdkblfrafentl :{;
stddistlfragmr¡t] :{;

end;

start:
choice:4;
decision:='n';
usçr'inter:=fal se;
writeln;
writeln (' Progran D{RSIZE.' ) ;

uniteln;
rrriteln ('Est'imates the sjze of a D,lA fragrent frcm jts nobil'ity.'); ..
writeln ('neqrirø input is a) length & nnbility of krc¡n standalds;');
writeln (' and b) nobil'ity of unknon ü'lA frrytent.');
uriteln;
writeln ('Clnose one of the follo¡'irg options:');
writeìn (' I l''lore informat'ion about the program.');
wrìteln (' 2 Data entry.');
writeln;
write'ln (' 0 Ex'it Program.');
writeln;
read (clnice);
case (cho'ice) of
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l: bqin
information;
goto start;

erd;
2: beg'in

writeln;
unite('Do you hant to have the results printed ? (y/n) :

read (dec'is'im);
writeln;
ìf dec'isioæ'y'

tnen @in
usErinter:=true;
write'ìn('P'lease turn the printer on.');
writeln('lPrcss any key vhen redY]');
repeat until Ke)pressed;
er¡d;

dataentry;
end;

0: halt;
el se

beg'in
inputetmr;
goto start;
end;

erd;

bestgoodfjt:{;

(analyse EQiATIO'| 1' l'irnar(dist) :inv.lìrear(kb))
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equatimtype:=l;
for ftagrent:=l to ntrrfr4 do

beg'in- 
terrpsi ze [fragrnnt] : =V ( stdkblfragrent] ) ;

tsrpdi st [fragrent] : =stdd'i st I fra$Ent] ;
erd;

ìægtr€ssrm;
goodfitl:=goodfit;

{analyse E0ATI(},| 2: lirnar(d'ist)In(kb)}

eqrationt¡pe:=2;
for fragrent:=l to nunfrag do

begin- 
tenpsi ze[fragrent] :=l n (stdkblfragrent] ) ;
terydi stlfrqrent] : =stddi stlfra$Pnt] ;

erd;

reg€ss]0n;
goodf it2:noodfit;

{analyse EMTI0'| 3: lirear(dist)/inverseln(kb))

eqrat'iont¡Pe:=3;
for fragnent:=l to nunfrag do

bgin
if stdkb[frqent] = I
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then
terysize
tsrpdist

stdkblfragBnt] : =l . 0l ;

lfragrent] :=lf n(stdkblfragrent] ) ;

[fraEBnt] : =stddi st lfragent] ;

eqationtype:=4;
fcr fragnent:=l to nmfrag do

beg'in
tørps i ze [frqrent] : =ì n (

terpd'istlfraçrent] : =l n (

erd;

regression;
goodfit3:=goodfit;

(ma'lyse EQATIü'| 4: ln(dist)f n(kb))

stdkblfragrpnt] ) ;
stddi stlfragent] ) ;

erd;

regression;
goodf it4:noodfit;

(decide transformat'ion of best fit; calculate unlmorr¡ kb)

writeln;
writeln;
writeln ('The 'goodr¡ess-of-fit" statistic (=l*2) for each transformation ');
writeln ('is stron belol:');
miteln;
writeln ('1.',goodfitl:fld:prec,' for'lirear(dist):inverse.lìnear(kb)');
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writeln
writeln
writeln

2

3
4

(
(
(

)kb(
t2:fld:prec,
ül:fld:prec,
t4:fld:prec,

goodfi
goodfi
goodfi

for'l ìrear(dist) :log(kb)' ) ;
for'l irear(dì st) :'inverse.'l og

for log(d'ist) :log(kb)' ) ;
writeln;
wpiteln ('The fol'lovirg eqratìon provides tlre highest goodress-of-fìt value:');

/(kb) + 
"be

'log(kb) + ', ;

¡og(kb) + ' );
rec,'loglkb) Prec);

end;

writeln;
writeln;

ìf useprìnter
then begin

writeln(l st) ;
wr.'ite'ln(lst,tnre tollo.¡irg eqration prov'ides the h'iglrest goodress-of-fit value:');

end;
wrìteln(l st) ;
writel n(l st) ;

unìteln('l st,'SIZE 0F U'l0tt^¡l FMGIß{IS :' ) ;
writeìn('lst) ;
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write'ln(ìst,'Distance travelled (nm) Size (kb)');
writeln(l st) ;
end;

decision:='n';
repeat

writeln;
write ('T¡pe in npbility of unlcrcdn D{A fragent ('in nm)i ')i
read (distuntoom);
writeln;
if (distunloom <4) or (distuntmo,,n æellength)

tlren inputenor
e'lse beg'in

case besteqtation of
I : kh^n lalo¡rr : =bestsl ope/ (d ì stunhon - best i ntercept ) ;
2 : kh¡n]oo,çr : =ep ( (di sttmloom-bestjntercçt)/þstsl oæ) ;

3 : khrnloo,çr : +xp ( bestsl ope/ (d'i stunloom- besti ntercçt ) ) ;

4 : kh,rn lmo¡r : =exp ( ( I n (d i stunlmo'rn ) -besti nterrcept )/bestsl oæ) ;

erd;
writeln ('-lhe s'ize of this fragrent is ',khmlqTr,'m:shortfld:ptæc,'
writeln;jf useprinter then unìte'ln(lst,djstunlootn:fld:lonprec,khtnknorrn:20:prec);
write ('Calculate amther ? (y/n) ');
read (dec'ision);
writeln;
erd;

unt'il decis'ion ='n';
clrscr;
goto start;

end {tlWIZE).

Appendí x A. Conputer prograns. p. A- 18

kb.');



Appendi x A. Computer prograns . p. A- 19

program TEI,IPLATE

The program TEMPLATE u,as wri tten to reduce the ri s k of

'introduci ng 'cl eri cal ' errors when genotypi ng hundreds of

ind'ividual s f rom the CEPH pedigrees. The program used the

pedigree numbers, ind'ividual identification numbers, and DNA

samp'l e numbers i n one of the ma'i n cEPH data f iI es to create a

standard 'l isting for each cEPH pedigree. The information was

read directìy from the CEPH database, thereby reducing the

ri sk of errors. The standard I i stì ng for each ped i gree was

used when making a Southern blot for any CtPH pedigree' The

ì i sti ng was stored i n the computer so that data coul d be

entered 'in the same order that i t u,as read f rom the

autoradi ograph. Thi s approach greatìy reduced the chance of

errors during data entry, Pârticuìarìy as a number of peopìe

were i nvol ved i n enteri ng new genotypes i nto the database for

both chromosome I 6 and the X chromosome -



progra¡n TRPLATE ('i nput,'i nfi I e, outfi I e) ;

{sorrcecode: Turbo-Pascal Version 3.024
scxrcefile: TB4PI-ATE.PAS

Grasre Suthers, ll/U/æ. tldated:l4l0/A

TB4p¡ATE is a ub1lity progran for the CEPII data base ard is des'igrred to minim'ise clerical etTors wten makirg fil.ters or enterirp
data. It allo¡rs ttrouier-to create in¡rt tenplate files for use-with ttìe CEHI program INRII-. The necessary ædigree data'is read

frrm a bjnary file æd written in ASCII code to specifìed files. At the sæB tir¡e files are created r*rìch can act as filter
tenp'lates rrtren makìrg tl¡e correspord'irg filters.

The necessary infjles are stu,vn in the "constant" declaration. Tlrc output files are .t¡rp or .ftr files for use as ìnput taçlates
or fjlter tenp'lates respectìvely. )

const
rnaxrel ati ves=25;
ljre'lengttFSO;

@'infiìe='ped.dat' ;

f i I teri nf i I e=' cfi I ter. ùrp' ;
tenpì ateurtf i l e=' tarpl ate.'i

margìrr' ';

pedrecord=record
pednmber: integer;

I ablD, ID, fa, rn, sex, plenoref : affqy U . . nraxrel at'i ves ] of i nteger ;
end;

(datafile prov'ided by CEPI-li

(ASCII file with the top fov lines of the tørplate fìle ycn¡ want to use)
(used to create a prarptirg file for data entry )
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var

fiIenane=string[12] ;

@ata:pedrec¡rd;
pdfìl e: FILE of pdrecord;

vords : stri rg [1 i nel engt¡] ;
filterterplate:TÐff;
terçìatefile:ïÐfi;
fjlterfiJe:TÐfl;
tenp'lateinf iIe:ïÐ$;

outfi I enare, checkfi I e: fi I enam ;

i nputcorrect : bool ean ;

dec'ision:char;

pdreqæst:intqer;
I anecount, persm : ì nteger ;

PRINIFIL.paS)
FILüISI.pas)

ffiU.RE pednwberinpt¡t;

begin
repeat

'i nputconect: =fa'l se ;
reset(@fi1e);

{$I
($I
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wrìte('T¡p,e in pediEee nurber (0 to $ìt) : ');
readln(pedreq¡est) ;
'if @reqrest{ t}pn exìt;

repeat
read (pdfi I e, peddata) ;

until (æddata.@r¡ôer+edreqnst) or (EoF(pedfile) ) ;
if EoF(pdfile)

tnen bgin
textcolor(red);
unìteln('ih'is-@'igree nr¡rber mt furd in CEPI-I pedigree fiìe.');
textcolor(blue) ;
erd

el se inPutconæct : =true;

unt'i] inputcorrect;

erd; {ffiÐnE æútt¡berirWt)

mmURE fanilyterpìate;

'label

abortprocedure;

begin
clrscr;
decis'ion:='y';
assi gn (pdfi I e, pdi nfi I e) ;
repeat

ædnwberinput;
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ìf pedreçest4 then goto abrtprocedure;

str ( pdrequest , ot¡tfj I enare ) ;jf fi I exj st ('U'rotrtfilenarer' .tnp' )
then begìn

decision:='n';
writeln;
textcolor(red);
writeln('Fanily',ot¡tfilenane,' 'is one of the UIAH kirdreds. Specìal files have been');
writeln('nrade for these fan'il'ies rrt¡ich cmtain both CEñl ard tttA¡'l I.D. nwbers.');
writeln;
w¡iteln('The fjelds for thjs fam'i1y are called U',outfi'ìenatæ,'.tnp and U',otrtfìlenane,'.ftr.');
writeln;
wrìte('Do ¡ou sti'll want to make a ',otrtfilenare,' set of files ? : y/n');
textco]or(bì ue) ;
readln(decisjon);
'if decjsjore'n' tlpn exit;
erd;

i f fi I o<i st(outfì'l enaet' .t¡p' )
then begin

textcolor(red);
wr.iteìn('Tenplate ard filter files for Family',outfiìenane,' aìready exist.');
writeìn('You cannot re¡Í'ite these files.');
textcol or(bl ue) ;
erd

el se beg'in
assig(tørpl atef i l e,outf i l enanB+' . t¡tp' ) ;
reø*i te(tetpl atef i l e) ;
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assì grr (fi I tertenpl ate, fi I teri nfj I e) ;
reset(fi I tertenpl ate) ;
ass'i gr¡(fi'l terfi I e, outfi I enap¡' . ftr' ) ;
rem'ite(f iIterfiIe);
write'ln(filterfi'le,marg'in,'THIS FILTER TRfl-ATE IS CALLÐ : ',outfi'lenaÍE +'.ftr');
writeìn(fiìterfiIe) ;

repeat
readl n (fi'l tertørpl ate,unrds) ;
r,'n'i te] n (fi I terf i'l e,marg j n,uords) ;

unt'il EoF(fil tertetrpl ate) ;
c'lose(f iItertenpl ate) ;

peFSOn:=3;

uhile (@ata.l ablD[ærson]>0) do
bagin

wrìte'ln(tarpl atefile,pedreqæst: l0,peddata.l ablD[ærson] : l0) ;

writeln(fiIterfiIe) ;
unite(fì I terfìle,pdrequest: 14,' -' ) ;
i f æddata. ID[person]<10 then wri te (fì I terf i 1 e,' 0' ) ;

w'ì teì n (fì ì terf i I e, @data. ID[person], peddata. I ablD[ærson] : 13) ;
percon:=perSonfl;

end;

cì ose(
close(

tsplatef ile);
filterfile);
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writeln;
wr*iteln('Tenplate ard filter files for famjly ',pdreqæst,' have been created.');
writeln;
write('Do )ou want to create nore fami'ly tenplate/filter files ? y/n :');
read(dec'ision) ;

writeln;
erd; {else}

r.¡ntjl decisiotrts'n';
abortprocedure:
close(pdfile);

erd; {ffiü.RE familylenpl ate)

ffiEU.RE parenttenpl ate ;

I abel
Sk'i dJtahParents, erdprocedure ;

E'in
clrscr;
decision:='y';
assìg (@f i'l e, pd'i nfi ì e) ;
rcpeat

rrn'ite('T¡pe in nare of PARB,{I fjles to be created (nru. of 8 characters)
readln(outfiìenane) ;
if (Filex'ist(ortfilenanet'.tlrp')) or (Filex'ist(otttfìlenane+'.ftr'))

then þin
writeln;

: ');
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textco'lor(red) ;
writeìn('A fiìe with this nare already ex'ists.');
writeln('Yut canmt re'vrite th'is fiIe.');
textcol or(bl ue) ;
writeln;
erd

e'lse @'in
assìg(tenpl atefjle,outfi I enarer' .t¡rp') ;
remì te (tenpl atefi ì e) ;

assi grr (f i'l tertenpJ ate, fi I teri nf i I e) ;
reset (fi'l tertenpl ate) ;
assig(fi'lterf iIe,outf iIenapt' .ftr') ;

reø'ìte(f ilterFile);
wr"i tel n ( f i'l terf i'l e, marg'i n,' IH IS F I LTER IRPLATE IS CALLfl)

unìteln(fiIterfiIe) ;

repeat
readl n (f i ì tertenpl ate,uprds ) ;
wrì tel n (fi 1 terfì'l e,maryi n,unrds) ;

until EoF(filtertenpl ate) ;
cl ose (f i I tertenpl ate) ;

'lanecount:4;

repeat
Ski ptltahParents:

@nuùerinput;jf pedrequest4 then goto erdprocedure;

:',urtfi l enamr' .ftr' ) ;
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str(pedreqæst, checkfi I e) ;
i f fi I exi st('U'+checkfì'l et' .trP' )
then beg'in

textcolor(red);
writeln('Èamiiy',checkfiìe,' 'is or¡e of the ttl-All k'irdreds. There are tfçi{.i);
w¡iteìn('tarpläte arf filter files for these parents v*r'ich contain both CEPII'); 

.

wr.iteln('and'Ul'41 I.D. nuùers. These fields are called UParer¡tA ard UParentB.');

writeln;
decision:='n';
wrìte'ln('Do ¡ou stìll want to include the parents of family',checkfìle);
write('in this file ? Y/n : ');
textco'lor(bl tæ) ;
readìn(decision);
if deci s'iore'n' then goto Sk'i ptltahParents ;

erd;

for person:=l to 2 do

beg'in- 
writel n (tarpl atefìl e, pdreçest: 10, peddata. l ablD[ærson] : 10)

o;;rlirt 
r rerri ì e,'o' ) ;

Dlærson], @ata. I abID[Person] :

erd;

I aneco¡nt : =l anecount+2 ;

writeln;
uniteìn('There are nol',lanecount:3,' peopìe in thjs tarplate f]1..' ) ;

witeìn('Do yur want to add nore parents to this file ? (y/n) : ');

13);
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readln(kisìon);

untjl decisiorts'n';
erdprocedurc:

cl ose(terp'l atefi I e) ;
cìose(fi'ltertile) ;

write'ln('Tenplate ard filter fields for PARE{IS',outfilenane,'have been created.');
write('Do )otl w'ant to create nore parent terçìate/filter fjles ? y/n :');
readln(decisjon);
erd; (else)

until decisjorp'n';
close(pedfile);

erd; (PRtrüJRE parenttenplate)

roUnE nerçterp'late;

begin
clrscr;
decision:='y';
assìg (TÐPI.AIEFILE, tenp'l ateoutfi I e) ;
reø'i te (IR4P'|ATEF I LE ) ;
writeìn('This procedure allo,vs you to nerge any nurber of terplate_li]qt'); ..
writeìn('for data entry usirg the CEPII pÍWram INRtt: Ihe rærged fields_are');
writeìn('placed in a file called TBÏPLATE.INP t^fìich 'is tlpn used by INRJI.');
writeìn;
wrìteìn('Yur will be prtnpted to enter each pedigree or parent file that yot¡');
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writêl
w{tel
writel

n(
n(
n(

'want to irclude in the nerçed fiìe. You need only enter the pd'igree');
'nwber or parent fjle nane (e.g læ4 or CParentA ); do not enter the');
'filenarB extension .üp.' ) ;

writeln;
repeat

unìte('Type'in tlp pdìgree nurber or parant file nare : ');
readln(urtfjlenarc);
i f fi I exj st(otttfil enaret' .Urp' )

tlpn begin
æsi Er (TBfl-ATEINFI LE, outf i I enarc+' . ürp' ) ;
reset (TRPTATEINF I LE) ;
repeat

readl n (TBDLATE INF I LE, r'prds ) ;
unì tel n (TBfl-ATEFILE,uptds) ;

unt'i I EoF(TÐP'IATEINFILE) ;
c'l ose (IBPIATEINFI LE) ;
erd

eìse beg'in
textcolor(red);
wri tel n (' Fi I e', outf i I enate 

" 
. tnp not fot¡ttd.' ) ;

textco'lor(b'lue) ;
end;

writeln;
wrìte('l'hrç anotlpr file ? Y/n : ');
readln(decision);

untjl decjsiorts'n';
close(IBP|-ATEFILE) ;
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erd;

begin fiÐ'qÁTE)
to<tbackground(l
textcolor(bl ue) ;
repeat

clrscr;
gotoxY(1,5)
write'ln('

)ightgray

writeln
writeln
writeln
wv'iteln
writeln
rw'iteln('
wrìteln('
write'ln('
writeln
writeln
writeln
writeln
writeln
readln(

case decision of
'P' : parenttsrpl ate;
'p':parenttenp'late;
'F' :famìlytsrplate;
'f':fanilytenplate;

;
('
('
('
t

Progran TEll¡l-ATE.' ) ;

Ihìs progran crcates files nhich act as tenp'late files for CEPfI data');
entry (file extens'iom .tlrp) ard files ntrich can be used');
'in makirg filters (fìle extens'iorr .ftr).');

Do Wt¡ want to create tenp'late files for ');
P Parents only');
F Fan'il'ies excludirg Parents');

0 print üIl- a file on Printer');
M I'brç tenpìate files for data entry');

e exit frun program');
i*);

i
(
(

t
(

dec S
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'0':begin
clrscr;
decision:='n';
writeìn('Yor nqy print ejtlpr a tøçlate or a filter file.');
w'iteln;
repeat' 

rrriteln(,T¡pe.in tlre full nane of tlre file (e.9. 1234.@ or l234.ftr) : ',);
read(uttf iloæ);
pri ntfj I e (otttfi I enarB) ;
write'ln;
rrrite('Do yotl þ'¡ant to print another ? y/n : ');
readln(decisim);

r"¡ntjl decjsiorp'n';
erd;

'o':begin
clrscr;
decision:='n';
writeln('Yotr nrqy print either a terçlate or a filter file.');
writeln;
repeat' 

rnnite(,T¡pe in the full nanB of tl¡e fììe (e.9. l234.tfp or l234.ftr) : ');
pri ntf i I e (outfi I enare) ;

writeln;
r,rite('Do you vrdnt to pnint anottrer ? y/n : ' );
readl n(decì s'ion) ;

untjl dec'isiotts'n';
erd;

'l,|' :rergetenplate;
'm' :rcrgetapl ate;
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erd;

untjl decjsjorr'e';
textcol or(¡el I ov) ;

textbackgrourd (bl ack) ;

clrscr;

erd. {TR4P|ATE)
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{sarrcecode:Turbo-Pascal . V3. 024

sourcefi I e : FI LüISl-. pas.

Gra$E Suthers. l3/U/æ.

This an IIILLffi fi]e to be jncluded in tlre carpìlation of another .PAS file.
The program defines tlre fi^nctim FILilISt r*rjci returns the Boolean epress'ion

TRJ¡'iftt'e file specified in ttre fr^rrctjon call e\ists in the cun€nt directory.
The parent prograrn rust contain ttp TYPE declarat'ion:

f iìenane:strjngU2l
)

R¡CTIO{ f i ì o<ì st(qreryf i I e : fi I enare) : Bool ean ;

var
GECKFILE:file;

begin
ass'i g (fi ECKFI LE, $eryf i I e) ;
($t-1
reset(GIE(XFILE);
c'lose(CHECKFILE) ;

{$l+1
f.ilexist:=( I0result4) ;

erd;
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{sourcecode :Turbo-Pascal . V3. 024

sourcef iIe: PRII{I-FIL. PAS

Grasre Sr¡thers. I3/U/æ

PRI¡ÍIFIL prìnts ASCII files to the default printer.

th'is program is desìged as an Ilü DE fjle to 'irrcluded with arnther .PAS

fi'le durìrç c¡npilìrg. This progrdn defines a prccedure PRIUFILE with the
nare of the file to be printed included in the procedure call. The filenanB
rust be specified jn full and rnt exceed 12 characters. The par€nt prqran
m.rst contain the TYPE declaration:

Fìlenam:stringUzl.

If the file to be prìnted does mt ex'ist an emor nessage'is prìnted.i

ffiU.RE printf i'l e (printfi]enare: fì I enarc) ;

var
TEIIFILE:text;
Li ne0ffrlords : stri r¡g [80] ;

beg'in
ass'i Er (TEIIFI LE, pri ntfi I mæ) ;
($t-1
reset(IÐflFILE);
cl ose(TE[IFILE) ;
($I+1
'if (lOnesult{)

then begìn
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uritelu
un'iteln('Turn printer on ard set page positim'
writeln;
uniteln('hæss any key u,ten ready...');
repeat umti'l lGyPressed;
reset(TÐflFILE);
repeat

readì n (TEIIFILE, L j rreOfldords ) ;
wr"iteln(l st, LjneOfibrds) ;

r¡rtil EOF(IEIIFILE);
cìose(TEflFILE);
erd

pìease.');

else writeln(printfilenate,' does not ex'ist jn tlris d'irectory.');

erd; trofifnE printfiìe]
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Appendix A. Conputer programs- p- A-36

program XPHASE

The software provjded by CEPH included a program to check for

i ncons i stent genotypes at autosomal I oc i . There was no

provisìon for checking for inconsistent genotypes at X-l inked

loci. CEPH also distributed a pedigree plotting program that

drew a three-generatjon pedigree w'ith specjfied genotypes

I isted below each jndiv'idual . These genotypes were not I jsted

.i n phase, making it dìfficult to detect recomb'i nantion events

w'i thout redraw'i ng the ped i gree .

The program XPHASE was wri tten to f ul f i I I two f unct'ions.

Firstly, 'i t checked fo1i nconsìstent genotypes at X-l'inked

loci. The genotype at each locus was compared with those of

the parents, wj th approprì ate al I owance made for seX. Second,

the program i nferred the phase of X-l j nked I oci from the

genotypes of the father and of the maternal grandfather. The

output from XPHASE was used by the CEPH pì ottì ng program to

draw pedigr,ees with the genotypes shown jn phase (as in

Appendix B). xPHASt ljsted jn a separate fjle (cHARTS.log)

any genotype j nconsi stenci es and any I oci at whì ch the phase

coul d not be i nferred.



progran Xñ{ASE (ìnf i le,outfil e,a¡tput) ;

{sorcefile:
sourcecode:
author :

Xñ{ASE.pas
Turbo-Pascal Version 3.024
Grasre Suthers, 10/11/æ )

c0\sl
þlaxlirelengttFl32;
I'laxlocusl'L¡ôet=l0;
I'lwùerStr' ltb. : ';
[Þshes='--- ---------';
l''largirc' ';

Dehrg¡¿1t.'

TYPT

Fi I d,'la¡re=stri ng U2l ;

Aì I eì eAmaJe¿¡¡¿yF. .l'hxlocust'lwberl of i ntqer;

VAR

Infile,ûrtfi I e,0ldfjle, Logfi I e:texl;

PedNurber, PedCount, i, I ocus, LocusTotal, al I el el, al I el e2 : i nteger ;
PedID,lablD,lD,Fa,lb,PGF,P0vl,Ì'GF,l'fi'l,pl,p2,p3,Sex,Proband:'integer;

Fi rstChar: stri ng I
F'irstWord:stringI 8l;
hlhol eûtl'i ne : stri rg [ 132] ;

FaAl lele,ÌGFal lel e,lvlaAl I elel,l''laAl I el e2: al lel eAmay;

1l;
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EndofPed'igrees : bool ean ;

{$I Filex'ist.Pas}

roEU,RE Gernt¡petüarni rg ;
hgin- 

w¡ite1n('logfììe,marg'in,'lrconsistent gemtype for person ',lablD:5,' at locus ',locus:2);
unì te1 n (lflRGIN,' Il'f,0tSISIB'{T GÛ\OTYPE for person', I abID: 5) ;

end;

ffiEU,RE CheclGenotfpe;
beg'i
'if

n

IDEIGF

tlen beg'in
'if al I el el<>al I ele2 then Genotlpel.larnirg
erd

else begin
case ID of

1 :'i f al I el eloal I el e2 tlen Genotype+tarnì rg ;
2 :'i f lGFal I el ell ocuslÐ

tl'en begin
if ( (al ìelel=al'le'l e2)ard(al I
'if ( (a'l'le'ì eloaì I e'ì e2) ad(al
end;

else begin
'if Sex=l

eì e1>0 ) ard (Î'GFaì ì el e [ ì ocus ] oal ì e'ì el ) ) then Genotypet^larnì rg ;
lelelolGFaì'lele[locus])ard(allele2o]GFallele[locus])) then Genotype{,larnirg;

tn
al
((

begthen
'if
if

I el eloal I el e2 then Genotypdlarnirg ;

a'lle]el>0)and(allelelof4aAl'leìel[1ocus])ard(aìle'ìelot''laAllele2[ocus])) then Genotfpetlarnirg;
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erd
el se

beg'in

erd;
{CASE eìse)
{CASE)

'i f ( (a'l I el el=al I el e2) ard(al 1 eì el>O) )
then begìn

'if ((alleleloFaAlleleflocus])and(FaAllele[ocus]>O)) tlæn Genotfpd,larn'irg;
'if ((allele2ol',laAllelelflocusl)ard(al1e'le2ol'laAllele2[ìocus])) then Genotypdlarn'irg;
erd;

i f ( ( a'l I eì eloal ì el e2 ) ard ( FaA'l'l el e il ocus I >0) )
tien begin

i f ( (a'l I e'l eloFaAl'l el e I ocus] ) ard (al I e'ì e2oFaAl I el ell ocusl ) )
tlen Cænotypdlarnìrg

else begin
'if ((al'leìel=FaAllelellocus])ard(ajlele2ol'1aAl'lelel[1ocus])ard(allele2ol4aAllele2[ocus]))

th€n Genotype+larnì rg ;'if ((aìlele2=FaAlleleflocusl)ard(allelel<J'taAllelel[ìocus])ard(allelel<J'laAllele2[]ocusl))
tnen GemtWg^larn'irg;

end;
erd;

eÌd
erd
end )se(el

end

ffiUJRE Searchfor?ed;
beg'in

'if Deh€ then writeln('SearchforPed' ) ;
reset('infile);
Pedco.¡nt:4;
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Erdofkdi grees : =fal se ;
for i:=l to 15 do readln(infile);
repeat

read'l n ( ì nf i I e, Fi rstl,lord, t¡tpl eofLi ne ) ;jf FirsttlorÉ' >>>>>>>'

el se if F'i rsttlorÈ' Pedigree' then Pedcount:=Hcount+l ;

i f EOF('|nf iI e) tlnn ErdofPed'igrees :=tnn;
until ( (ErdofPed'igrees) or (PedCatnt=Pe&¡mber) ) ;

erd;

mEnRE GetData;
begin

read'ìn(ìnfìle);
read(infìle, Fì rstChar, hdlD,l ablD, ID, PGF, PGII|,pl, p2,p3,Sex' htbard) ;
writeìn('Analysirg Ped'igree l{o. :',PedlD:8) ;

wrì te'l n(1 ogfi I e,' Pedi gree I{o. :', PedlD:8) ;

i f Dehg tlren wri tel n (PedlD,'l ablD, ID, PGF, PCI'I, pI, p2, p3, Sex, Prcbard) ;
for locus:=l to LocusTotal do read('infi'le,FìrstChar,FirstChar,FaAlleleilocusl,allele2);
readìn(inf i'le);
read('inf i'le, FìrstChar, fudlD,I ablD, ID,lGF,l'fr'l,pI, p2, p3,Sex, htbarxl) ;
'i f Dehrg t}ren wri tel n ( Ped ID,'l ablD, ID, I'GF, I'tl'l) ;

for locus:=l to LocusTotal do read('infile,FirstChar,FirstChar,l4aAllelelilocusl,l'laAlìe'ìe2ilocusl);
if tGF>0

tlen beg'in
repeat

readln(infile);
read( i nfì I e, F'i rstChar, PedlD, I ablD, ID) ;

UNtiI IDEùGF;

read ('i nfi ì e, Fa,lt, pl, p2, p3, Sex, hobard) ;

for locus:=l to LocusTotal do read('infi'le,F'irstChar,FirstChar,lfiFalleleilocusl,allele2);
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erd
else for locus:=l to LocusTotal do lGFallelelocusl:4;

for locus:=l to LocusTotal do

Ein
'i f (lGFal I el e| ocusl {) and (l4aAl I eì el ['l ocus]ol'laAl I el e2 fl ocusl )
tlren wrjteln(logfile,marg'in,'l'laterna'l phase mt loonn at locus ',1ocus:2);
'i f (FaAl ì eì e I ocus] {) ard (l,Mì I eì el fl ocuslcJ4aAl I el e2 [ ocus] )
tien wrjteln('logfile,margin,'Daughters phases mt loq/rn at locus ','locus:2);

end;
nrìteln(logfile) ;

er¡d;

roURE tlriteData;
begin

uri teì n (outfj I e, Fi rsttúord, l,lwber5tr, Ped ID : 5 ) ;
wrìteìn(ottfile) ;
readln(infile);
read('infi ìe, FirstChar) ;
rrh'iìe (FirstChar' ') or (FirstChar='+') do

begin
read(infi ìe, FedID,I ablD, ID, Fa,l'lo, pl, p2,p3, Sex, hobanl) ;
write(outfìle,PedlD:6,labiD:5,ID:3,Fa:3,l'b:3,pl:3,p2:3,p3:3,Sex:3,hnobard:3);
if (ItrPGF) or (1trP04) or (lD{,ß4)

then for locus:=l to LocusTotal do write(orrtfì'le,'l':2,0:3,0:3)
el se

for locus:=l to LocusTotal do
begin

wrìte(outfiìe,' l' :2) ;
read ( i nf i I e, Fì rstChar, Fi rstChar, al I el el, al I el e2) ;
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CheclCcnotype;
if IÈ2 then

i f lGFaì I el e il ocus I =0 tlren wri te (outfì I e, al I el el : 3, al I el e2 : 3 )
el se

i f al l el el*tFal l el e fl ocusl tlren wri te (outfj l e, l'GFal l el e ['l ocus] : 3, al l el e2 : 3 )
el se wri te (outf j I e, lfiFal 1 e'l e ['l ocus ] : 3, aì 1 e'l el : 3)

el se
'i f I'laAl l el el ['l ocus] 44¿q'¡ l el e2 fl ocusl therì wri te (otttf i ì e, 0 : 3, 0 : 3 )
el se

i f Sex=I tlen write(outf ile,0:3,a1 lelel :3)
el se

'i f FaAl I el e I ocus] 4 t]en wrì te (outfi I e, al I el el : 3, a'l ì el e2 : 3)
el se

if allelel=FaAlleleilocusl then rrrite(artfile,FaAlleleilocusl:3,a]'lele2:3)
el se wri te (ot¡tfi I e, FaAl I el eil ocusl : 3, al I el el : 3) ;

erd;
writeln(otftfìle) ;
readln(infiìe);
read(ìnfi'l e, FìrstChar) ;

erd; {vrtrjle loop)

write] n(ortfi I e,dashes) ;

erd; {procedure tlriteData}

{mRA¡4 xphase}
beg'in {programi

cirscr;
writeln('program XPIU\SE :' ) ;
writeln;
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writeln('XFIIASE nndifies tlp file PED.ÜI so that gemt¡pes auin phase.');
uniteìn('The rrodifjed PED.ütl'file can be used with the CEPI-I program SEEALL');

uniteln('to create pedjgrees with gemtlpes in conect phase.');
writeln;
writeln('XPttASE is desìgned for X-ljnked loci that h ¡ been genotyped. It w'ill');
writeln('l'lCT rrork witlr autoscnal or phønt@ data.');
writeln;
rrn'ite'ìn('If XH{ASE canmt determjne the phase of a lools a warn'irg nessage js ');
wrìteìn('printed in tlp file CMtrIS.LG.');
writeln;
unìteìn('For XPIIASE to vork the fjle PÐ.üfl-m.lst be present 'in th'is directory.');
rlriteln('(the rrrrndified versim of PÐ.üJI 'is stored 'in CI.DPÐ.OJT).');
writeln;
wrìte('hss any key uhen ready ( /f to abort ) t .....');
repeat until KeyPrcssed;
uriteln;
if not Fìlex'ist(' PÐ.ütf' )

then begin
writeìn('PÐ.üIl- is rnt in tijs directory.');
wrìteìn(' Progran aborted.' ) ;
halt;
erd;

i f Filexi st('C[DPÐ.üJI' )
tlen begin

assig(oldfì'ìe,'0 Ð.üI[' ) t
close(o1dfile);
erase(oldfile);
erd;

assìg (ì nf i ì e,' PED.CI.II' ) ;
renæe(ì nf i I e,'OLDPÐ.ü[' ) ;
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reset(infile);
ass'i grt (outfj I e,' PÐ. üJT' ) ;
remite(otfjle);
assi gtn ('l ogfi ì e,' GIARIS. LG' ) ;
renrite(logfile) ;

for i:=1 to 10 do
begjn

readl n ('i nfì I e,tltrol e0tlj ne) ;
wrìtel n(urtfile,tftpl e0fline) ;
wri te'l n (ì ogfi I e,l.f,rol eoflì ne) ;

erd;

readl n (i nfì ì e, LocusTotal,htpl e0fli ne) ;
uriteln(otrtfììe,'',LocusTota'l,tÍrcìe0flirn) ;
write'ln(logfi'le, ' ' , LocusTotal ,htpl eofline) ;
readl n ( i nfi I e, Fi rsù,ord,l.¡tpl e0fli r¡e) ;
r,*rìle not (FinttlorÈ'Pedìgree' ) do

begin
u¡rite
write
readl

end;
writeln(logfil
wrìteìn('logfi'l
writeìn('logfil
writeln(logfil

Pednurber:=1;

daslles);

marg'in,'PtlASt Lm Fm PÐ.üJT A¡ü CltÁtrl-S');

ln(
ln(
n('i

outfi I e, Fj rsttlord, h¡hol e0flj ne) ;

ì ogf i1e, F'irstt^lord,hhol eoflj ne) ;
nfi I e, F'irsttlord,tftpl e0fli ne) ;

e
e
e
e
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SearchForPed;
rtrile not EndofPed'igrees do

begjn
Getthta;
Searchforfud;
tJritedata;
661mfis¡¡+e&urben+l;
SearúforPed;

end;

c'lose('infiìe) ;
wri tel n (ortf i I e, F'i rsttlord, lrtrol eofli ne) ;
close(oubfile);
trriteln(logfile);
wi tel n (l ogfi I e,dashes) ;
close('ìogfile) ;
un'ite'l n('XPIIASE csTpletêd.' ) ;
rrnì te'l n (' thloon phases 1 i sted i n CIIARIS. LG' ) ;

erd. {progran Xft{ASE}
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{sourcecde : Turbo-Pæca'l .

soncef i I e : FI l-.illSl. pas .

GraerB Suthers. l3/U/æ.

This an IltrLtDE file to be included in tf¡e corp'ilation of amther .PAS file.
Tlæ progran defines tlp ftnction FILillSt v*rich returns tlp Boolean epression
TRJE ìf tie file specified jn the funct'im call ex'ists in the cunrent directory.
The parent progrðn rust cmtain the TYPE declaratim:

fj'lenam:string[12]

R¡f,TI0,l f i'lo<'i st(qpryfile:filenane) : Booìean;

var
$IECKFILE:file;

begin
assì 9 (üE(XF ILE, qæryfi I e) ;

t$t-1

cl
{$t+1
fi I ex'i st : =( I0resul t{) ;

)

,

erd;
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program PLoT

Thjs was a simpìe program that pìotted poìnts on the computer

screen. The resulting pìot did not look perfect'ly smooth on

the screen for two reasons. Fi rst, strai ght I ì nes þJere drawn

between the po'ints; there was no attempt to f i t a curve.

Second, the resolutjon of the screen jtself limited how

smoothly a dj agonal appeared. The p'l of I ooked smoother as

more po'i nts were plotted. The plot could be p¡i nted'on a dot-

matrix printer by running the D0S program GRAPHICS before

running PLQT, âñd then us'i ng the 'PRINT SCREEN' key. PL0T

drew aXes and scal e marks, but di d not wri te scal e va'l ues on

the graph.

The stimu'l us for writing this program was to clarjfy the

output f rom the 'l i nkage anaìys'i s program, LINKMAP. Early

vers i ons of LINKMAP generated a I i st of recombi nat'ion

fract'ions between loci and the location score for that set of

recombination fractìons. A program MAP was written to convert

the set of recombinat'i on fractions to a genetic locat'i on, a

parameter that was eas i er to pl of and i nterpret. Subsequent

versjons of the LINKAGE programs rendered MAP redundant, and

prov jded a l'i st of paired genetic locat jons and locat jon

scores. The program PL0T al I owed th'i s output to be promptly

pl otted and checked. An exampl e of such a pì of i s shown

overl eaf .
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This figure js the PL0T version of the multipo'i nt linkage map

shown in Figure 6-2. The X-axis is the backgound genet'i c map

on which FRAXA was local ised. The ticks along the X-axìs

jndicate the posjt'ions of the loci that constìtuted the map'

The Y-axis 'ind'icates the multipoint LOD score at various

poi nts al ong the map. The ti cks on the Y-axi s are at

intervals of 10 L0D score unìts, ranging from 0 to 50.



Progran PLOT (inryt, inf i I e'outpttt) ;

{sotrcefi'le:PLOT.pas
sourcecode :Turbo-Pascal V3.024
author :Graem 9¡thers, 26/4/æ.

PL0T.PAS 'is a shell progran for nrnnirg tle procedure ffiÉtlùV.PAS

mA¡lry.PAS is des'igned to ¡e rea¿iìy ircorporated jnto other prograns, ard

PLOT.PAS s'inply provides the environrent to nm mA^fiy.PAS.

)

type
fi I ena¡re=stri ng [ 12] ;

var
data:text;
datafjle:fìlenare;
ansær:char;
scaledata:boolean;

{$I Drarvn.PAS}

i$l Filexist.Pas)

begin
clrscr;
writeìn('program PLOT.' ) ;
writeln;
write'ln(' (written by Graene Suthets, 24/¿¡8) .' ) ;

writeln;
wrìteìn('Th'is program wil'l p'lot a series of points on_a gaph, ard io'in tlrem.');
writeìn('wittr'strãight linei. To çt a prìnted copy of tle gaph press the ');
write'ln(' PRII{I SCRERI key.' ) ;
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writeln;
wr"iteln('Ttn data m.lst be in a textfile in tahlated form ');
write'ln(' (Xl Y1');
writeln(' X2 Y2 etc.)');
wrìteìn('with the X values'in order of increasirg size. ');
writeln;
wrìte'ln('You are asked to specify the rarge for both axes. ');_
wrìteln('If the po'int 0,0 lies witi'in these bounls the axes will be_dram thrugh');
writeìn('that point. If 0,0 is r¡ot in tle rarçe of tle axg¡ yotl will be æked');
write'ln('to spec'ify a nel po'int thnuryh r^h'ich the axes will pass.');
writeln;
writeln('Any data poìnts that lie outside the rarge of tlp axes are ignored.');
writeln;
writeln('h"ess any key to cont'inue. . .') ;

repeat untìl kelpressed;
cl rscr;
wrìteln('Yorr can p'lace up to 20 marks on eadr axjs to irdicate scale. The scale value¡ ')
writeln('nqy be entered manuaì'ly or be listed 'in the datafjle. If the values are in the '
wr.'iteìn('datafiìe, vaìræs for tlp X-ax'is rust be on the first line and the valt¡es for.');
w.ìteln('tte Y-a,ris on the secord line. ùr each l'irn the nurber of scale values rust');
writeìn('be irdicated at tlre begìnn'irg of tlp lire.');
writeìn(' e.9.3 -0.2 -0.1 0.1 (X-u'is vaìues)');
writeìn(' 4 -10 -5 5 l0 (Y-u'is values)') ;

writeln;
write'ln('To ex'it tlris progran after the graph is drarm, tlpe Q (for qtlit).');
writeln;
writeln('l'lorl strike any key to continue or press Ctrl-Break to exìt.');
repeat urntil ke¡,pressed;
clrscr;

write('Enter the na¡æ of your datafile : ');

,

)
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readln(datafile) ;

if mt Filo<ist(datafile) tlen
begjn

uritel
uritel

Fjle ',datafile,' mt for^nd in tl¡is directory.');
Prrcgran aborted.');

n('
n('

halt(l);
erd;

assi grr (data,datafi I e) ;
rlnitelimes tiis file conta'in the X and Y scale values ? (yln) :');
readln(ansær);
i f (ansær='y' ) or( ansr,ey=' Y' ) then scal edata : =tñle

e'ì se scal edata:=fal se;
thuXY(data, 1, l, l, 1,0,0, scal edata) ;

erd {progrõn PL0Ð.
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( sorrrcecode : Turbo - Pascal .

sq.rcefi I e : FI LilISI. pas.

Gra$E Sutlrers. l3/U/æ.

Ihis an I¡trLtDE fjle to be jrcluded 'in tlp crnpilatìon of another .PAS file.
The program defines tlre furct'im FILEXISI r$ich returns the Boolean expression
IRJE if-the fi'le specìfied 'in tlre ft¡nction call exists jn ttre cwænt dìrectory.
The parent progran rust conta'in tlp TYPE declarat'ion:

fjlenare:string[12]
i

RISTIû'I fiìex'i st(qæryfile:fil enare) : Boolean;

var
GIECKFILE:file;

begin
assi Er (GIE(XFI LE, Weryfi I e) ;

t$t-1
reset(GIECKFILE) ;
cl ose(üECKFILE) ;
($t+1
fjl exj st:=(lOresult=0) ;

erd {FILilISI irrclde file};
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(sourcef i ì e : ffiÉtl'úry. PAS

sourcecode:Turbo-Pascal V3.024
author :Graem Suthers, 26/4/æ

ffiAúV.PAS is an IKLtDt file for drarirg graphs on a 320¿m p'ixe'l grq$ics
soæen. The procedure call is

mA¡ry (dataf i 1 e, xnj n, rcnax,ym'i n, ymax, xorì g i n,¡rori gì n, readscal e) ;

r^,tpre datafile : is a prev'iously assigrned textfile with the data jn tahlated
form ( Xl Yl

X2\2 etc.) ard the X values are in order of ìrrcreas'irg
size. Ihe datafile has the ìog'ica'l nam XYDATA in tle procedure
mA¡¡{Y.

)cnin,xna,\,yn'in,y"nax,xorigìn,yorigin : are real. If >cn'in=xnax or )min=y¡nx
then yor¡ are prurpted to enter these valrcs. If xorigin or
yorigin do mt lie within tlre min-maxintervaìs then you are
prurpted to enter these. If these 6 values are set at

l, 1, 1r I,0, o
then you will be prupted to enter alì rcnin,>cnax,Itt'irì, and ytnax

If the point 0,0 lies r^¡ithin tlpse bounls the origìn will be

placed tlpre.

readscale is Boolean. If true tle scale values for tlre X-ax'is are on the
first l'ine of Datafi'le, ard the values for the Y-axis are on

the secord l'ine. h each line the nurùer of scale values rust
be ird'icated at the beg'innirg of the Iine.

e.g. 3 -0.2 -0.1 0.1
4-i0 -5510
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If readscale is false, Jou are prcnpted to prov'ide tlpse values.
The nuirn¡n nurber of scale marks m each a,ris is 20.

)

mUßE Ihar{XY (var Rdata:texl;
rani n, xnax, ymi n,¡fiax, xorì g'i n, yori g i n : rcal ;
readscal e: bool ean) ;

const
wirdor,*tidtt¡319;
wirdodeptlpl99;
dehg=ç¿1ttt

var

begin

xral ue,Wal ue, nextx, nocty: real ;
i , 

j,xscal ernm,yscal erx.rn:'integer;

çit:char;
xscaì e,yscal e:amay[l. . 20]of reaì ;
fatalerror:bolean;

PRffiU.RE Setlþ;

if (rcnin-lonax) then
repeat

write('Enter minimm X valræ on graph : ');
readìn(min);
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brrite('Entêr rrnx'imrn X value on graph : ');
readln(¡arør);
un'iteln;

until >sninocnax;

if (ymin>=ymax) then
repeat

write('Enter minimm Y value on graph : ');
readln(fm'in);
write(tEnter maximm Y value on graph : ');
readln(yn¿r);
writeln;

until ymixynax;

if (xorigirccnìn)or(xorig'in>rcnax)or(yorìgixymìn)or(yorigi¡¡ynnx) tl'en
repeat' 

write('Enter X ard Y coordìnates of the orig'in : ');
redl n(xorigi n,Yorìgin) ;
writeln;

unt'i'l (xo¡igio=xnjn)ard(xo¡ig'ix=xnax)ardþr'igin>=ymin)and(yorigìx=ynnx);

if readscale then
begin

read (Rdata, xsca'l enm) ;
for i:=l to xscalenm do read(ndata,xscalelj]);
readln(Rdata);
read (4data,yscal enun) ;

for i:=l to yscalenun do read(ndata,yscaleli]);
readln(Rdata);
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end
el se

bryin
write('Hol many X scale values will you vrant ? ');
readln(xscalflm);
writeln;
for j:=1 to xscalent¡n do

bryin write('Enter X scale value #',i,' : ');
readln(xscalelil ) ;

end;
writeln;
write('Horr rrnny Y scale values will Jou ¡ant ? ');
readln$scalemm);
rrriteln;
for j:-l to yscalerum do

beg'in rrnite('Enter Y scale value #',i,' : ');
read'ln(yscaìe[i]);

erd;
end;

redln(Rdata,xvalrc);
r^tlile not E0F(n&ta) do

begin
redln(4data'nextx) ;
if no<txo<va'lue then

Hjn.lor.lndata);

unitein('mRoR in ffiA,l procedure: X valræs irrcorrect'ly ordered.');
rrnite'l n(' h^ocedure aborted.' ) ;
fatalelrcr:=tttæi
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ex'it;
erd;

xúalue:{ìextx;
erd;

erd; {ffiÐnE Setlþ}

mûmE DoPlot;

RIüTI0{ CalcI (X:reaì):integer; {scales X valtle for graph}

begin
Cal cX : =ror¡nd ( ( ( (x-xni n )/ (xnax- ron'i n ) ) 

* (wi ndmti dtn - I ) ) +I ) ;
erd;

Rfü10{ CaìcY (Y:real):'intEer; (scales Y valrc for graph)

hgin- 
Cal cY : =round ( ( ( 1 - ( (y-)mr n)/ (ynrax-yrni n ) ) )* (wi rdotdepth- I ) )+I ) ;

erd;

begin (mmÐRE DoPlot)
clrscr;
Graphcolonrnde;
Graphbackgrürd(O) ;
Palette(3);

{dru box}
dræl( l, 1,wi rdo*ridth, l, 2) ;
dræl(l, 1, l,wirdodepth, 2) ;
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dral(
drar(

l,wi ndodepth,wi rdo$^ridth,wi rüdepth, 2)

wirdcr4^¡idth, l,wi rdo*¡i dth,wi ndodepth, 2)

(dræv axes)
dru( l, cal cy(yori gi n ), wi rdcþÀ^¡i dth, ca] cy (yori gi n)' 2 ) ;

dræv(caì cx (xori g'i n ), l, cal cx (xori gi n ),wi ndo'depth, 2) ;

(dra',1 scales)
fori:=l to xscalenr¡n do

drær(calcr(xscale[i ] ), (calcy(yorigin)-2),calcx(xscale['i] ), (calcy(yorigjn)+2)'2);
for i:=l to yscalenum ô

Orú11cato<(xorigin)-2) ,calcy(yscale[i ] ), (calcx(xorìgin)+2),calcy(yscale[j ] ),2);

(p'lot XY va'lues)
readì n(4data,xva'lrc,Yvaì ue) ;

v.trile not E0F(ndata) do
beg'in

readl n (Rdata, nexlx, rextY) ;
¿rar(cãlcx(xval r.re),cal cy(yval ue),cal cx(nextx)'cal cy(nexty) 

'3) 
;

xvalue:+extx;
Walrc:+exty;

erd; (while)

erd; (ffiüßE DoPlot)

begjn (PffiD.RE DravXY)

fatalentr:=fal se;
reset(Rdata);
SettJp;jf fatalerrcr then exjt;
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reset(Rdata);
if readscale tl'ren for i:=l to 2 do readln(ndata);
DoPlot;
repeat

read(löd,q'it);
unt'il ((qlit='q') or (qrit='Q'));
cìose(4data);
texEn¡de;
cìrscr;

erd (procedure tRÍtl^lXY) ;
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program I'l0RGAN

The LINKAGE programs frequently requj red 'i nterconvers i on of

recombi nati on fracti ons and geneti c di stances ( i n cM) . M0RGAN

was wri tten to do these cal cuì ati ons usi ng the mappì ng

functions described by Haìdane and Kosambi (0tt 1985, p'8)'

0tt has subsequently distr.ibuted a sjmilar program which also

perf orms these cal cul at'ions usi ng the mapp'ing f uncti ons of

Rao and Carter- Fal coner.



prqrdn I{HGÉN {input, otttpttt};

{sorrcefì I e : l,ffiGAN. pas

sourcecode : Turbo - Pæcal
author :Graem Suthers, 16/LUæj

{ca'lcu'lates the recarb'inat'ion fract'ion (theta) conesprdìrg to a given
-map 

Oistarne ('in l'1) ard vjca versa usirg l(osæbi ard Haldare finct'ions. )

var
mafristance, theta: real ;

calcul atjon: jnteger;
choice:char;

procedure lffiFt$;
begjn

repeat
wrìte ('T¡pe in rnap distance (ìn I'brgans): ');
read (mapdistance);
writeln;
tlpta : =( (ere (4tnaS'i starrce) ) - I )/ ( (

writeln ('>>> theta = /,theta:4:3,

theta : {. 5*( I -ep ( -Zttnpd'i stance) )
writeln ('>>> theta =',theta:4:3,
unite('Do another ? (y/n) : ');
readl n (ctroi ce) ;

writeln;
until chojce='n';

(l-h'ldare furrctìon)' ) ;

end;

exp(atnapdi
' (Kosarbi

starrce)+l)*2);
function)');
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procedure IHEIAS;
begin

repeat
rrn'ite('T¡,pe in reccnbination fract'ion (as dec'imal fractìon): ');
read(tneta);
writeln;
ma$ i stance : 4 . 25* ( I n ( ( l+Zltlpta)/ ( I - zhtlæta ) ) ) ;

w'iteìn('>>> I'ladistance = ',maSìstance:4:3,' l'lorgans (Kosaùi furction)');
maÉì stance:=-0.5*l n(l-ztheta) ;

writeìn('>>> I'lañ'istance = ',maSistance:4:3,' l'lotgans (l-h'ldare furrction)');
write('Do anottrer ? (y/n) : ');
readln(ctroice) ;
writeln;
unt'il choice='n';

erd;

beg'in {mRPûî)
repeat

c'ìrscr;
writel n('program IffiGAN' ) ;
w'iteln
writeln
writeln
writeln
writeln
write'ln(' 0: exit program');
writeln;
write('
readln(calculatìon);
case calculation of

Please 'irdicate r^,tretlpr you want to calculate...
1: mañistarrce (given rec fractìon)
2: rec fraction (gìven ma$istarce)

)
)
)

,
(
(
(

t

Yurr ctroice : ');
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1:thetas;
2:noryans;
erd;

urnti I (ca'l cuì ati ox>l ) ard (caì cul ati ox>2 ) ;

erd {prWran lffiA}l}.
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program B00TMAP

The program B00TMAP was written to est'imate an approxìmate

conf i dence i nterval f or FRAXA I ocati on f rom mul t'i poi nt

I inkage data us'ing the resampì ing or 'bootstrap' methodo'l ogy

(Chapter 2) . The I ocat'ion of FRAXA was anaìyzed 'i n a seri es

of l0t pedìgrees with program LINKMAP (Chapter 6). The

mul tì poi nt L0D scores correspondi ng to each pedigree were

stored 'i n a seri es of dataf i'l es , one f or each ped i gree . Th'i s

was read'i I y ach'ieved wi th the ai d of some sma'l I programs to

man'i pu'l ate the data (programs not shown) . B00TMAP randomly

resampì ed (wi th repl acement) the sets of L0D scores l0l

t'imes. Mul tì poi nt L0D scores f rom di f f erent ped'igrees can be

summed ( i n the same way as two-poì nt L0D scorês), and B00TMAP

simply calculated the most ìikeìy FRAXA location in the

resampìe. This process was repeated 1000 tìmes. The range of

gS% of the FRAXA locations (centered at the median) indjcated

the approximate 95% conf idence interval for FRAXA locat'ion.

An exampì e of the output us'ing thi s conservati ve approach i s

s hown after the program I ì st i ng .

The program was then modified and the ana'lys'i s repeated us'ing

a non-conservative resampling approach whereby a least one

recomb'i nant between FRAXA and each of the other I oci was

i ncl uded ì n each resampl e. Thi s ensured that no resampì e

ind'i cated a FRAXA locat'ion that was impossible usjng the

orìgina'l data set.



progrdn mlMP (datafile, urtfile, output)

(sourcefi I e : ffiìl4AP. pas

sourc¡code :Turbo-Pascal V3. 02A

autlpr :Grasre S¡thers, IUs/æ, 9/5/n.

This prognam calculates a confidence inter"val for geret'ic location of a'locus agaìnst a

backgiourd map us'irg locat'ion scores fnnr tlre LIt(AGt progran LIt't0lAP. Ihe ratjonale
beh'ind this approach is described 'in the thesjs, by St¡tlærs & W'ilson

tAn J l-h Genet, July 19901, ard in Chapters 2 ard 6 of this tl¡esis.

The necessary data files are described in the procedure REAIDATA belo',

i

const

type

t'itle'FMXA';
næêlOl;
n'locatior30;
ni terati orcl000 ;

CI=0.95;
ot¡tfj I enane' ffiTl4AP.üJT' ;

minscore-10E6;
dehrg¡¿ìt.'

pdnurbers=l . .nped;

{of output fìle)
(nurber of pdigrees; best over 30)
(nurber of locatjon poìnts in study; best at I dll ìntervals)
(nurber of iterations; best at -l(ü)
(desired conf iderìce'intewa'ì )
(nare of oulfile)
(don't changei

iif tnre, yóu get a lot of screen feedback about resanpf irg; best 'if false)
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var



datafi I e, or¡tfi I e : text ;

@sanp'le,@freq:anay [. .nped] of integer;
scoresum, I ocation : arqy I I . .n1 ocatim] of rea'l ;

@score:array [pdnurbers, l. .nlocat'ion] of real ;

tally:arrqy F. .n'locationl of ìntEer;

'iteration,tal l¡point,ta'll¡rcotrnt,@chojce,pedcot¡nt,nedi ancount,'i , 
j: i ntEer;

topscore, chì sqr, tota'l'l ocati on : real ;

procedure RFADATA;

treads location scores or m.r'ltipoint L0 scores frrnr a series of data files.-There js one datafjle ('in ASCII) per pedigree. The datafile has tle pedigree nqùer
(up to 4-digit intEer) m the fjrst l'ine folloæd by nlocation location or LCD scores on

irccessjve ljnes. The scones rust be real, have rìo npre than 1l sigifìcant digits,
have an eponent of no rore than tvo digits, and be ln tLe lqge lE-38 to lE+38.

Ttre list oî datafi'le narcs mlst be an ASCII file called LOFILE.Ist with each datafile nam

(m nore t}an 14 characters) on successive l'ines. The scores are all stored ìn tþ aray pdscore.

ùre list of location pints.at v*rich the scores være calculated m¡st be an ASCII file with
nlocation location pints ljsted on srccessive lines (sare cmstraints on these real values

as for the scores).

)

var
I odl j st, I odfi I e, I ocati onl i st : text ;

Iodf il ena¡¡e: strirg[14] ;
I od, I ocati onpoi nt : real ;
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pednun: integer;

begin
rrnitel n(' Readi rg data frcn'indiv'idual LO fi l es. . . .' ) ;
r'riteln;
æsì9(ìodl ist,'LOFILE.I st') ;

reset(lodl i st) ;

for i:=1 to nped do
begin

readl n (l odì 'i st, I odfj I ena¡æ) ;
assì gn (1 odfi I e, I odfj I enaæ) ;
reset(lodfile);
readl n(ì odf i I e, pednun) ;

writeln('
for j:=l to nlocat'ion do

begin
readln(lodfiìe,ì
ædscoreli 'i]:=lend;

cìose('lodf ile);
erd;

cìose(ìodf ist)

. . .pd'igree ',pednm:5);

ass'ig ('l ocatiml'i st,' LüATI0'I. I st' ) ;
reset(ì ocat'i onl i st) ;
for i:=l to nlocatim do

begjn
readl n (l ocatiml i st, I ocati onpoi nt) ;
I ocati on I i ] : =ì ocat'i onpoi nt ;

od);
od;
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erd

end;
cì ose (l ocatj onl i st) ;

clrscr;
wrìteln('F'inished redìrg data. ') ;

procedure SELECTSIÛ?LE ;

{chooses a resap'le of @ pedigrees strch that each saçìe includes Sigrees
with reccnbinatjm bebræen FRAXA and 4æ, FMXA ard RNI/TKæB, FRAXA and \4Qll
IDS, and FRAXA ard t6.2. Thjs stç 'is rìecessary to ensure that the resarpled sets of
location s@res dør't place FMX,A at an 'inpossìbìe location e.g. at a locus rrtpre there
was phase-hcmn recmbinat'im in the original data set. See Suthers & Wjlson, 1990. )

var
p4{Brec, R'll_!1(Z}Brec, \/lQl_l6rec, u6_2rec : bool ean ;

begin
repeat

p4Brec:=false;
mü VK23Brec:=false;
VK2l Ittrrec:=false;
lJ6 2rec:=false;

fori :=l to npd do @sanpì eIi ] :=rardan(nped)+l ;
i:{;
repeat

i :=i+1;
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( The nr¡rbers in the [sets] belor are t]re ntnbers of the @'igrees wit]r recqTbjnants as listed in LOFILE.ìsI]
if pedsarp'le[i] 'in [89] tlìen p4$nec:=true;
i f Ssarp] e['i ]'i n 142,49,9,6,70,711 t¡en R'11_VK23Brec : =tt"ue ;
if pedsaple[ì ] ìn Í42,571 then VK2l_lNrec:=true;
if @sarp'leli] in [4] then u6_2rec:=true;

until (@rec ard RNI_VK23Brec ard VK2l lNrec ard tJ6 2rec) or (i+ped);
until (paffÌrec and m{l_VK23Brec ard Vl?l_IDSrec ard tJ6_2rec);

if dehtg therì
begin
writeln;
for i:=l to npd do writeln(pdsa¡pleli]:4);
writeln;
erd;

end;

begjn iprogran ÐIMP)

(sfl'uPi
assi grr (outf i I e, outfj I enarc) ;
remrìte(outfjle) ;

c'ìrscr;
writeln('Progran ffilMP :' ) ;
writeln;
wri te'ì n(' Locat'ion scores fmn', nped : 4,' ped'i grees at', nl ocatì on : 4,'
wrìteln;
write'l n (' Resanpl i rg scores by pedi grees', ni teratì m : 6,' t'iræs.' ) ;
writeln;

locations.');
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unìteìn(artfile,urtfiìendre,' :',tìtle);
write]n(outfile);
wr'ìteìn(otrtfile,'l'lt¡rùer of pd'igrees :',n@:6) ;
vlri tel n (otrtfì I e,' ['[nber of I ocat'i ons :', nl ocat'i on : 6) ;
wrìteln(atfjle);

to nd do ædfreqli]:{;
to nlocation do tallylil:4;

readata;

{RES¡fVPLIÌG ard determjnirg 
'location of maximm score in resanp'le)

gotoXY(l, l0) ;
for iteration:=l to niteration do

begin
unite(' Iteration :', iterat'ion:8) ;

for i:=l to nlocat'ion do scoresumli]:{;
Selectsanple;
for pedcot¡lt:=l to npd do

begin

dchoi ce : +edsaml e lPdcount] ;

pdfreq tpedctn'i cel : +edfreq [ædchoì ce] +l ;
îor ì :=i to nl ocatì on do scoresum[i ] :=scoresrm['i ]+@scorelædclni ce, i ] ;
erd;

topscore: <ni nscore;
for i:=l to nlocation do

if scoresr.mli ]>topscore then
begin

i:=l
i:=l

for
for
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topscore
tallnoi

:=scoresLmli ] i
nt:=j;

erd;
tal lyltal lnoi nt] : =tal lylta] lnoi ntl+l ;

if dehtg then
begin
foi i :=tal'l¡po'i nt-3 to tal lypoi nt+3 do wri te(ì st, scoresunl'i ] : 10:4) ;

writeln(lst);
erd;

gotoX'f(l,10);
erd;

{CALC RE]XTIVE LæATI0'I SCmES)

writeln;
for i:=l to nlocation do scoresmli]:4;
for i:=1 to nlocation do

for j:=l to nped do scoresum[i]:= scorcsun['i]+@score[i''i];
topscore: <ni nscore ;
for i:=1 to nlocat'ion do

i f scoresm[i ] >toPscore
tlpn begin

topscore : =scoresm[ ì ] ;
ta'llYPo'int:=i ;

erd;
rvr'iteìn(otfile);
r,r1teln(otrttile,'¡'taxim¡n location score is ',scorestm[ta'll¡point]:10:4,' at",locatìon[tallypoint]:10:3);
writeln(outfile) ;

{clttK RA}tft'NEss 0F sAl'pLI],G)
writetn(urtfile,'ltnùe¡ of resarplirgs : ',niteration:6, 'sanples of ',nped:3,' pdigrees each.');
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wrjteln(ottf ile);
{for ì:=i to nped do writeln(urtfì1e,'Pedìgr"ee ',ii?,' sarpìed ',pedfreqli]:4,' tines.');
unìteìn(ottfile);)
ch'isqr:4;
for i':=l to npd do chìsqr:=chisqr+((sqr(pedfreqli]-niterat'ion))/(n'iteration));
r,nì teì n (artf i'l e,' Ch'i sçared val ue for @ sanpl'i rg was', chì sqr: 10 : 4) ;
writeln(outfiìe,' with''(nped-l):3,' dErees of freedcn.');
write'ln(outfile) ;

ipRINI üft LæATI0,| SCmES AÐ TATLY Cü,NIS)

uni teì n (otrtf i ì e,' Locati on' : 20,' LOD score' : 20,' Tal ly' : 20) ;

for i:=l to nlocation do

begin
wri telortfi I e, I ocati m I i ] : 20 : 3, scoresun[ i ] : 20 : 4, tal ly['i ] : æ) ;
writeln(orbfjle) ;

erd;

{CALüJIATE l'ÐIAl,l, l'[Atl, AÐ CIi
i:=0;
nædiancount:{;
repeat

i :=i+1;
rBdi ancotmt : +redi ancount+tal I y I i

unt'i I nBdi ancounÞ=trurc(n'i terat'i oty'2)
writeln('l'led'ian locatìon :',ìocatìonI
r,r'ite'ln(outf ile,'l'ledÍan'location :',.l
totallocation:=0;

l;
t
j l :10:3) ;

ocation[ì ] 310

for i:=l to nlocation do totallocatim:=totalìocation+(ìocatìon[ì]tally[ì]);
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wri teì n (' l''lean I ocat'i on :', total'l ocati on/nì terati on : l0 :3

uri teì n (outfì 1 e,'l'Þan I ocat j on :', tota'l I ocati on/n'iterat
i:4;
tallrcotmt:=0;
repeat

i:=i+l;
tal ìFowrt : =tal llt¡t¡nt+tal lyl i ] ;

unt'i I tal Ifrcor.nÞ-tn nc (ni terati on* (0. 5- (CIl2 ) ) ) ;
rrrite(Cl*100 :3:0,' % cmfidence'i nterval'i s', I ocat'i m[ i ] : 10 : 3,' _t9' ) ;

Mite(outfjle,CI*100:3:0,'% conf idence interval 'is ',ìocationl j]:10:3" to ')t
i:=0;
tallWot¡nt:{;
rcpeat

ì:='i+l;
tal'l¡au^nrt : =tal lJrcot¡nt+tal ly[ j ] ;

mti I tal'l rcounÞ=tnnrc (ni terat'i m* (0. tt(CI/2 ) ) ) ;

);
'im:10:3);

rrn'ite'ln(location
r'niteln(outf ile,

cloæ(ot¡tfile);

i l :10:3
ocation

t
I

)
I i 3l0l

end

Appendix A. Conputer prograns. p. A-73

a



Exarnle of oubu¡t frcn ffill44P:

BOIHP.üIT : FRMA

I'lurùer of pdigrees : 101

Î,Ì.¡rber of locations : 45

I'hximm locat'ion score is 48.496 at 0.180

Ì'lt¡rber of resarplìrgs : lffi sarpìes of l0l pedigrees each.

Ch'isçared value for @ saçlìrg uas In.lW
with 1æ degrees of freedan.

Location (l'l) Lü) score
0.m
5.4134

13.6583
22.8721
31.5807
35.ß5
35.m5

ly
0
0
0
0
0
0
0

Tal

l0.m
-0.805
-0.458
-0.255
-0.112
-0.m
0.m0
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0.m5
0.052
0.m
0. ll0
0.141
0.141
0.144
0.t47
0.150
0.1s3
0.156
0.159
0.162
0.165
0.168
0.171
0.174
0.t77
0.180
0.la
0.186
0.189
0.192
0.195
0.198
0.202
0.202
0.2u
0.207
0.209

40.3874
42.t401
43.2613
43.2v2
33.ß46
33.8t6
40.535r
42.6681
44.0563
45.0841
45.8880
46.5346
47.0616
47.49t6
47.8385
48.11ß
48.31ß
48.4397
48.4n6
48.4599
48.3241
48.0543
47.5n2
46.81æ
45.3617
40.2769
N.2769
43.0751
44.æ71
44.3906

0
z

l4
I
0
0
0
0
0
0
0
I
4

l6
39
67

130

l8l
n4
168

102

50

l5
5

0
0
0
0
0
0
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0.211 44.3161 0

0.214 40.9718 0

0.214 40.9718 0

0.325 40.1844 I
0.469 æ.8838 0
0.672 ß.m90 0

1.019 6.9552 0

10.214 -0.m 0

I'tedian gere locat'ion : 0.180 I'brgan
I'ban gere locat'ion z 0.lTI I'brgan
95¿ c¡nfiderne intewal for gern location is 0.165 to 0.189 lvbrgan
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GENOTYPES IN THE CEPH PEDIGREES
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This Appendix I ists the genotypes at nine po'lymorph'ic loc'i at

Xq26-q28'i n the normal Centre d'Etude du Polymorphìsme Humain

(CEPH) pedigrees. The ana'lys'is of these data is presented in

Chapter 5.

The nine

Deta'i I s of wh j ch RFLP was used at each I ocus are gi ven i n

chapter 5 (Tabl e 5-A) . Most of the data regardi ng RFLPs

detected by the probes F9, cX55.7, 4D-8, RNl, U6.2, ârd st14

were provjded by Dr I. 0berle. Permiss'ion to reproduce or

ut'i I i ze the data wh i ch were generated wì th these probes

shoul d be sought f rom Dr 0berl e1. The data regard'i ng RFLPs

detected by VK23B, VK2lA, VK21C, and IDS were obta'i ned by the

candidate. They have been ìodged wjth CEPH, âhd are jn the

publ'ic domai n.

loci (and

F9

DXS 1 O5

DXS98

DXS369

DXS297

DXS296

IDS

DXS304

DXS52

probes ) l'i sted are:

PVIII

cX55.7

4D-8

RNl

VK23B

VK2IA and VK2IC

pc2Sl5

u6 .2

st14-l

1 ¡r I 0ber1e, L.G.M.E./C.N.R.S., INSERM Ul84'
Faculte de l'ledecine, 1l Rue Humann,67 085 Strasbourg cedex, France.
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t,Jhere a number of RFLPs have been i denti fì ed at a s j ngl e

1 ocus, the hapì otypes were reduced to a pai r of al I el es

(Chapter 2). The program XPHASE (Appendix A) was then used to

check the pedigree and genotype data and to'infer the phase

of the al I eì es. The p'l ott'i ng of the pedigrees wi th the

genotypes was performed by the CEPH program SEEALL ' The

output from SEEALL was then modi fi ed to remove redundant

genotypes and to 'i ndì cate recomb'i nati on events. The paterna'l

grandparents and maternal grandmother do not provìde

ìnformation 'i n the ììnkage analysis of X-linked locj' and

these genotypes are not I ì sted bel ow -

The I oci are I'i sted ì n order down the X chromosome. Aì I el es

are gi ven as pai rs of numbers, but because some hap'l otypes

have been reduced, these numbers do not correspond to the

alleìe numbers l'i sted by Kjdd et al . (1989). The two columns

of fi gures under each femal e correspond to the two X

chromosomes wi th the al I el es 'in phase. In mal es there i s one

column of "0us followed by a column of the aìle'l es on the

s'ingl e X chromosome. t.lhere the phase at a I ocus has been

i nf erred the al I el es 'i n the mother have been {bracketed} '

l./here there i s no data at a I ocus (usual ìy because the mother

was homozygous at that ì ocus ) the al I eì es have been shown as

'..' tlhere recombinat'ion has occurred the fIanking Iocì are

ì nd i cated by arrows (< ) . The numbers wi th i n, bel ow, of above
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identjfication numbers used by themaì e/femal e symbol s are

CEPH programs.



Pedigree }lo. : 13291
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I.

I

I

l

L

Pedigree 1,1o. : 13292
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++
110 I 111 I

8138 8143 8137

+---f
l12 I

+---+
l13 I

I

+---+
lll
+---+
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i
i
I
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1t
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iz iiii oz óioLóå
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Pedigree I'lo. : 13293
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Pedìgree I'lo. : 1329
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Appendix B. CEPH Pedigrees. P. B-9
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Appendix B. CEPH Pedigrees. p. B-10

Pedignee I'lo. : 1332
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Appendix B. CEPH Pedigrees. p. B-11

Ped'igree ltlo. : 1333

8302 8N. æ74

+---+ +---+

lll I l12 I l13 I

+---+ +---+
+---+
lll
+---+

05

æ73 8281 æ72

114 I

l2l

F9

cX55.7
4D-8
RN1

vrc3B
\4C1
ItE
tß.2
sil4

F9

oX55.7
4D-8
Nl
ìT(e}B

vlcl
Ittr
tß.2
st14

o,

0 I

ll
2T
l1
1l
11
L2
ll
1l
56

02

01

04

06 06 05 46 05 06 06

0l 01 02 22<02 0l 01 02

02 02 01 l2<0r 02 02 01



Appendi x B. CEPH Pedi 9rees. p. B- 12
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Appendí x B. CEPH Pedi 9rees. p. B- 13
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Ped'igree I'lo. : l34l

Appendix B. CEPH Pedí9rees. p. B-14
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Pedìgree I'lo. : 1344
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Appendíx B. CEPH Pedigrees. p- B-15
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Pedìgree 1,10. : 1345

Appendi x B. CEPH Pedi grees. p. 8- 16

a28 Aæ 8?68r,29 8334 8330

+---+
110 I 111 I++

+---+

+---+
l12 l------ ------113 I+---+ I ---

lll l2l
+---+

F9

cX55.7
4D-8
R,ll
IJKE}B

ìJtcl
IN
tß.2
st14

22
22
1I
ll
ll
ll
22
11
44

I

l3

tlllll
ll4llsll6llTllsllel

8335 8139 8332 8480 8325 8327 8331

F9

oX55.7
4Ð-8
RNl
\4(elB
ual
I6
tß.2
sr14



Appendi x B. CEPH Pedi grees. p. B- 17
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Appendi x B. CEPH Pedi 9rees. p. 8- 18

Pedìgree t'lo. : 1347
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Pedigree I'h. : 1349

Appendí x B. CEPH Pedi grees. p. B- 19
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Appendi x B. CEPH Pedi grees. p. B-20

Pedìgree I'lo. : 1350
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Appendi x B. CEPH Pedi 9rees. p. B-21
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Appendi x B. CEPH Pedi 9rees. p. B- 22
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Fedigree I'lo. : 1377
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Appendíx B. CEPH Pedí9rees. p. B-23
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Appendix B. CEPH Pedigrees. p. B-24
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Appendi x B. CEPH Pedi grees. p. B-25
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Pedìgræe I'lo. : 1416

Appendi x B. CEPH Pedi grees. P. B-26
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Pedìgree I'lo. : 1418

Appendí x B. CEPH Pedi grees. p. B-27
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Appendi x B. CEPH Pedí 9rees. p. B-28
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Pedigree l,b. : 1421
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Appendi x B. CEPH Pedi 9rees. p. B-29
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Appendi x B . CEPH Pedi 9rees. p. B-30
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Pedigree I'b. : 1424

Appendi x B. CEPH Pedi 9rees. p. B-31
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Append'ix C

GENOTYPES IN THE FRAGILE X PEDIGREES.



Appendi x C. Fragi I e X pedi grees. p. C-2

Th'i s Appendix lists the genotypes at n'i ne polymorphìc loci at

Xq26-q28 jn Llz fragile X families. The analysis of these

data 'i s presented 'i n Chapters 6 and 7.

The nine loci (and probes) listed are:

F9 PVIII

DXSIOS cX55.7

DXS98 4D-B

DXS369 RNl

DXS297 VK23B

DXS296 VK2 1A and VKz t C

IDS Pc2Sl5

DXS3O4 U6.2

DXS52 st14-t

Deta.i I s of wh.i ch RFLP was used at each I ocus are gì ven i n

Chapter 6 (Table 6-A).

These families were contr.i buted by 13 different centers

around the worl d. Detai I s of the source of the fami I i es are

presented i n the Tabl e bel ow. Anal ys i s of the pedì gree and

genotype data of the Adel a'ide f ami I i es has been pub'l i shed or

submi tted f or pubì i cat'ion, and these data are i n the publ 'i c

doma j n. Perm j ssi on to reproduce or uti l'i ze data of other

families should be sought from the co'l laborators listed in

the Tabl e.



Appendi x C. Fragi I e X pedi grees - p. C-3

The sel ecti on cri teri a for the fami I i es are presented i n

Chapters 2 and 6. The data of each fami I y brere checked by

hand and then entered in a computerized database. A data file

contain'i ng al ì the pedigree and genotype data was then

mod'i fied to remove redundant data (j.e. ìf all the women in a

fam'i ly were uninformative at a locus). For linkage ana'lysis

the genotypes had been entered as binary-factor systems

(Chapter ?). These systems were changed to allele numbers for

th'i s 'l i sti ng as al I el e numbers are eas'i er to read ' The

pedigrees were then p'l otted us'ing the program TEXTPED (kindly

provided by Dr M Badzioch, Houston). Note that some pedìgrees

spread over a number of pages ( ì nd'icated by an arrow) ' I f an

jndiv'idual had more than one spouse' each branch of the

family is I isted separately. Pedigree ?08 had remote

'inbreedi ng; the i nbreedi ng I oop was 'broken' by dup'l 'icati ng

one individual (id=1).

For each pedi gree, the pedi gree numberi s the ref erence

number i n the database. The 'id' numbers are database numbers

f or each i nd'ivi dual . The two col umns under each f emal e I i st

the al I el es at each I ocus; these al I el es are N0T shown i n

phase (cf . Append'ix B) . For maì es, the two col umns of numbers

are i denti cal and i ndi cate the al I el e at each I ocus . l¡lhere

there is no data at a ìocus, the alleles have been shown as



Appendi x C. Fragi I e X pedi grees - p. C-4

Individual s are shown as hem'i zygous or heterozygous for FRAXA

if they expressed the fragì1e X or if they were obligate

carriers on the basis of pedigree informat'i on. Note that some

mal es were known to be transmi tt'i ng mal es on the bas i s of

pedì gree i nf ormati on that 'i s not shown bel ow. These pedigree

l'i st'ings show the m'injmum data necessary for linkage

ana'lys'i s.

Recomb'ination events are not'ident'i fied on the pedigrees'

pedigrees in wh'ich recombination occurred between FRAXA

one or more I oci are 'i nd'icated i n the Tabl e '

The

and



Appendi x C. Fragi I e X pedi grees - p. C-5

abo netive I inkao st r.rdv of the f raoi'l e X sv d rôme -Co 't'l

l,lay 1990.

Coordi nated by Graeme Suthers, Adel ai de.

Li st of col I aborators and pedi grees.

ADELAIDE
Dr John Mul'l eY
Department of-cytogenetics & Moìecular Genetics
Rdälaide ch'i ldren's HosP'itaì
SA 5OO6 AUSTRALIA
tel 08-267 7333; fax 08-267 7342

pedi gree #. Laboratory ref. lRecombi nati on wi th FRAXAa

3
4
6
7

I
9
l0
1l
13
I5
l6
l9
21
?2
?3
24
26
28
29
30
31
33
34
35
36

same as ped # F9 IDS

F9

IDS STI4

F9
F9 IDS

VK23B
F9
55.7

ST I4

STT4

25 pedigrees
a - VK23B (DXS297 ) and Pc2Sl 5

Adel ai de fami I i es onl Y.
( IDS) were used 'i n the

For thi s tabì e, recombì nati on between a I ocu
was def j ned as a two-po'i nt L0D score of
recombi nati on fracti on of zero between the
F RAXA .

s and FRAXA
-l at a

I ocus and

I



Appendix C. Fragile X pedigrees. p-C-6

U LI'I
Dr Peter Steinbach
Un'i versitat Uìm
Frauenstrasse 29
7900 Ulm (Donau)
Federal RePubl i c of GermanY
tel O73l-178 221; fax 49-731 69505

Ped i gree #. Laboratory ref. Recombi nati on wi th FRAXA

50
5l
52
53
55
56
57

BU
SCH
KE
MON
KOB
GAR
FUR

55.7 ST14

7 ped'igrees

BARC E LO NA
Dr Mìguel Carballo
Genet i ca Mol ecul ar
Jorge Gi rona Sal gado 18-26
08034 Barcel ona
Spa'in
tel 93 - 204 0600; fax

Pedigree #. LaboratorY ref.
3-204 5904

Recombi nati on wi th FRAXA

6l
62

I
II

55.7 VK21 STI4
55.7 4D8

2 pedìgrees

ZURI CH
Prof
Inst
Rami
( be i
8001
Swi t
tel

. Dr Aìbert Schinzel
itut fur Medizinische Genetik
strasse 74
Tramhal testel I e Kantonsschu'le)
Zuri ch

zerl and
0t-257 2521

# . Laboratory ref. Recombi nati on wi th FRAXAPed i gree

7?
75
78

Fam
Fam
Fam

6
9
l3

s5.7

3 ped'igrees
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AB ERD E EN
Dr Neva Haites
Medi cal Geneti cs
Med i cal Schooì Bu i I d'i ngs
Foresterhi I I
Aberdeen AB9 zZD
Scotl and
tel 0224-68 1818 ext 52L20;

Pedigree #. LaboratorY ref.
fax 0224-68 5157

Recombi nati on wi th FRAXA

8l
82
83
84
85

S14

BR
BO
AD
htR

sT 14

5 ped'igrees

ROTT ERDAI'I
Dr Ben 0ostra
Clinical Genetics DePartment
Erasmus Uni versi tY
P0 Box 1738
3000 DR Rotterdam
The Netherì ands
tel 010-408 72t4; fax

Pedigree #. LaboratorY ref.
10-408 7200

Recombi nati on wi th FRAXA

92
93
94

II
III
IV

sT l4

3 ped'i gree s



Appendi x C. Fragi I e X pedi grees. p. C-8

OU LU
ja-Leena Vai sanen
n i vers i ty Central
ment of Clinical
'i ntie 50
20 OULU

Fi n'l and
tel 981 -33 2033

Pedi gree #. LaboratorY ref. Recombi nat i on wi th FRAXA

Dr
0ul
Dep
Kaj
sF-

Mar
uU
art
aan
902

Hospìtaì
Genetics

103
108

03
08

l9
23
25
27
3l
32

55.7 U6.2
ST14
F9

55.7

10
l3
l5
t7

ll
11
1l
11
1l
12

0
3
5
7

9
3

t25
127
l3l
132

F9
F9

5s.7
55.7

12 ped i gree s

BIRI'IINGHAII
Dr Ian Glass
Clinical Genetics Un'i t
Bi rmì ngham Matern i tY HosPì ta'l
Edgbaston
Birmìngham Bl5 2IG
Engl and
tei o2l-472 5199; fax 2l-471

Pedigree #. LaboratorY ref.

5017

Recombi nati on wi th FRAXA

140
l4t
142
143
144
145
146

2231
4669
3475
8230
3940
Nottingham
Birm'i ngham

ST14

s5.7 STI4

7 pedi grees
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ROCHESTER
hen Th'i bodeau
ar Genetics
inic
er

Mi nnesota 55905
USA
tel 507-284 25I1; fax 507 -284 0043

pedigree #. Laboratory ref. Recombination with FRAXA

Dr Step
Mol ecuì
Mayo Cl
Rochest

151
152
153
155
156
l s7

5

18
23
64
7T
86

F9
F9 STI 4

F9 4D8

6 ped'igrees

NIJI,IEGEN
Dr Bernard van 0ost
Department of Human Geneti cs
UniversitY HosPital N'iimegen
P0 Box 9101
6500 HB Ni imegen
The Netherl ands
tel 080-51 91ll; fax 080-54 0576

pedi gree #. Laboratory ref. Recombi nati on wi th FRAXA

160
161
762
163
164
165

2661
208
270
035
032
ltl

u6.2 ST14
ST 14

6 pedigrees
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I'IARSE I LLE
Dr Mari e-Antoi nette Voel ckel
c.R.E.B.I.0.P.
Hopital d'Enfants de I a Timone
13385 Marseille CEDEX 5

France
te'l 91-92 1379; fax 9l-49

Pedigree #. LaboratorY ref.
4194

Recombi nati on wi th FRAXA

201
202
203
204
205
208
209
2t0
212
2t3
274
2t6
2L8
2t9
220
222
223

GIU
SE
LA
LE
LAM
SAL
Dr/cES/VIT
SAN
NEV
PAT / RUB/SAv/BEN
TAU
DON
MON

LUC
LAF
lf.Ac/PAS/GEN
CAR

VK21 STI4

s5.7 RNI
I-FON
L/DAU/ PAN
S

RNI

F9

55.7 RNI
F9 ST14

F9 STl4
ST14
F9 RNl

17 pedi grees
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U P PSALA
Dr Ni kl as
Department
Bi omed i cal
Box 589
751 23 UPPsa'l a

Sweden
tel 18-17 4580; fax l8-12 6849

Pedi gree #. LaboratorY ref. Recomb'inati on wi th FRAXA

Dah
of
Ce

I
Med'i cal Genetics

ntre

303
304
305
306
309
310
311
313
314
316
318
319
320
328

3
4
5
7

II
72
13
t7
19
P3
P7
PT2
P8
l0a

ST14
ST I4
RNl

RNI
F9 RNI
F9 408 STI4
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Appendix C. Fragile X pedigrees. p- C-13

Pedigree 4

F9

cI
{D
Rlr

2X

2T

ID
lJ6

St
id=

F9,
cT2
{D ,

Rl{ ,

2l 2
2t2
ID ¿

lJ6 ,

sr2
id=

F9

c)(

{D
Rlr

23

2l
ID
U6

st
id=

P9

cl.
1D

Ril

¿3

2T

ID
tJ6

St

P922
cX22
4I) I I
R}I .

23 12
z,ttz
ID22
u6.
sr 2 3

id= 12

F9 I 2

^Y 0 ,

lD I 2

Rll ,

23 12
ztt2
ID 1 2

lJ6,.
sr I 3

id= 10

F9

cX

1D

Rll

2X

2t
ID
U6

st
id=

id= l5

I
,)

I

F9

cX

1D

Rll

2X

2l
iD
U6

Si
id=

F9

c](
{D
Rll

2X

?.1

ID
U6

st
id

P9

cX

1D

RI
23

2l
ID
U6

SI
id

P922
cI
{D I I
Rl¡ .

23 I I
21 1 I

TD22
tJ6,
sr33
id= I

,þ
I

')

t
t

J

{

F9

cI
{D
Rlr

2t
21

ID
tJ6

2,2
,t
1t

11
1l
22

33
a

F9

cX

{0
Ril

23

zl
ID
U6

st
id

F9 1

cX 2

102
Rll.
71 It

2t2
ID 1

lJ6,
stl
id=

F9

cX

{D
Rl¡

11
12
l2
77
I2
12

r2
6

F9

cI
1D

R}l

2X

21

ID
U6

SI
id=

7,

2X

21

ID
tJ6.
sr I
id=

t)

st33
id= 3

1



Appendíx C. Fragile X pedigrees. p.C-14

Pedigree 6

FQ

cX

1D

RN

¿3

2l
ID
U6

ST

id

2 F9 I I
cÏ.,
4D 1 I

R}l.
t1

21 ,

ID .

u6,
sr22
id= 2

t9

,

F9

cX

1D

Rtl

¿3

21

ID
U6

st
id=

t2

t?,

F9

cI
{D
R}l

F9

cX

{D
Rlr
t1
2l
ID
U6

ST

id

23 ,

21 ,

ID .

IJ6 ,

sr I
id=

L



Appendi x C. Fragi I e X pedi grees. p. C- 15

F9,
cl .

{D .

RN.
q7

2t.,
ID .

u6,
st . ,

id= I

Pedigree 7

,
2

I

,

t

1

I

F9

cX

{D
Ril

23

?.1

ID
U6

sr
id=

l1
ll
ll
ii
33

l0

F9

cI
{D
nll
23

2l
ID
U6

St
id 6

I
,
I

¿

I

2
7

F9

cI
{D
R}l

2X

2l
ID
U6

st
id

F9

cI
{D
IN
.).1

?,1

ID
U6

8t
id=

')

I

F9

c)(

1D

I}l
23

2t
ID
tJ6

st
id

F$22
cX22
{D ,

ilt .

F9

cL
1D

R}l

2l
2t
ID
tJ6

sr
id

11
22
?.2

tl
::
33

1

F9

cI
{D
Rll
71

21

ID
U6

St
id

2X22
2t,,
ID I 1

tJ0.
sr ? 2

id= l2

F9..
cLl2
{D .

Rll.
2t12
21 ,,
ID .

U6,
si 2 3

id= l3

F9 1

cXZ
{D 2

nil.
¿3 I
21 ,

ID.
lJ6 ,

stl
id=

F9 I
cI 2

{D 2

nl¡ ,

F9 I 1

cX12
{D I 2

Rll.
2X12
2t,,
ID .

tJ6 ,

sr23
id= 3

¿3 I
21 ,

ID ,

u6.
sr I
id=

P9

cX

1D

m{

2X

2l
ID
U6

ST

id=
3
ß



Appendix C. FragiIe X pedi9rees. p- C-16

Pedigree B

lJ6 ,

st 2 3

id= 2

F9 I
cI ,

4D ,

nl¡ ,

23 ,

21 ,

ID .

F9 11
cI
4D . ,

Rl{ ,

23,,zt,,
ID ,

u6.
sr 2 2

id= I

89 I 2

cX
4D ,

Rl¡ ,
¡r1

21 .,
ID .

lJ6 , ,

sr 2 2

id= {

F922
cX.
{D , ,

R}l.
23 ,

21 ,.
ID .

lJ6.,
sb 2 2

id= 3



Appendix C. Fragile X pedigrees. p.C-17

Pedigree I

F9 l2
cX

{D I 2

R}{.
23,,
21 .

iD,
tJ6 ,

sr 2 3

id= 3

F9 1

cX.
4D 2

Rt{ .
t1

2t,
ID .

tJ6,
st¿
id=

P9

cX

{D
R}l

¿J

?,1

ID
UO

st
id=

1

t

?,2
I

F922cI ,

1022
Rll.
¿J , ,

2l , ,

ID .

lJ6,
st ¿ 2

id= 2



Appendix C. Fragite X pedigrees. p- C-18

Pedigree 10

t2
12,

(t .)

23
-0

F$

s)(

{D
Ril

23

2t
ID
U6

st
id

lî

F9

cI
{D
ilr
23

2l
ID
U6

8i
id=

F9¿2
cX12
{D , ,

Rl¡ ,

23 , ,

2l , ,

ID 2 2

u6,.
sr 13
id= l0

7
2,

2

t)

F9

cI
{D
Rlr

23

2l
ID
U6

st
id

F9

cI
{D
Rt¡

23

?,1

ID
U6

St
id=

F9

cI
{D
IN
23

2t
ID
U6

st
id.

F9 l¿
cI 12
{D ,

ilr ,,
23,,
2t,,
ID . .

u6,.
srl¿
id= 5

F92¿
cI 11
{D , ,

ilr ,

?3.,
¿l , ,

ID . .

u6.,
sr 13
id= {

F9

cI
{D
nlr

23

2l
ID
tJ6

SI
id

r9
cl
{D
Rll

23

2l
ID
U6

st
id=

F92¿
cIll
{D . ,

Rll.
2l-22
2l .

TD2?,
U6,,
sr 3 3

id= 3

2

i

33
t2

22

22

ii
I

F9

cl
{D
il{
23

2t
ID
Uû

st
id

B9

cI
{D
Ill
23

tl
ID
U6

$t
id=

I
i
1

23
I

ll
22

ii
6

2?,
l1

33
2

2

I



Appendí x C. Fragi I e X pedi 9rees. p. C- 19

Pedigree 11

F9

c)(

{D
Rlt
,7

2t
ID
IJ6

F9 l2
cX,
4D I 1

Rll,
1,t

21 I I
ID .

tJ6.
sr I 3

id= 11 id= i 0

t
,)

I

F9 I
cI 1

1D I
ilt ,

23 l
?,1 ,

ID 1

lJ6,
st I
id=

F9 12
cX22
4D ,

R}l.
,1

21 ,,
ID .

u6,,
st I I
id= 1{

F9

cX

1D

[]l
11

2t
ID
tJ6

st
id=

23 , ,

?,1 ,,
ID .

u6,
st 1 I
id= 12

ß9

cI
1D

Rtl

23

2l
ID
U6

St

F9,
cX22
{D ,

Rlr ,

23 I I2t,,
ID I I
lJ6,
st23
id= I

F9

cI
{D
Rlt

23

21
Ín
U6

St
id

11
22

F9

cX

{D
Ril
t1

zt
ID
U6

st
id=

F9

cX

1D

Rlr

¿3

21

ID
tJ6

t'9
c)(

1D

Rl¡

2X

21

ID
U6

Sf
id

F9

cX

{D
RI
2X

2l
ID
rJ6

St
id 0

F9

cX

1D

Rll

23

2l
ID
lJ6

SI
id=

F9 I i
cX22
lD ,

Ril,

I

I

t
2

)
1

F9

cX

{D
Ril
t1

2t
ID
U6

st
id=

I
2

2
t)

F9

cX

1D

RN

¿3

2t
ID
U6

st
id=

F9

cI
{D
Rlr

23

2l
ID
U6

St
id

F9

cX

{D
Rll
q1

2T

ID
U6

st
id=

F9

cX

1D

I}l
,1

21

ID
IJ6

st
id=

I
2

i
,

i
{

I
t
I

I
,

t

P9

cI
{D
Rlt

23

2l
ID
lJ6

st
id= id= 2l

sr 3 l
id= l8

1

t
Í

t
I
2

J
I

I
,
z

i
I
t

I
1

7

i
I
,

i

F9

cI
1D

Ril

23

21

ID
U6

St
id=



Append'i x C. Fragile X pedigrees. p- C-20

Pedigree 13

)
.)

2
.)

F9

mt
,7

21 ,.
ID . .

tJ6,
sr 2 ¿

id= 6

F9

cI
1D

Rl{
t1

21

ID
U6

st
id

cL
1D

12

23
I

t?,
?,2

t2
l2

t2
22

F9

cI
{D
AT

¿3

?,1

ID
U6

st
id

F9

cI
{D
Ril

2X

2l
ID
U6

st
id

F9

cI
{D
Ril

23

2l
ID
U6

st
id

F9

cX

{D
Rl¡

23

2l
ID
U6

st
id

0a

F9

cI
{D
RN

?,x

21

ID
lJ6

st
id

F9

cI
{D
RN

23

2l
ID
tJ6

st
id

89

cX

{D
Rll

23

2l
ID
t,6

SI
id=

89

cI
{D
RI
23

2T

ID
UO

st
id=

F9

cI
{D
Rll

2l
2I
ID
UT

st
id

I

Iþ
,

t
2

2 ià
33:$



Appendix C. Fragile X pedigrees. p. C-21

Pedigree 1 5

1

Fg22
cI ,,
{D , .

n[.
23.,
2t.,
TD22
tJ6,,
stll
id= 2

t2

F9

cI
{0
Rlr

23

¿l
ID
U6

st
id=

F9

cX

{D
mr

23

21

ID
U6

st
id

F9

cI
1D

Rlt

23

2t
ID
U6

st
id

F9

cI
{D
ßli
23

2l
ID
U6

st
id

¿3
3

33
6

22

33
5

F9

cX

{D
ml
23

21

ID
U6

st
id=

89
cI
{D
[]r
¿3

2t
ID
U6

si
id=

?, ?.2

I ,

3

I
I



Appendix C. Fragile X pedigrees. p. C-22

Pedigree 16

F9 11
c)(12
{D ,

n}l.
23 ,

21 ,

ID.
u6,
sr 1 2

id= 2

F9,
cï,
4D ,

Ril.
23 ,

2t,
ID .

u6.
st .

id=

F9 12
cX12
4D ,

Rll.
23,,
2t,,
ID .

U6 ,

sr 1 I
id= I

89

cI'
1D

m
23

2l
ID
tJ6

11
22

F9 12
c\22
4D ,

Rlr .
17

21 ,

ID .

sr 2 2

id= 3

lJ6 ,

sr I ¿

id= {





Appendix C. Fragile X pedigrees. P- C-24

?,

?,

F9

cI
ID
Rll

23

2l
ID
U6

st

F9 I
cII
{D I
nN,
23 .

2t ,

ID ¿

lJ6,
stl
id=

22
t2tl

23
l6

t?
l1

1l
22

F9

cI
{D
Ril

z3
2l
ID
tJ6

st
id

F9

cI
1D

Rll

2l
21

ID
U6

SI
id

i
?,

i 3

id= 23

22
22

ll
22

F9

cX
{D
Rll

23

2l
ID
U6

st
id=

F9

cI
{D
[]¡
23

2t
ID
U6

F9

cI
1D

RN

23

2l
ID
U6

st

22
2, ?,

ll
22

2t
l9

22
ll

ll
22

22
l8

2

2

I

t
I

2

0

sr2
id= 2{:

2

1



Appendi x C. Fragi I e X pedí grees - p. C-25

6

F9,
cI
{D ,

Rt¡ ,

2X,
2I .

ID.
tJ6,
st ,

il;-

F9,.
cL,
{D , ,

Ril,,
23,,
2t.,
ID . .

u6,,
st,
id= l?

F9

cX
{D
Ril

23

2l
ID
U6

st
id

F9

cI
{D
Rlt

21

21

ID
tJ6

st
id

23
I

tt
22

2

I

Pedigree 2L

10

ll
I

r9
cI
ID
nil
2t
2t
ID
tJ6

st
id

F9 1l
cLl2
{D,,
Ril.,
23.,
2t,,
ID . .

t,6,.
sr l2
id= I

F9

cI
ID
il
23

2t
TD

U6

st
id=

r9
cI
{D
nI
23

2t
ID
U6

st
id5

F9

cI
4D

Ril

23

2t
ID
tJ6

ST

id

F9

cI
{D
Rt¡

23

2t
ID
lJ6

st
id

F9 ll
cIl?
10.,
R[,
23,.
2t,,
ID , ,

u6.,
sr23
id= I

F9

cI
{D
flr¡

23

2t
ID
tJ6

si
id

I
2

I
I2

ii
=l

22
1t

ii
l3

19 lt
cl ,,
{D , ,

il{,.
¿3.,
2t,,
ID . .

Uû..
st 2 ¿

id= I

F9

cI
{D
ß[
23

21

ID
lJO

st
id

2F9

cI
{D
Rlr

23

?,1

ID
lJ6

8t
id=

F9 ll
c[12
{D , ,[l{,,
23,,
¿t , ,

ID . .

u6,
sr 2 3

F9

cI
1D

mr

23

21

ID
lJ6

St
id i.d= l2





Appendí x C. Fragi I e X pedí grees. p. C-27

Pedigree 23

F9

cX
{D
Rlr

2X

zt
ID
UO

sr
id=

Fg 2,2
cI ,,
lD , ,

nil,
23 , ,

2t,,
ID I2
t,6,,
sr13
id= I

F9

cI
{D
R}l

23

2t
ID
lJ6

st
id

F9

cI
{D
R}l

2X

2l
ID
U6

It
id=

2F9

cI
1D

Rlt

¿3

2l
ID
U6

$t
id=

.)

F9

cl
{D
lll
2X

2l
ID
U6

st
id

2

22F9

cI
{D
Ril

23
2l
ID
U6

sr
id=

89

cI
{D
Ril

2X

2t
ID
U6

st
id=

22

ll
5

r9
cI
{D
Rll

¿3

2t
ID
U6

st
id I

ii
10

F9

cI
{D
Rll

¿3

2t
ID
U6

st
id=

II F9

cX

{D
[]r
2t
2t
ID
U6

sb
id:

F9

cI
1D

ilr
2X

LI
ID
U6

st
id

J

tI

ll
l3;N

ß9

cI
{D
NN

23
2t
ID
U6

st
id = 13



Appendix C. Fragile X pedigrees. p- C-28

Pedigree 24

5

F9

c)(

{D
il{
23

2l
ID
tJ6

st
id=

F9

cl(
{D
RI
,7

zl
iD
tJ6

ST

id

F9

cI
{D
RI
23

?.7

ID
U6

SI
id=

2

22
I

F9

cI
{D
IN
2,X

2l
ID
U6

St
id

F9

cï
{D
nI
t1

2l
ID
U6

sf
id

I
F9

cX

{D
Rlr

23
?,1

ID
U6

st
id=

F9,,
cI 12
{D , ,

nil.
¿J.,
2t12
ID . .

tJ6,,
sr I 3

id= I

F9,,
cl22
{0,,
ilt ,

23.,
21 I I
ID . .

u6,,
st¿3
id= 2 13

F9

cI
{t
Rll
91

21

ID
U6

st

22

ii
10

¿3
6

F9

cI
{D
Rll

23

2l
ID
U6

st
id

F9

cX

{D
Ril

¿3

2l
ID
tJ6

st
id=l51

F9

cI
{D
Rll

23

2t
ID
U6

st
id=

F9,
cl.,,
lD , ,

ßl¡..
¿t , .

¿l , ,

ID,
u6,,
sb,.
id= l2

2

F9

cI
1D

Rll

23

2t
ID
U6

st
id= id. ll

t

3

z2

11
1

ß9

cI
{D
Rlr

¿3

2t
ID
U6

SI
id=



Appendi x C. Fragi I e X pedí 9rees. p. C-29

Pedigree 26

F9 I
cI ,

PO

c](,
{D ,

ßll ,
q1

2l , .

ID .

lJ6.,
st ,

id= 21

Ril,
23 I I
Lt , ,

ID ,

u6,.
sr I 3

id= 1

F9 I
cL,
lD ,

il'r ,

2J I
21 .

ID ,

89 ,

cX,
{D ,

[¡r ,

Ll ,,
2t,,
ID ,

tJ6,
st .

id= 18

[9,
cX,,
{D . .

Rll.
tt
21 ,

I0 ,

u6,
st ,

id= 1$

F9 , .

cI ,

1D .

Rl¡.
t1

2l . ,

ID .

u6,
sr I 2

id= 2l

F9,
cï,,
lD ,

Rlt ,

2X,
2t,.
iD ,

lJ6 ,

st ,

id= 22

F9 , ,

cL
lD ,

Rl{ ,

13.,
2T,,
ID .

tJ6 . ,

st33
id= 21

F9 I
cX,
4D ,

Ril.
23 l
21 ,

ID .

U6,
srl
id=

F922
cI ,

{D , ,

R[,
¿3 , ,

2l . ,

ID .

lJ6,
st I I
id= l3

P9 12
cI ,,
1D ,

Ril,
tJ , ,

zt,,
ID ,

u6,
sr I 3

id= l1

rg22
cX

{D ,

Rlt .

23 , ,zt,,
ID .

tJ6 .

sr I 3

id= 15

F9.,
c[.
{D ,

il{,
23,.
21 ,,
ID .

tJ6 . ,

st ,

id= 26

89 ,

cI
{D ,

Rt¡ ,

2X,
zl ,

ID .

u6 ,

sr I
id=

F_9

cÏ'
1D

ilr
23

21

ID
U6

StI
20 id= 23

1D

R}l.
23 1

21 ,

ID .

tJ6 ,

sr 3

id=

F9 l?
cI ,

{D ,

Rlt ,

23 12
2t.,
ID ,

tJ6.
sr I I
id= {

F9 11
cï,,
4D ,

R}l,
23 ?,2
2t,,
ID .

tJ6,.
sr 2 2

id= l6

F9 I
cI ,

lD ,

il¡,
23 1

?,1 ,

ID,
u6,
sr I
id= I

F9

cX

1D

Rt{

23

2l
ID
lJ6

st
id=

I

,

,

I
1

i

:

I
1

t

0

2

.)

J

I
D

6

t
{:

,

I

J

I

t
2

I
lJ

s

i

?9 ?,2
cX,.
{D ,

Ril,
23 , .

2t,,
ID ,

tJ6.
sr I I
id= l2

P9

cI
{D
R}l

23

2T

ID
tJ6

St
id

F9

cI
{D
Rll

23

2l
ID
lJ6

SI
id

F9

cI
1D

Rll

23

2t
ID
lJ6

St
id

F9 I

cL
{D ,

flil,
23 l
21 ,

ID ,

U6,
st I
id=

F9 ll
cX.,

P9 12
cX,
{D ,

R[,
{D

U6

St
id

z

t7

I

F9 ll
cI ,,
{D ,

RN.
23 1 1

2t,,
iD ,

tl6 ,

sr 1 1

id= 2



Appendí x C. Fragi I e X pedi 9rees. p. C-30

Pedigree 28

F922 F9 I I

Pedigree 28

F9

cI
{D
RN

2X

zl
ID
tJ6

SI
id2X

2P9

cï
{D
nil
23

2l
ID
U6

st
id

t
,
2

?,

t

F9

cX

{D
alt
2X

2l
iD
U6

st
id=

F9

cI
1D

ßìl

23

2l
ID
U6

sl
id==2X

F9

cI
{D
Rlr

23

?,1

iD
U6

st
id=

cI
1D

Rlr

23

21

ID
u6

st
id=

F9 11
cI ,

{D . ,

nil,.
¿3 l2
¿l I I
ID . .

u6,,
sb I 3

id= 1

?.

F9

cI
1D

R}¡

2X

21

ID
U6

si
id

F9 ll
cX..
{D ,

Ril.
23 ll
¿l I I
ID . .

(J6.,
sb I I
id= l3

F9 1l
cX,,
{D , ,

Rll ,

23 1 I
21 22
ID 1 1

lJ6,,
sr22
id= 3

cX.
{D , ,

nl{,
23 I I
21 22
ID 1 2

tJ6,.
$r 1 2

id= {

.)

l2
t2
ll

3

?,

2

I

F9 ll
cX.,
{D , .

R}l..
23 I I
2t22
ID I 2

u6,.
sr I 2

id= 5

F9¿2
cX,
{D , ,

1t
1'
2,2

ll
6

R}l

2X

2l
ID
t,6

st
id=

ll
?,2
22

19 l1
cI ,,
{D . ,

nil..
23,,
?l I I
ID . .

lJ6,,
st3 3

id= 11



Appendí x C. Fragí I e X pedi 9rees. p. C-31

Pedigree 28

F9

cX

1D

R}l
91

2l
IO
tJT

Sf
id=

ßg

cï
{D
Hl
2X

2l
ID
U6

st

F9 ll
cX.,
4D ,

nil,
23 ll
21 t2
ID 1 2

tJ6,,
sr l2
id= I

F9

cI
1D

nil
23

zt
ID
U6

St
id=

F9

cX

1D

I}I
23

2l
ID
U6

st

F9,
cX.
{D .

flll.
23,.
¿l I 1

ID I 1

u6,
st23
id= l{

ß9 ,

cX. ,

{D . ,

Rll .

2Xt2
2t12
ID I2
lJ6,
sr I l
id= I7

cX

{D
Rll

¿3

2l
ID
U6

sr
id'

,

89

cI
{D
R}l

23

2l
ID
tJ6

st
id=

F9,,
cI .,
{D , ,

ftil,
23 12
21 , ,

ID ,

IJ0,,
sr23
id= 16

R}l

23

2l
ID
tJ6

ST

id

id= 23 22

id= 21

I

F9

cX

1D

Rì{

¿3

2l
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tJ6

st
id

25

F9

cI
{D
Ril
tt
2l
ID
tJ6

st
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F9,,

2

1

I

J

t5

I

3

ö

I

I

)
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F9

cI
{D
RN

23

21

ID
tJ6

St
id

89 ll
cI .,
{D . ,
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Appendix C. Fragile X pedigrees- p. C-32

Pedigree 30

1

F9

cï
{D
Rlt

23

2t
ID
U6

st
id=11

F9

cI
{D
nlt
q,)

2l
ID
IJ6

st
id=

F9

cX

{D
Rl{

23

2l
ID
lJ6

s.t.
id=

t_-

F9,
c[,
{D ,

Rl{ ,

23 ,

?,1 ,

ID .

lJ6.
sf ,

id=

F9

cl
{D
ilr
?,1

2l
ID
U6

st
id7

89,.
c)(,
{D , ,

[N,
23 I I
2t I I
ID.
lJ6.
sr I I
id= 12

0

F9

cI
{D
Rlr

2X

?l
ID
U6

st,
id=

F9

cI
{D
Rlt

21

2T

ID
U6

st
id=

F9

cX

{D
Rlr

23

2l
ID
tJ6
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id=

F9,.
cX,
{D I 2
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2tI2
ID 1 I
lJ6,.
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id= 5

F9,,
cL,,
{D I 2

19.
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21 t2
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sr 2 ¿

id= 6

P9

cI
{D
Rlt
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U6

Et
id

ii
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l1
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1
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u6
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F9
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{D
Rll
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21

ID
U6
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,,
1

F9

cÌ
{D
RII
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U6
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t)

I



Appendix C. Fragile X pedigrees- p. C-33

p9,
cX',,
{D ,

Rll.
tó . ,

t1

ID.
tJ6,
st I I
id= 18

F9

cl
{D
Rll

23

2t
ID
lJ6

SI
id=

Pedigree 31

si 1 2

id= 2

,
I
1

,)

I
ß

F9

cX

{D

Rl{

23

2,1

ID
tJ6

st
id

F9

cI
{D
RI
23

2t
ID
U6

st
id

t
I
I

1.

:

I
I

F9

cX
{D
ilr
¿3

21

ID
lj6
st

F9

cI
{D
Ril

¿3

2l
ID
U6

st
id=

89

c)(

{D
R}l

z3

2l
ID
U6
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id=

F$ I I
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{D I I
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u6.
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t
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I

I

F9

cX

1D

R}l
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2l
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U6

SI
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R}l.
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ID.
|J6.
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F9

cX

{D
R}¡
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2l
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ID .
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I
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I
I
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cI
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1D
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cI
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cI
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2
t
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U6
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cX
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2X
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i
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Appendix C. Fragile X pedigrees. p.C-34

Pedigree 33

F9,
cX12
{D ,

Rll ,

2t,,
21 ,,
ID .

tJ6 ,

sr I 2

id= 2

F9

cI
{D
Ril

zx

2t
ID
U6

sr I 1

Íd= I

F9,
cL2
lD ,

Rll ,

23 ,

2t,
ID .

u6,
sr I
id=

89,.
c)(ll
{D , ,

Rll.,
23 , ,

21 ,,
ID .

u6,,
sr I ¿

id= {



Appendix C. Fragile X pedigrees. p. C-35

Pedigree 34

ll
:i

F9

cI
1D

ßH

23

2l
ID
U6

st
id=

ii
::
t2
t2
l3

=l

F9

cI
{D
nil
23

2l
iD
U6

st
id

F9

cI
1D

RI
¿3

?,1
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U6

$f
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F9.
cI ,,
{D I I
Rlr l2
23 . .

21 ,.
ID I2
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2

2

F9.
cI ,

{D I
Ril2
23,
2l ,
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t,6 I
srl
id=

22
22

ll
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33

5

F9

cI
{D
Rt¡

23

Lt
ID
lJ6

st
id

PQ

cL,
{D .

Ril11
23.,
21 .,
ID22
u622
$t I I
id= 8

[9.
cI .

{D I 2

m¡ l2
¿3 , .

2l ,,
ID I2
lJ6 l2
sr l2
id= 1
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Appendi x C. Fragi I e X pedi 9rees. p. C-36

F9,
c[,
4D ,

[]t .

23 I
¿l ,

IDI
u6,
st.
id=

22

I

F9

cI
{D
Rl¡

2X

2t
ID
lJ6

st
id 6

F9

cI
{D
Rtl

¿3

2t
ID
U6

$t
id

7

j

F9

cI
{D
Ril

2X

2T

ID
U6

st
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F9

cI
{D
nil
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ID
lJ6

8t
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¿3 ll
2

2

2

F9

cI
{D
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?,1
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lJ6
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Pedigree 35

F9,
cl ,,
{D ,

Ril,.
23 , ,

21 ,,
ID .

tJ6,,
st,
id= I

P9

cX

{D
Rl¡

23

2t
ID
IJ6

st
id

F9,
cI ,,
{D . ,

Rl{ .

2Xt2
¿l , ,

ID I2
lJ6,,
st .
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F9

cI
1D

ßll
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ID
u6

st
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3
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cI
{D
Ril
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2l
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tJ6

st
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Appendi x C. Fragí I e X pedi grees. p. C-37

Pedigree 36

ii
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l1'i

r9
cI
{D
Ril
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2l
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U6
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F9

cI
{D
ail
23

2T
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t2
l2'i

r9
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{D
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cI
{D
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U6

st
id=

I
2

2

ô1
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cI
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U6
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2

5

7

3

F9

cX
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Rl¡
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ID
lJ6
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cI
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{D
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Appendix C. Fragile X pedigrees. p. C-38

Pedigree 50

,,

2

2

i

2

2

)

i

F9

cI
1D

R}l
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2t
ID
U6

ST

id=

2

I
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1

I

F9

cI
1D

Ril
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U6

st
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F9

cI
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2l
ID
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cI
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ID
tJ6
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F9
cI
{D
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lJ6

st
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cI
{D
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Appendí x C. Fragi I e X pedi grees. p. C-39

Fït 2

cI 11
{D ,

Rt{ ,

23 . .

zltt
ID .

tJ6 I I
st ,

id= 1

Pedigree 51

F9 12
cX12
{D ,

RìI .
tl1

2t 1 I
ID .

u6 I I
st,
id= 3

F9 11
cX12
,{D , ,

ill ,

23 , ,

2tt2
ID . .

tJ6 12
st,
id= 2
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22
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F9

cX

{D
RN
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2I
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U6

st
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?9 12
cI 12
1D ,
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21 12
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u6 l2
st ,

id= {



Appendi x C. Fragí I e X pedi grees. p. C-40

Pedigree 52

I
I

I

I
2

6

I
2

i

i

i
3

5

F9

cI
{D
mt
23

¿l
ID
lJ6

st
id=

22
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22
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1

F9

cI
{D
Rlt

23

2l
ID
U6

st
id=

[9 I
cX?
{D ,
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2l I
ID.
lJ6 I
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{D , ,
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ii
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1l
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cI
{D
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2t
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U6
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{D
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2T

ID
t,6
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cI
{D
Ril

2t
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I
2
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F9

cI
{D
Ril
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Appendi x C. Fragi I e X pedi grees. p. C-41

Pedigree 53

F9

cI
{D
ail
¿3

2t
ID
U6

st
id

F9,,
cI22
lD , ,

Rlr ll
2,X.,
2rt2
ID ,

lJ6..
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cI
{D
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7,X
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F9,,
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ID . .
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tJ6,,
sr l3
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I
I
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il
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1
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cI
{D
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2
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6



Appendix C. FragíIe X pedigrees- p- C-42

Pedi gree 5 5

F9 1l
cl2 2

lD . .

Rl|22
¿3,,
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u6 l1
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F9
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{D
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I
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2
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cI 12
{D . ,

Rlr ,

23 , .
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Appendi x C. Fragi I e X pedi grees. p. C-43

Pedigree 56

F9

cX

{D
ilt
23

2l
ID
uj
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F9 1

cXZ
{D ,

Rlr .

23,
21 ,

ID .

tJ6.
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{D
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cI .

{D ,
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cX

ID
RN

23

2T

ID
U6

ß9
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Appendix C. Fragíle X pedigrees. P-C-44

Pedi gree 57
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F9

cI
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23
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ID
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cI
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ID
tJ6

st
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id= I

F9

cI
{D
RN

23

2t
ID
U6

st
id= I5

2I
6

22

I
3

89
cI
{D
Rll

2X

2t
ID
U6

st
id=

i
I



Appendí x C. Fragi I e X pedí grees. p. C-45

Pedigree 61

F9

cI
1D

R}¡
t.l

2l
ID
(J6

st
id

F9

cl
1D

Rll

23

21

ID
U6

st
id

F9

cI
{D
RI
23

2t
ID
tJ6

st
id

F9,
cI 11
lD ,

nlll
23..
?,1 ?.2
ID .

lJ6t1
sr 3 3

id= I

t

99

cï
{D
Ril

?,3

zl
ID
U6

st
id

F9,,
cXl2
{D ,

Rl{

2X

2l
ID
U6

st
id

F9,,
c\22
{D ,

ilr 11
23.,
?,t22
ID.,
lJ6 ll
sr 2 ¿

id= 3

2

2

i
.)

3

I

F9

c)(

ID
nll
¿3

2l
ID
lJ6

st
id

F9

cI
1D

Ril

23

2l
ID
u6

8t
id=

ll
1l
22
ll

2X

2l
ID
tl6

st
id

ii
22

it
22
33
l0

F9

cX
{D
Ril

23

?.1

ID
lJ6

st
id=

P9,,
cl,2 2

{D , ,

RilI I

F9,.
cI 1l
{D .

zx,
2t2
ID.
tJ6 I
sr1

F9,
cX22
ID ,

[]r ll
23 . ,

21 I I
ID.,
u6 I 1

sr 2 2

id= I

22

i

i
I
z

1

F9

cI
{D
I}{
23

?,t

ID
U6

st
id=

F9.
cXl
4D ,

ßNl [}lll
23 , .

21 22
ID .

IJ6 1l
sr33
id= l5

i
i
3

Iid=

t

2

z

F9

cI
{D
Rlt

23

2t
ID
u62¿
sr¿2
id= 16



Appendi x C. Fragí I e X pedi grees - p- C-46

Pedigree 62

F9,,
cX?,2
{D I I
RllII
¿¡,,zt,,
TD..
tJ6.,
sr22
id= I

t
a,

F9

cI
{D
nlr
2l
2t
ID
U6

st
id

I

12
t2
t2

::
t2

6

F9

cX

{D
R}l

¿3

2l
ID
lJ6

st
id

1

t
t

F9

cI
{D
RN

23

2t
ID
tl6

i
L

;
{

i
?,

I

2

r9
cX'

1D

[¡r
23

2l
ID
U6

ST

id=

F9,.
cX22
4D I I
Rr¡ll
23.,
21 ,,
ID .

u6,,
sr 2 2

id= 3

srll
id= 5



Appendi x C. Fragí I e X pedi grees ' p' C-47

Pedigree 72

F9

cX

1D

R}l

2X

2l
ID
lJ6

St
id

F9 ,

')

,

.)

z

cL
{D
Rll

23

21

ID
U6

ST

id

cX'

1D

Rt{

2X

2l
ID
lJ6

ST

id=

11

i:
22

F9,
c'1, 2 2

{D I I
Rlr .
t1

2t ?,2
ID .

tJ6 ,

st .

id= 3

F9..

,

F9

cI
{D
RN

2X

2l
ID
U6

st
id

I
1

2

I

,)

{



Appendix C. Fragile X pedigrees. p. C-48

Pedigree 75

ii
F9

cI
{D
Rt¡

23

2l
ID
U6

st
id=

F9

cI
ID
nil
23

?,1

IO
Uû

st
id=

t

2

5

t2

l2
1

I
I

F9,
cI ,

{0.
mt I
23,
2t,
iD ,

û6,
st I
id=

F9,.
cT,,
{0.,
RllII
23..
2t,.
ID . .

u6,,
$r 1l
id= l0

ii

F9,
cI .,
{0 ,

mll
t1

2t,,
iD.
u6,
$t,,
id= 2

F9

cI
{D
nil
2l
2t
ID
U6

st
id=6

F9

cl(
{D
lt¡
23

21

ID
U6

st
id

P9

cI
{D
Ril

23

2t
ID
U6

st
id=

F9

cX

{D
NN

2l
21

ID
U6

st
id.

F9

cI
{D
ilI
21

2l
ID
U6

st
id=

F9,
cL
{D ,

Rl¡ I
23,
2t,
ID .

tJ6 ,

stl
id=

2I

i
I

,
I

i
1



Appendix C. Fragile X pedí9rees- p' C-49

Pedigree 78

F9,
cI ,,
lD , .

m22
?.1,,
21 I I
ID . .

u6,,
st.
id= {

2

?,

F9

cI
{D
IN
2X

2t
ID
U6

st
id=

F9

cï
{D
[]¡
2X

2t
ID
U6

st
id=

5

F9

cI
{D
Rl¡
.1.)
L¿

2t
ID
U6

St

F9

cI
{D
Rlr

23

2l
IO
lJ6

st
id=

22

F9

cI
1D

Ril

23

21

ID
U6

st
id

t22

22

id= 6

z

,I



Appendí x C. Fragi I e X pedí grees. p. C-50

,

Pedigree B1

P9

cX

1D

Rll

LJ

2l
iD
rJ6

St
id

F9

cI
1D

RH

23

¿1

ID
lJ6

st
id=

t

F9

cX
1D

Rll
91

2l
ID
lJ6

si
id

.)

F9 I
c)(,
4D ,

nil1
2¡ .

2t2
ID.
tJ6,
stl
id=

F9

cI
1D

R}l

23

2l
ID
U6

st

F9

cI
ID
Rl{

2X

2l
ID
U6

St I
6:J id=5

F9

cI
{D
T}¡

23
2l
ID
tJ6

Sb

idid= {

P9

cX

1D

m
0t

21

ID
U6

sf
id

F9.
cI ,

{D ,

Rilll
¿3 . ,

¿1 1¿
ID.
u6.
st ,

id= 11

F9,
cI ,.
{D . ,

P9

cX

{D
Rl¡

21

?.1

ID
UI
sf
id

22

I

I

I

3

t0

F9

cl
{D
Rll

?3

21

ID
U6

st
id=

F8

cI
{D
R}¡

23

2t
ID
tJ6

st
id=

89

cI
1D

Ril

u3

2l
ID
U6

Si
id=I

F9

cL
1D

Rlr

23

21

ID
U6

st
id

F9

cl
{D
Ril

t3
2l
ID
U6

st
id

,

I

I

3

I

I

i
2,2Nl{

¿3

?.1

ID
t]6

st
id

I

2

.)

2 t5

F9

cl
ID
[]¡
?,7

2l
ID
IJ6

St
id

t

P9

cI
{D
Rlt

2I
2,1

ID
U6

St
id

ß922
cI ,,
{D ,

RìI 12
2X,,
21 1 I
ID .

u6 ,

sr 1 3

id= 16

t9 ,

cl .,
tD . ,

Rill¿
t1

2t I I
ID.
lJ6 , ,

st ,

id= 18

F9 , ,

cI .

{D ,

RllI I2

2 i1

t 0

22,
23

21

ID
IJ6

St
id = 19



Appendíx C. Fragile X pedigrees. p- C-51

Pedigree 82

B9

cI
{D
Ril
,1

2l
ID
U6

st
id

F9

cL
1D

Rll

23

2l
ID
lJ6

St
id

F9,
cX,,
4D ,

R}l2¿
¿3 ,ztlt
ID .

u622ft,;
id= I0

F9

cI
1D

Rll

23

2t
ID
U6

St
id=

F9

cX

{D
Il{
23

2t
ID
U6

st
id=

2

i
1

I

I

I
i

?,2

tl

F9

cI
1D

nil
t1

2t
ID
lJ6

SI
id

F9

cI
{D
I}l
23

21

ID
I)6

st
id

Rlt .

23 ,

¿L , ,

ID .

tJ6 ,

st ,

id= 1

F9,
cI ,

{D .

Rlt 2

23 ,

2l I
ID .

89

cX

{D

U6

st
id

ID . .

lJ6 I I
sr 2 2

id= l1

F9,
cX.
{D .

Rll2¿

F9,
cX,
{D .

Rt{ ,

23 ,

2t.
ID ,

lJ6,
sf ,

id=

F9.
cX

4D ,

Ril1
23 ,

ztl

F9

cI
{D
Rt{

23

2,7

ID
U6

st
id=

F9

cX
{D
R}l

23

2,t

ID
U6

St
id=

2

I

,
t
{

F9

cI
{D
Rl{

zx
2l
ID
tJ6

st
id

tr1

?,t I
ID .

u6 I
si I
id=

F9

cX

{D
Ril

23

2l
ID
U6

st
id=

I

i
2
t)

t

I

2

3

1l

I

t

F9

cI
1D

RN

23

2T

ID
U6

SI
id

l1
33
l5

F9,,
cI ,,
4D ,

fllt 22
,1

2t I I
iD ,

u822
sr 1 3

id= l8



Appendi x C. Fragi I e X pedi grees. P' C-52

2i
l1

ii
I

F9

cI
{D
[]l
23

2,t

ID
U$

St
id=

F9,
cI ,

{D ,

RilI
23 ,

2l I
ID.
u6,
sr I
id=

F9

cI
{D
Rlt

23

2l
ID
U6

st
id

F9,
cI ,

{D.
nil1
2l ,

zlt
ID.
I'6,
Etl
id;

F9

cI
{D
Rt{

23

2t
ID
Uû

st

F9

cI
{D
Ril

23

2t
ID
tJ6

st
id:

Pedigree 83

id= {

F9

cI
{D
nl
23

2l
ID
U6

st
id

B9

cL
{D
Ill
21

2t
ID
U6

ST

id=

2i

F9

cI
{D
Rll
23

?,7

ID
lJ6

sr

I

33
I

?. 1
-q-l

?,

5id= 6

2

7

I

ll
22I

I

?.

F9

cI
{D
ill
23

2l
ID
U6

st
id=

F9

cI
{D
Ril

2X

2l
ID
U6

st
id= II0 0



Appendíx C. Fragíle X pedigrees- p'C-53

Pedigree 84

F922
cX,,
{D .

Rll.
¿J,,
2t,.
ID . .

UÛ.,
st I I
id= I

tF9

cI
{D
R}l

2t
ID
U6

st
id

F9

cI
{D
R}l

2X

2l
ID
U6

St
id

2

2

F9 I 2

cI ,,
lD ,

Ril.
LJ,,
21 ,,
ID..
lJ6,.
sr 12
id= {

I

2



Appendí x C. Fragi 1 e X pedi grees. p. C-54

Pedigree 85

F9

cl
{D
Rt¡

23

2l
ID
U6

st
id

2

7

I

2

2t
=l

89

cI
{D
Hl
23

2l
ID
U6

st
id

22

ll
l2
1l

22

ll
22

1l

F9

cI
{D
nlt
2t
zl
TD

U6

st
id=

F9

cX

{D
Rt{

23

?.1

ID
U6

st
id=

i
3{

33
6

F9

cI
{D
Hr
23

Lt
ID
U6

St
id

?,2

F9

cX'

{D
RI
23

21

ID
U6

St
id= å



Appendi x C. Fragi I e X pedi grees. p. C-55

Pedigree 92

F9,
cI ,

lD ,

[il,
¿3 ,

2t.
ID .

tJ6,
st ,

id=

F9

cX

1D

Ril

23

2t
ID
U6

st
id

F9

cI
{D
Ril

2X

2t
ID
tJ6

SI
id=

F9

cX

{D
Rlt

23

2t
ID
U6

st
id=

F9,
cI ,,
{D I 2

Rill2
t1

2tt2
ID .

u6,,
st 2 3

id= l3

P9

cX

{D
Rlr

23

2t
ID
lJ6

SI
id=

P9.
cI ,

{D I
RilI
?.1 ,

2l I
ID .

lJ6,
sr 2

id=

¿
,

7

3

{

?,1

ID
tJ6

st
id

?,2
22

22

33
I

F9

cI
{D
nil
23

21

ID
U6

st
id

233:J

F9

cI
{D
Rl{

23

2l
ID
U6

st
id

F9

cI
{D
Nll

23

2t
ID
U6

st
id

r9
cX

1D

RN

23

2t
ID
U6

st
id

F9,
cI ,

{D I
R[I
¿J,

I
I

I

t)

F9

cI
{D
Rlr

23

2t
ID
U6

st
id=

ii
10



Appendi x C. Fragil e X pedi 9rees. p' C-56

Pedigree 93

89,
c](
{D ,

F9

cI
10

ßil
21

2l
ID
IJ6

st
id=

Ril22
,t.,

2t22
In,.
lJ6,,
st 1l
id= I

F9,,
cI ,,
{D , ,

nill¿
23,.
2tl2
ID . ,

U6,,
sr I 2

id= {

.)

I

1.

7

i

1

:

I
3

F9

cI
{D
nI
¿3

2l
TD

U6

st
id

F9

cI
{0
R}l

?,1

2l
ID
U6

SL

id

F9..
cI .,
{D , .

R[¿2
¿3 , ,

L] t2
ID.
lJ6.
sr I I
id= 5

F9

cI
{D
lil
2t
¿l
ID
U6

st
id

l1
1l

ll
I

ii
=l

22

F9

cI
1D

$l
23

2t
ID
t,6

st
id

2

I
6
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Appendix C. Fragile X pedigrees. p- C-57

Pedigree 94

F9,
cI .

lD ,

H{,
23 ,

2t,
ID .

u6,
st,
id=

F9

cI
1D

lI
23

2t
ID
U6

st
id=

2

i

i
6

2

i
1

Rllt¿
23..
2tt2
ID.,
u6,,
sr l3
id= I

F9.
cX,
{D.

F9,,
cI ,.
{D .

t2
l2

13
2

F9..
cI .,
{D . .

nll22
23.,
21 l I
ID , .

lJ6,,
st I ¿

id= 1

F9

c)(

{D
Rlt

2X

2l
ID
UO

st
id

2X

2t
ID
|J6

st

ll

11
3

t2
l?.

q7

5

F9

cI
{D
Rll

ztr

2t
TD

U6

st
id

F9

cl
{D
nI
23

2t
ID
U6

st
id=

Nll,tßll
¿3

2t
ID
UO

st
id: id=

11

22

F9

cI
{D
NN

23

2t
II)
U6

Et
id=

F9.
cI .

{D,

3

l0
3

22

33
I



Appendix C. Fragile X pedigrees' P' C-58

Pedigree 1 0 3

F9,
cXl?
{D , ,

Rll..
¿3..
2tl2
ID .

u6 l¿
sr23
id= I

F9,
cI 12
{D , ,

Ril,
23,.
21 I I
ID . .

tJ6 l2
sr¿3
id= 1

I

I

I
î
I

.)

7

.)

,
1)

i,2

ll
i¿
23

6

I

I

I
3
.)

2

,

2
,
I

F9

cl
{D
Rll

23

2l
ID
lJ6

st
id

t9
cÌ
{D
Rlr

23

2L

ID
U6

st
id=

F9

cI
{D
Ril

23

2t
ID
U6

st
id

F9

cI
{D
[]¡
2X

21

ID
U6

sb
id

F9..
cI 12
{0,,
Rlr .,
¿3 . ,

2tt2
ID..
u6 12
sr 13
id= l0

F9

cX

1D

m
23

2t
ID
tJ6

st
id

F9

cX

{D
Ril

23
2l
ID
U6

st
id=

2

2
I

{

2

.)

,
1

5

B9

cI
{D
Rlr

23

21

ID
U6

2

F9

CI
{D
Rlr
41
úd

zl
ID
U6

sr
id=

1

q

J

3

srl
id=

F9

cI
ID
mt
2t
2l
ID
U6

Sf
id



Appendix C. FragiIe X pedigrees' p' C-59

Pedigree 1 08

22

F9

cl
{D
Rlr

23

2l
ID
U6

ST

id

P9,
clll
{D . ,

Rlll¿
23..
21 t2
ID . .

tJ6 I I
si 2 3

id= I

22

l1
22

5

F9,
cL22
{D , ,

Rlr l¿
23 , ,

?,112
TD.
lJ6 1¿
sr23
id= 2

F9

cI
{D
ßll
2l
2l
ID
U6

st
id=

F9,.
cX12
lD , ,

Rl,l22
¿3 .

zttz
I0..
tJï22
sr 2 3

id= I

22
33

I

F9.,
cI 12
{D , .

Rill2

F9

cI
{D
ml
2t
?,t

ID
U6

st
id

F9,
cX22
{D , ,

ilt ,

23,,
2t12
ID .

u6 12
sr l2
id= 1

21 ,,
2lt1
TD . .

u6 12
sr33
id= 63

F9,,
cL22
4D.
il¡ ,,
23,.zttt
ID,.
u62Z
sr 3 3

id= I



Appendi x C. Fragi I e X pedi grees. P' C-60

F9,
cX.
4D ,

Pedigree 110

Ril

23

2I
ID
U6

st
id=

F9

cI
1D

m¡
23

2t
ID
U6

st
id

89

cI
1D

Rlt

23

2l
ID
U6

st
id=

F9,,
cI .,
{D,,
Rll .

23 , ,

2t22
ID.,
tJ6 12
st I 2

id= 5

F9

cI
{D
mt

2l
2l
ID
U6

st
id=

P9

cI
{D
ilt
21

21

II)
U6

sf
id 6

I
2

I
3

3

F9

cI
ID
Rlt

?.1

2t
ID
U6

st
id=

F9,,
cI ,,
{D , ,

Rlt ,

¿3 , .

21 ,,
ID,
u6,,
st ,

id= I

F9

cI
{D
ml
23

2l
ID
U6

st
id=



Appendix C. Fragile X pedigrees' p'C-61

Pedigree 113

F9 I 2

cX.
1D .

Ril,
23..
21 t2
TI).
lJ6 I 2

sr¿3
id= I

F9

cI
1D

RN
q1

2t
ID
l'l6

St
id

Fgll
cX,,
{D ,

flil,,
t1

2tt2
ID .

û6 12
sr I 2

id= 5



Appendix C. FragiIe X pedigrees' p' C-62

Pedigree 1 1 3

2

F9

cI
1D

ut
23

2t
IO
U6

sf
id=

[9
cI
{D
nlr
23

2t
ID
U6

st
id

ll

F9

cX

1D

il¡
23

2l
ID
lJ6

ST

id

F9

cI
{D
lil
23

2l
ID
UO

st
id

F9

cI
{D
nll
¿3

xt
ID
U6

sb
id

F922
cI .

{D ,

Ril.
23,,
2l 2Z
ID.
u6 l1
sr ¿ 2

id= 3

2

III

ii
t2
¿3

I

t2
¿3

=$

11

22
33:8

22
33
=l



Appendix C. Fragile X pedígrees' P'C-63

Pedigree 1 1 5

ß9

cX
{D
nil
L3

¿l
TD

U6

st
id=

F9

cI
{D
Ill
2X

2l
ID
U6

st
id=

F9

cI
{D
Ril

23

¿1

ID
U6

st
id

F9

cI
{D
Ill
23

1,1

ID
tJ6

St
id

F9,,
cL..
{D . ,

Rlr .

23 . .

2tt2
II).
u6 l2
si l2
id= I
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Appendix C. Fragile X pedigrees' p'C-64

Pedigree LI7 Pedigree 1L7
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Appendi x C. Fragí I e X pedi grees' P' C-65
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Appendi x C. Fragi I e X pedi 9rees. p. C-66

Pedigree 123
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Appendi x C. Fragi I e X pedi 9rees. p' C-67
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Appendí x C. Fragi I e X pedi grees ' p' C-68
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Appendix C. Fragile X pedigrees. p' C-69
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Appendix C. Fragile X pedigrees' p' C-70

Pedigree 1,32
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Appendíx C. Fragíle X pedigrees. p'C-71

Pedigree 140
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Appendi x C. Fragi I e X pedi 9rees. p. C-72

Pedigree 747
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Appendi x C. Fragi I e X pedí 9rees. p. C-73
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Appendi x C. Fragi I e X pedi grees ' p' C-74
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Appendi x C. Fragi I e X pedi 9rees. p. C-75

Pedigree I44
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Appendi x C. Fragi I e X pedi grees - p- C-76
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Appendi x C. Fragí I e X pedi 9rees. p. C-77

Pedigree I46
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Appendi x C. F ragí I e X pedi 9rees. p. C-78

Pedigree 151
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Appendix C. Fragile X pedigrees. p.C-81

Pedigree 155
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P9

cI
{D

RI
23

2l
ID
U6

st
id=

F9

cI
{D
Ril

23

2T

ID
tJ6

st

F9.,
cL,,
{D , ,

R}l.
23 , ,

2t1..2
ID.
u6,,
sb 3 3

id= 3

F9

cX

{D
flt{
2X

21

ID
U6

st
id=

F9.F9.
cl ,

{D ,

ß}¡,
¿3 , .

21 22
ID .

u6,
sr 3 3

id= 6

F9

cL
{D
Il{
?,t

zr
iD
U6

St
id=

i

i¿
I

2Z

11
1

1

3

cI
{D
R}l

23

2l
IO
lJ6

st
id=id= 5



Appendix C. FragiIe X pedigrees. p- C-82

Pedigree 1S6

F9

cI
,{Ð

RII

23

21

ID
U6

st
id=

F9

cX

1D

Rlt

23

21

ID
U6

st
id=

F9

cI
1D

Ril
,7

21

ID
lJ6

st
id=

12

,)

F9.
cX,,
4D ,

Rt¡ ,

23,,
¿t , ,

ID .

tJ6,
st ,

id= I

2



Appendi x C. Fragi I e X pedi 9rees. p. C-83

F9 ll P9 ll
c[.
|D22
Rl{..
2¡-..
2i 1 l
TD .
ü6,,
st22
id= I

Pedigree 157

1l

t2

l3
2

89 I
cL
{D 1

ill .
21 .

ztL
TD .

U6,
stl
id=

F9

cI
{D
ml
qa

21

ID
U6

SO

id.

cI
{D
Ril

23

2l
ID
U6

st
id=

F9,.
cL,,
{D .

ßt{ ,

¿J,,
21 ,.
ID .

u6,
st .

ld: J

t9 ll
cI ..
{0 I 1

ill ..
¿3 . .

2122
ID .

u6,
sr I 1

id. ?

F9 1l
c[.,
4D I I
Rt{ ,.
q1

¿1 I I
ID . .

u6..
sr 3 3

id= I

P9 l1
cl ..
{D I 2

ill ..
2X,,
2tl2
ID..
lJ6..
srl?
id= l2

F9.
cI ,

{D .

flll,
It

2r.
ID .

lJ6,
st .

id=

F9.
cI .
{D .

Ril,
¿3 .
21 .

tD .

u6,
st.
id=

F9,
c[,
10 .

ill ,
q)

?,1 ,

ID.
lJ6.
st .

id.

F9

cf
z

1,

,
10

Rll .,
21 ,.zt,,
ID .

u6..
st .

id= 11

F9 11
cL.,
{D 1 I
R[.
¿t,.
21 I l
ID . .

tJ6 . .

$t 3 3

id= 13

F9 l1
cI ,

,tD 1 2

ßil..
Lt,,
21t2
I0 ,

lJ6.
st l2
id= l1

{D

19 1l
cl ..
{D I 2

Rlr .

¿3..
¿l I I
TD..
u6..
sr23
idz 22

89.,
cI ,,
{û .

Rll ,

¿3 . .

21 ,,
ID . .

lJ6..
st.
id= 11

ß9 l¿
cI .,
{0 I 2

Rt{ ,

¿J . ,

21 I I
ID..
u6..
st23
id= 18

F9 ll
c[..
4D 1 I
fll{ .

¿t,,
2rz2
ID.
lJ6..
st I I
id= l9

F9..
c[..
,10 . .

It..
2¡..
2r . .

TD..
06..st..
id= 20

19 1l
cI ,

{0 I ¿

F9 11
cl .

1022
Rll ,.
23..
2l I I
ID..
16..
sr¿2
id= 23

Ft11
cl .,
{0 I ¿

R[.
1'

zttl
TD . .

ü6.,
sr ¿ 3

id. 21

ßil.
23.
2t I
I0.
lJ6.
st 1

id= 21

?922
c[,
{0 I I
Ril,
¿J,,
2t I 1

ID . .

u6..
sr22
id= 28

F9 1l
cI ..
1022
Ril.,
2t..
¿l I I
ID . .

u6..
st 3 3

id= 29



Appendi x C. Fragi I e X pedi grees - p. C-84

{

8922 89 11

cI ,

{0 I ?

1
cl
{D
Rll

¿3

1,t

ID
U6

St
id=

cI .

4D 1

RI ,

¿3,
21 1

ID .

lJ6.
st 3

id=

F9 12
cI ,.
{D I I
tl{,
t1

2l I I
TD.
tJ6,.
st 3 3

id= 21

F9 l2

Rl{ ,,
23 ,

¿l 1 I
I0 ,

lJ6 . ,

sr 3 3

id= 26

89 I 1

cI ..
4D 1 2

Rll .
.r1

21 I I
ID .

lJ6 .

sr 2 3

id= 25



Appendi x C. Fragi I e X pedi 9rees. p. C-85

F9

cI
{D
mr

23

2t
ID
tJ6

SI
id=

F9.
cX.,
{D . ,

Rl{.
.)a

21 22
ID . .

u6,
sr , ,

id= 1

F9

cI
1D

Rlt

23

2l
ID
U6

SI
id

F9

cI
{D
Rlt
q1

21

ID
U6

St
id

,

6I

F9

cI
{D
Rll
,7

zt
ID
U6

ST

id

F9

cI
{D
Iì{
2X

2l
ID
U6

8t
id

F9,
c)(,
4D ,

Rll.
¿3 ,

¿l .

ID .

u6,
st ,

id= 2

Pedigree 160

id= I

= 10 id= ll

ß9

cX
{D
il¡
23

2l
ID
U6

st
id.

F9

cI
{D
Rll

¿3

21

ID
U6

St

,

l62

F9

cX
{D
Ril

23

2l
TD

lJ6

st
id

F9

cI
{D
Ril

23

2l
ID
U6

st
id

F9

cl
1D

Nll
23

21

ID
U6

st
id

id= I

t2

= 15

F9

cI
1D

Rl{

23

2l
ID
lJ6

st

F9

cI
1D

R}l

2X

zl
ID
U6

st
id

F9

cl.
{D
RÌl

23

2l
ID
U6

st
id=

= 13

r9
cI
{D
R}¡

23

21

ID
l,6

Si
id=

P$

cI
{D
R}l

z3
2t
ID
lJ6

St

F9

cX

1D

I}l
23

2l
ID
IJ6

SI

F9

cï
{D
Rlr

¿3

21

ID
lJ6

SI
id

t

Fg

cX

{D
ilr
23

21

ID
U6

st
id

F9

cX
{D

20= l? id= 18

NN,
23 , ,

2l . ,

ID .

u6.,
st ,

id= 19



Appendi x C. Fragil e X ped Í9rees. p. C-86

Pedigree 161

t

2

I
2

F9.,
cX..
{D , ,

Rlt,,
2¡ , ,

21 t2
ID . .

u62¿
8t I ¿

id= 5

F9

cI
{D
Rr{

2l
2l
ID
U6

ST

id

F9,
cI .

{D,
ilt ,
,rl

?,t ?,

ID,
u6¿
stl

ll
22
22:{

2

2

3

I

F9

cI
{D
Rlr

2t
2l
ID
U6

st
id

F9

cI
{D
ßil
¿3

2l
ID
U6

SI
id

1l
22
22

I

id=



Appendi x C. Fragi I e X pedi grees. p. C-87

Pedigree L62

I

F9

cI
{D
Rlt

¿3

2L

ID
U6

st
id=

2?^

1

F9

cÍ
1D

Ril
23

2t
ID
U6

st
id=

ii
3t

6

t?.

t2

ii
t¿:3

ii
33

=1

22

l2
22
l3

I

22

12

22
t3

I

22

z2

iL
l1

?

it
t2
iz
l3

L

F$

cI
{D
RI
0t

2l
ID
U6

st
id=

ll
22

I

t2
t2
l2
12

I

F9

cL
{D
HI
2t
¿l
ID
U6

st
id=

F9,,
cX,,
{D . ,

R[l¿
23 . .

¿l l I
ID . .

lJ6 l¿
sr23
id= l0

t9
cI
{D
ml
2X

2l
ID
U6

si
id

ß9

cI
{D
RN

¿3

?,1

ID
U6

sf
id=

2,2

F9

cI
{D
nil
2X

2l
iD
U6

8t
id

F9

cI
{D
RII

¿3

2t
ID
U6

st
id=

F9

cI
{D
nil
¿3

2r
ID
ll6
st
id



Appendi x C. Fragí I e X pedí Errees ' p- C-88

Pedigree 163
P9 .F9

cI
1D

Rlt

23

2,t

ID
lJ6

st
id=

cI
1D

Rll

23

2t
ID
lJ6

St
idt

F-$-,
cX.
lD ,

[N.
23,
2T,
ID ,

tJ6,
st ,

id=

F9

cI
1D

Ril
1.ì

2l
ID
U6

St
id=

F9

cï
{D
Ril

23

2l
ID
lJ6

st
id=

F9,
cL,
lD I I
Rl¡ ¿2
0c

2l I 1

ID .

l,6 1 1

sr 3 3

id= 15

F9

cL
{D
Ril

2X

?,1

ID
U6

st
id

ß9 ,

cI ,

lD ,

Rll ,

23 ,

zt,
iD ,

16.
st,
id=3

F9

c)(

{D
RN

zl
2l
ID
U6

st
id

)
t

.t

,
3

13

.)

1

I

i
t

:

I
2

I

i
I

I

i
2

i

i
3

0

i
3

F9

cI
1D

Rll

23

21

ID
t,6

st
id

89,
cX,,
4D I 2

ftl{,
23 , ,

21 12
ID .

u6¿2
sr ¿ 3

id= 21

F9

cI
1D

[Ìl
t1

21

ID
U6

F3,,
cl ,,
lD22
R}l.
¿3 , ,

21 1 I
iD ,

u622
sr 2 ¿

id.2{

F9

cL
{D
Rll

¿3

2l
ID
lJ6

Si
id

F9

cX

{D
Ril
q1

2l
ID
U6

St
id

F9

cI
{D
Rll

23

2l
ID
U6

si
id20

FQ

cI ,

{D I ¿

RN.
23 ,

2tt2
ID.
tJ6 12
srt3
id= ll

F9

cI
{D
R}l

¿3

zl
ID
U6

st
id=

F9

cÍ
{D
Rl{

zx
2l
ID

F9

cï
{D
mr

23

21

TD

U6

st
id

F9

cI
{0
Ril

21

2t
ID
t,6

st
id

11

,

:l
t2

ii
2X

23

F9

cI
{D
Rll

23

2l
ID
U6

st
id=

2

i

i

i
2

::
1l
22

ll
ll

F9

cI
{D
Rll

23

2l
ID
U6

I
.)

I

,
I

1

I
I
I

F9

cL
{D
R}l

23

2l
ID
U6

st
id=

P9,
cI ,,
{D I I
n[2¿
t7

21 I l
ID ,

tJ6 I 1

sr33
id= l6 t

,
2

19

lJ6

st
id=

st33
id= l8

,
sr¿2
id= 25



Appendix C. Fragile X pedigrees- p. C-89

Pedigree 1 64

89,
cX,
{D .

Rl{ .

23,
2t.
ID.
lJ6,
st,
id=

89,,
cI ,,
{D , ,

Rll .

21 ..
21 ..
ID..
u6.,
st.
id. 5

F9.
c[.
{D ,

Rl{.
.t1

21 .

I0,
lJ6.
st,
id=

19.,
cI .,
1D .

RH.
21 .

2t.,
I0 ,

lJ6 .

st ,

id= I

19.
cl .

{D ,

[l{,
,1

Lt .

ID .

lJ6,
st .

id.

F9..
cI ..
{D . .

Rr{ 2¿
¿t,.
21 ?.2
ID..
u6..srll
id= l5

P9..
cL.
{D . .

Rl{12
q1

2t I I
ID..
u6..
sr¿¡
id= l6

Fl ..
cL..
{D . .

n{ ll
¿3.,
2l I I
TD..
u6..
st?¿
id= 20

F9

cI
1D

Ill
?,1

21

ID
U6

si
id=

1

F9

cI
{D
Rll

23

2l
ID
û6

st
id=

F9..
cI ..
{D . .
Hl ..
23..
2l I I
ID..
û6..
srt?
id= ll

Ft.
cI .

{D .

[[.
¿J .
21 .
ID .

u6.
st,
id=

F9..
cL..
{D . ,

ßr.
23,.
2l I I
I0..
u6..
si22
id= 13

F9..
cl ..
{D . .

lll ..
21 .,
2l I 1

ID..
u6.,
Et2Z
id= l{

F9..
cI .
10 . .

[]r.,
.r1

¿l I l
TD . .

u6..
sr l1
id= l8

F9..
cI .

{D .

lllu¿
11

2tt2
TD. .

lJ6,.
st33
id= l?

F9,.
cI ,,
lD . .

ilr 1¿
23.,
2t I l
TD..
t,6..
st33
id= 19

3t

PQ

c[,
{0 . .

Rll12
71

¿1 I I
TD.
lJ6.,
sr I 3

id= 2l

PS.
cI ,

{D .

B¡I .
4t

2t.
ID .

tI6.
sr.
id=

F9.
cI ,

{D ,

Rt{ .

¿3.
2tt
ID.
06.
st2
id=

2

t2

89..
cI .

4D . .

Rlr ..
¿3,.2t,,
ID . .

t,6,
$t,
id.2{

F9..
cI ..
{0..
Rlr ..
¿3,.
21 ,.
TD.
u6.,
st.
id.25

89..
cI ..
{D . ,

Rt{ ,.
23,.
¿1 I I
ID . .

06..
st33
IO= LI

F9..
cI .

4D . .

$l ..
2t . .

zttz
ID..
u6.,
sr 13
id= 28

89,.
cI ..
4D , ,

8ll .

¿3,,
2t I I
ID . .

lJ6..
sr 3 3

id= ?9

F9.
cL.
tD ,

rIl¿
23 . ,

¿l I l
TD .
u6.,
sr 2 3

id= 30

3

89

cI
{D
nI
21

2L

IO
t6
st
id=

F9..
cI ..
{D . .

RT..
23 . .zt.,
ID..
06..
st.
id= 26



Appendi x C. Fragí I e X pedí grees. p. C-90

{

00

cI .

{D .

RN.
¿3,
zt,
TD-.
t,6 ,

st .

id=

F9..
cI ..
{D . .

ilr ..
23 . .

2t.,
TD . .

t6..
st33
id= 23

F9..
cI ..
{D . .

[¡¡¿¿
21 ,,
21 I l
TD . .

t,6..
st I 3

íd= 22

F9..
cL..
10.,
Rlr .
23,,
2l I I
ID..
u0..
sr 3 3

id= 32



Appendix C. Fragíl e X pedi 9rees. p. C-91

Pedigree 1 65

F9

cI
{D
Ril

23

¿l
ID
U6

st
id=2

F9

cI
{D
Rlr

23

21

ID
tJ6

st
id

12

tl

?,x
:$

F9

cI
ID
Rlt

23

21

ID
U6

st
id

2

¿3
5

12

¿i
{

F9
cX

ID
Ril

23

21

TD

U6

st
id

F9

cI
{D
RN

23

21

ID
t6
st
id=

F9,
cI ,

{D ,

R[,
23,
2t,
i0 ,

u6.
sr ,

id= 3

7

2

ii
I

ii
1

F9

cI
{D
Ril

¿3

2t
ID
U6

st
id

2

i
0

F9

cI
1D

Rlr

23

3,t

ID
U6

st,
id.

22

F9

cI
{D
ill
23

2l
ID
U6

sb
id

F9

cI
{D
ßll
23

2l
ID
U6

st
id

22

33
:$

F9

cI
{D
Rlt

2X

2t
ID
UO

st
id

jj
ll



Appendix C. Fragile X pedigrees. p.C-92

Pedigree 20I

F9

cX

4D

Ril

23

2t
ID
U6

St
id=

2

F9

cX

{D
nlt
2X

2t
ID
lJT

St
id

F9

cI
{D
nil
23

2t
ID
IJ6

st
id=

F9,,
cL,,
{D , ,

ilrtl
23 . ,

2t22
II),.
lJ6.
sr3t
id= I

F9

cI
{D
Ril

2X

2l
ID
lJ6

st
id=

2

i
,

2
I

F9,
cI ,,
lD , ,

flìr22
23,.
21 1 I
ID.
l,6,,
sr 2 2

id= 1

II

F9

cI
{D
R}¡

23

2t
ID
lJ6

SI
id=

j
6



Appendi x C. Fragi I e X pedi grees - p. C-93

Pedigree 20z

2

2

2
.)

F9

cI
1D

Rt{

2l
2t
ID
U6

st
id=

F9

cI
{D
mt
23

zt
ID
UT

st
id=

F9

cI
1D

R}l

23

2t
ID
U6

st
id

ß922
clll
{D ,

nil2¿
23 , ,2t,,
ID .

û6.,
sr ¿ 2

id= 6

22
12

22

23
I

F9

cl
{D
NT

2X

21

ID
tJ6

st
id=

22
22

22

ß9

cl
{D
Rr{

23

?,1

ID
U6

st
id=

22
22

22
3

F9

cX

{D
mt

23

21

ID
(,6

st
id {

z

2

à

l0

89

cI
{D
Ril

2l
2t
ID
U6

st
id=

2

22
t2

¿i
I

F9

cl
{D
Ril

2l
21

ID
U6

st
id=

89
cI
1D

I}l
23

2t
ID
U6

st
id=

22
t2
12

t
1



Appendi x C. Fragi I e X pedi grees. p. C-94

F9

cX

{D
Rlt

23

2t
ID
U6

St
id

R9

cX
{D
RN

23

2l
ID
lJ6

SI
id=

P9

cI
{D
Rt{

23

2t
ID
U6

St
id

F9

cX

1D

mr

23

2t
ID
IJ6

st
id

F9

c)(

1D

Ril

23

2t
ID
U6
ßt

id

F9

cï
{0
R}l
t¡t

2t
ID
U6

ST

id

ll
22

22

33
5

I

id= l{

F92¿
cL22
4D ,

RNI I
23.
2l ,,
ID .

lJ6,
sr33
id= 15

L

id= l?

F9

cI'
1D

RI
23

2l
ID
U6

ST

id

F9

cl
1D

Rt{

23

2t
ID
U6

st
id=

F9

cL
{D
Rll

21

2l
ID
lJ6

sr

2

)
2

,)

{

2
r)

,

.l

3

,

F9

cI
1D

Rlr

23

2l
ID
U6

st
id

F9

cl
1D

RN

zx

2t
ID
U6

St
id

F9

cI
1D

RN

2l
?.t

ID
U6

st
id

P9

cX
{D
ilt
23

2t
ID
U6

St
id=

89

cI
{D
ul
t)7

?,1

ID
U6

st

89

cI
{D
RN
tl
?,1

ID
lJ6

St
id

Pedigree 2O3

tl

1I

F9,.
c)(,
lD ,

Rll,,
t1

21 , ,

ID .

lJ6,,
st ,

id= l9l8

I
,

I

I

I
,

2

I

2

I

2

3

1

2

P9

cX

{D
Rlr

23

21

ID
U6

ST

id
3

F9

cI
{D
RN

23

2,1

ID
U6

st
id = li



Appendi x C. Fragi I e X pedi 9rees. p. C-95

22

t2

F9

cI
{D
alt
23

2t
ID
U6

st

F9

cI
{D
Rlt

2X

2l
ID
U6

st
id:

2i

P9

cI
{D
mt
23

2t
ID
U6

st
id=

22

F9

cI
ID
mt
21
2l
ID
lJ6

st
id:

22

s

F9
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Much of the material presented in this thesjs has been

published, .i s .in press" or has been submjtted. The papers

and manuscri pts are detai I ed bel ow w'ith acknowl edgements to

co-authors; copies of the papers and manuscripts are'included

i n the remai nder of th i s append i x. Reference to appropri ate

chapters in the thesis is indicated. l'lhere no reference to a

thes'i s chapter is made, the materi al in the article is not

reproduced i n the body of the thes j s.

Suthers GK, llilson SR (1990). Genetic counseìling in rare

syndromes: a resampling method for determining an approximate

confi dence i nterval for gene I ocati on wi th 1 i nkage data from

a single pedigree. Am J Hum Genet (in press).

sR wj I son suggested and impl emented the resampl ì ng

protocol; the cand jdate performed the mult'ipo jnt ì inkage

analysis, caìculated the mult'i point risk est'imates, and

wrote the major part of the paper. (Ghapters 2 & 3).

Suthers GK, Turner G, I'lul I ey JC (1988). A non-syndromal f orm

of X-l i nked mental retardati on (XLl'lR) i s I i nked to DXS14. Am

J I'led Genet 30:485-491 .

The pedigree t|tas jdentified and examined by G Turner;

karyotypes of the affected mal es were checked at the

Prince of trJales chjldren's Hospjtal, Randwjck NS[lJ; JC

Mul'ley provided instructjon jn DNA methods and two-point
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I i nkage anaìysi s; the candidate col I ected the bl ood

sampì es, genotyped the pedì gree, performed the 1 ì nkage

analys'i s, and wrote the paper. (Chapter 3).

Suthers GK, Cal I en DF, Hyl and VJ, Kozman Hl'1, Baker E, Eyre H,

Harper PS, Roberts SH, Hors -Cayt a ìlG, Davi es KE, Bel I JtlV 
'

Sutherland GR (1989a). A new DNA marker tightly linked to the

frag'i le X locus (FRAXA). Science 24621298-1300.

DF Calìen, PS Harper, SH Roberts, and MC Hors-Cayla

provi ded cel I I i nes; VJ Hy1 and i sol ated the new DNA

probe; KE Davj es and Mv Bel I provi ded an unpubl i shed DNA

probe; E Baker and H Eyre perf ormed the i n si tu stud'ies;

HM Kozman genotyped the cEPH ped'igrees; the candidate

subcloned the new probe, defined the breakpoints in the

cell lines and localjzed the new probe, defjned the

polymorph'i sm, genotyped the frag'i le X pedigrees'

perf ormed the I'inkage ana'lys i s, and wrote the paper.

(Ghapters 4,5, & 6) .

P.J. l,lilson, G.K. Suthers, D.F. Ca] len, E. Baker, P.V.

Nelson, A. Gooper, il.E. llraith, G.R. Sutherland, C.P. I'lorris,

& J.J. Hopwood. Frequent de'letions at Xq28 indicate genetic

heterogeneity in Hunter syndrome. (submitted).

PJ [l|i I son, CP Morri s, and JJ Hopwood cl oned the Hunter

syndrome gene and prov'ided pati ent DNA sampl es; DF

Callen and JE Wraith provided cell I ine or patient DNA
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sampl es; E Baker performed the i n situ studj es; PV

Nel son checked the pati ent sampl es for Hunter syndrome

gene deletions; the candidate prepared and probed the

cel I I i ne DNA, documented the extent of the del eti ons at

the Hunter gene, âhd wrote a major part of the paper.

(Chapter 4).

GK Suthers, VJ Hyl and, DF Gal I en, I Qberl e, I'l Rocchi , NS

Thomas, CP l4orris, CE Schwartz, I'l Schm'idt' HH Ropers, E

Baker, BA 0ostra, N Dahl , PJ l.li I son, JJ Hopwood, GR

Sutherl and ( 1990) . Phys i cal mappi ng of new DNA probes near

the fragite X (FRAXA) with a panel of cell lines. Am J Hum

Genet (in press).

VJ Hyì and provi ded the new DNA probes ; co- authors who

provided cell l'i nes are l'i sted in Table 2-A; co-authors

who provi ded DNA probes are I i sted i n Tabl e 2-B; CP

Morri s and JJ Hopwood suppl j ed DNA f rom pat'i ents wi th

Hunter syndrome; E Baker performed the i n si tu studi es;

the cand i date arranged the col I aborat i on , defi ned the

breakpoì nts i n the cel I 'l 'i nes, mapped the new DNA probes

i n rel at'ion to the breakpoi nts, and wrote the paper.

(Chapter 4).

S Yu,

(vK2r)

cK Suthers, i¡C I'lul l ey ( 1990) . A Bcl I RFLP f or DXS296

near the fragi I e X. Nucl Aci d Res l8:690.



paper.

5).

Appendi x D. Publ i cati ons & nanuscri pts p. D-5

and JC Muì I ey documented the RFLP and wrote the

The cand'idate subc'l oned the VK21 probes. (Chapter

GK Suthers , VJ Hyl and, Baker E, Fernandez KE|.|, Câl I en DF,

Sutherl and GR ( 1988) . Taq I RFLP i denti fi ed by probe VKl7A

(DXS294) at Xq26. Nucl Aci d Res l6:1 1389.

vJ Hyl and prov ì ded the probe vK17 ; the cand'idate

subcl oned the repeat-free fragment VK17A, documented the

RFLP, and wrote the paper. (Chapter 5) .

GK Suthers, I 0berl e, J Nancarrow, JC I'lul ì ey, VJ Hyl and, PJ

Goul son, J I'lcCure, CP J'lorri s, JJ Hopwood, JL Mandel , GR

Sutherl and. Geneti c mappi ng of new RFLPs at Xq?7 -q28.

(submi tted) .

VJ Hyl and i sol ated the probes VK16, VK18, âhd VK23. CP

Morrj s and JJ Hopwood j sol ated the probe pc2s1 5. JC

Muììey detected an RFLP with the probe VK23B. J

Nancarrow searched f or RFLPs w'ith subcl ones of VK16 and

vK18. J 14cCure genotyped the cEPH pedigrees at DXS297

and IDS. I 0berl e provided the genotypes at other I ocj

at xq26-q28. The candidate subcloned vK23, defjned RFLPs

at DXS297 and IDS, perf ormed the I i nkage anal ys'i s, and

wrote the manuscri pt. (Ghapter 5) .

S Yu
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GK Suthers, JC I'lul l ey, l'lA Voel ckel , N Dahl , I'lL Vai sanen, P

Stei nbach, IA Gl ass, CE Schwartz, BA van 0ost, SN Thi bodeau,

NE Hai tes , BA Qostra, R Gi ne, ìl Garbal I o, CP l'lorri s , JJ

Hopwood, GR Sutherland. Genetic mappÍng of new DNA probes at

Xq27 defines a strategy for DNA studies in the fragiìe X

syndrome. (submitted).

cP Morri s and JJ Hopwood provided the probe pc2s15. The

other co-authors contributed pedìgree and genotype data.

The candidate genotyped the Adela'ide families at DXS296'

DXS297, and IDS, performed the anal ys i s, and wrote the

paper. (ChaPter 6) .

GK Suthers, JC I'lut I ey, l'lA Voel ckel , N Dahl , I'lL Vai sanen ' P

Stei nbach, IA Gl ass, CE Schwartz, BA van 0ost, SN Thi bodeau,

NE Haites, BA 0ostra, A Schinzel , I'l Carballo, CP l'lorris, JJ

Hopwood, GR Sutherland. Linkage homogeneity near the fragile

X locus in normal and fragile X families: implications for

genetic risk analysis. (submitted).

cP Morri s and JJ Hopwood prov'ided the probe pc2sl5. The

other co-authors contributed ped'igree and genotype data.

The cand'idate genotyped the Adel ai de f ami I i es at DXS296,

DXS297, and IDS, performed the anaìyses, and wrote the

paper. (Chapter 7) .

Suthers GK, Turner G, I'lul I ey JC ( 1988) . Case report: f ragi I e
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X syndrome and nephrogenic diabetes insipidus. Am J I'led Genet

30.231-236.

The fam'ily was identified by G Turner; DNA studies were

performed by Jc Mul I ey; the candi date ì nterpreted the

DNA results and wrote the PaPer.

Suthers GK, Davi es KE, Baker E, Sutherl and GR ( I 989 ) . Taq I

RFLP identified by probe lAl (DXS374). Nucl Acid Res l7:8901.

KE Davi es prov'ided the DNA probe; E Baker perf ormed the

ìn situ hybrjdization studies; the candidate identified

and documented the RFLP and wrote the art'icl e .

Suthers GK, Sutherl and GR ( 1990) . Letter to the Edi tor:

Recombi nati on and the fragi I e X. Hum Genet 85: I 4l-142.

The candidate perf ormed the analys'i s and wrote the

paper.
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SUI'IIIARY

I,lultipoint'linkage analysis is a powerful method for mapping a rare disease

gene on the human gene map despite'limited genotype and pedigree data.

However, there is no standard procedure for determining a confidence

interval for gene location using multipoint lìnkage analysis. A genetic

counsellor needs to know the confidence'interval for gene location in order

to determine the uncertainty of risk estimates provided to a consultand on

the basis of DNA studies. lle describe a resampling, or "bootstrap", method

for deriving an approximate confidence interval for gene location w'ith data

from a single pedigree. This method was used to define an approximate

confidence interval for the location of a gene causing non-syndroma'l

X-linked mental retardation (I{RXl) in a s'ingle pedigree. The approach

seemed robust in that sjmilar confidence intervals $¡ere derived using

different resampling protocols. Quantitative bounds for the confidence

interval were dependent on the genetic map chosen. Once an approximate

confidence interval for gene location was determined for this pedigree 'it

was possible to use multipo'int risk analysis to estimate risk intervals for

women of unknown carrier status. Despite the limited genotype data the

combination of the resampìing method and multipoint risk ana'lysis had a

dramatic impact on the genetic advice available to consultands.
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INTRODUCTION

L'inkage anaìysis is wide'ly used to locate disease loci in relat'ion to

anonymous polymorphic loci on the human gene map. A common approach is to

first use two-point analyses to establ ish 'l inkage since these are

computationaìly fast. The I inkage map 'is then refined using

computat'ionally intens'ive mult'ipoint analyses wh'ich are stat'istìcaì1y

effjcient 'in s'imultaneously using the 'information about all loci.

For two-point I ìnkage analysis of data from s'imple def ined ped'igrees there

are established technìques for estimating the confidence jnterval for the

recomb'inat'ion fracti on (Ott 1985) . For data deri ved from pedi grees of

arbitrary structure, an ad hoc "one-L0D-unit-down" method for approx'imatìng

the gO% confjdence interval for the recombination fraction is genera'lly

used (Connea'lìy et al. 1985) provided that the peak LOD score exceeds 3.0

for autosomal data, or 2.0 'in the case of X-l'inked data (Ott 1985).

Mul ti poi nt I i nkage ana'lysi s of such data usual ly generates a compl ex

likelihood function for gene location, and this funct'ion may have two or

more maxima. There is no standard statìstical technique for determining a

confidence interval for gene location in such a situat'ion (Lathrop et al.

l9B4). The "one-LOD-un'it-down" method is often appl'ied in multipoìnt

'linkage analys'is but the significance level of such a conf idence interval

is unclear (Keats et al.1989).

The confidence ìnterval for gene Iocation is an important factolin

provi d'ing genet'ic counseì I i ng based on DNA studi es . In the case of a

common genetic d'isorder the confidence interval'is usua'l'ly narrow, and

genetic risk estimates based on a singìe disease gene locat'ion provìde

suff i ci ent j nformati on for consul tands. However the geneti c counsel l ori s

often presented with a family hav'ing a rare condit'ion that has been mapped

in on'ly a few pedìgrees. In this sjtuation the confidence interval for
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gene location would usually be wide, and the risk est'imates provided to

consul tands must ref'l ect the uncerta'inty of gene I ocat j on (Lange 1986) .

The uncertainty of rjsk estìmates may be dìfficult to define because of the

diffjculty jn determining a confjdence interval for gene locatjon.

Computer-intensjve stat'istical techn'iques are becoming wideìy used in

sjtuat'ions where compìex problems elude formal analyt'icaì solution (Efron

and Tibshiran'i 1986). In human linkage analysis, for example, l.lilson and

La Scala (1989) used the recentìy developed resampìing (or "bootstrap")

methodology for determ'inìng confidence jnterval s for the recombination

fractions between a disease locus and marker loci, and for determ'ining the

evidence for locus order for data from a set of nuclear families. Further,

gtt (1989) has proposed the use of Monte-Carìo tests for p'lanning lìnkage

stud'ies, and for testi ng hypotheses i n s'ituati ons where there i s a cl ear

null hypothesìs under which s'imulated data can be generated and against

which the observed test statistic can be evaluated.

Here ri¡e briefìy outl i ne the appl i cati on of the resampl i ng method for

determining an approximate confìdence ìnterval for dìsease gene locat'ion on

a genetic map where the positions of the other loc'i are known. l.le became

jnterested in thjs problem wh'iìe studyìng a ìarge fam'ily with non-syndromal

X-l inked mental retardation (MRXI). Two-po'int ì inkage anaìysis had

ind'icated that l,lRXi was linked to DXS14 (p58-l) which js at Xpll.2l

(Suthers et al. 1988). l.lith a peak LOD score of 2.12 at a recomb'ination

fraction of zero, the approximate 90% confidence interval for the

recombinat'ion fraction between DXSl4 and MRXl was 0.00-0.22 (Connea'lly et

al . 1985) . It was not poss'ib'le to narrow th j s conf idence 'interval by

pool ìng data from other famil'ies as non-syndromaì X-l inked mental

retardation is genetically heterogeneous (Morton et al. 1977:, Herbst and

Miller 1980; Mandel et al. 1989). As a consequence of this wide confidence
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ìnterval, estimates of carrier risk based on DXS14 genotypes alone would

have wjde risk intervals and be of little value in genetic counselling.

tJe used the resampl ing method to determine an approximate confidence

.interval for the location of l|RXl with data from this sìng'ìe ped'igree.

Multjpoint risk analysìs was then used to calculate carrier risk intervals

and this had a dramatic effect on the genet'ic advice available to th'is

f am'i ì y.
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I'IETHODS

Family Study

The family stud'ied (Fig.l) has been described prevìousìy (Suthers et al.

1988). Males w'ith non-syndroma'l X-l inked mental retardat'ion occurred in

each of the 3 survi vi ng generatÍ ons. Bl ood for DNA extracti on was

collected from 8 affected males, 4 normaì maìes, 6 carrier females, and 13

females of unknown carrier status. l,le were unable to collect blood from a

further 3 affected males. Descriptions of the DNA probe p58-1 (DXS14) and

flanking probes 11.28 (DXS7) and pDP34 (DXYSi) have been provided by Kidd

et al. (1989).

Linkage Analysis

Two-poi nt i i nkage analysi s r,Jas performed w'ith the computer program LIPED

(gtt t974). Multipoint ìinkage analysis of llRXl in relat'ion to the loci

DXS7, DXS|4 and DXYíI was performed using the program LINKMAP (Versions 3.5

and 4.6) (Lathrop et al. 1985). The order of loci 'is pter - DXST - DXSL4 -

DXYSI - qter (Mande'l et aì. 1989). LINKMAP I imited the calculat'ion of

location scores to discrete points aìong the genetic map defined by these

three locì. (The ìocat'ion score is twice the natural logarithm of the odds

for that I ocati on of l,tRXi on the genet'ic map versus no 'l i nkage. ) The

poi nts at wh j ch l ocati on scores were i ni ti al ly cal cul ated are i nd'icated 'in

Figure 2. Selected resamples were re-analysed in greater detajì using a

finer grid of locat'ion score calculations around points of interest. As

LINKMAP does not support the inclusjon of interference in the anaìysis,

Hal dane's mapp'i ng functi on was used .

¡¡hen using LINKMAP to localise a gene in relation to a genetic map the

genet'ic distances between the loci on the map are regarded as fixed. In

practice these di stances are not known exactìy. For thi s reason t.le
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repeated the analysìs usìng d'ifferent sets of recombination fractions

between DXS7, DXS14, and DXYSl to determ'ine whether our confidence interval

for gene location was sens'itive to changes in the background genetic map.

For the first genetìc map the recombination fract.ions were 0.16

(DXS7-DXS14) and 0.14 (DXS14-DXYSi). These values were derìved from the

Human Gene Mapping 10 summary genetic map of the X chromosome (Tab'l e 24 -tn

Keats et al. 1989) usìng Rao's mapping funct'ion. For the second genetic

map the recombination fractìons were taken to be 0.20 (DXS7-DXS14) and 0.25

(DXSI4-DXYS|); these values were estimated using published genotypes in the

CEPH data base (Versìon 2) and the program ILINK (Versìon 4.6) (Lathrop et

al . 1985) (unpubl ished observat'ions). For the th'ird map the recombinat'ion

fractions chosen were 0.21 (DXS7-DXS14) and 0.20 (DXS14-DXYSi).

Two-poi nt and mul t'ipoi nt ri sk est'imates for femal es of unknown carrier

status were calculated using the program MLINK (Vers'ion 4.6) (Lathrop et

al. 1985). The penetrance of the disease gene'in males was assumed to be

I .0 wi th the l,'tRXi al I el e frequency be'ing 0.0001 and a mutati on rate of

zero. Multipoìnt risk estimates were calculated us'ing each of the three

genetic maps. All calculations were performed usìng an IBM-compatible

personaì computer wjth a numerjcal co-processor.

Statistical Analysis

Let d represent the unknown true position of the disease locus (wìth

respect to an a priori determjned origìn) . One type of resampì ing

procedure for constructing a confidence region fo

the observed data we have an estjmate of d,

resamp'l'ing approach is to take a random resamp'le from our originaì data and

r

d̂

d 'i s as fol I ows. From

. The essence of the

l*. Thi sto repeat the est'imation procedure wìth this resample to obtaj

resampling procedure 'is repeated B times to giu. â1*,â2*,..., fineDe

nd
1*
cl3

G(x) to be the parametric bootstrap cumulatìve density funct'ion of â*,
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À¡r
e(x)=P*{ã*.*}, where P* indicates probabilìty computed according to the

resampled distrÍbut'ion of â-. The simpìest method of determìning a

confidence interval is the "percent'ile method" (Efron and Tjbshirani 1986;

Hinkley 1988; DiC'iccio and Romano 1988). The I-2c( central interval for d

is gìven by d ¿ tä-1(o),â-ttl-¿)1. So the percentiìe method interval is

just the interval between the l00o( and 100(1-c,() percent'i'les of the

resampìed distribution of à*. In the present study the approxìmate 98%

confidence interval from 49 resampled values for^ à* *., the range of the

val ues .

The major difficulty in applying this method to the multipoint'lìnkage

analysis of a sìngìe pedigree is to choose an approprìate random resampling

protocol. Although each mejosìs in the pedìgree 'is an independent event

the information that can be obtained from each me'iosis is dependent on

other complex factors (such as pedigree structure) that enable, SâJ, phase

to be jnferred. An essent'ial point to keep in mind is that the resamplìng

sjmulation shouìd, ìmp'l'icitly or expìicitly, simulate each component of

variabitity.

1¡e utilised two different resamplìng protocoìs to determine whether our

conclusions concerning the disease gene location uJere robust to the exact

form of resampì'ing chosen. The first protocol (Protocoì I) was based on a

simulat'ion method described by Lathrop et al . (1987). For th'is protocoì

the pedigree structure and genotypes for generations I and II in each

resample ulere the same as in the orig'ina'l data. If an indjvidual in

generat'ion II had had chjldren then the onigìnaì sibship in generatìon III

was randomìy resampìed to create a sibsh'ip of the same size for generation

III of the resample. Sim'ilarìy resamp'led sibships þrere added to generation

IV of the resample. In this way each resample had the same pedigree

structure as the orìginaì data set, and the genotypes with'in each sibship

in generations III and IV were randomìy selected. The second resamp'ììng
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protocol (Protocol II) was prompted by the Elston-Stewart algorithm (Elston

and Stewart 1971) and exploited the condit'ional structure of the likel'ihood

formulat'ion. Each individual in the pedigree was regarded as being a

branch end and these branch ends were taken to be. independent for the

resampling. If an individual was chosen in the resampìe his parents,

grandparents etc. up the tree were included. If two or more individuals

had a common ancestor then the branches were merged. The resampl'ing

stopped once the number of people in the resample (ìncìuding parents,

grandparents etc.) totalled 31 (the ped'igree sìze). Using this protocol

the pedigree size was fixed but the pedigree structure varied with each

resampling. tlith both protocols females of unknown carrier status were

included and the carrier status of a woman was determined by whether or not

she had any affected sons or grandsons in that resample. Therefore each

resample varied in the number of affected males, normaì males, obl'igate

carrier females and females of unknown carrier status.

À

The number of resampìes taken, B, depends on the form of d-d, and w'ilì

often be at least 100 (Hink'ley 1988). For this pedigree we originalìy took

19 resampìes under each protocol and then increased this number to 49. The

qua'litative conclusions were not changed by the ìncrease'in the number of

resamples. In view of the cons'iderable computÍng invo'lved bJe sal', no

advantage to further increasing the number of resampìes.
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RESULTS

/vlRXJ Location

The di sease status and genotypes for DXS7, DXS14, and DXYSL for 17 members

of the pedìgree have been published previously (Table III in Suthers et al.

l9B8). The genotypes of the rema'ining members of the pedigree are listed

in Table I.

The results of two-po'int I inkage ana'lysis of l{RXl and the three loc'i are

shown in Table II. The peak LOD score was 2.90 at zero recombination

between MRXl and DXS14. This LOD score was higher than that reported

prev.ious'ly as the earlier study djd not include the normal males III-12 (no

DNA collected) and IV-7. The approxìmate 90% confidence interval for the

recombination fraction þlas 0.0 - 0.20 (Conneally et a'l . 1985).

The result of multipoint'l'inkage analysis of \LRXl in relatjon to DXST'

DXS14, and DXfSl us'ing the first genetic map is shown in Figure 2(a). The

peak location score was 18.25 with l,lRXI located at -5 centiMorgan (cM)

relative to DXS14. The discontinu'ities of the I ikel ihood function at DXS,Z

and DXYS| indjcated thal l\RXi was not located at those loc'i . Applying the

,,one-LOD-unit-down" method the confidence 'interval for gene location was

-17 to +5cM from DXS14,'i.e. the confidence interval extended into the

interval s DXST-DXS14 and DXSI4-DXYS1.

0n resampl i ng wi th both Protocol I and Protocol I I and performì ng

mul ti poì nt 'l i nkage analyses 'it was ì nì t'ial ly found that the peak 'locati 
on

score occurred al DXST jn some of the resampìes, suggest'ing that i'lRXl could

be located at that po'int. Only two individual s 'in the ped'igree (lII-4 and

III-21) had recombination between IíRXl and DX57. Inclusion of ejther

jndividual at least once in each resampìe ensured that the discontinuity

observed al DXST in the origìnaì data was observed in each resampìe.-
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For the 49 resamples under Protocol I, 46 had maxima at 0cl4 relative to

DXS14. The three resamp'les with maxima away from DXS14 located l|RXl at

-1.6, -3.3 and -5.1cM fron DXS14. The range of peak location scores was

11.25-27.46. For protocol II, 41 of the 49 resamples located flRXl at OcM

relative to DXS14. The remain'ing 8 resamples located ITIRXJ at -1.6cl\4 (5

resamples), -3.3cM (I resample), -6.9cM (l resample), and -8.7c[ti| (1

resampìe) from DXS14. The range of peak location scores for 47 of the

resampìes was 11.81 - 24.Q9; the remaìnìng two location scores were 6.93

and 5.77 (both resampì es pl aced l,lRXI at 0cM) . The resampì es under both

protocoì s whi ch pì aced líRXl at OcM rel at'ive to DXS14 were exami ned i n

detail. In no resampìe was ffRXl placed'in the interval DXSl4-DXYS1. The

resamp'f es that p'laced l4RX1 away from DXS14 were not re-examjned in detail.

Under Protocol I the approximate 98% confidence 'interval for MRXl Iocation

was 0 to -5cM from DXSL4. Under Protocol II the approximate 98% confidence

interval was 0 to -9cM fron DXS14.

The result of multipoìnt ìinkage analysìs using the originaì data and the

second genetic map is shown in Figure 2(b). The shape of the l'ikelihood

function was similar to that obtained wjth the first genetìc map, and the

most ì i ke'ly I ocatj on of MRXI was at OcM rel ati ve to DXS14. The

distribut'ion of resampled MRXl locat'ions was similar to that noted with the

first map. For the 49 resamples under Protocol I, 47 had max'ima at OcM

relative to DXS14. The two resamp'les with maxima away from DXS14 were

anaìysed ìn detail and located l/RXl at -2 and -3cM from DXS14. The range

of peak location scores was 9.43 - 24.40. For Protocol II,46 of the 49

resamp'les located líRXl at OcM relat'ive to DXS14. The resampìes with max'ima

away from DXSJ4 were re-anaìysed and placed líRXl at -3 (l resampìe) and

-6cM (2 resamples) fron DXSL4. The range of peak locat'ion scores u/as 7.5i

- 23.82. The resamples under both protocols which p'laced MRXL at OcM were

exam j ned 'in detai 1 , and líRXl was not pì aced i n the 'interval DXSl4-DXYSl i n
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any resamp'le. Under Protoco.ì I the approximate 98% confidence interval for

l,lRXl location was 0 to -3cM from DXS14. Under Protocol II the approximate

98% confidence interval was 0 to -6cM fron DXSL4.

Us'ing the third genetìc map the shape of the ljkel'ihood function (Fìgure

2(c) ) was s'imi'lar to that noted with the first genetic map, and the most

l'ikely location of l|RXl was -4.5cM relat'ive to DXS14. However, this

modification of the genetic map altered the distrìbution of resampled MRXj

locations quìte markedìy. 0f 49 resamples under Protocol I, 28 located

MRXL at OcM relatjve to DXSL4 and the rema'inder located ìt up to -21cM from

DXS14 (ì ocati on score range : 8.32 - 23.35) . Under Protocol I I , 34

resamp'les I ocated MRXl at OcM rel ati ve to DXSL4 and the rema'inder al so

located it up to -21cM from DX5l4 (ìocatìon score range: 6.91 - 23.72). To

further examine the region around DXS14 we selected those resampìes from

the first 19 resampìes under each protocol that had peak ìocation scores at

gcy relat'ive to DXS14. These resamples (8 under Protocol I; l4 under

Protocol II) were re-anaìysed in greater deta'il and none had a peak

ìocat'ion score in the interval DXS14 - DXYSl. Those resamples that placed

llRX j at -2lcM rel at j ve to DXS14 were not exam'ined f urther; the

discontinujty of the likelihood function at DXST (-28cM from 0XSJ4) pìaced

a limit of approximately -27cli on the range of MRXL locat'ions. Under both

protoco'l s the approx'imate 98% conf j dence i nterval f or HRX I I ocat'i on was 0

to -27c1¡i fron DXS14.

Because the use of the third genetic map suggested a much wìder confidence

jnterval for flRXl location the contribut'ion to the location score made by

each'indiv'idual in the pedigree was calculated at three location points on

the thìrd map (Table III). Based on these contributions to the likel'ihood

function, we trjed to select a non-random resamp'le under Protocol I that

would yìeìd a locat'ion estimate for MRXL outside the range we found from

our random resampling, but were not successful.
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Risk Estimates

There were l3 women'in this pedìgree who were of unknown carrier status

(Tab'le IV). 0n the basis of pedigree data alone the carrjer risks for

these women ranged between 0.17 and 0.50. The risk 'intervals estimated

with pedìgree informat'ion and DXS14 genotypes were calculated for five

val ues of the recomb'inat'ion fracti on 'in the range 0.0 - 0 .20 (the

approxìmate 90% confidence interval for the recombinatjon fraction between

DXSl4 and 14RXl). Two-point rìsk anaìysis modified the carrjer nisk

signìficantly for l1 of the women but the risk jntervals were wide for a

number of them. The two women whose carrier risks were not modified by

two-po'int risk anaìyses (II-6 and IV-15) had mothers who were uninformative

for DXS14.

For multìpoint nisk anaìyses, the carrier risk'intervals were calculated

for five l,lRXl locations within the resampìed approximate 98% confidence

i nterval for gene I ocat'i on. For comparì son, the rj sk i nterval s were

calculated using each of the three genetic maps with the corresponding

conf idence interval . l,Jhere the confidence 'interval was wider w'ith Protocol

II than wjth Protocol I, the wider confidence interval was used for risk

analysis.

Using the f irst genet'ic map the carrier risk 'interval s for al I the women

were narrowed. For e'ight of the women the carrier rjsk was less than 0.01.

A'l though the mother of I I -6 was unj nformatj ve for DXS14, she was

'informat'ive for DXST and DXY5l and multipoint risk ana'lysìs reduced the

carrier risk sìgnificantly for II-6. Despìte the mother of IV-15 being

uninformative for both DXS14 and DXYSl, the carrjer risk for IV-15 was

reduced wjth the carrier risk'interval be'ing narrow. The mother of the

sjsters IV-4, IV-5 and IV-6 was unjnformative for DXST and DXYSl. Despìte

th'is, the approximate confidence'interval for l|RXl location indicated much
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narrower nisk ìntervals for the sisters than had been estimated on the

basjs of two-poìnt ì'inkage ana'lys'is. The risk 'intervals calculated using

Map 2 were very simìlar to those obta'ined wjth Map 1. The use of Map 3

(wìth a much wider confidence interval for I|RXi ìocation) resulted in w'ider

risk intervals for many of the women.

Ri sk interval s were al so cal cul ated usìng the first map and the

"one-LOD-un'it-down" confidence interval for MRXi location. The

"one-LOD-un'it-down" confidence jnterval extended over two intervals,

DXST-DXS14 and DXSL4-DXYS1. None of the women were recomb'inants in the

interval DXST - DXS14. Two women, III-16 and IV-18, were recombinants jn

the 'interval DXS14-DXYS1. As expected, the use of the "one-LOD-un'it-down"

confidence interval for multipoìnt risk analysìs sìgnìfjcantly wìdened the

risk 'intervals for these two women.
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DISCUSSION

We have described a resampììng or "bootstrap" method for estìmating an

approximate confidence interval for gene location on a known genetic map

usìng genotype data from a sing'le pedìgree. In usìng this resampìing

method to determ'ine the approx'imate 98% confidence interval for l|RXj

locat'ion, MRXl $ras cons'istentìy located in the jnterval DXST - DXS14. In

contrast the "or¡e-LOD-unjt-down" method suggested that the confidence

jnterval v.ras -17 to +5cM rel ative lo DXS14 (using the f irst genetìc map)

'i.e. extending over the intervals DXST - DXSL4 and DXSL4 - DXYSI. However,

none of the approxìmate 98% confidence 'intervals obtained by resamplìng

with three different genetic maps extended 'into the interval DXSL4-DXYSL.

Furthermore, using the genetìc map which provided the widest confidence

jnterval for MRXl location (Map 3), r,,e were unable to resamp'le the pedigree

(using Protocol I) in such a way as to place l'lRXl in the interval

DXSl4-DXYS1. t.le conclude that in this fam'ily the resamp'lìng method

provided a more accurate approximate confjdence interval for líRXl location

than the "or¡e-LOD-unit-down" method.

For a gìven background genetìc map the resampled estìmate of an approximate

confidence jnter"val for gene locat'ion appeared robust 'i .e. the same

estimate was obta'ined usjng different resampìing protocols. However, three

cautions should be noted. First'ly, the resampling protocol must be adapted

for each situatjon be'ing anaìysed. Moreover, the appropriate number of

resamp'les (B) must be determjned for each s'ituation. In analys'ing this

pedigree the results were not qual itatively altered by 'increasìng the

number of resamples from 19 to 49. This contrasts with the situatìon

examined by t,lilson and La Scala ifggg) where there was a change in the

bounds of the 1-2o¿ confjdence interval as the resample size increased from

19 to 49.
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Second'ly, changes in the background genetic map may radìcally alter the

s'ize of the est'imated conf idence jnterval . An accurate quantitative

est'imate of an approximate confidence intervaj for gene locat'ion requires

an accurate genetic map. These maps will become ava'ilable as the CEPH

consortium maps for each chromosome are pubììshed. It was not c'lear why

the approximate confidence .interval for llRXl location determ'ined with Map 3

was so d'ifferent from those determined w'ith Map I and Map 2. The critical

factor may have been the relative s'izes of the DXST-DXS14 and DXSL4-DXYSL

interval s. t,lhatever the reason, it is evident that the size of an

estimated confidence interval for gene locatjon may be critically dependent

on the background genetic map chosen.

Thirdìy, sophist'icated data analysis cannot rep'lace appropriate data

collection. Genotyp'ic data from other affected males in the pedigree or

for other markers in the interval DXST-DXS14 would alter the confidence

jnterval for MRXl location. The highìy polymorphjc locus DXS255 (Kidd et

al. 1989) l'ies in the jnterval DXST-DXSI4 (Keats et al. 1989) but

unfortunately the pedigree þras uninformat'ive for th'is marker.

The abilìty to define an approx'imate confidence interval for gene location

has 'implications for genetic counsell'ing. For each consultand the est'imate

of carrier risk is a likeljhood funct'ion wh'ich varies with gene location.

This function need not be monotonìc, as Krawczak (1987) demonstrated for

two-point data. He showed that it is not sufficient to calculate two-point

risk estimates for just the two confidence limits for the recombinatjon

fraction since there may be intermediary hìgher or lower risk estimates.

In the case of multipoint risk analysìs, the approximate confidence

interval for gene locat'ion indicates the range of gene location values for

which risks should be determined. The comb'ination of multjpoint rìsk

analysìs and an appropriate confjdence interval for gene locat'ion can

change signìficantly the estjmated rjsk intervals provìded to a consu.ìtand.
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Incorporat'ing jnterference in multìpoìnt risk analysis may narrow the risk

interval even further by reducing the poss'ibìììty of double recombination.

In the pedigree we described none of the women of unknown carrier status

were definjte recombinants between the polymorph'ic loci which flanked I|RX1,

and the inclusion of interference would have had little effect on the width

of the carrier nisk intervals.

The arbjtrary structure of human pedìgrees and the compìexity of mult'ipoìnt

linkage anaìysis usually make ìt impossjble to provide numerical estjmates

of the reìiabiììty of the results obtained. The resampling method ìs a

powerfu'l non-analytica'l approach to estimating the reì ìabì'lìty of I inkage

results, and - as 'indicated in this paper - can be appf ied in the study of

very rare genetìc conditjons where there is a l'imited amount of data.
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TABLE I
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Genotypes of 14 'ind'ividual s 'in the pedìgree at the loci DXS7,

DXSl4, and DXYSI (a)

Status (b) DXST DXSI4 DXYSIInd'ividual

II-6

III-3

III-6

III-15

III-16

IV-4

IV- 5

IV-6

ru -7

I V-8

IV-9

IV- IO

IV- 15

IV- 18

U

U

U

U

U

U

U

U

N

U

U

U

U

U

A2

Ar/ A2

Ar/ A2

A2

A2

A1

A1

A1

A2

A1

A1

Ar/ A2

Ar/ A2

Ar/ A2

Ar/ A2

A2

A2

AL/ A2

Ar/ A2

Ar/A2

Ar/A2

A2

A2

A1/ A2

A2

A2

A2

A2

Ar/ A2

A2

A2

A2

A2

AL/ A2

A2

A2

Ar/ A2

AI

A2

A1

AI

(a) Genotypes for the remainìng 17 individuals are provided in Suthers et

al. (1e88).

(b) Djsease Status: U female of unknown carrier status

N normal mal e
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LOD scores (z) from two-po'int ì i nkage ana'lys'i s of MRXI and 3

loci.

Recombination Fraction (0)

0.001 0.or 0.os 0.10 o.2o 0.30 0.40 ) â

l,lRXl vs.

DXST -t.24 0.70 | .82 2.06 I .89 I .38 0.68 2.07 0 .r2

DXSI4 2.89 2.85 2.67 2.43 I.93 1.37 0.74 ?.90 0.00

DXYSI -11.27 -6.30 -2.93 -1.61 -0.48 -0.03 0.10 0.10 0.40

i
I

I

I

I

I

L-

l

I

L

I
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Impact on the tota'ì I ocati on score of remov'ing an
(with descendants).

individual

Location points (third map)

3. lcMIndividual -40.8cl'| -4. 5cM

-7 .4

0.2

-0.4
-4. I
-2.9
-4.6
0.2

-1.3

-2.4
-0.6
-1.4
-1.4
-0.2
-1.1
-l .4
-1.3
-1.3

-0.9
-1.3
-1.3
-0.6

6

3

7

9

5

0

3

3

7

6

0

4

3

4

4

4

4

0

0

3

5

7

-0

-0

-2.7
-1.1

-1.1
-6 .0

-3 .4

-1.6
-l.l
-1.1
-1.9
-0.4

3.0

-1.1
-0.5
-l.l
-l.l
-l.l
-1.1

-1.1

3.0

-0.7
-0.4

2

-4

-5

-6

II
II
II
II 4

3

5

0

I
-2

-0

-1

-l
-0

-l
-l
-l
-l
-1

-l
-l
-0

III-1
III-2
III-3
III-4
III-5
III-I2
III-13
III-14
III-17
III-18
III-I9
III-21
IV- I
tu -7
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Leqend to TABLE III

The table l'ists the jmpact on the tota'ì location score of remov'ing each

jndivjdual (with descendants) from the analysìs. These calculat'ions were

performed at three points on the third genetic map : -40.8cM, -4.ScM, and

3.lcg relative to DXS14. In the'intact pedigree the total location scores

at these points were 10.3, 17.8, and 16.1 respectìvely. All values are

rounded. The 11 women of unknown carrier status who d'id not have sons made

no contribut'ion to the tota'l 'location score and are not included.



TABLE Marrier risks for women of unknown carrier status

Indi v'idual l4ul ti -poìnt ri sk analysi s (c)

Map 2 Map 3

Suthers and Wilson 26

l4ap I
(one - LOD- un'it -down )

0.01 - 0. 14

<0.01

<0.01

<0.01

0.00 - 0.32

0.85 - 1.00

0.85 - 1.00

0.00 - 0.15

<0.01

<0.01

<0.01

0.33 - 0.39

0.00 - 0.10

Ped'igree
al one (a)

0.33

0.33

0.50

0. 50

0. 50

0. 50

0. 50

0. 50

0.17

0.25

0. 25

0. 50

0.2s

Two-poi nt
rì sk analys'is (b)

1'4ap I

II-6
III-3
III-6
III-15
III-16
IV- 4

IV-5

IV-6

IV -8

IV-9

IV- IO

IV- I5

IV- 18

0.35

0.0

0.0

0.0

0.0

0.80

0.80

0.00

0.00

0.00

0.00

0. 50

0.00

0.44

0. 11

0.20

0. 20

0. 20

I .00

I .00

0. 20

0.06

0. l0
0. l0

0.04

0.05 - 0.13

<0.01

<0.01

<0.01

<0.01

0.92 - 1.00

0.92 - 1.00

0.00 - 0.08

<0.01

<0.01

<0. 01

0.35 - 0.38

<0.01

0.n - 0.16

<0.01

<0.02

<0.02

<0.02

0.94 - 1.00

0.94 - 1 .00

0.00 - 0.06

<0.01

<0.01

<0.01

0.38 - 0.39

<0.01

0.01 - 0. t7

<0.01

<0.02

<0.02

<0.02

0.79 - 1 .00

0.79 - 1.00

0.00 - 0.21

<0.01

<0.01

<0.02

0.32 - 0.40

<0.01

a
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Leqend to TABLE IV

(a) Risks estjmated us'ing ped'igree data alone;

(b) Risk'intervals estimated usìng DXSL4 genotypes for 5 values of the

recomb'ination fractjon in the range 0.00 - 0.20.

(c) Rjsk'intervals estjmated usìng DXS7, DSX14, and DXYSL genotypes wìth

llRXi located at 5 points within the approxìmate 98% confidence jnterval

for MRXI location. Risk ìntervals were calculated using each of the

background genetic maps (with the correspondìng confìdence interval).

In addition, risk intervals are presented us'ing Map 1 and the

"one-LOD-unit-down" confidence interval .

'a
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Figure I Pedigree of the fam'ily studied (Reproduced wìth permission from

Suthers et al. 1988).

Figure 2 The multjpoint likelihood function for the.location of MRXi is

shown for the first (a), second (b), and third (c) genet'ic maps.

The arrows (r) ind'icate the points on each map at which location

scores were inìtìally calculated for each resample. The symbo'ls

within the fìgures show the range of resampled llRXl locatjons

under Protocol I (.) and Protocol II (l).
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SUNl'IARY

Hunter syndrome is a human X-linked disorder caused by deficiency of the lysosomal

exohydrolase 'iduronate-2-sulphatase (IDS). The consequent accumulatìon of the

mucopolysaccharides dermatan sulphate and heparan sulphate in the brain and other

tissues often results in death before adulthood. There is, however, a broad

spectrum of severity that has been attributed to different mutations at the Hunter

syndrome gene. ¡4e have used an IDS cDNA clone to localise the IDS gene to Xq28,

distal to the Fragile X mutation (FRAXA). One-third of Hunter syndrome patients

had various deletions or rearrangements of their IDS gene proving that different

mutations are common in this condition. Deletions of the IDS gene can include a

conserved locus that is tightly linked to FRAXA, suggesting that deletion of nearby

genes could also contribute to the variable cljnical severity noted'in Hunter

syndrome. The cDNA clone was aìso shown to span the X chromosome breakpoint in a

female Hunter syndrome patient with an X;autosome translocation.
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INTRODUCTION

The mucopoìysaccha¡idoses (MPS) are a group of lysosomaì storage disorders caused

by defìciency of indiv.idual enzymes responsìble for the degradat'ion of

mucopoìysaccha¡ides (Neufeld & Muenzer, 1989). The MPS show a h'igh degree of

cl inical variabiì ìty between and within subtypes wh'ich has been attributed to

different alleles at genes in the pathway'involved in the lysosomal degradatìon of
u¡,r' .'^ .,\ì.Sr

the mucopoìysaccharides (Neufeld & Muenzer, l9B9; Hopwood & Morrìs, 1990). Hunter

syndrome (MpS II), 1 MfS archetype,,,_ is the only X-l inked MPS. ThÍs, together with

the very w'ide spectrum of severity'in Hunter syndrome, raises djfficulties in

carrjer detect.ion and providìng prognostìc and genet'ic advìce to the famil ies of

affected children.

An MpS I I c'l i n'i cal phenotype resul ts when there 'i s a def i c'i ency of the

exosulphatase iduronate-2-sulphatase (IDS) lead'ing to the ìysosomaì storage of the

mucopoìysacchar.ides dermatan suìphate and heparan suìphate. Human IDS has been

purìfìed to homogeneìty (Bieìicki et al. 1990), and peptide sequence data used to

isolate a cDNA clone (¡.lilson et al. submitted). We now report the use of this cDNA

clone to study a group of MPS II patients and report that one-th'ird of these

pat'ients had various deletions or rearrangements of the IDS gene.

I'IATERIALS AND I'ÍETHODS

DNA was isolated from patient blood or cultured fibroblasts and analysed using the

standard Southern blotting procedure. A cDNA clone (pc2s15), that contained more

than gO% of the coding region of IDS mRNA, was isolated from a human endothelial

cDNA l.ibrary (çiìson et al. subm'itted). Alì patients diagnosed as MPS II had less

than Z% of normal IDS acti v'ity 'in cui tured sk'in f i brobl asts or peri pheral bl ood
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ìeucocytes (Lim et al . 1974; Hopwood 1979). The somatic celì hybrìd CY34,

conta'ining Xpter-q28, was denived from a g'irì with the cl inical and bìochemjcal

manifestations of Hunter syndrome and a t(X;5) reciprocal translocation (Suthers et

al. 1939). CY34A, containing onl y Xq24-q28, was a subclone of CY34.

The pc2Sl5 probe was labelled and used jn Southern blots of PstI or HindIII-

digested DNA (Robertson et al. 1988; Nelson et al. 1989). The pc2S15 probe was 3H-

labelled and hybridised (Simmers et al.1988) to metaphases from a normal female

and from two males expressing the fragile (FRAXA) s'ite at Xq27.3.

RESULTS AND DISCUSSION

The chromosomal location of the IDS gene has been inferred by analysis of the

translocation breakpo'int in a female patient w'ith Hunter syndrome due to a t(X;5)

translocation and consistent inactivation of the normal X chromosome (Mossman et

al.1983; Roberts et al.1989; Suthers eú al.1989). The X-chromosome breakpoint

was at the Xq27/Xq28 boundary (Roberts et al., 1989). The translocation was

postulated to disrupt the function of the Hunter syndrome gene, a'lthough ìt was not

clear that the translocation breakpoint lay with'in the IDS gene. Suthers et al.

(1989) analysed a somatic cell hybrid, CY34, wh'ich contained the derived X-

chromosome from this patient and lacked the Xq28-qter fragment. The breakpoint was

mapped in reìation to DNA markers at Xq28; the locus order at Xq28 was centromere-

DXS\B-DX536g-FRAXA-DXS2g6-DXS304-DXS374-telomere (Suthers et al. I989; t,landel et

al. 1989) and the breakpoint was between DXS296 and DXS304.

F'igure I shows that in normaì DNA pc2Sl5 detected I fragments (7.5, 5.5,4.1,4'0,
,^ -'2.5,2.3,1.3, and (very faintly) 0.76 kb)i @¡ereas in CY34 and CY34A DNA four

fragments were not detected (5.5, 2.5,1.3 and 0.76 kb) and a new 1.0 kb fragment
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was faintly v'isible (Fìg. 1). A very fa'int I4 kb fragment was v js'ibje in the A9

lane. pc2S15 dìd not detect poìymorphic HindIII fragments'in DNA samples from i6

normal X chromosomes. This demonstrated that the translocation d'isrupted the IDS

gene and that the IDS gene ìay between DXS296 and DXS304. In situ hybrid'isation of

pc25l5 to the chromosomes of a normal female established that there were no

sequences homologous to pc2S15 elsewhere in the genome (F'ig. 2).'"As-expected; -the

_=IDS-gene-was-distal-to the-fi"agirle -X¡nutatjon-1FRÁf/)-site-at-Xq273. The siIver

grains which appeared to touch a chromosome were scored in Figure 2a, showing 150

graìns from 30 metaphases of a normal female.) pc2S15 only detected sequences at

distal Xq; sequences homologous to pc2S15 were not detected elsewhere on the X

chromosome or on the autosomes. There was no sìgnificant hybridisation to the Y

chromosomes of two normal males (data not shown). An additional 40 metaphases with

high resolut.ion chromosome banding of Xq (600-1000 bands per metaphase) were scored

in this female and ind'icated that the IDS gene is located at Xq2B (Figure 2b).

When pc2Sl5 was hybrìdised to chromosomes expressing FRAXA, 79 gra'ins were scored

relative to the fragile site (data not shown). 45 grains 'lay between FRAXA and the

telomere, 2l grains lay with'in a similar distance proximal to FRAXA, and 13 grains

lay centra'l'ly over the fragile site. The difference between the number of prox'imaì

versus djstal grains was significant (X2 = 8.73; p<0.005) giving a location for the

IDS gene distal to FRAXA. A genom'ic clone which contained onìy the S'-end of the

IDS gene (P.J.14i'lson, unpubiished observations) detected a 1.3 k'ilobase (kb)

fragment in normal femaje DNA but did not detect any fragments in CY34, indicating

that the IDS gene was orientated with the S'-end on the telomeric side of the CY34

breakpoì nt.

The pc2Sl5 probe was used to analyse genomic DNA from 23 unrelated British and

Austral'ian males who had Hunter syndrome (Fig. 3). Seven 'individuals had

structural alteratjons of the IDS gene; two (03-1 and 04-l) had deletions of the
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ent-ire pc2s15 coding reg'ion while five had varìous partiaì deletions or

rearrangements. pc2S15 did not hybrìdise to DNA sampìes from patìents 03-1 and 04-l

(Fìgure 3, lanes 2 and 5 respectìveìy). 0ther probes demonstrated the presence of

s.imjlar amounts of DNA in each lane when hybridised to the same filter. The DNA

samp'f es 'in lanes 4,7,8 and 10 (Figure 3) each had a novel pattern of DNA fragments

ind'icating partial delet'ions or rearrangements of the IDS gene. pc2Sl5 did not

detect polymorph'ic psúI fragments in DNA from 16 normal X chromosomes. The mothers

of three of these seven patìents had their carrier status determined by hair root

analysis (Hopwood eú al.1982).One mother was not a carrier suggesting that the

mutatjon had occurred during oogenesis. The remain'ing s'ixteen males had Southern

blot patterns identical to those found in norma'ì controls.

The fjìter shown in Fig. 3 was re-probed to determ'ine whether markers near the IDS

gene were deleted in 03-l and 04-1. DXS296 was absent in 04-f indicating that his

deletion extended proximalìy from the IDS gene. The deletion'in 03-t did not

extend to DXS296 and neither delet'ion extended to 'incl ude DXS98, DXS369, DXS304 or

DXS3I4. Pulsed field gel eìectrophoresis stud'i..i=h.:,î demonstrated that DXS296

approximateìy BO0 kb proxima'l to the IDS gene (Y.- 5ui, personal communicat'ion).

The probe wh.ich detects DXS2ï6 (VK21; Suthers et al.1989) also detects a singìe

conserved HindÍll fragment in both mouse (1.9 kb) and hamster DNA (1.8 kb) (data

not shown).

J
Both 03-l and 04-1 have extremely severe features of Hunter syndrome. They

presented in their first year of life with developmentaì de'lay and by the second

year had developed hernias, curvature of their spìnes, enìarged livers and spìeens

and developmental regression. In contrast wjth other patients, neither attajned

speech and both were troubìed by ep'ileptìc seizures from an early age. Patient 03-

I also had a congen'itaì abnormaì ity of the eyel ids causìng excess'ive droopìng
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(ptosis). They dìd not have any other congenitaì malformations, a'ìthough the

severity of the.ir Hunter phenotype made it difficult to exc'lude other minor

congenital phys.icaì or intellectual abnormal ities attributable to their delet'ions

extending beYond the IDS gene.

The frequency of various delet'ions or rearrangements at the IDS gene proves that

Hunter syndrome-is geneticaììy heterogeneous. The pat'ients who did not have

al terat.ions of thei r IDS gene detected by pc2S15 presumabìy had more subt'ìe

mutat.ions. Thjs genetìc heterogene'ity may explain much of the phenotypìc

variabjìity noted ìn this condit'ion. The probe pc2S15 will be of value in provìdìng

genet-ic advice to famil ies with detectable alterat'ions of the IDS gene.

The observation of one patient with an extremeìy severe phenotype and a deletion

extending from the IDS gene to an adjacent conserved sequence (DXS296) suggests

that some Hunter patients could have additional symptoms due to deletions of genes

other than for IDS. Mentaì retardation is the dominant feature of the Fragìle X

syndrome and FRAXA is adjacent to the IDS gene. DXs296 shows no recomb'ination with

FRAXA (Suthers et al. 1989) and deletions extend'ing from the IDS gene to DXS296

could conce.ivabìy include FRAXA. Furthermore, deletions extend'ing dìstally from the

IDS gene could encompass genes ìn Xq28.

Despite the severity of their clinical presentations the boys 03-i and 04-I did not

have specifìc features to suggest that a gene other than IDS had been deleted'

¡4ith the development of a'large scale restriction map of this region ìt may be

possibìe to correlate the extent of delet'ions 'in Hunter syndrome with the

phenotype. Converse'ly, the jdentification of patients with deletions of the IDS

gene that extend towards FRAXA will assjst 'in localìsing new DNA markers near FRAXA

and ult.imately in characterising the Fragìle x mutation.
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Fìgure I

Southern blot of HindIIi-digested DNA sampìes from a normaj female (iane 1), norma'l

¡rale (ìane 2), the human/mouse ceìì lines CY34 (lane 3) and'CY34A (lane 4), and the

mouse cell lìne A9 (lane 5). CY34 contained Xpter-qz8 while cY34A was a subclone of

cy34 having just xq24-q2}; both celì l'ines had a mouse (49) background (suthers eÚ

al. l9B9). Approximate DNA fragment size indicators are shown on the'left of the

fì gure .

1 2 3 4 5

skb>

2 kb>

1kb>
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Figure 3

pc2S15 was used to probe a Southern blot of Psúi-dìgested DNA samples from a normal

'female and normal male (indìcated by symbols above the lanes) and from 23 Hunter

syndrome pati ents ( i0 samp'les are shown 'in I anes 1-10) . Each I ane was I oaded wi th

simj'lar amounts of DNA. The pattern of DNA fragments from 13 other MPS II patìents

(data not shown) and in lanes 1,3,6 and 9 was the same as in the controi sampìes.

The posit'ions of DNA s'ize markers (ìn kb) are shown on the'left of the figure.
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SUI.IHARY

The Fragl ì e X syndrome i s a very common di sorder but there has

been ìittìe progress towards 'isolating the Fragiìe X mutation

(FRAXA). l{e describe a panel of l4 somatic cell hybrid lines,

lymphoblastoid cell ì'lnes, and peripheral tymphocytes with X

chromosome transl ocati on or del etion breakpoi nts near FRAXA' The

I ocati ons of the breakpo'lnts were def i ned wi th 16 establ i shed

probes between px45d (DXSIOO) and st14-1 (DXS52). seven of the

cel I I i nes had breakpoi nts between the probes RNI (DXS369) and

u6.2 (DXS3O4) which flank ERAXA at a distances of 3-5

centlmorgans. The panel of cell llnes was used to localize l6 new

0NA probes in this region. six of the probes, vKl6, VK18. VKz3'

vK24, VK37, and vK47, dêtected ì oci near FRAXA and tt l{as

poss i bl e to order both the X chromosome breakpoi nts and the

probes I n rel atl on to FRAXA. The order of probes and I ocl near

FRAXA i s

cen - RN I . VK24 -vK4 7 -UK23 -YK I 6, FRAXA - VK2 I A-VKl 8 - I DS -VK37 -U6 '2-qter '

The breakpoi nts near FRAXA are suffl cl entl y cl ose together that

probes locallzed nlth thts panel can be llnked on a large scale

restrlction map by pulsed fteld 9el electrophoresls' This panel

of cell lines ylil be valuable ln rapldly locallzlng other probes

near FRAXA.
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I NTRODUCT I ON

The Fragile X syndrome is the most common cause of f¿milial

menta'l retardation and consumes significant heaìth care resources

in l.lestern societies (Sutherland & Hecht 1985; Turner et al.
ì

l9B6). It is characterized by a foìate-sensitive fraglìe site at

XqZ7.3. The locus respons'ibìe for the Fragile X syndrome (FRAXA)

is located at or very near the fragiìe site but the deveìopment

of a preci se genetic m¿p in thi s region has been hampered by a

lack of cìoseìy l'i nked polymorphic locl. Untiì recently the

cl osest probes to FRAXA, cX55.7 (DXSl05) , 4D-8 (DXS98) ' and

Stl4-l (DXS52), lay more than l0 centimorgans (cH) from FRAXA

(Handeì et al. 1989).

In 1989 three probes that detected restriction fragment length

poìymorph'i sms (RFLPs) wi thin 5 cH of FRAXA were reported, RNI

(DXS369), VK2IA (DXS296), â0d U6.2 (DXS304) (Hupkes et al. 1989;

Suthers et al. 1989a; Vincent et aì. 1989). The established order

of probes and genes near FRAXA was

cen - F9 - cX55.7 - 408 - RN l - FRAXA- VKZ lA- I 0S - U6.? - I Al . I - St I 4 - qter

(Hande'l et al. 1989). A key factor in the locaìization of RNl,

VK2lA, and U6.2 was the mapping of the corresponding locus using

somatic cel I hybrlds before the search for RFLPs rras undertaken.

A paneì of cel ì I i nes wi th wel I -defi ned X chromosome breakpoi nts

near FRAXA would al'l ow for the rapid identiff cation of more

probes cl ose to FRAXA and the further deveì opment of prec i se

genetic and physical maps around tRAXA.
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In this paper we describe a paneì of somatic cell hybrìd lines,

lymphobl astoid cel I ì ines, and peripheral lymphocytes that

contain human X chromosomes .with deletion or translocation

breakpoì nts near FRAXA. Thi s represents a col I aborati ve effort

that was 'i nitiated at the Fourth Internationaì l.lorkshop on the

Frag.i ìe X Syndrome and X-linked Hental Retardation held in New

York in Ju'ly, 1989. This panel of cell lines was used to

phys i cal ly 'l ocal i ze a seri es of new DNA probes near FRAXA. The

mapping of one of these probes proximaì to FRAXA by in situ

hybridization defined the locations of the X chromosome

breakpoints and the other probes in relation to FRAXA. S'ix of the

new probes and the breakpoi nts i n seven of the cel I ì i nes were

I ocated cì ose to FRAXA i n the 'i nterva'l RN I -U6. 2 .
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HATER I AL AND t.IETHODS

CTLL LINTS

The cel I type, cytogenetic descriptfon, contributtng co-author,

and references for each celì line are llsted ln Table l. Those

cell lines that have not been described elsewhere are presented

below.

11556

This is a lymphoblastoid I ine from one of two brothers with

hemophil ia B (Factor 9 deficiency) and mental retardatlon. The

boys had cytogenetically visible deletions extending from Xq26-2

to xq27 .2. The probes cx38. I (DXSl02) and RNI and intervening

probes have been shown to be deìeted in both boys (Handeì et âì.,

manuscript in PreParation)-

TC4.8

per.i pheraì ìymphocytes from a maìe expressing the fragiìe site at

Xq27.3 were fused (0avidson & Geraìd 1976) wlth HPRT-/GOPD-

hamster cells (YH.2l) (Rosenstraus & Chasln 1975) ' After

seìection for HPRT fn HAT medium, one clone (HY.84Pll) containlng

a human X chromosome and no other human chromosomes Has lsoìated.

Hy.g4pll was treated with FUdR and caffefne to induce expression

of the fragile site (Abruzzo et al. 1986) and breakage of th: X

chromosome at that point. Clones retafning HPRT Here seìected
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against wi th 6-thioguanine; surviving clones were seìected for

retention of G6PD by treatment with diamide (D'urso et aì. 1983).

TC4.g was a homogeneous cìone that retained G6PD. Subsequent

anal ys i s ( see bel ow) demonstrated that the breakpo'i nt was not at

the fragile site but had occurred mo're proxima'l ìy on the X

chromosome.

Y.l62.Aza
y.l62.Aza was derived from a somat'ic cell hybrld line

(y. l62.SElT4) which contained an intact late-repl icatÍng human X

chromosome i n a hamster background. 0n cytogenet'i c screeni ng of

Y.l62.StlT4, a proportion of clones were noted to contain an

eìongated human X chromosome with an additional earìy-

repì i cat i ng fragment attached at xqter. A subcl one homogeneous

for this rearrangement (Y. l62.Aza) was studied with in situ

hybridization of ìabelìed totaì human or total hamster 0NA' The

ear'ly-repl icating fragment attached to the human X chromosome was

shown to be of hamster origin, and no other human chromosomal

materiaì rras detected (Rocchi et al' 1989)'

APC-5

A gi rì wi th m.i ld mental retardatlon and no maior dysmorphic

features was found to have a baìanced X;autosome translocation:

46,X t(X;19)(xpter->xpll.2;19q13.3->lgpter). skin flbroblasts

were fused (0avidson & Gerald 1976) with an HPRT- hamster cell

I ine (bJg3h) and clones contain'ing the derived X chromosgme were

seìected for ttPRT in HAT medium. The human chromosomal material



in the cell line was fragmented and the

partì al'ìy characteri sed cytogeneticaì'ly.

beìow) demonstrated a breakpoint at Xq27

to fragmentation in the hybrid celì ìine.
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cell line has been onìy

Subsequent anaìysis (see

which was presumabìy due

HUNTER SYNDROHT DNA

Two boys, 03-l and 04-1, with Hunter syndrome (iduronate-2-

sulfatase IlDS] deficiency; mucopolysaccharldosls type I¡) due to

complete deletions of IDS have been reported (l{iìson et al.

1990) . DNA was extracted from peri phera'l 'lymphocytes of these

boys . For the sake o f brev i ty i n the text, the peri phera ì

lymphocytes will be included in the term "ceìl lines'.

DNA P ROBIS

Table 2 I ists the 'ì ocus names and locations of l5 establ lshed 0HA

probes used to 'l ocalize the breakpoints in the cell llnes. The

breakpoint in celì 'l ine CY34 lies between the probes VK2IA and

U6.2 and is within the Hunter syndrome gene (Suthers et al.

1989). The probe pc2Sl5 is an I0S c0NA cìone (l{iìson et âì.,

manuscript in preparatlon) whlch spans the breakpolnt in CY34 and

detects deletions and rearrangements at IDS in individuaìs with

Hunter syndrome (tll ì son et aì . 1990) .

The isolation of the serles of l6 neH DNA probes (a'l I with the



prefix 'VK*) has been

names for these probes
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described (Hyland et al. 1989). The iocus

are'l isted 'i n Table 3.

DNA HETHODS

DNA was extracted from peri pheral I ymphocytes us i ng the

phenol/chloroform method (Maniatls et al. 1982). Ceìl 'l ine DNA

was extracted using the high-saìt extraction method (Miller et

al . 1988) and treated wi th RNase A (Boehri nger Hannheim; 0. I 5

u9/ml at 370 for 4 hours ) fol I owed by prote i nase K ( Boehri nger

Hannheim; 0.07 ug/nl at 37o overnight). The 0NA was precipitated

by the additlon of l/3 the volume of saturated NaCl and l/5 the

volume of 5OÍ, PtG 6000,9êntly mixed' and alìowed to stand at 40

overnight; the DNA pellet was recovered by sp'inning at 2500 rpm

at 4o for l5 minutes, washed with 70T ethanol, dessicated, and

resuspended in l0mH TrisHCl/lmH tDTA.

0NA from ce'l I I ines was digested with Hindlll' EcoRI, or Taol

(New tngì and Blol abs). Dlgested DNA was eìectrophoresed in 0.8%

agarose and transferred to nyì on fi I ters (Gene Screen Pì us) by

Southern bìotting.0NA from normal human lymphocytes, mouse (49)

ceì I s (Cal ì en 1986) , and hamster (RJK8S) ceì ì s (Fuscoe et al .

lgB3) were used as positlve and negative controìs for physlcal

mappi ng stud i es. The probe VK2 lA i s known to detect conserved

sequences i n man, mouse, and hamster (l{i ì son et a1 . 1990). The

new probe vK25 al so detected a si ngl e fragment i n mouse and
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easily distinguished from the humanhamster DNA that

fragments.

Probes were radio-labelìed by random primer extension to

incorporate 32p-dCTP (Amersham). Probes contain'lng repeated 0NA

sequences were pre-reassociated with an excess otf unlabelled

human DNA (Seaìey et al. 1985). Nylon filters were prehybridized

wi th 5xSS C/50% f orm anide./ lf" SDS/7% dextran at 42o f or I hour.

Af ter addition of the 'l abe'l led probe the f ilters were hybridized

at 42o overnight and then washed in 2xSSC/0.5% SDS and

0.lxssc/0.17. sDs (30 minutes each at 65o). The labelled fllters

were exposed to X-0mat film (Kodak) at -700 for I to l4 days.

For in situ hybridization studies, 3X-labeììed probes were

hybrid'i zed (Simmers et al . 1988) to prephotographed metaphase

chromosomes at concentrations of 0.01-0.1 ug/nl for l9-27 days.

Probes containing repeats were pre-reassoclated wlth unìabelled

total human DNA (Sealey et al. 1985). Silver grains that appeared

to touch the X chromosome were scored.
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RESULTS

Happinq translocation and deletion breakpoints

The estab'l i shed probes I i sted i n Tabl.e 2 were used to probe

sampìes of cell ìine DNA and DNA from the two boys with complete

de'l etions of IDS. The probes used for each cel j I ine were

selected so as to de'l ineate the breakpoints on the X chromosome.

The presence or absence of the respective loci in each sampìe are

'ìisted in Table 3. Four of the cel'l lines, 11556, LCl2Kl5' 03-1,

and O4-1, had interstitial de'l etions (Table 3); the suffix 'p' or

'd' will be used to indicate the proximaì or distaì breakpoints

in these ceìl lines.

Four cell lines, PeCH-N, LL556d, APC-5, and 04-lp, had

breakpoints between the probes which flank FRAXA, RNI and VK2lA.

Using the established probes it was not possible to determine the

order of the breakpoints either in re'l ation to each other or to

FRAXA. lhree ceì I I i nes had breakpo i nts between 40-8 and RNI 
'

proximaì to FRAXA. Four ce'l I I ines had breakpoints between VK2IA

and U6.2, distal to FRAXA.

There were no i ncons i stenci es i n these data to suggest compl ex

rearrangements in the cell ìines in the region Xq26-28. The human

chromosoma'l component of the cel I I i ne APC- 5 'i s known to be

fragmented but the data in Table 3 do not indicate an

interst'i tia'l deletion or rearrangement at Xq26-28. Assuming that
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compìex rearrangements were not present, the locations of

translocation breakpoints and the 'ì ocations and extent of

interstitial deletìons.i n the cell ìines are summarized'i n Figure

l.

Maooin o nêw DNA oro bps usìno t hp cell ìine oanel

!

t

Sixteen

2). The

I i ne i s

vK probes were mapped using the paneì of cell Iines (Fi9.

presence or absence of the respective'ì oci in each cell

listed in Table 3 and summarized in Fig. l'

F i ve of the VK probes were I ocated cl ose to FRAXA between the

probes RNI and U6.2.0ne probe was ìocated in the same interval

as RNl. Eight probes were located proximal to RNl, one was in the

same i nterval as u6.2 and lAl.l, and one mapped di sta'l to lAl. I .

The VK probes indicated the order of some of the breakpoints that

cou'ld not be resoìved using the established probes. VKl4 (DXS292)

'l ay between 40-8 and RNI and separated the TC4.B breakpoint from

the gOBKlBlT and 2384-A2 breakpoints. VK37 (DXS302)'lay between

I0S and U6.2 and separated the LCl2Kl5d breakpoint from the 03-

ld and 04 - ld breakPo i nts.

0f particular

detected ì oc i

(DXS297), and

i nterest were the resul ts wi th VK probes

close to tRAXA. The probes VKl6 (0XS293) 
'

VK47 (0XS308) were I ocated between RNI and

that

vK23

VK2I A



and resolved the ìocation of
'l ines with breakPo{nts near

between RNI and VK2IA down the

5/Oa-lp. A fourth Probe, VKlS

as VKZIA.
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the breakpoints of the four cell

FRAXA. The order of breakPoi nts

chromosome t{as LL556d/PeCH-N/APC-

(DXS295), wâs in the same interval

The I ocat i on of VK23 i n rel at i on to FRAXA was determj ned by i n

s.i tu hybridization. A 2.6 kb EcoRI-PstI fragment of VK23 (VK23Bl)

contai ni ng few repeated sequences was i sol ated. vK23Bl t.jas

hybridized to chromosomes of a male expressing the fragiìe site

at Xq27.3. 0f the 42 s'l I ver grai ns that coul d be scored rel ati ve

to the fragi'l e site,8 grains'l ay between the fragile site and

the te'l omere, 3t graÍns lay wÍthin a simiìar distance proximal to

the fragi I e si te, and 3 grai ns were ì ocated central ly over the

chromosome gap at the fragile site. The difference in the number

of proximaì versus di stal grai ns was signl ficant (X2 - l3 ' 56;

p<0.0005) indicating that vK23 was proximal to FRAXA. This in

turn indicated that VK47 and the PeCH-N and LL556d breakpoints

were prox i mal to FRAXA.

The location of the probe vKll (DXS29l) in relation to the

breakpoint in celì I ine GHOSl2l was also determined by in situ

hybridization. There was no significant difference in the number

of gra i ns on the norma'l versus' del eted x chromosomes

(norm ¿1/deleted chromosome s-24/23 grains; y2 = 0.02, p>0-10)

indicating that vKll was proximaì to the breakpoint.
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The probes vKz9 (0xs30o), vK34 (DXS30l), âñd vK4l (DXS3l0)

detected an interstitial deletion in the cell line cY34A, a

subclone of CY34 which contained DNA from Xq?4-26 (Suthers et al.

l9B9a). These probes detected the corresponding loci in ce'l I line

CY34 (Table 3) but did not detect the loci in CY34A (data not

shown). 0n the basis of results from other cell lfàes the three

probes could be'l ocalized to Xq26. This indicated that CY34A had

an interstitial de'letion at Xq26. Two other probes in th'is

reg'i on, VKl0 (DXS290) and VKlT (DXS294), dêtected loci in both

CY34 (Table 3) and CY34A (data not shown).

The gene probe for a cerebelìar-degeneration-relat.ed protein,

CDR-9, has been localised to the interval between the GH08l2l and

2384-A? breakpoints (Hirst et al. 1990). C0R-9 detected sequences

.in the cell I ine LCl2Kl5 (Table 3) thus loca'l ising COR proximaì

to the LCl2Kl5p breakpoi nt i n the same i nterva'ì as the probe

cX55.7.
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DISCUSSION

Somatic celI hybrids containing human X chromosomes with

transìocation or deìetion breakpoints have been used to

physicalìy map DNA probes ín various regions of the ìong arm of

the human X chromosome (t.lieacker et al. 1984; 0berle et al. 1986;

Hof ker et a'l . 1987; Cremers et al . lgBB) . Few cel l I i nes have

been described w'i th breakpo'i nts close enough to FRAXA to be

useful in localising neþ/ probes near this locus. t'le have

presented a number of celì ìines with precisely defined

breakpo.i nts close to FRAXA and have local ised a series of 0NA

probes close to FRAXA (Fig- 1).

The availabiìity of these cell lines makes it feasible to rapidìy

ìocalise cìones from a 0NA'l ibrary and to identify those clones

derived f rom regions physical ìy close to FRAXA. A tota'l of l3

breakpo.i nts in lO ce'ì I lines are now defined between cX55-7 and

U6.2. Four of these cell 'l ines had breakpoints between RNI and

VKZIA. The cel I I ine wi th the closest breakpoint known to be

proximaì to FRAXA was PeCH-N; the closest breakpoint known to be

dì stal to FRAXA was 03- lp. The APC-5 and 04-lp breakpoints were

within the jnterval defined by the PecH-N and 03-lp breakpoints,

but the locations of the APC-5 and 04-lp breakpo'ints in relation

to FRAXA are unknown.

Two

RNI

i nterval s between RNI and U6.2 contai ned more than one probe,

wi th VK24 (0XS298), âñd VK2IA with VKlS- Probes that detect
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RFLPs can be ordered by genetic 'l inkage studies, but i f the

probes are very close together it becomes increasingly unl ikeìy

that recombination between the loci will be observed. It l,ras

possibìe to order the probes near FRAXA by pu'l sed f ield geì

electrophoresis. VKlS has been shown to be distal to VK2IA using
I

puìsed field gel electrophoresis and VK2lA, VKl8, I0S, and U6.2

have been l'i nked together on a 'l arge scale restrict'i on map

(Hy'l and et aì. l99O). Since VK2IA detects no recombination wìth

FRAXA (Suthers et al. 1989a) and U6.2 I ies 3 cM dístal to FRAXA

(Mandeì et al. 1989) this map encompasses five probes (incìuding

VK37) and,five breakpo'i nts in a region immediate'ly distal to

FRAXA. It may be possible to generate a similar map of the region

proximal to FRAXA. The probe RNI 'l ies 5 cM proximaì to FRAXA

(0ostra et al. l99Ob) and the region between RNI and VK2IA now

encompasses five probes (and possibly a sixth, VKz4)' four

breakpoints, and FRAXA. The development of the ìarge scaìe

restriction map around FRAXA wouìd be further enhanced by the use

of probes fçom linking or jumping ìibraries that had been

loca'l ized with the ceìì Paneì.

The order of probes and genes near FRAXA is now

ce n - RN l, VK24 -VK47 -VK23-VKl 6, TRAXA-VKz lA-VKl8- I0S-VK37 -U6. 2 -qter.

The fact that these new VK probes coul d be eas { ly ì ocal I sed and

ordered near FRAXA wi thout any genet I c I I nkage stud I es

demonstrates the vaìue of this panel of cell ìines in further

investigation of FRAXA. The estabì ished probes RNl, VK2lA, and

U6.? detect RFLPs (Hupkes et al. 1989; Suthers et a'l . 1989a;
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Vincent et a'l . l9B9). If RFLPs are detected by the VK probes they

will be vaìuable in deveìoping the fine scale genetic ìinkage map

around tRAXA. A polymorphi sm detected by VKl6 wouìd be

particuìarìy useful in both analyzìng the unusuai segregat'i on of

the Fragiìe X mutation (sherman et al.. 1985) and in providing

genetic advice in affected pedigrees.

The boy 04-l had a deletion that incìuded IDS and extended

towards FRAXA (Table 3). It is conceivable that this deletion

encompassed FRAXA or other genes. Patients with Hunter syndrome

may have complete deìetions of IDS (t.Ji'lson et al. 1990) and 'it

wiìl be important to carefuììy correlate the extent of ìarge

deletions around IDS with the patients' phenotypes to define any

contiguous gene syndromes (Schmickeì 1986)- The generaì

availabiìity of ìymphoblastoid or fibroblast lines from such

patients wou'l d be a valuabìe resource for mapp'i ng other nev',

probes near IDS and FRAXA. At present there is no evidence to

suggest that FRAXA is itself a deletion (Sutherland et al- l985;

Lai rd et aì . 1987) and 0NA from patients wi th Hunter syndrome i s

currentìy the best potential source of interstitial deletions

near FRAXA.

The utiìity of these celì ìines is not ìimited to studies of the

Fragi'l e X syndrome. An increasing number of disorders are being

locaì ized to Xq26-28 (Handeì et al. 1989). The rapid mapping of

0NA probes wl thi n a sma'l ì reg i on of the human genome wi th a paneì

of ceìl lines opens up the possibiìity of isoìating yeast
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developing

sequences

'i nterest.
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chromosomes (YACs) that overìap in the region,

a ìarge scaìe restriction mâP, locaìizin9 conserved

or cDNA probes, and ultimately isolating the gene of

I
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List of the cel'l lines used

Cel'ì typea

in this study.

Co-author
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Reference

CY?

cY3

cY34

PeCH-Nb

11556

TC4.8

Y. I 62. Aza

APC-5

04-l

03-l

2384 - A2

LCl2Kl5

908KlBl7

GH08l2l

SCH/mouse

SCH/mouse

SCH/mouse

SCH/hamster

lymphoblastoid (XY)

SCH/hamster

SCH/hamster

SCH/hamster

I ymphocytes ( XY ) 
c

lymphocytes (XY)c

SCH/hams ter

SCH/mou s e

SCH/hamster

ìymphoblastoid (XX)

D.F.C

F.C

F.C

F.C

0.

R.

R.

S.T.

J.H.

J.H.

E.S.

s.

H. R.

I.c.H.S.d

paper

th i s paper

this paper

paper

27

0

D

D

I

H

H

N

J

J

c

H

H

N

2

2,33

33

33

this

23,

23,

th i s

3B

38

l4

26

20,

22

ì

a SCH indicates
cell type is
I ymphocytes or

A somat i c cel ì
transl ocatlon
D.F.C.

a somatic celì hybrid line; the background
shown. The sex chromosome content of

lymphoblastoid ìlnes is lndicated.

hybrid (PeCH-A) contalning the reciprocal
product l.e. Xq26-qter, ls avallable from

these

Human
ì i ne,

been

b

c

d

Fibroblast celì lines have been established from
patients.

U.S. National Institute of General Hedical Sciences
Genetic Hutant Cell Repository; a somatic cell hybrid
8l2l-Al, containing Just the deìeted X chromosome has
described (Ledbetter et al. 1990).
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Probe
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name and location for each of the established probes used
study.

Locus Location Re ference

pX45d

pHPT30

524

cX3B.l

pVI I I

cX55.7

4D.B

RN I

*

VK2I A

pc2Sl5

u6.2

lAl.l
p482 .6

pKS I
HNI2

sil4-l

0xs 100

HPRT

DXS5I

DXSIO2

F9

DXSl0s

DXS98

DXS369

DXS296

IDS

DXS304

DXS374

F8C

G6PD

0xs33

DXS52

Xq25

Xq26

Xq26 .2-q26.3

Xq26 .2-q27 .r

Xq26.3-q27 .1

Xq27.r-q?7.2

Xq27 .2

Xq27.2-q27.3

Xq27.3-q28

Xq28

Xq28

Xq28

Xq28

Xq28

Xq28

Xq28

L2

T2

T2

l2

t2

t2

t2

12, ?l

l2'
33,

12,

t2,
t2

l2

t2

t2

33

38

36

34

The probes are ì i sted i n order down the X chromosome (Keats et

a'l . 1989; Handeì et aì . 1989) . FRAXA (*) ì s I ocated between RNI

and VK2lA. pc2Sl5 is a probe for I0S (tlilson et â1., manuscript

in preparation).
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1c4.6 PccH-x APc-5 04'l 03-1 cY34 Yló2'A

aa
px¿5d +

IIPRf

52A

vKl0
v(l7
VKæ

vß1
v(¿'l

.|+

+

++
ri

(DXS290) -

(DxS294)'
(0xs300) -

(0xs30l) -

(0xs310) -

a

a

+

a

+

+

+

+

+

]

+

+

+

a

+
+

cIJ8. I
F9

!(11 (0xsæ1 ) '

cx55-7

coR-9

¿0-8

v(7 (0xs288)

r/(11 (0xs292 )

Rxl

v(21 (0xsæ8)

v(17 (0xs308)

r¿T2l (DXSæ7)

v(ló (oxsæl) -

vr2lA
vr18 (DXS295)

vrlT (0xsJ02)

Uó.2

1Al
r/(25 (0xs299) -

r8c
GóPO

Hfll2
stt6-1

r/(9 (DXS289)

aa

+++

+

+

a

a

+

+

a

++

a

a

a

+
a

+

a+ a

a

a

a

aa

a

a

a

a

a

a

a

+

a

a

a

a

+

a

a

a

a

+

a

+

a

a

a

.

a

a

a

a

+

a

+

a

a

a a

a

+

+

a a

aaa
t0s

a

.t

a

a

a

a

a

a

a

a

a

+

+

a

a

+

+

a

a
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Legend to Table 3

DNA probes were used to determi ne whether the corresponding I oci

were present (+) or absent (-) in the specified cell lines. This

composjte Table lists resuìts using both the estabìished probes

and the new VK probes. The establ i shed probes and cl oned genes

are 'l i s ted i n order down the x chromosome. The vK probes ( and

cDR-9) are listed in the order defined by the locations of

adJacent breakpolnts on the X chromosome. This table includes

both data pubì ished on individual ceìì 1 ines (references in Tabìe

l) and previousìy unpubl ished data. The cell l ine '817" refers to

cell line 9o8KlBl7. The breakpoint Ín cY34 is located at IDS

(shown as +/-).
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LEGEIIDS TO THI F I GURES

F'l gure I

The locations of cell ìine breakpoints, estabìished DNA probes,

cì oned genes, and the VK probes at Xq26-28. The ce'l I I i ne

translocation and deìetion breakpoints are indicatetd to the left

of the X chromosome. For each ceì I I i ne the arrow i nd i cates on

wh.ich s'ide of the breakpoint I ies the X chromosome material

retained in the ceìl line. In the case of ceìl ì'i nes with

jnterstitìal deletions the proximaì (p) and distal (d)

breakpo'i nts are shown. The established probes and cloned genes

are shown to the right of the chromosome in order down the X

chromosome. The I ocations of the VK probes are shown on the far

right. The locations of all the probes and the cell line

breakpolnts 'i n relation to chromosome bandlng is approxlmate. The

Fragile X is represented as a hatched regìon at distal Xq27; the

locations of the APC-5 and 04-lp breakpolnts and of the probe

VKl6 relative to the Fragile X are unknown.



CELL L IN ES

CY2
CY3

LL55ó p_a-

cM0Bt21 +
LCr 2 Kl5pl-
2384-A2

Bt7

TC4.B t
A

APC-s L
04-lPl-
03-lPJ-
CY34 A

03-1d, 04-ld *

LCl2 Klsd t
Y.162. Azo

DNA PROBESXq

pX45 d

HPRT

52A

vK 10, 17, 29,34,41

cX 3 8'l

F9
VK 11

cX55'7 CDR-9

4D-B vK7

VK I4

RNl vK24
L 155ód
PpCH- N YK47

VK23

VK 1ó

VK21A VK IB

. /DS

VK37

+
u6.2
lAl.l VK 25

FBC
G6PD
st14-1

VK9
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Fi gure 2

Radio-labelled VKlS was hybridised to HindIII-digested 0NA from 6

sources. VKIB hybridi zed to DNA f rom normal f emaì es and f rom ce'l 'ì

I .i nes Cy3 and Cy34; VKlS did not hybridi ze to DNA f rom ceì ì I ines

CyZ and peCH-N. T,his indicated that VKlS detected a ìocus between

the breakpoints in the cel I 'l ines PeCH-N and CY34. t
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AB ST RACT

The devel opment of the human gene map i n the reg i on of the

fragiìe x mutation (FRAXA) at Xq27 has been hampered by a 'l ack of

closely I inked polymorphic loci. The polymorph'ic ìoci, DXS369

(detected by probe RNI), DXS296 (VKzlA' VKzlC) ' and DX5304

(U6.2) , have recentl y been mapped to wi thi n 5 centi I'lorgans of

FRAXA. The order of I oc'i near FRAXA has been def i ned on the bas ì s

of phys'i caì mappi ng stud'ies as cen-F9-DXSl05-DXS98-DXS369-DXS297-

FRAXA-DXS296- IDS-DXS3O4-0XS52-qter. The probe vK23B detected

Hi nd I I I and xmn l restr.i cti on fragment l ength pol ymorphi sms

(RFLps ) at DXS297 wi th heterozygote frequenci es of 0.34 and 0.49

respectively. An IDS cDNA probe, PC2S15, detected StuI and TaqI

RFLPs at IDS wi th heterozygote frequenci es of 0.50 and 0.08

respectively. I'lultipoint l'inkage analysis of these polymorphic

loci in normal pedigrees indicated that the locus order was F9-

(DXSlO5, DXS98) - (DXS369, DXS297) - (0XS296, IDS) -DXS304-DXS52. The

recombi nati on fracti ons between adiacent I oci were F9- (.058) -

pxsl05- ( . o3e ) -Dx_slg- (. 123) -DXS36e- ( .00) -Dxs2e7- ( .057) -DXs2e6-

(. oo) - IDs- (.012) -DX5304- (.120) -DXS52. Thì s geneti c map wi I I

provi de the basi s for f urther 'l i nkage studi es of both the f ragi'l e

X syndrome and other disorders mapped to Xq27 -q28'
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I NTRODUCT I ON

The seminal paper by Botste'i n et al ., (1980) ind'icated the p0wer

of linkage analysìs to localize disease genes and poìymorphic

loci on the human gene map. This approach has been very

successful, as ind'icated by the jncreas'i ng volume of 'l inkage data

presented at the Internati onal Human Gene Mappi ng workshops

(Human Gene Mapp'ing 10, 1989). However this success has not been

uni f orm throughout the human genome. The f ragi ì e X syndrome 'i s

the most common cause of f am'i I i al mental retardat'ion (Sutherl and

and Hecht, 1985) and consumes significant health care resources

jn g¡estern societies (Turner et al., 1986). The locus responsible

for this syndrome (FRAXA) js located at or very near the rare

fragile site at Xq27.3 (Sutherland and Hecht, 1985)' but the

deve'l opment of a prec'i se geneti c map around FRAXA has been

hampered by the lack of closeìy l'inked polymorphìc loci.

Three polymorphic loci near FRAXA, DXS369 (detected by the probe

RNl ), DXS296 (VK¿1A, VK21C) , and DXS304 (U6.2) , rvere recent'ìy

reported (0ostra et al.,1990; Suthers et al.,1989; Dahl et al',

l9B9). Linkage stud'i es 'i n fragi'l e X ped'igrees jndicated that

these loc.i lay within 5 cent'imorgans (cM) of FRAXA (0ostra et

â1., 1990; Suthers et al., 1989; Vincent et al., 1989). However a

combi ned ì i nkage anal ys i s of these three I oci has not been

presented.
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We have desc¡i bed a panel of cel I l'i nes wi th preci seìy del i neated

X chromosome breakpoints wh'i ch was used to physically map a

seri es of I oci i n rel atj on to DXS369, DXS296, DXS304, and FRAXA

(Suthers et al., 1990). The order of loci near FRAXA was

cen - F9 - DXS 10 5 - (DXS98, DXS288) -DXS292- (DXS369 
' 
DXS298) -DXS308-

DXS2 97 - ( DXS2 93, FRAXA ) - pXS296-DXS295- IDS-DXS302 - (DXS304, DXS299)-

DXS52-qter.

We have endeavoured to defjne restriction fragment length

pol ymorph'i sms (RFLPs ) at other I oc i near FRAXA, and 'i n the

present paper descrìbe RFLPs at DXS297 and IDS. A multipoìnt

I ì nkage ana'lys'i s of both the establ i shed RFLPs and these new

po'lymorphjsms in a series of normal pedigrees'is presented'
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I'IATERIAL and I'IETH0DS

The preparat'ion of genomìc DNA, digestion w'ith restriction

endonucleases, Southern blotting, radiolabell ing of DNA probes,

and hybrjdìzation condit'ions uJere as reported prev'i ousìy (Suthers

et al ., 1990).

Four new DNA probes were used to search for RFLPs near FRAXA.

vK23B was a 4.4 k'i lobase (kb) EcoRI fragment of vK23 (DXS297)

(Hyì and et al . , 1989) that was subcl oned i n pucl9. vKl683 was a

0.9 kb HindIII sing'l e-copy DNA fragment of vKt6 (DXS293) (Hyìand

et al ., 1989) that was subcloned in pSP64. VKISA was a 1 ' 2 kb

sal I-HindIII singìe-copy DNA fragment of vKlS (DXS295) (Hyland et

âl . , 1989) that was subcl oned j n pBR328. The method used for

subcloning has been described (Greene and Guarente, t9B7)' The

probe pc2515 was a I.5 kb IDS cDNA clone (|lliIson P.J' et al',

manuscrìpt'in PreParat'ion).

panel s of human genomi c DNA contaj n i ng 13 or more X chromosomes

were digested with a variety of restni ction endonucleases (New

Engìand Bioìabs) under the cond'i tions specifjed by the

manufacturer. After Southern bl ott'i ng the panel s were probed wi th

the radìolabelled singìe-copy probes. t'l'ith at least l3 X

chromosomes be'i ng surveyed, the probabi ì'ity of detecti ng a two-

allele RFLP with a rare alìele frequency of at least 0'15 was

greater than 80% (Aldrìdge et al., 1984). The ììnkage



Suthers et al .

d.i sequi 1 ì bri um constants between the RFLPs at a I ocus

estimated in the manner described by Thompson et al. (1988).

p. 7

we re

Forty normal ped ì grees from the Centre d' Etude du Pol vmorph i sme

Humain (CEPH) (tllhite and Laìoue1, 1988; Dausset et al ', 1990)

were genotyped for the RFLPs listed 'i n Table l. Linkage studies

uti I i zì ng some of the data have been pubì ì shed prev'iousìy (0berì e

et al., 1986, 1987; Arveiler et al., 1988). The data urere checked

by hand. No doubl e recombi nants 'i n the 'interval F9-DXS52 lvere

observed. Al I these genotype data have been communi cated to the

CEpH database and wì I I be i ncl uded 'in the CEPH consorti um 'l ì nkage

map of the X chromosome.

Lì nkage ana'ìyses were perf ormed us'i ng the LINKAGT programs

modifjed for use with the cEPH three-generation ped'igrees

(Lathrop et al ., 1984, 1985, 1986; Lathrop and Lalouel, 1988)' As

the LINKAGE programs Iimit anaìyses incorporating interference to

just three loci, 'i nterference was not considered ìn this

analysi s.

The A-test (0tt I985; pp. 105-109) (as impìemented in the

computer program H0M0G2) was used to test for homogene'ity jn the

two-poi nt recombi nat'i on f ract'ions between F9- IDS and IDS-DXS52.

The program determines whether there ìs suffic'ient evidence to

indjcate that the pedigrees can be divided jnto two groups with

di f f erent recombi nati on f ract'ions between the I oc'i .
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RESULTS

' Detection of RFLPs

VK23B detected two-allele RFLPs at DXS297 in genomic DNA digested

with H'i ndIII (alleles Al,A2) or XmnI (aìleìes Bl,82) (Fig' l) '

The heterozygote frequencjes for the two RFLPs were 0'34 and 0'49

respectìveìy. The two RFLPs were in linkage djsequi'l ìbrium. Among

lg DNA sampl es from unrel ated caucasi an mal es the hapì otype

frequenc'i es were AlBt (0.42), AtB2 (0.21), A2Bl(0.37), and A2B2

(0.0). The standard jzed ì inkage d'i sequìl ibrium constant was -2.01

(X2t= 4.04; p<0.05). VK23B d'id not detect RFLPs in genom'ic DNA

dìgested wìth any of the followìng enzymes: AvaI, AvaII, BamHI,

Bcl I, Bql I I, EcoRI, Hj ncI i, MspI, PstI, PvuI I, Sau3A, StuI, and

TaoI.

VKl683 d j d not detect an RFLP at DXS293 w'i th the f ol I owì ng

enzymes: Al u I, AvaI, AvaI I, BamHI, Ban I, Bcl I, Bql I, Bql I I 
'

BstNI, BstXI, Ddel, Dral, EcoRI, EcoRV, HaeIII, H'i ncII, HindIII'

HinfI, MbolI, Mspl, Nsil, PstI, Pvull, RsaI, SacI, Sau3A, Stul,

TaqI, XbaI, and Xmnl.

VKISA did not

enzymes: Aval,

BstNI, BstXI,

detect an RFLP at DXS295 wi th the foì ì owi ng

AvaII, BamHI, BanI, BanII, BclI, BqlI, BqlII,

DraI, Eco0l09, EcoRI, EcoRV, HaeIII, H'i ncll'
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MboII, Pstl, PvulI, RsaI, SacI, StuI,
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TaqI, XbaI,HindIII, HinfI,

and Xmn I .

The probe pcZS15 detected two-allele RFLPs at IDS in DNA digested

wìth StuI (a'l 'l eles Al,A2) or TaqI (aììeìes 81,82) (F'ig. 2). The

heterozygote fr"equenci es for the two RFLPs were 0.50 and 0.08

respectiveìy. There was no ev'idence that the two RFLPs vrere in

ìinkage d.i sequì1ìbrium. Among 27 X chromosomes from unrelated

cEpH males and females the haplotype frequencies were AlBl

(0.60), AI82 (0.04), AZB1 (0.36), and AZBZ (0'0)' The

standardi zed ì ì nkage d j sequ'il'i bri um constant was -0.959

(X2l= O.gZ; p>0.1 ) . RFLPs were not detected wi th the fol I owi ng

enzymes: BamHI, Bcl I, Bgl I I, EcoRI, Hi ncI I, Hi ndI I I ' MsoI, PstI,

PvuII, and Sau3A.

Li nkage Anal ys'i s

Two-po'i nt L0D scores and recombi nat j on f racti ons f or al I pai r-

w'i se combinations of locì are summarized in Table 2. The peak L0D

scores for the recombi nati on fracti ons between I oci that were

ad jacent on the bas j s of physica'l mapp'i ng ranged f rom 1' t9

(DXS297-DXS296) to 18.20 (IDS-DXS304). No recombinants t,lere

observed between DXSl05-DXS98, DXS98-DXS369, DXS369-DXS297, and

DXS296-IDS.
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For multìpoìnt Iinkage analys'i s, the order of loci determined by

physical mapping (Suthers et al., I990) was assumed, ô0d the

rel atì ve I i kel j hood of adiacent pai rs bei ng i nverted was

calculated (Fig. 3). In general 'it was not poss'ible to order

adjacent pa'i rs of loci where there was no recombination on two-

po.i nt I jnkage ana'lysìs. The one exception was DXS98-DXS369 where

DXSgB v,,as pì aced prox'imaì to DXS369. Al though no recomb'inati on

was observed between these two 'l oc'i , DXS369 demonstrated much

cl oser ì i nkage to di stal markers than di d DXSgB (Tabl e 2) . The

odds 'i n favor of placìng DXS304 distal to IDS were only 22:l'

There was onìy one recombination event between IDS and DXS304'

and thi s was 'i n a ped'igree uni nf ormati ve at DXS296 and DXS52.

The order of I oci suggested by thi s analysi s was

F 9 - ( D X S 1 0 5 , D X S 9 8 ) - ( D X S 3 6 9 , D X S 2 9 7 ) - ( D X S 2 9 6 , I D S ) - D X S 3 0 4 - D X S 5 2 . A s

an aid for orderìng other loc'i ìn this reg'i on, individual s who

were recombi nant between I oci i n the 'i nterval DXS369-DXS304 are

I i sted i n Tabl e 3. Assumi ng that DXS98 was di stal to DXSl05

(Keats et al . , 1989; Suthers et al . , 1990) , the recombi nati on

fract.ions between adiacent locì were der.ived by multipoint
'l inkage analysis and are shown in Fig. 3.

The A-test was used to determine whether the pair-wise L0D scores

f or the recombi nat'i on f ract'ions between F9- IDS and IDS-DXS52 were

heterogeneous. The I ocus IDS was chosen becaUSe more cEPH

ped i grees were i nformat i ve at th i s I ocus than at other nearby
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loci. For F9-IDS there were 10 informative pedìgrees with 45

phase-known and 27 phase-unknown mejoses. There was insufficient

evìdence to indicate lìnkage heterogeneÍty (X?Z=0.078; p>0.2).

For IDS-DXS52 there were 17 informative pedigrees w'i th 82 phase-

known and 3g phase-unknown meioses. Again there was insufficient

evidence to indicate ìinkage heterogeneity (XZZ=2.840; p>0.1).
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DISCUSSION

In thi s study h,e have descri bed two RFLPs at each of two I ocì

near FRAXA. These RFLPs are'i nformative jn a large proportion of

women, and they w'i I I be of great val ue 'i n geneti c counsel i ng of

f am.i l i es wi th the f rag'i 'l e x syndrome or Hunter syndrome ( lDS

defjciency). The RFLPs detected by VK23B at DXS297 are in lìnkage

disequilìbrium. Although there was no evidence of linkage

d.isequil ibrium between the RFLPs at IDS, the power of th'is

assessment to exclude linkage d'i sequi'l ìbri um was low (Thompson et

al. 1988).

The RFLps defi ned at DXS297 and IDS fl ank FRAXA, ând are cl oser

to FRAXA than DXS369 or DXS304 (Fig. 3; Suthers et al',1990)' A

study of the ì'i nkage rel at'ionshi ps of FRAXA and these RFLPs i s

underway. In the case of Hunter syndrome' a proportion of

affected males have delet'ions at IDS whjch are detected by pcZSi5

(l,liìson et al., 1990), and the identification of carrjers may be

rel atìve1y s'imp1e. In f amil'ies with an establ i shed mutation where

a delet.ion'is not evident,'it is now possible to provide carrier

ri sk estimates utì'l 'i zing RFLPs at IDS and at closeìy l'i nked

fl anki ng I oci .

We have also defined the ììnkage relat'ionships of njne

xq27-q28 jn this study. The order of loci determined by

analys'i s was consistent with that determjned by physicaì

loci at
'l'inkage

mapping
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stud'ies (Suthers et al., i990). The phys'icaì mapping studies had

been based on the assumption that the cell lines used did not

have compì ex rearrangements at xq27 -q28. It i s known that such

rearrangements can occur, and it 'i s reassuring that the results

of th.i s ì i nkage study were compati bl e w'i th the order based on

physical mapping stud'i es.

However the I imitations of 'l inkage anaìysis for ordering loc'i

were evident. Despìte genotypìng 40 three-generatjon pedigrees at

nine loci there were three pairs of loci that could not be

ordered on the basis of ììnkage anaìysìs, DXSl05-DXS98, DXS369-

DXS297, and DXS296-IDS. There are three reasons for this. First'

the x chromosome has I ess poìymorphì c varj abj I i ty than the

autosomes (Hofker et al., 1986), and the RFLPs tested at DX598

and DXS297 !,,ere i nf ormat'i ve 'i n only a f ew pedigrees. second,

recomb.i nat j on between X-l'i nked I oci occurs 'in onìy one parent,

thus reducìng the ìnformation that can be derived from a study of

X-l i nked rather than autosoma'l 'l oci . Thi rd, âs more I oci are

identified in a region it becomes increas'i ngly less lìkeìy that

recombj nati on wj I I be observed between an adj acent pai r of I oci .

The order of loci shown ìn Fig. 3 is based on both physica]

mappìng studjes (Suthers et al., 1990) and the ljnkage anaìysis

presented jn this paper. There is some ìndependent evidence to

support this order. Collated linkage data has pìaced DXS98 distal

to DXSt05 (Keats et al ., 1989), and IDS has been pì aced d'i stal to

DXS296 i n pul sed f i el d gel el ectrophoresi s studi es (Hyl and et
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l99O). The locatìon of DXS297 dìstal to DXS369 (Suthers et

1990) has not been 'i ndependentìy conf ì rmed.

wi th the deve'l opment of a l arge scal e restri ct'ion map of the

region close to FRAXA (Hyland et al., 1990) it is possible to

correl ate physi cal and geneti c di stances. IDS and DXS304 are

within 900 kb of each other, and the recomb'i nation fraction

between them was 0.012. DXS296 I ies approximately 800 kb proximaì

to IDS (yu S., personaì communication) and no recomb'inants were

observed between these 'l oci .

These I i nkage studi es were performed under the assumpt'i on that

there was no heterogene'ity in the 'l inkage relat'i onsh'i ps of co-

dominant loc'i . This assumption need not be true. Some evidence

has been presented that there i s l'i nkage heterogene'i ty between F9

and DXS52 ìn fragìle X pedigrees (Brown et al., 1987; Rjsch

lggg). Brown et al ., (1987) a'l so reported def inite ev jdence of

'l i nkage heterogene'ity between F9 and FRAXA, but th'i s has been

di sputed (cl ayton et al ., 1988). There 'i s no ev'idence of l'inkage

heterogeneity between FRAXA and DXS52 'i n fragì'l e x pedigrees

(Brown et al., 1987; Rìsch 1988). L'i nkage heterogene'ity could

reflect a samp'l ìng fluctuation, or be specif ic for the fragile x

mutatìon, oF al so be a feature of normal pedìgrees. If ì inkage

heterogeneity js a feature of normal ped'igrees, it may be

necessary to utjìise more than 40 CEPH pedìgrees to develop a

representat'i ve I ì nkage map of the human genome.
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It is ìmpossjble to test for 'l inkage heterogene'ity jn the

jnterval F9-FRAXA in normal pedìgrees. IDS was chosen as an

appropri ate I ocus f or th'i s test f or two reasons. Fi rst, a I arge

number of the CEPH pedigrees were informative at IDS. Second, IDS

must be cl ose to FRAXA; IDS I i es between FRAXA and DX5304

(suthers et al . , 1990) whì ch are separated by a geneti c di stance

of approximately 3 cM (Vincent et al., 1989). No evidence of

1 ì nkage heterogeneì ty was found between F9- IDS and IDS-DXS52 i n

th'i s study of normal Pedìgrees.

It is difficult to estimate the power of th'i s study to exclude

ìinkage heterogeneìty. in the study of Brown et al ., (1987) 24%

of fragììe X pedigrees showed no recombinatìon between F9-FRAXA

while the remainder demonstrated a recomb'ination fraction of

0.37.0tt (1986) and Risch (1988) have tabulated the por,rer of

heterogene i ty tests for a varì ety of al ternatì ve hypotheses, but

they do not cons'ider the comb'i nati on of val ues noted by Brown et

al . (1987). Cavall j-Sforza and K'ing (1986) suggested that 24

phase-known pedigrees each with four children vJere sufficjent to

detect 'l inkage heterogeneity at odds of l0:1 when 20% of the

pedìgrees were tightly I inked and the remainder were unl inked. In

this study the pedigrees all had more than four chjldren, thus

jncreasjng the power of the study (0tt, 1985; p. 54). 0n the

other hand, under the alternative hypothesis that 80% of the
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pedìgrees were 'l ooseiy l'i nked rather than unì'i nked, the power

the heterogeneìty test would be reduced (Risch 1988).

16

of

An increasìng number of genes are beìng local'ized to Xq27 -q28

(Mandeì et al . , 1989) . The deveì opment of thi s genet'ic map wi I I

be crucì al f or the precì se l oca'l 'izat j on of d'i sease l oci i n th'i s

regìon. Such a map also may be the basis for est'imatìng

approxjmate confidence interval s for gene locatjon, âfld for

providing reliable carrier rìsk estimates to consultands (Suthers

and tliIson I990).
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TABLE 1

Restric

Locus

F9

pxs105

pV I I I

cX55.7
55E

4D-B

RNl

VK23B

VK2IA
VK2l C

pc2Sl5

u6 .2

u6.2-20E

st14-l

0ther
were n

Xq26.3-q27.1

Xq27 .I-q27 .2

Xq27.2

Xq?7.2-q?7.3

Xq27

Xq27.3-q28

Xq28

Xq28

Reference

i5

15

th'i s paper

7

28

15

IDS

Taql

Taql
Msol

Mspl

Xmn I
Taql

HindIII

TaqI
Msol

Stul

TaoI
MspI
Ban I

TaoI

t'ion fragment 'l ength polymorphisms used 'in the I inkage study.a

Probe Enzyme Al'l el es PICb Location

r.8,5/1.3,5 kb 0.33

3.2/4.5 kb 0.11
16/r0 kb 0.48

2s/7.8 kb 0.30

r.25/1.r kb 0.48
4.s/ 4.3 kb 0.24

1o. s/e.5 kb 0.34

r0.9/e.9 kb 0.23
12.7/9.9 kb 0.31

t7.B/ I5,2.8 kb 0.50

I5

24
23

thi s paper

30

7.0/3.3 kb
4.5/2.2 kb
e.6/s.8 kb

EPH ped
RFLP at

RFL
ot

0.36
0.36
0.49

pxs52 many 0 .80 Xq28

a Ps have been documented at many of the loci. The C

typed for the Xmnl RFLP at DXS297 or for the TaoI

polymorphism informatjon content; for X-l'i nked loci this 'i s the frequency
of femal es heterozygous at the I ocus.

igrees

b



TABLE 2

Summary of pai r-wi se recombi nati on fracti ons

Fe DXS105 DX5g8 DXS369 DXS297 pXS296 IDS DXS304 DXS52

F9 .043
14.34

.078
6.38

.22r
2 .54

.251
1.36

.190
t.28

.193
4.88

.241
2.62

.327
I .46

.170
6.79

.179
I .38

.r42
? .28

.209
4.77

.170
5. s0

.27 9

3.55

0

2 .71
.07 2

2.65
. r5?
1.19

. t25
4.59

.069
s .27

0
4 .52

.063
6.08

.054
15.19

.06?
12.7 4

.124
10.83

. ?37
1.81

DXS296 .087
4

NC

3

.044
9

.094
2

.0i8
3

.048
13

0

6.62

NC

1

.07 ?

2

.103
2

.054
6

.049
4

.076
6

NC

2

.045
5

.028
l0

. 031
I
.036
11

.105
2

.045
5

.043
3

.07 4
5

NC

8

NC

4

.051
9

0

15.9s

.032
t7

0
7.53

.036
12

.155
1.19

.07 7

6.85
.042
5.12

.175
?.36

. 154
s.06

. 014
I8.20

. i36
13.93IDS

DXS304 .062
7

DXS 52

.049
10

.049
t0

.050
8

.0I7
9

. r27
r1.25

.056
l2



Footnote to Tabl e 2

Two-po-i nt L0D scores vlere cal cul ated f or each paì r of I

figures above the diagonaì are the best estimate

recombination fraction (upper figure) and the peak L0

(l ower fi gure) . The figures bel ow the di agonal are the

error of the recombination fraction (upper figure) and th

of pedigrees informat'ive for each pair of loci ('l ower

The standard error of the recombi nati on f ract'i on i s the

root of the va¡i ance estimated by the LINKAGE programs '

calculated).



TABLE 3

0ffspri ng i n the CEPH pedi grees wi th phase-known recom

' between I oci i n the i ntervaì DXS369-DXS304'

Cl osest i nformati ve

I oci

Pedigree number (individual )

DXS296: I DS

: DXS304

I DS : DXS304

none

r32e2 (8); 1362

14I6 (8); t427

884 (14).

(11).

(12).

1344

1408

none

(7).

ll)4.(5,

none

none

14r6 (6).

a phase i nferred.



F I GURE LEGENDS

'Figure I

a) . Mendel ì an i nheni tance of the Hi nd I I I RFLP detected

at DXS297. This js a compos'i te fìgure made fr

autoradiographs. DNA s'ize markers indicate the DNA f ragme

.i n the two parentaì I anes on the I ef t of the f i gure;

alleles are ind.i cated in the lanes of the offspring by a

the ri ght of the fi gure. The pol ymorph i c fragments were

(Al allele) and 9.5 kb (42 a1ìeìe) long. A fajnt constant

fragment was al so detected. some I ane background was no

using vK23B, but thi s djd not obscure the po'lymorph'ic

Among I 1 7 X chromosomes from Unrel ated ctPH mal es and fem

A1 al I el e frequencY was 0.78.

b). Mendelian ìnher.i tance of the xmnl RFLP detected by

DXS297. DNA s i ze markers are ì nd i cated on the I eft of the

the alleles are jndicated on the right. The poìymorphic f

were 10.3 kb (Bl a'ì ì eì e) and 6.6 kb (82 aì'l eì e) 'l ong - No

bands brere detected. Among 42 X chromosomes from u

caucas j an mal es and femal es the Bl al I el e frequency was 0



Fi gure 2

a). Mendel'i an jnheritance of the stul RFLP detected by p

IDS. This is a composite figure made from two autoradi

The DNA s j ze markers i ndi cate the DNA fragment si zes i n

parental I anes on the I eft of the figure; the two al I e

indicated in the lanes of the offsprìng by arrows to the

the figure. The poìymorph'ic fragments were 17.8 kb (Al

and 15.0 and 2.8 kb (A2 alìele) ìong. Constant fragments

fo'l ìowìng s.i zes were also detected 2.6, 3.2, 3.4, 3.6,

kb. Among 104 X chromosomes from unrel ated cEPH mal es and

the Al allele frequencY was 0.55.

b). Mendelian inheritance of the TaqI RFLP detected by p

I DS. DNA s i ze markers are 'i nd i cated on the I ef t of the

the alleles are ind'icated on the right. The polymorphìc f

were 5.1 kb (Bl aììe'l e) and 3.8 kb (82 aìlele) ìong.

fragments of the fol I owì ng s i zes were al so detected: I .

I.7, 2.0, ?.8, and 3.3 kb- The polymorphic bands we

fa.inter than the constant bands. Among 27 X chromosom

unrel ated cEPH mal es and femal es the Bl al I el e freque

0.96.



Fì gure 3.

Multipoint linkage analys'i s of nine ìocj at xq27-q28. (Up

order of I oci was deri ved from physi cal mappi ng studi es

et al . , 1990) . The odds agaì nst j nvert'i ng adiacent I o

cal cul ated us'i ng the 'l i nkage analys i s programs LINK

genotypes from the cEPH pedigrees. (Lower) Recom

fracti ons between the adiacent I oci were estimated

mult'ipoìnt analysis of the most l'i kely order'



r l gure J

426 51 106 22

F9 - - - - DXS I 05 - - - - DXS98 - - - - DXS3 6 9 - - - - DXS ?97 - - - - 0XS 296- - - - I DS - - - -DXS304 - - - - DXS52

1.2 0.92 1.0 101 1

.058.039.1230.0.0570-0.012'120
F9 - - - - DXS 1o 5 - - - - DXSg 8 - - - - - DX53 6 9 - - - - DXS2 97 - - - - DXS2 9 6 - - - - I DS - - - - DXS304 - - - - DXS 5 2
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AB ST RACT

The fragi I e X syndrome i s the most common cause of

fami ì i al mental retardati on, and i s characteri sed by a

fragile site at the end of the long arm of the x chromosome.

The unusual genetics and cytogenetics of this X-l inked

condi ti on make geneti c counseì I i ng di ffi cul t. DNA studi es

were of limited value in genetic counseìling because the

nearest polymorphic DNA loci had recombination fractions of

12% or more with the fragile X mutat'ion, FRAXA'

Five po'lymorphic loci have recently been described in

this region of the X chromosome. The positions of these loci

.in rel ati on to FRAXA were def i ned i n a geneti c 'l i nkage study

of ll2 affected families. The five loci - DXS369, D-X-S?-92,

DXS296, IDS, and DXS304 - had recombination fractions of 4%

or I ess w.ith FRAXA. The cl osest I ocus , DXS296 , was di stal to

FRAXA and had a recombi nat'ion f racti on of 2%'

The polymorphisms at these loci can be detected in DNA

enzymatically digested with a limited number of restriction

endonucl eases. A strategy for DNA studi es whi ch i s based on

three restri cti on endonucl eases and f i ve probes wi I I detect

one or more of these pol ymorphi sms i n 95% of women ' Thi s

strategy greatl y i ncreases the uti I i ty of DNA studi es i n

provi di ng geneti c advi ce to f ami I i es wi th the f ragi'l e X
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I NTRODUCT I ON

Mutat'i ons of genes on the human X chromosome are a

common cause of mental retardati on. The i nci dence of X-i i nked

mental retardat'ion is approx'imately I 'i n 600 male b'i rthsl '

The frag'i le X syndrome is diagnosed 'i n approximately a

quarter of these boys, and i t i s the most common cause of

fam.il.i al mental retardationl. The'i ndex case with'i n a famììy

i s di agnosed on the bas j s of mental retardat'i on, subtl e

facial features, and a specific cytogenetìc abnormaì ity - a

fragile site - on the X chromosome .i n band Xq27.31 '2.

Af f ected boys do not have any other spec'i f i c cl'i ni cal or

pathologìcaì abnormal it'ies. The fragile X syndrome 'i s unique

among X-linked disorders ìn that males may carry the mutation

wh'il e not expres s i ng the f rag i'l e s'i te nor be'ing mental l y

retarded3. Converseìy, an unusually large proportion of women

who are carr.i ers may be mental ìy retarded or express the

characteri stìc fragiìe s'ite3'4.

0nce a child has been diagnosed as havjng the fragìle x

syndrome, other members of the f am'iì y f requentl y seek genet i c

counse] ì'i ng, ejther to determine their rjsk of bejng a

carrjer or to request prenataì diagnosis5. The unusual

pattern of i nheri tance of the syndrome and the I ack of an

unequj vocal marker of those carryì ng the mutati on have made

.i t difficult to provìde reliable rjsk estjmates. The fragi'l e
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X mutat'ion, FRAXA, has not been 'i soìated, but it is possible

to determine an jndivìdual's risk of being a carrier by

observing the inheritance of DNA polymorph'isms located near

F RAXA6 .

In general, the val ue of a DNA poìymorphì sm for

provid jng genet'ic counsel ing in a disorder ìs determjned by

two factorsT. The first is the genetìc distance between the

poìymorphi sm and the di sease gene. FRAXA has been I oca'l j zed

to xq27, at or very cl ose to the f rag'i I e s ì te. The

poìymorphì c I oci general ly used i n studi es of fragi 1 e x

f am'i l'ies have been F9, DXSl05, DXS98, and DXS526' The genetic

di stances between these I oci and FRAXA may be expressed i n

terms of recombi nat'ion f racti ons, and each of them has a

recomb.i nation fraction of more than I?% with FRAXAS. In other

words, durìng meiosis the probabil ity of recombinatjon

between each poìymorph'i c locus and FRAXA is more than L?%'

consequent'ly, identif icatìon of a fragile x car¡ier 0n the

bas.i s of the i nheri tance of one of these po'lymorph'i sms woul d

be incorrect in approx'imately I2% of cases'

In v.i ew of the ì arge recombi nati on f racti ons between the

nearest polymorph'ic loci and FRAXA, an estìmate of carrier

r.i s k was j deal I y based on the i nheri tance of any two

po'lymorphìsms which fìank FRAXA. In th'i s s'ituation the rìsk

of jncorrect'ìy identifying a carri er may be as low the
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product of the two recomb'i nation fractìons (i.e. l-4%).

However, the advantage of us'i ng f I anki ng polymorphì sms 'i s

I ost i f recombi nat'i on has occurred ì n the i nterval between

the two poìymorphic ìoci, mak'ing 'it impossjble to determine

wh j ch of the two poì ymorph i sms was j nheri ted wi th FRAXA. The

probabi I i ty that such a recombi nati on wi I I occur between two

locj .i s approximately equal to the sum of the recomb'i natìon

fractions (i.e. at leasf 24%).

The second considerat'i on'in choosing a DNA poìymorphìsm

is whether the po'lymorphìsm js informat'i ve in the family

being investigated. For X-l'inked disorders, this is expressed

as the probabì 1 i ty that a woman j s heterozygous at the

poìymorphic locus. The ideal polymorphìc locus for

'i nvestigating fam'il ies with the frag'iìe X syndrome would be

very close to FRAXA and have a high probabil ìty of beìng

i nf ormati ve i n the women of the f am'i ly. In pract'i ce i t i s

usually necessary to exam'ine the family at a number of

polymorphic ìoci, and to seek some comprom'ise between testing

highly polymorphìc loc'i far from FRAXA and testìng closer but

rel atìve1y un jnformative loci. strategìes f or DNA studies 'in

fragi'l e X famiìies have been proposed6,9 which 'i ndicate the

order in which the poìymorphisms should be evaluated to

provide the most efficient diagnostjc servjce for the genet'ic

counselor.
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Recentìy, three polymorphic loci, DXS369l0, DXS2961l,

and DXS304I2, were reported to have recomb'ination fractions

of less than 5% with FRAXA. The locus DXS296 showed no

recomb.i nat'i on w'ith FRAXA in the first few familìes studìed,

and j s the cl osest I ocus to FRAXA. A combi ned ì i nkage study

of these three loc'i in fragiìe x families has not been

reported. Recentl y two more po lymorphi c ì ocì , DXS297 and IDS 
'

were mapped to xq27-q28'in normal famjlies (G.K. Suthers et

â1., submitted); the role of these locj in DNA studies of

f rag'il e X f amì I i es has not been def ì ned '

A col I aborati ve geneti c I i nkage study of FRAXA and these

f.ive poìymorphic loci was performed using data from l12

famiì'ies with the fragiìe X syndrome. The five loci aìl had

recombinat.i on fract'ions of 4% or less with FRAXA. The closest

I ocus was DXS296 whì ch had a recombi natì on fracti on of 2%

with FRAXA. 0ver g8% of women were heterozygous at one or

more of these I oc'i . 0n the bas i s of these resul ts, an

efficient strategy for DNA stud'ies 'i n famjljes with the

fragìle X sYndrome is Presented.
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METHODS

Sel ect'ion of Ped'i grees

Data from a total of I 53 fami I i es were obtai ned from l3

centers around the world. As affected ind'i v'iduals with no

affected rel ati ves coul d represent new mutat'i ons13, fami I i es

were included 'i n the anaìysis onìy ìf at least one famjly

member was mentally retarded and expressed the fragiìe s'ite

at xq?7, âñd provided at least one further fam'ily member

expressed the frag'iìe site. Express'ion of the frag'iìe site

was assessed by cul turi ng pe¡i pheral lymphocytes under

specific conditionrl4. Expression of the fragi'l e s'ite in l%

or more of I ymphocytes lvas regarded as pos i t i ve '

There was a general sel ecti on bi as 'i n f avor of f ami l i es

hav'ing women heterozygous at 'ì ocì near FRAXA, and a spec j f i c

b.i as i n f avor of f ami I i es w'ith women heterozygous at DXS296

as this polymorph'ic locus was the closest to FRAXA. Details

regardi ng the pedi grees are ava'i I abl e on request.

DNA studi es

Various DNA

f ragment 'l ength

probe s were

poì ymorph i smsT

ident'i fy restriction
I oci near FRAXA. The

the X chromosome are

used to

at n i ne

I oc i onapproximate Posìtions of the
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shown 'i n Fìgure l. Detaìls of the polymorphisms are

summarized in Table 1. DNA sampìes |l||ere extracted from

lymphocytes or lymphobl astoid cell I ines of indiv'idual s from

the famil.ies us'ing established methods2l. DNA samples ¡uere

enzymat'i cally digested with an appropriate restriction

endonucìease, sjze-fractionated in agarose gels, and

transferred to nyl on membranes. Probes were radi ol abel I ed

with 32p and hyb.idized to the membrane-bound DNA samples.

Details of each pedigree and the genotypes at each locus 1aere

sent to one of us (G.K.S.) for analysìs'

Li nkage anal Ys i s

Al I the genotype and pedigree data were checked by hand.

Pedìgrees having a single affected individual or w'ith

apparent non-Mendel'i an i nher.i tance of a poìymorphi sm |,|lere

excluded. A totaì of 1368 individuals from ll? pedìgrees were

i nc'ì uded i n the anaìysi s. The number of f am j I i es 'inf ormat'ive

at each locus is shown in Table 2.

Two-po'i nt and multipoint ìinkage analyses were performed

using the LINKAGE package of computer programs (Version

5)22,23. The genet'ic parameters relating to FRAXA were as

fol I ows: mutant al I el e frequency (0.0006) ; mutati on rate

(0.00024 'in males, 0.00048 in femaìes); proport'ion of

indiv-iduals with the mutant allele who had mental retardat'ion
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or expressed the fragi ì e s i te (0.80 among maì es, 0 ' 55 among

females)3,13. If pedigree data 'i ndicated that an apparently

normal i nd'i vi dual of ei ther sex was an obl ì gate carri er, that

.i ndiv.idual was coded as affected for the ì inkage anaìys'i s.

For two-point I inkage ana'lysis, LOD scores were

cal cul ated for recombi nati on fracti ons between FRAXA and each

of the poìymorphic locì. The LOD score is a statist'ical

measure of the rel ati ve I i kel i hood of a gi ven recombi nat'ion

fraction24. The recomb'ination fraction corresponding to the

maximum LOD score 'i s the best estimate of the true

recombination fraction between the two loci '

Mult.ipoint linkage analysis is a statìstical method for

'ì ocal iz'ing a d'i sease gene ìn relation to po'lymorphìc loc j by

sjmultaneous evaluation of all the genotype and pedìgree

data. For this anaìysis the genetìc location of FRAXA was

determi ned i n rel ati on to a known geneti c map. The genetì c

map cons'i sted of the pos'itions of six polymorphìc loci,

DXS98, DXS369, DXS297, DXS296, IDS, and DXS304. The order of

these I oci down the x chromosome (Fig. I ) has been determi ned

i ndependently by both physi cal mappi ng25 .nd genet'i c 'l 'i nkage

studies (G.K. Suthers et â1., submitted). The recombinatìon

fract.ions between these six loc'i have been estimated in a

ìarge series of normal pedigrees to be DXS98-(12.3%)-DXS369-

(0%)-pxs2e7- (s.7%)-DXS2e6 -(O%)-IDS- (r.2%)-DXS304 (G.K.
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Suthers et ô'| ., submitted). The order of these loc'i and the

recombi nati on fracti ons consti tuted the genetì c map on whj ch

FRAXA v,,as I ocal ì zed. Genotype data at one or more of these

loci trere available from 101 of the fragìle x pedigrees'

Mul tÍ poi nt L0D scores are comparabl e to two-point L0D

scores, and are a measure of the rel at'ive I i kel i hood of FRAXA

be.ing I ocated at a g'i ven poi nt on the genet'ic map24 ' The

point on the genetìc map corresponding to the hìghest

multipoint LOD score jndicates the most ììkely location of

F RAXA .
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RESULTS

' Two-poi nt I i nkage anal Ys i s

The resul ts of two-po'int I'i nkage ana'lysì s of FRAXA and

each of the njne poìymorph'ic Ioci are summarized in Table 2.

Recombi nati on was observed between FRAXA and each of the

loc'i . Deta'ils of the pedigrees demonstrat'ing recombinat'ion

and of two-point I inkage analys'i s of all paìrs of loci are

avai I abl e.

The locus closest to FRAXA was DXS296, which had a peak

L0D score of 33.45 at a recombinat'i on fract'ion of 1.5% with

FRAXA. Thìs anaìys'i s jncorporated the data f rom the earl ìer

studyl 1 . Recombi nati on between DXS296 and FRAXA bras

documented i n three affected mal es from three di fferent

f am'i l'ies. The adjacent locus IDS had a recomb jnation fraction

of 8.9% with FRAXA. The other locus distal to FRAXA, DXS304'

had a recombìnation fraction'of 3.1%-

The proximal loc'i DXS369 and DXS297 had recombinatìon

fractions with FiÁXÂ of 6.6% and 4.2% respectiveìy.

l,lul t i poi nt I i nkage anal Ys i s

Mul t'i po'i nt L0D scores l{ere cal cu j ated f or varì ous
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posìtions of FRAXA along the genetjc map (Fig. ?). The peak

multipoint L0D score was 48.49. The corresponding location of

FRAXA was at a recomb'inati on f ract'ion of 2 -2% proxima'l to

0XS296. The confidence 'interval2T for the recombinat'ion

fract.ion between FRAXA and DXS296 was 1.0% to 3.7% with FRAXA

I ocated prox'imal to DXS296.
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DISCUSSION

Thi s col I aborati ve 'l i nkage study documents the geneti c

locations of njne po'lymorphic loc'i in relation to FRAXA. The

re'l ati ve'ly ì arge recombi nati on f ract'ions noted between FRAXA

and F9, DXSl05, and DXS52 (Table 2) are similar to publ'i shed

values27. The recombination fraction of 5.8% between FRAXA

and DXS98 is similar to the value 'i nìtìaìly reported2S, but

subsequent pooìed studies have ind'icated that the

recombination fract'ion is more ì'i keìy to be l5%8. The larger

value 'i s also more consistent with the relative positions of

these polymorphìc loci in norma'l pedìgrees (G.K. Suthers et

â1., subm'itted).

Two-po'i nt linkage analysis of FRAXA w'ith the locj

DXS369, DXS297, DXS296, IDS, and DXS304 'i ndicated that the

best estimates of the recombination fractions were all less

than tO%. The recombìnatìon fractions between FRAXA and

DXS369 and DXS304 were consi stent wi th pub'l i shed val uesl0' l2 '

The recombi nati on fracti on between FRAXA and IDS was

estimated to be 8.9%. This value seems inconsistent with

other data. Physì cal mappi ng studi es have 'i ndi cated that IDS

I i es between DXS296 and 0XS30425. However ' these two I ocj had

recombinatjon fractjons w'ith FRAXA of only 1.5% and 3'l%

respectively (Table 2). Although the recomb'ination fractjon

between IDS and FRAXA seemed i nappropri atel y I arge, IDS t.las
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stud'i ed in a small number of families and the confidence

interval for the recombination fract'i on was wide. In normal

fami I i es there was no recombì natì on between IDS and DXS296

(G. K. Suthers et âl . , subm'i tted) , and the true recomb j nati on

f raction between FRAXA and IDS j s I ì ke'ìy to be I ess than

8.9%.

Multipoint linkage anaìysìs 'i s statistically more

ef f ic'ient than two-point 'l inkage ana'lyses, and prov.ides a

more accurate and precise genetic nap22- Estimates of the

recombi nat.i on fracti ons between the vari ous I oci and FRAXA

were derjved from Fjg. 2 and are summarized in Table 3' 0n

multipoint linkage analysìs, the five loc'i DXS369, DXS297'

DXS296, IDS, and DXS304 all had recomb'i nation fractions of 4%

or less with FRAXA.

Th'i s represents a maior advance i n the deve'l opment of

the genetic map near FRAXA, and has 'immediate application 'in

genet.ic counselling. An estimate of genetic risk based on the

'inheri tance of any one of these polymorph'i c I oci woul d be

correct in at least g6% of cases. The inclusìon of other

pedi gree or cytogeneti c data i n the anaì ys'i s may reduce the

ri sk even furt¡s¡6 ' 
29.

Defining a

and FRAXA coul d

recombination fraction of 2% between a locus

on'ly be ach'ieved with a collaborat'i ve study'
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Ideally a recombinatjon fractìon of this magn'i tude could be

documented by analyzìng the DNA of approx'imateìy 50 offsprìng

i n fragì I e X pedìgrees. However, the presence of unaffected

carriers for the fragiìe X syndrome and the irregular s'ize

and structure of human famj I i es markedì y reduces the amount

of j nformation that can be obtaj ned from ì i nkage studi es24.

There has only been one other mul ti poi nt l'i nkage study of the

f ragi 1e X syndrome of thi s magnì tude. Brown et a'l . descri bed

a linkage study of 147 famil'i es30. The closest polymorphic

I oci that t{ere I ocal'ized i n that study were F9 and DXS52 
'

each of which have recomb'i nation fractions of over 12% with

F RAXA .

Less than 50% of women are heterozygous at each of the

fi ve polymorphi c I ocì cl ose to FRAXA (Tabl e 1 ) ' and at fi rst

gl ance these pol ymorph i sms mi ght appear to be of I i ttl e added

value in stud'i es of fragiìe X famil'i es. However' two factors

argue against such a pessjmistic conclusjon. Fìrst, all f ive

I ocj are cl ose to' FRAXA, and an accurate estimate of carri er

ri sk can be made on the basi s of the 'inheri tance of just one

pol ymorph i sm. The probabì I ì ty that a woman woul d be

heterozygous for at least one of the loc'i is hìgh. Second, a

number of the polymorphi sms can be detected usi ng the same

restriction endonuclease to digest the DNA of famìly members.

The nyl on membrane to which the digested DNA 'i s transf erred

can be reprobed f or a number of d'i f f erent po'lymorphi sms ' and



Suthers et al. P. 19

rapìdly screen the poìymorphisms that areit is

cl ose

possible to

to FRAXA.

An ef f i cì ent strategy f or DNA studi es i n f ami l'ies wi th

the fragi'l e X syndrome is presented 'in Table 3. Step 1

involves digest'ing the DNA samples of fam'ily members with

three different restriction endonuclease, and us'ing probes

wh'ich identify polymorphìsms at DXS296, IDS, and DXS297. The

probabì 1 i ty of a woman bei ng heterozygous at one or more of

these loci is 80%. In the event that a woman is not

j nformatj ve at these I oci , the di gested DNA sampl es may be

reprobed to identify poìymorphisms at DXS369 and DXS304 (Step

?) . Poì ymorph i sms woul d be detected ì n a further I
q

t4
r/" of

women. Usjng iust three enzymes and fìve probes, 96% of I'Jomen

woul d be heterozygous for at I east one of these

polymorphìsms. The probabiììty that a woman would be

heterozygous for two of these poìymorphi sms wh'ich fl ank FRAXA

E
is Olên. Step 3 rajses the proport'ion of women who would be

poìymorph'ic at one or more loc'i to more than 98%'

In present'ing this dìagnostic strategY, two cautions

shoul d be noted. Fi rst, caref ul cytogenet j c exam'inati on

remai ns cruci al to avoìd ì naccurate di agnos'i s. A second

f rag'i ì e s'ite has been documented i n normal men and women

immediately proxjmal to the fragile s'ite character.i st'ic of

the fragì'l e X syndrome3l'32. If the two fragiìe s'i tes are not



Suthers et al. p. 20

di sti ngui shed, âñ 'i ndi v'iduaì may be i ncorrectly cl ass i f i ed

having the frag'i ìe X syndrome or being a carrier, and

subsequent genetic risk estimates based on DNA studies could

be incorrect. Second, the fragiìe X syndrome js a compìex

genetìc djsorder. In all but the sìmplest of counselì ing

situat'i ons, jt 'i s adv'i sable to use appropriate computer

programs (such as LINKAGE22) to i ntegrate the pedigree,

cytogenetic, and DNA polymorph'i sm data to prov'ide accurate

genetic risk estimates29.

It is notJ possibìe to correlate phys'ica'l distances

(measured as ki I obases of DNA) near FRAXA wj th genetì c

distances (measured as recomb'i nation fractions). DXS296 and

IDS are separated by 800 k'il obases ( kb) of DNA, and 'i n norma'l

f amil ies there was no recomb'i natìon between them (G.K.

Suthers et âl . , submi tted) . IDS and DXS304 are no more than

900 kb apart and had a recombination fraction of L.2%. If

this re'l at'ionshìp between physìca'l and genetic distances 'i s

maintained near FRAXA, FRAXA'i s approximately two thousand kb

proxi mal to DXS296 . The recent cì on ì ng of the gene

responsible for cyst'i c fibrosis33 has demonstrated that it 'i s

feasible to cover a distance such as thjs, ârd so to jsolate

the frag'i le X mutat'ion itself .
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TABLE I
Restri cti on fragment 1 ength pol ymorphi sms used 'i n the 1 i nkage study.

Locus probe Enzymea Heterozygosi tyb Locati on Reference

pV I I I

cX55.7

TaoI 0.38

0.ll
0.48
0.40
0.41
0.48

Xq26 .3-q27 .l
Xq27.r-q27.2

l5

t5I
d
R

Taq
Hin
Eco
Stu
Pst

III
I

DXS98c

CI

DXS369

IDS

55E

4D-8

4D8-B
4D-8IV

RNI

MspI
Xmn I
BqIII
Xmn I

I
I

0.30
0.08
0.15
0.08

DXS297C VK23B

DXS296 c

HindIII
Xmn I

0.34
0.49

TaoI
Bcl I
l',lsoI

0.23
0.23
0.31

0.50
0.08

v6 .2
u6.2-208

0.36
0.49

Xq27 .2 1s

16

Xq27.2-q27.3 10
t7

Xq27 *

Xq27.3-q28 ll
1B
ll

Xq28

Xq28 19
20

Xq28 l5

Xmn I
Tao I

0.48
0.24

VK2lA

VK2l C

pc2Sl5 *I
I

Stu
Taq

-DXS304 many
Ban I

DXS52 Stl4-l TaoI 0.80



Footnote to Tabl e I

restriction endonuclease used to dìgest DNA samples

f rom f ami'ly members .

f requency of v,,omen heterozygous at the poì ymor

I ocus.

women who are not heterozygous f or one pol ymorph'i s

thi s I ocus have a reduced probabi I i ty of b

heterozygous for other pol ymorph i sms at the I ocus '

c

a

b

* G.K. Suthers et â1 ., submitted



TABLE 2

Sunnary of træ-point'linkage analysis of the Frag'ile X locus, FRAXA, and nearby loc'i.

Recomb'i nati on fracti ons

0.00 0.01 0.05 0.10 0.20 0.30 o.4o LoDmð( R.F.a c. I.b nc

FRAXA vs.

F9

DXS105

DXSg8

DXS369

DXS297

DXS296

IDS

DXS304

DXSs2

-26.29

- 19. 68

3.65

5.04

3. 13

30.75

0.34

7 .57

-2r.42

-8.85

-5. 11

5.88

11.31

4.r7

33.36

?.69

9.30

2.3r

1.02

2.55

6.69

14.50

4.46

32.05

4.01

9.56

16.84

4.88

4.88

6.47

14.?4

4.23

28.58

4. t8

8.74

2r.07

6.49

5. 1l

5. l0

I1 .06

3.28

20.29

3.50

6.27

19.43

5. t8

3.38

3.25

6.74

1 ,99

il.56

2.32

3.49

t2.98

6.49

5.40

6.70

14.62

4.46

33.45

4.19

9.67

21.45

(.12-.28)

(.08-.24)

( .or- .1s)

( .04-.12)

(.oos-.18)

( . oo5- .04)

(.02-.23)

(.00s- . lo)

( .0e- . 1i)

2.66

r.22

I .36

2.s6

0.68

4.08

I .02

I .09

5.43

.190

.152

.058

.066

.042

.015

.089

.031

.t26

44

37

25

45

t2

67

l6

27

89

a recomb'ination fract'ion correspond'ing to the maximum LOD score.
b approximate 9Ø, confidence 'interval-for the recombjnation fraction26.
c number of famil'ies poìynnrphic at the locus.



Tabl e 3.

Strategy for DNA stud'ies of fragile X families

STEP 1

StuI
Xmn I

STEP 2 (if necessarY)

reprobe Taq I b

reprobe Xmn I
reprobe Tao I

STEP 3 (if necessarY)

Ban I
MspI

reprobe TaqI
H i nd I I I

Di gest DNA wj th Probea DNA wi th

TaqIb DXS296)c
rps)
pxs297 )

Recombi nat'i on
fraction wìth

F RAXA

2% distald
2% d'i stal
4% proxi maì

VK2IA
pc2Sl5
VK23 B

u6 .2
RNI
RNI

u6.2-20E
VK21C
pc2S15
VK23 B

(
(
(

(
(

3%
2%
2%
4%

3% distal
4% proxìmaì
4% proxìmaì

d'i stal
di stal
di stal
proximaì

a

b

c
d

these probes are ava j I abl e f rom sources gi ven 'i n the
references listed in Table l.
the enzyne/ probe comb'inatì ons of TaqI /UK?LA and Taql /U6.?
could be repìaced wjth MspI/UK?LC and MsoI/U6-2:
the locus detected by each of the probes is indicated.
distal/proxjmal indicates the locat'i on of the locus relative
to FRAXA.



F I GURE LEGENDS

Fi gure l.

The order of poìymorphìc loci down the X chromosome. The dark

band on the i deogram corresponds to the band at Xq27 noted

af ter G-bandi ng of the chromosome. The posì t'i ons of the I oci

and of the fragi I e si te i n rel ati on to the chromosome bands

are approxi mate .

X chromosome PolvmorPhic
Loci t

centromere

proximal

fragile site * DXSz96
tDs
DXS304
DXS52

distal



Figure 2.

Mul tì poi nt L0D scores f or the I ocat'i on of FRAXA are p'l otted

agai nst genet'i c I ocati on al ong the X chromosome. The

background geneti c map (X-ax'i s ) was de¡i ved f rom a ì arge

multipo'int linkage study of normal families (Methods). The

orì gi n of the map was arb'itrari ly pì aced at DXS296. Di stances

al ong the map þJere deri ved from recombi nati on fracti ons usì ng

Hal dane's formula24, âñd are expressed as centimorgans (cM) ;

at recomb'i nation fractìons of less than l0%, an increase of

I% in the recombination fract'ion 'i s approxjmateìy equal to I

cM. DXS98 lay 20.2 cM proximaì to DXS296, DXS369 and DXS297

lay 6.1 cM proximal to DXS296, IDS was pìaced cojnc'ident with

DXS296, and DXS304 lay 1.2 cM distal to DXS296. Multipoint

L0D scores for FRAXA location were calculated at 20 points in

the 'i nterval DXS297-DXS296; cal cul ati ons were performed at 5

poi nts i n each of the remai ni ng i nterval s. The peak of the

mul t'i po'int L0D score curve occurred 2.2 cM proxi maì to

DXS296, i ndi cat'i ng that thi s rlras the most 'l i ke'ly I ocati on of

FRAXA.
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SUl'IMARY

The fragile X syndrome locus, FRAXA, is located at Xq27. Unt'i l

recentl y, few pol ymorphi c I oci had been geneti cal I y mapped cl ose

to FRAXA. Thi s has been attri buted to an i ncreased frequency of

recombination at xq27, possibly associated w'ith the fragi'l e x

mutati on. In addi ti on, the frequency of recombi nati on around

FRAXA has been reported to vary among fragile X families. These

observations suggested that the genetìc map at Xq?l was different
.i n normal versus f ragi'l e x popul ati ons, and that the geneti c map

also varied within the fragile X population. Such variabil'ity

wouìd reduce the reliab'i 'l ity of carrier risk estimates based on

DNA studies'in fragile X families.

Five polymorphic loci have now been mapped to within 4

centimorgan of FRAXA - DXS369, DXS297, DXS296, IDS, and DXS304'

The frequency of recombination at Xq26-q28 was evaluated using

data at these I oci and at more di stant I oci from ll2 fami I i es

wi th the f ragi I e x syndrome. Two-poi nt and muì tì poi nt 'l i nkage

anal yses f ai I ed to detect any di f f erence 'in the recombi nati on

fractions in fragile X versus normal famil ies. Two-point and

mul ti poi nt tests of I i nkage homogenei ty fai I ed to detect any

evidence of linkage heterogeneity in the fragile X families'

Therefore,

families or

geneti c maps deri ved from I arge sampl es of normal

fragile x families are equally valid as the basis for
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calculating carrier risk estimates in a part'i cular fam'i ly.
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I NTRODUCT I ON

The fragile X syndrome is characterised by unusual cl'i nical and

cytogenet'i c features (Sutherl and & Hecht 1985; Nussbaum &

Ledbetter 1986) . The cl i ni cal and cytogenet'i c penetrance of the

mutant I ocus, FRAXA, 'i s .i ncompì ete j n both mal es and f emal es, and

varies according to the sex and intellectual status of the

carrjer parent (Sherman et al . 1985). FRAXA i s I ocated at - or

very close to - the d'i stinct'ive folate-sens'i t'i ve fragiìe site at

XqZ1.3 which g'i ves the syndrome its name (Suther'l and & Hecht

1985) . Thj s regì on of the X chromosome has been the focus of a

number of genet'ic ì ìnkage stud'ies ìn both normal and f ragile X

familjes, and it has been suggested that the frequency of

recombination in thìs region may also be unusual '

The proposal s regardi ng frequency of recombi nat'i on at Xq27 may be

summarized as follows. First, Xq27 is a region of preferential

reconbination in nornal and fragite x faniTies (Hartley et al-

1984; Szabo et al. 1984; Davies et al. 1985; 0berle et al. 1985'

l9g7). A 300 kjlobase (kb) region of preferentjal recombinat'ion

has been documented at Xq26 (Nguyen et al. 1989), but there is no

evidence of ìncreased recombination at distal Xq27 (Suthers et

al. 1990b) or at Xq28 in normal families (Feil et al. 1990)' A

two-poi nt I i nkage study of F9 (at Xq26) and DXS52 (at Xq28) i n

normal versus frag'i 1e X families failed to detect a d'i fference in

the recombination fraction (0berìe et al. 1986). The
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recombi nati on fracti on between these two I oc'i i s approximateìy

0.3, and this comparjson has not been repeated us'i ng ìoci at

' Xq27.

The second proposal j s that the frequency of reconbi natí on at

Xq27 varies between fragíle X fanilies. In a series of papers'

Brown et al . ( 1985, 1986, 1987, 1988) documented I i nkage

heterogeneity in the two-po'i nt recombinat'i on fract'ion between F9

and FRAXA. However, a muìtìpo'int analysis failed to corroborate

this finding (c'l ayton et al . 1988). This anaìysis has not been

repeated wi th pol ymorph i c I oc i cl oser to FRAXA than F9 .

We have recentìy def i ned the I ocati ons of a number of po'lymorph'i c

'l ocj at Xq27-q28 by physica'l mappìng (Suthers et al . 1990a) and

by ìinkage studies in normal famil'ies (Suthers et al . 1990b). The

geneti c map at Xq26-q28 'in normal f ami I i es lvas determi ned to be

cen- Fe- ( 6.2)-DXS10s- (4. I ) -DXS98- ( 14. I ) -DXS36e- (0. 0 ) -DXs2s7- (6. I ) -

D X S 2 9 6 - ( 0 . 0 ) - I D S - ( I . 2 ) - D X S 3 0 4 - ( I 3 . 7 ) - D X S 5 2 - q t e r ( d i s t a n c e s i n

centimorgan IcM] us'ing Haldane's mapp'ing functìon). The location

of FRAXA in relation to this map was documented in a

col'l aborative linkage study of ll2 fragiìe X families (Suthers et

al . 1990c) . FRAXA h,as p'l aced 2.? cM proximaì to DXS296. 0n the

bas j s of th i s genetì c nâP, the I oc'i DXS369, DXS297, IDS, and

DXS304 $rere al I wi th i n 4 cM of FRAXA.
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The col I aborative study provided a rare opportunity to examine

both the frequency of recombi nat'i on and the proposed ì i nkage

heterogeneity at Xq27 jn a large number of fragile X famil'ies.
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MATERIALS AND I.IETHODS

Linkaqe anal vs'i s

A total of 1368 'i ndiv'idual s f rom ll2 f ragile X f amil ies were

i ncl uded j n the ì i nkage study. Genotypes at the f oì ì ow'ing

poìymorphìc loc'i were ana'lysed: F9, DXS105, DXS98' DX5369'

DXS297, DXS296, IDS, DXS304, and DXS52. Deta j I s of f am'i 
'ly

selection, probes used, ârd DNA methods have been presented

elsewhere (Suthers et al . 1990c).

Two-po'i nt and mu'l tipoint ì'inkage analyses were performed using

the programs MLINK, LINKMAP, and ILINK from the LINKAGE package

of computer programs (Version 5) (Lathrop et al. 1985; Lathrop &

Lal ouel 1988) . The RÊLP al I el e frequenc'i es have been descri bed

(Kidd et al. 1989; Suthers et al. 1990b). The genetìc parameters

relating to FRAXA were as follows: mutant allele frequency

(0.0006); mutation rate (0.00024 in males, 0.00048 'in females);

penetrance of mental retardat.i on or fragi'l e X expression (0.80

among mal es, 0.55 among femal es ) (Sherman et al . 1985 ' 1988) . If

the pedigree indicated that an apparent'ly normal individual of

either sex was an obligate carrier, that 'i ndjv'idual was coded as

af f ected f or the ì i nkage anaìys'i s.

Homoqene'i tv testing.

Homogene'i ty of two - po ì nt

usi nq the H0M0G package

recombi nati on f ract'i ons was assessed

of computer programs (0tt I 985 ) . 0ne of
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the programs, MTEST, ìs an impìementation of Morton's homogeneìty

test (Morton 1956). MTEST was used to determine whether there was

a sjgnificant djfference in the recombìnation fractions between

two loci jn a normal population versus the fragiìe X families.

The normal popul at j on consi sted of 40 ref erence f am'i I i es f rom

Centre d'Etude du Pol vmorphj sme Humai n (CEPH) (Dausset et al .

ree0).

When testing for heterogeneity of two-point recombination

fractìons ìn the fragile X fami'l ies, one of the ìmpìementations

of the Admjxture test (0tt 1985) was used. The choice of

implementation was determined by the hypothesis being tested. As

Brown et al . (1987) had suggested that frag'i ìe X f amil ies could

be div'ided into two groups on the basis of the F9:FRAXA

recombi nati on fracti on, the program H0M0G2 was used. Th'i s program

uses max'imum likeìjhood est'imation to evaluate three hypotheses.

The null hypothesis (HO)'i s that the two locì be'i ng exam'ined are

unlinked in all the families (ä=0.50). The next hypothesjs (Hf)

.i s that the two locÍ are I inked at the same recombination

fraction in all the families G <0.50). The final hypothesis (HZ)

is that the families comprise two groups, with the loci linked at

different recombinat'ion fract'i ons (âl .êlZ <0.50).

The transformed val ues of

2ln(likelihood)) maY be comPared

one (Ht vs HO) or two (HZ vs. Ht )

the three ljkelihoods (-

using the X2 distrjbution with

degrees of freedom. Under these
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conditions, the tests are general'ly conservative. Tests of

homogenei ty were not performed for al I two-poi nt analyses j n the

f rag'i 'l e X f amil'ies. These tests have I jmited power (0tt 1986;

Risch 1988), and there 'is ljttìe point jn performing the test

with I imited data. Moreover, performing multip'le comparisons

woul d have reduced the power of the tests even further.

The programs H0M0G2, H0M0G3, and H0M0G4 were used to perform

mul ti poi nt tests of I i nkage homogene'ity. In the mul ti poì nt

ì inkage analysis of frag'ile X fam'i I jes (Suthers et al . 1990c),

the I i kel i hood (expressed as a muì ti poi nt L0D score) of FRAXA

beì ng I ocated at specì fi c poi nts aì ong a predefi ned geneti c map

had been cal cul ated for each fam'i ly usi ng the program LINKMAP.

The background genetic map used for this anaìysis had been

determ'i ned 'i ndependentl y i n the CEPH f am'il i es ( Suthers et al .

1990b) , and consj sted of the I ocj DXS98, DXS369' DXS297 ' DXS296'

IDS, and DXS304. For homogenei ty testi ng, mul ti po'i nt L0D scores

were ca'l cul ated at l0 I ocati ons i n the i nterval DXS297: DXS296,

and at 5 locations in each of the other intervals.

In ana'lyzing these data with a multipoint ììnkage homogeneity

test, the null hypothesis (HO) þras that FRAXA was not located on

the genetic map; H1 was that there was a sing'l e location for

FRAXA on the map; H2 was that the fam'i I ies could be divided into

two, three, or four groups (depending on the program used) with

d j f f erent FRAXA I ocat'i ons. t,lhen perf ormi ng a mul t'i poi nt test of
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ì'i nkage homogeneìty, the d'i fferences in the likelihoods do not

have a def i ned dì stri but'ion (Cl ayton et al . 1988; J. Qtt,

personaì communication), and significance valUes cannot be

ass i gned to di fferences i n the I i kel i hoods of the three

hypotheses.

'a
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RESU LTS

Freouencv of recombi nat'i on i n normal vs. fraqi I e X f ami I ì es -

Two-point I inkage analyses were performed using the program

ILINK. The peak LOD scores and best est'imates of the

recombjnation fractìons (ô) for alì pa'i rs of locj in the l,l2

fragiìe X fam'i lies are summarized in Table t. For comparison, the

resul ts of two-poi nt I i nkage analyses of the same I oc'i i n the 40

CEPH f am'i l'ies are al so presented. There were l6 pai rs of I oci

$Jhere the est'imated recombi nati on f racti ons i n the two

populat'i ons differed by 0.05 or more. However, the peak L0D

scores were generally low in one or both of the populations, and

ljttle significance could be attached to the differences ìn

recombi nati on fracti ons.

one pair of 'l oci, F9:DXSl05, differed by 0.06 in the

recomb'i nati on f ractions ì n the two popul at'i ons, and the peak L0D

scores in the two populatìons r.rere both above 10.0- The pro'gram

MTEST tras used to determine whether this difference 'in

recombination fraction was sìgn'ificant; the two recombination

fracti ons were not si gnì fi cantìy di fferent (X2t= 2.98; p=0.08) .

Forty nine of

more of the

recombi nati on

the frag'i'l e X families were informative at two or

I oc'i that were w'ith i n 4 cM of FRAXA. The

fractions between these five loci were estimated
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sìmultaneousìy 'in the fragiìe famjl ies using the program ILINK.

The recombi nati on f ract'i ons lvere as f ol I ows:

p x s 3 6 9 - ( 0 . 0 0 0 ) - D x s 2 e 7 - ( 0 . 0 6 9 ) - D X S 2 9 6 - ( 0 . 0 0 0 ) - I D s - ( 0 . 0 I B ) - D X S 3 0 4 .

In the CEPH f ami l i es these recomb'i nati on f racti ons were

px s3 6e - ( 0 . 00 0 ) - DXs2s7 - ( 0.0s7 ) -DXS2e6- (0.000 ) - IDS- (0.012 ) -DXS304.

In the fragiìe X famiìies, the difference 'i n the transformed

lìkelihoods (-2ìn(ì'i ke'l ihood)) of these two sets of recombjnation

fractions was not sìgnificant (XZq=0.35; p>0.5).

Tests o f linkaoe hom oeneitv in th fraoile X fa ilies-

Four I oci were i nformati ve ì n more than 40 of the fragi I e X

famìì ies, F9, DXS369, DXS296, and DXS52. Two-point homogeneity

tests $,ere perf ormed f or the recombi nat'i on f ract j ons between each

of these I oci and FRAXA. The data for each test brere two-poi nt

LOD scores at l0 val ues of 0 between 0.00 and 0.45. As the

DXS296:FRAXA L0D score curve had a sharp peak at 0=0.015' L0D

scores at 0=0.01, 0.02, 0.03, and 0.04 were al so ì ncl uded.

The resul ts of the homogene'ity tests are summari zed 'i n Tabl e 2.

For each of the four locj, the recombination fraction between the

locus and FRAXA was sìgnificantly less than 0.50, i.ê. Hg t.las

rejected in favor of H1. Hor{ever, for none of the loci was there

ev jdence of ì'inkage heterogeneity, 'i .e. there t'¡as insuf f ic'ient

evidence to reject H1 in favor of H2. In Table 2 fhe est'imates of

0 between each I ocus and FRAXA under the hypothes i s of I 'inkage

homogenei ty (Hl ) are sl ì ght'ly d'i f f erent f rom those l'i sted ì n
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Table l. The reason for this is that t.he data entry for the H0M0G

programs cons'i sts of L0D scores at speci f i ed recombi nati on

fractions (cal cul ated wi th the program MLINK). The estimate of è

determ'i ned by H0M0G2 is limited to one of the specified 0 values.

0n the other hand, the val ues j n Tabl e I were determj ned

i terati ve'ly us'ing the program ILINK, ârd there i s no restri ct j on

on the est'imated value of à.

Multìpoìnt homogeneity testìng of FRAXA location was performed

w jth multipoint LOD scores from l0l of the f ragi'l e X famjl jes.

Each of these f ami I i es was i nf ormati ve at one or more of the I oc'i

DXS98, 0XS3.69, DXS297, DXS296, IDS, and DXS304. Under the

hypothesis of a singìe locat jon for FRAXA (Hl), the most 'ì ikeìy
'l ocation of FRAXA tlas 2.2 cM proximaì to DXS296. The odds in

f avor of H1 vs. Hg were 1048: l. Under the hypothes'i s (He) of two

locatjons for FRAXA, FRAXA was located at DXS98 'i n 15% of the

f am jl'ies and 1.6 cl.l prox'imal to DXS296 in the remainder. The odds

j n f avor of H2 vs. H1 were 2:1. The odds 'i n f avor of there be'ing

three or f our I ocat'ions f or FRAXA rather than one were al so 2:L.
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DISCUSSION

The fragiìe X syndrome js the onìy clinjcal d'i sorder known to be

assoc'i ated with express'ion of a fragiìe site (Sutherìand & Hecht

lgBS) . It i s al so uni que 'in bei ng the onìy X-l i nked di sorder wi th

incomplete penetrance jn males. It was therefore intriguing when

lìnkage ana'lysìs suggested that the'l 'inkage relat'ionships around

FRAXA mì ght be unusual .

Recombi nation fract'i o ns 'i n normal v s- fraoile X f ami I i es

Investi gat.ion of the I i nkage rel ati onshi ps around FRAXA i s

dependent on the availabiì Íty of DNA probes which detect

polymorphìsms in the regìon. Clusters of poìymorphìc loci were

'i dentì f i ed at Xq26 and Xq28 (Szabo et al . 1984; 0berl e et al .

1985, 1987 ) , but unt'i I recentìy there had been few I oci mapped

close to FRAXA by ìinkage anaìysis. This lack of polymorphic locj

was attrjbuted to either a hìgh frequency of recombìnation in the

region of FRAXA, or to a selection bias in isolating probes from

XqZl (0berìe et al . 1987). There 'i s no evidence of increased

recombjnat'i on at Xq27 or Xq28 in normal families (Suthers et al .

1990b; Fe'i I et al . 1990), ônd 'it has been suggested that the

reg i on around FRAXA coul d contai n repeated sequences and hence be

under-represented when screenj ng for un'i que DNA probes from

genom'i c libraries (Hyland et al . 1989).
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In the present study, a comparjson of two-po'int and multjpojnt

ì i nkage rel ati onshi ps of I oci cl ose to FRAXA 'i n 40 normal

famjl.i es and over 40 fragìle x familjes fa'i led to detect any

difference in the recomb'ination fractions in normal versus

fragiìe X famil ies. Thus there is I ittle evidence to support the

contention that Xq27 is a region of preferential recombination jn

either normal famjl jes or in frag'i 'l e X families.

linkaoe ho rìoêneit.v in fraoile X families

The second proposaì considered in th'i s study h,as whether the

frequency of recombi nat i on around FRAXA vari es among frag i I e X

f ami'l .ies. The f irst study of the recombination f raction between

FRAXA and F9 estimated the recombination fraction to be zero

(Camerino et al. 1983), but I ater investigations indìcated that

the recombination fract'ion was much higher (Choo et al. 1984;

l,larren et al . 1985). Subsequentìy it was suggested that the

f requency of recombi nati on 'i n th i s i nterval may vary among

fragìle X famil ies (Brown et al. 1985, 1986, 1987, 1988; 0berle

et al. 1986). In an anaìysis of 106 famiìies, 20% had no

recombinat'i on between F9 and FRAXA, while the remainder had a

recombinat'i on fraction of 0.35 (Brown et al . 1988). There ¡¡as no

ev'i dence of ì i nkage heterogenei ty between FRAXA and the di stal

I ocus DXS52. These studi es were I imi ted to ana'lyz'ing I oci that

have recombi nati on f racti ons of more than 0.12 w'ith FRAXA.
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In the present study, tests of two-point I ìnkage homogene'ity

between FRAXA and F9 or DXS52 fai I ed to document I ì nkage

heterogeneity (Tabìe 2). Tests of two-point I inkage homogeneìty

usi ng the cl osely I i nked ì oc'i DXS369 and DXS296 al so f ai I ed to

document heterogeneity in the fragiìe X famil jes.

In the absence of a clear clinical or cytogenet'ic distinctjon

among frag'i le X families, there is no a priorí reason why there

should be just two groups of fragiìe X fam'i I jes rather than many

groups. In any ì i nkage study, the peak L0D score wj I I occur at a

djfferent recombination fraction 'i n each family stud'i ed. This

reflects the different pedigree structures, numbers of

ìnformative women in each famiìy, and the stochast'ic nature of

recombi nati on. However, i n a mul ti po'i nt test of I i nkage

homogeneity based on six loci cìose to FRAXA and 101 famil ies,

the odds i n favor of thei r bei ng two, three, or four I ocati ons

for FRAXA rather than one rvere onì y 2:l .

The onl y other mul ti poi nt test of ì i nkage homogenei ty i n the

fragiìe X syndrome al so faiìed to detect heterogeneity. Cì ayton

et al. (1988) took essentially the same data set as Brown et al.

(1987), and performed a muìtìpojnt test of homogeneity similar to

that described for the present study. The odds in favor of there

being two loci for FRAXA were onìy 2:1. In discussing the jnitial

confl ìcting reports of the F9: FRAXA recombination fract'ion, the

authors cons'idered the possibiìity that there is a famjlial
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predispos'ition to recombination at Xq27. Such a predisposition

need not be specific to the fragiìe X syndrome, but may be a

feature of the normal population. However, two-point tests of

'l ìnkage homogeneity in the CEPH famil'ies found no ev'idence of

heterogeneity at Xq27 (Suthers et al. 1990b).

It i s not c'l ear why the concl usi ons of the present study and of

Cì ayton et al . ( 1988) di ffer from that of Brown et al . ( 1985,

1986, 1987, 1988). In assembl ìng data for this analysis, there

was a selective bias in favor of families 'informative at loci

ci ose to FRAXA. There was no bi as i n terms of the c'l i ni cal or

cytogenetic .characteristics of affected males, or of pedigree

structure (other than ensuring that at least two individuals in

each pedigree expressed the fragiìe X) (Suthers et al. 1990c).

There are three possibìe explanations for the djfference. The

f i rst i s that these resul ts represent some stati st'ical

f I uctuat'ion, and wi I I not be di scussed f urther. The second

possi bi I j ty i s that thi s study I acked suffi cj ent power to detect

ì inkage heterogeneity. The thìrd possib'i I ity js that Brown et al .

obtai ned an i ncorrect non-conservati ve resul t w'i th the Admixture

test.

The po!,Jer of a two-poi nt homogene'ity test vari es accordi ng to the

hypothesi s bei ng tested. Tabl es have been publ i shed gi vi ng the

po1.rer of vari ous tests for di fferent hypotheses (Caval I i -Sforza &

Kì ng 1986; 0tt 1986; Ri sch 1988), but the speci fi c hypothesj s
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proposed by Brown ( 1 988) i s not I i sted. Moreover, the

d j stri but j on of I'i kel j hood rat'ios 'i n mul ti poì nt tests of '14 nkage

homogeneity is not known, ârd the power of thjs anaìysìs cannot

be estjmated. 0n the other hand, thì s analysì s r,ras based on a

I arge number of f ami I i es. Two-po'int I i nkage heterogene'ity between

F9 and FRAXA has been documented in as few as s'ix ìarge famil jes

(Qberl e et aì . 1986), and the study of Brown et al . ( 1987)

included iust 32 families.

Although homogeneìty tests are generally conservative (Risch

1988), the test results can be 'i naccurate jf an jnsufficient

number of L0D scores are presented as

data does not include L0D scores. at

In partjcular, if the

t'imated'iterati velY),

data.
Ae (es

the l'i kelihood of H1 may be incorrectly low with the result that

H1 is incorrectly reiected in favor of H2, As an example, a two-

poi nt test of ì'i nkage homogenei ty between FRAXA and DXS296

rejected H1 ìn favor of H2 (X2Z=5.9; p=0.03) if L0D scores nuere

entered for iust l0 val ues of I at i nterval s of 0.05. If LOD

scores at val ues of 0 cl ose to 0.01 5 were i ncl uded, there was

'i nsuff icient evidence to reiect H1 in favor of H2 (Tab'l e 2) -

It'i s unlikely that the ììnkage heterogeneity reported between F9

and FRAXA by Brown et al. in 1987 was due to a non-conservative

result of the Admjxture test as the value of à estimated under H1

by the H0M0G program vras the same as that determìned by two-point
'l inkage analysis (0=0.21). The estimate of â under Hl r,las not
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presented in the paper by Erown et al. (1988)' and no conclusion

can be drawn regardìng a possible non-conservative result. The

Admìxture test was used by Brown et al. in 1985, but sjgnìficant

heterogenei ty vJas not detected wj th thi s test - However,

heterogeneity was detected using Morton's test jn a subset of

1 arge fami I i es.

Conclusion

An accurate genet'ic map js a prerequis'ite for ca'l cu'l atìng

rel iable genet'ic risk est'imates in any d jsorder. For those

involved in genet'ic counse'l ling of fam'i ljes with the fragiìe X

syndrome, the conclusions of this anaìysis are encouraging. There

is no ev'idence that the genet'ic map at Xq27 is d'i fferent jn

fragiìe X families versus the normal popuìatìon, nor is there

evidence of I ìnkage heterogene jty among f rag'i'ì e X f am'i I ies.

Therefore, g€netic dìstances that have been .estimated in normal

families or fragiìe X families can be incorporated into genetic

risk analyses w'ith confidence.
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Tab'le I

Sunmry of ürc-point t'irloç analp'is of læi atXq27$ in fragile X and CEfl fanilies.

F9 DXS1O5 DXS98 DXS369 0X997 FRAXA D6æ6 ItE DXS3O4 DXS52

F9

D)(s105

DXSS 5.01
6.38

DXS369

0Xs297

FRAXA 6.49

D)6æ6 0.26
1.ß

D)$304

D)$52

.10t

.o+3
.041
.078

.2lt

.221

2.03 2
6.79 ?

045
m

æ

.?ll

.170

7l

3.38
2.65 4.52

6.70

62
063

190

rü

1s2
It
058
N)

066
tD

u2
M)

¡o
251

m
072

lÐ
000

090
000

lÐ

4.10
15.95

11.&5

l1

N)

6t
19

52

59

32
27

4.40
1.81

.155

.179

4
ft

s.76
1.19

3.18
6.85

0.m
2.%

.300

.190

.350

.t42

.t23

.152

.033

.155

.015
M)

.2æ

.193

.t20

.2æ

.ffiz

.125

7.79
13.93

.333

.327
.099
.241

278
279

184

t24

500

175

t26
N)

æ2
154

076
136

l6l
127

.306

.170

274
069

093
62

000
u2

031

N)

019
m

.0æ

.014

000
054

066
077

ß9
t{)

000
000

10.63
14.34

3
6

56
62

34
38

40

59

8
65
77

45
50

16

55

1{)

.194

.237

I
2

.46

.54

N)
.36

N)

86
88

0.86
2.62

62
46

I
4

2
I

I
I
1

5 t4.6?
N)

9.54
6.æ

0.90
15.19

3.91
t2.74

7.m
10.83

46

IIE

0
2

I
4

0
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3
3

2
I

2

4

0
5

0.60
5.12

9.67

33.45
Ît

4.19
N)

2t.45 23.
1û 5.

0.92
I'O 7.53 18.æ

06
5. l0

11.25

I'lote: Tt¡e fiEnes above the diæonal are the best estirntes of tl¡e recmbination
fractims bebæen the specified loci. Tte figures be'lo¿ tle dÍagonal are the peak

Lü) scores. In each case, the rpper figure'is tlre result of ana'lys'is in tle
fragiìe X fanilies (present paper), ard the'loær figure js frcn anaìys'is of the
CEPII farnilies (grthers et al. 1990b). (Ð m data)
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Table 2

tt¡ogerreity t¡sts of bm-pint recarb'inatim fract'ims in the fragile X fanilies.

F9:EAXA (44 families)

l-þ: ìoci unlinf<ed in all fanilies

Hl: loci linked at 0{.20 in alì fanilies

locj I jnked at 0{.0 in 9/" of fanjlies,
at ê{.20 in 9l/. of families.

D)6369:FRM (45 fanilies)

l-þ: loci urlinked 'in all failljes

Hl: loci linked at ê4.05 'in all faniìies

loci linked at 0{.0 in 35/, of famììies,
at 9{.10 in 6V, of fanilies.

D(S296:FMXA (67 fanif ies)

Fþ: loci urìinked in alì fanil'ies

Hl: loci linked at H.VZ in al'l families

&L of fanilies,
W. of fanilìes.

DXSS2:FMIA (89 faniìies)

l-þ: loci r.nì'inked in all faniìies

Hlr loci linked at 0{.15 in all faniìies

loci linked at e{.05 in fi/, of fanilies,
at 0{.20 in W. of fanilies.

ru

ì n(rel ative
I ì keì ihood)

0.00

14.96
Þr=rn., (xo.æol)

f"ro 
(p>o.a)

Þr*., (p<o.mr)

Þr..ru (p>0.3)

15.04

0.00

33.39

33.77

0.00

76.89

n.æ

0.00

48.83

u

þ: loci ì'inked at 0{.01 in- at 9{.02 in

l+2.

(p<0.mI)

(p>0.4)

Þr*r., (p<o.ml)

frz.zt 
(p>0.1)

49.96
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Note to Tabl e 2z The best estimates of e and of the

proporti on of the f ami I 'ies i n each group blere obtai ned under

each hypothesis, and are listed in the Table. The

signj fj cance of di fferences in the rel ative I i kel i hoods of

the hypotheses are indicated to the right of the Table-

30
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