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Autosomal dominant familial spastic paraplegia (AD-FSP) is a genetically heterogeneous neurodegenerative

disorder characterized by progressive spasticity of the lower limbs. Three loci on chromosome 14q (SPG3), 2p

(SPG4), and 15q (SPG6) were shown to be responsible for AD-FSP. Analysis of recombination events in three

SPG3-linked families allowed us to narrow the critical interval from 9 to 5 cM. An ∼5-Mb YAC contig

comprising 32 clones and 90 STSs was built from D14S30 1 to D14S991, encompassing this region of 14q21.

Fifty-six ESTs assigned previously to this region with radiation hybrid (RH) panels Genebridge 4 and G3 were

precisely localized on the YAC contig. The 90 STSs positioned on the contig were tested on the TNG RH panel

to compare our YAC-based map with an RH map at a high level of resolution. Comparison between our map

and the whole genome mapping data on this interval of chromosome 14q is discussed.

Fam ilial spastic paraplegia (FSP) is a h eterogen eous

group of degen erative disorders of th e cen tral m otor

system ch aracterized by progressive spasticity of th e

lower lim bs. FSP h as been classified (Su th erlan d

1975) accordin g to th e m ode of in h eritan ce an d

wh eth er spasticity occurs in isolation (pure FSP) or

with addit ion al sym ptom s (com plicated FSP). In

pure FSP, in h eritan ce is m ost com m on ly autosom al

dom in an t (AD-FSP) alth ough both pure an d com -

plicated FSP m ay be tran sm itted as autosom al dom i-

n an t, au tosom al recessive, or X ch rom osom e-lin ked

traits.

Pure AD-FSP is gen etically h eterogen eous an d

th ree AD-FSP-causin g loci h ave been iden tified to

date: SPG3 on ch rom osom e 14q (Hazan et al. 1993;

Gispert et al. 1995), SPG4 on ch rom osom e 2p (Ha-

zan et al. 1994; Hen tati et al. 1994), an d SPG6 on

ch rom osom e 15q (Fin k et al. 1995). Kn own AD-FSP

loci h ave been excluded in ∼50% of AD-FSP fam ilies

(Hered it ary Sp ast ic Parap legia W o rkin g Gro u p

1996), providin g eviden ce for th e existen ce of at

least a fourth locus. Lin kage to ch rom osom e 2p h as

been observed in th e m ajority of th e AD-FSP pedi-

grees an alyzed so far (Hazan et al. 1994; Dubé et al.

1995 ; Len n o n et a l. 1995 ; Hered it a ry Sp ast ic

Paraplegia Workin g Group 1996), wh ereas lin kage

to ch rom osom e 15q h as on ly been detected in on e

large North Am erican kin dred (Fin k et al. 1995).

Lin kage to ch rom osom e 14q h as been reported in

five AD-FSP pedigrees, in cludin g on e Fren ch (Hazan

et al. 1993), on e Germ an (Gispert et al. 1995), on e

Tibetan (Huan g et al. 1997), an d two North Am eri-

can (Hen tati et al. 1994; Len n on et al. 1995) fam i-

lies. Recom bin an t an alysis an d lin kage data first

p laced SPG3 with in a 15-cM in terval between m ark-

ers D14S266 an d D14S66 (Hazan et al. 1993). Th e

SPG3 can didate region was th en reduced to a 7-cM

in terval flan ked by loci D14S288 an d D14S281
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(Gispert et al. 1995). Th e distan ce between D14S288

an d D14S281 was th en re-evaluated at 9 cM in th e

last version of th e Gén éth on m ap (Dib et al. 1996).

Here, we report lin kage to ch rom osom e 14q in

an addit ion al Fren ch fam ily an d presen t th e refin ed

gen etic m ap of th e SPG3 can didate in terval usin g

m icrosatellite m arkers from a publish ed set (Dib et

al. 1996). Su bseq u en t stu d ies of recom bin at ion

even ts in two pedigrees from Fran ce an d on e from

Germ an y allowed us to n arrow th e SPG3 region to 5

cM between m arkers D14S259 an d D14S1018. As a

first step toward th e isolation of on e of th e gen es

respon sible for AD-FSP, we con structed an ∼5-Mb

YAC con tig from D14S301 to D14S991 con sist in g of

32 clon es. To evaluate th e wh ole gen om e m appin g

data in th is part icu lar region of 14q21, our ph ysical

m ap was com pared with th e Wh iteh ead/MIT con tig

WC14.1 (Hudson et al. 1995), wh ich revealed som e

discrepan cies in both STS order an d YAC/STS con -

ten t . To establish a tran scrip t m ap, 104 ESTs th at

h ad been localized with in or n ear th e SPG3 in terval

(Sch uler et al. 1996) with two radiation h ybrid (RH)

pan els, Gen ebridge 4 (Gyapay et al. 1996) an d G3

(Stewart et al. 1997), were tested by PCR on th e 32

YAC clon es of th e con t ig: 56 ESTs in clud in g 10

kn own gen es were m apped to th e YAC con tig be-

tween D14S301 an d D14S991; 24 of th em belon g to

th e restricted SPG3 in terval flan ked by loci D14S259

an d D14S1018. To com pare th e YAC ph ysical m ap

of th e crit ical region with an RH m ap with a h igh er

level of resolu tion , th e 90 STSs posit ion ed on th e

SPG3 YAC con tig were tested on a th ird RH pan el,

th e TNG pan el (Lun etta et al. 1996) wh ich could be

used to order m arkers at 50-kb resolu tion . In th is

paper we in tegrate all of th e RH an d YAC data in to

an accurate h igh -resolu tion ph ysical an d tran scrip t

m ap of th e SPG3 in terval th at represen ts a powerfu l

tool for iden tification of th e gen e respon sible for

th is form of FSP.

RESULTS

Narrowing the SPG3 Genetic Interval

Four m icrosatellite m arkers from th e SPG3 locus

(D14S1068, D14S269, D14S978, an d D14S1018)

were in it ially ch osen from a publish ed set (Dib et al.

1996) an d tested for lin kage to FSP in fam ily 014.

Maxim um lod scores of 4.39 an d 3.68 at U = 0 were

obtain ed with locus D14S1068 in fam ily 014, as-

su m in g com plete pen et ran ce an d u sin g liability

classes, respect ively. A total of 16 m icrosatellite

m arkers span n in g th e SPG3 can didate in terval were

th en an alyzed to con firm th e lin kage to th is region .

As sh own in Figure 1, we con structed exten ded h ap-

lotypes span n in g a 9-cM in terval usin g 10 m icrosat-

ellites gen otyped on th e th ree SPG3-lin ked pedi-

grees. Th e recom bin ation even ts visualized on th e

h aplotypes defin e th e n arrowest in terval con tain in g

th e SPG3 gen e. In fam ily C, a crossover between

D14S259 an d D14S1055 in in dividual IV-12 delim -

ited th e SPG3 in terval on th e cen trom eric side with

locus D14S259. Recom bin an t IV-12 in fam ily C en -

ab led u s to o rd er loci D14S259 an d D14S1055

with in th e cluster of five n on recom bin in g m arkers

described in Dib et al. (1996): th e order 14qcen -

D14S976/ D14S259-D14S1055/ D14S1068-14q tel is

also con sisten t with th e posit ion of th ese m arkers

on th e YAC con tig (see Fig. 2). On th e telom eric

side, th e in terval was restricted by two recom bin a-

t ion even ts between D14S978 an d D14S1018: In di-

vidual III-8 in fam ily W an d subject II-1 in fam ily

0 1 4 d efin ed t h e t e lo m er ic fla n k in g lo cu s a t

D14S1018 (Fig. 1). Th e gen etic d istan ce between

D14S259 an d D14S1018 was estim ated at 5 cM from

th e Gén éth on m ap of h um an ch rom osom e 14 (Dib

et al. 1996).

YAC Contig

Th e CEPH m ega-YAC library was in it ially screen ed

b y PC R w it h t h e STSs D 1 4 S1 0 5 5 , D 1 4 S2 6 9 ,

D14S255, D14S978, an d D14S281. A total of 25 YAC

clon es were selected by th is m eth od . Addit ion al

YACs th at h ad m ore th an on e verified STS h it were

ch osen from th e publicly available Wh iteh ead In sti-

tu te/MIT ch rom osom e 14 in tegrated m ap (Hudson

et al. 1995). Ten clon es th at were iden tified by th e

screen in g bu t were absen t from con t ig W C14.1

(Hudson et al. 1995) were n ot studied furth er. Th e

STS con ten t of each YAC clon e was th en determ in ed

by PCR with 34 STSs gen erated by Gén éth on , Co-

operative Hum an Lin kage Cen ter (CHLC), an d th e

Wh iteh ead In stitu te/MIT. To con firm each YAC/STS

h it , all th e PCR products were electroph oresed on

agarose gels, tran sferred on to m em bran es, an d h y-

bridized with th e correspon din g prim er. A total of

32 YAC clon es were used to establish a con tig of

overlappin g YACs span n in g an ∼5-Mb region from

D14S301 to D14S991 as sh own in Figure 2. A m in i-

m um of five YACs is required to form a con tin uous

clon e path th at lin ks D14S301 with D14S991. Th e

depth of clon e coverage is variable alon g th e YAC

con tig, from a sin gle clon e at both en ds to a m axi-

m um of 16 clon es at D14S259 an d D14S1009. Four

YACs (804C10, 788C11, 742E11, an d 965B6) appear

to h ave un dergon e in tern al deletion s.

We th en com pared th e STS con ten t data ob-
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Figure 1 (See facing page for C and legend.)
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t ain ed by th e W h iteh ead In st itu te for th e YAC

clon es of th e SPG3 in terval with our data set . Of 31

STSs tested in com m on on th e 32 YAC clon es, 118

YAC/STS h its sh own in con tig WC14.1 were con -

firm ed by our an alysis, wh ereas a total of 98 YAC/

STS h its th at do n ot appear in th e MIT/Wh iteh ead

database were detected an d verified , wh ich is con -

sisten t with th e approxim ate rate of false-n egatives

(at m ost 20%) estim ated in Hudson et al. (1995);

four false-posit ive h its were iden tified , wh ich is also

in accordan ce with th e false-posit ive estim ate of at

m ost 5% (Hudson et al. 1995). All of th e discrepan -

cies revealed by th e com parison between th e Wh ite-

h ead In stitu te/MIT an d our STS con ten t data are

listed in Table 1. Th e n um ber of false-n egatives is

h igh ly variable from on e locus to an oth er, or from

on e YAC clon e to an oth er: For exam ple, in th e

Wh iteh ead In stitu te database m arker, D14S259 was

foun d n egative for th e 16 YAC clon es th at were

sh own posit ive for th is locus in our experim en ts,

wh ich caused its m isplacem en t in con tig WC14.1

(see below); on th e oth er h an d, on ly on e discrep-

an cy o f t en was id en t ified wit h STSs W I4389,

D14S976, an d GATA90G11. Likewise, YACs 765D2

an d 759C9 were in correctly scored n egative for 10

loci in con tig WC14.1, wh ereas n on e, or on ly on e,

false-n egative was detected in YACs 763H6, 818C12,

772D1, 756F10, an d 751H11.

Th e m ain discordan ce revealed by th e com pari-

son between con tig WC14.1 (Hudson et al. 1995)

an d our ph ysical m ap con cern s th e STS order th at

we con firm ed with RH an d gen etic m appin g. Ac-

cordin g to th e Wh iteh ead In stitu te m ap of th e re-

gion , th e STS order on th e proxim al side of th e SPG3

in terval is th e followin g: 14qcen D14S288 S14S259

W I 3 6 4 7 W I 4 3 8 9 D 1 4 S9 7 6 G AT A9 0 G 1 1

D14S1055 GCT16B06 WI9818 WI3708 D14S1068

W I 1 3 0 7 G AT A8 5 A1 1 D 1 4 S2 5 5 D 1 4 S2 6 9

AFM a 0 8 6 yh 5 W I9 7 1 4 D 1 4 S9 8 4 AFM 1 2 2 x b 2

14qtel, wh ereas th e order we h ave establish ed is

14qcen D14S288 WI4389 D14S976 GATA90G11

WI3647 GCT16B06 WI9818 D14S259 D14S1055

D 1 4 S1 0 6 8 G AT A8 5 A1 1 W I 1 3 0 7 W I 3 7 0 8

D 1 4 S2 6 9 AFM 1 2 2 x b 2 W I9 7 1 4 AFM a 0 8 6 yh 5

D14S984 14qtel.

Transcript Map

To establish a gen e m ap of th e SPG3 in terval an d to

com pare th e posit ion in g of ESTs between th e h u-

m an gen om e RH m ap (Sch uler et al. 1996) an d our

YAC con tig, 104 ESTs assign ed previously to th is

Figure 1 Pedigrees of families C, W, and 014. Affected individuals are represented by black symbols and unaf-
fected family members by open symbols. Boxes indicate disease chromosomes. Crit ical recombination events in
patients are marked with an arrow. (A) Family C; (B) family W; (C) family 014.
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Figure 2 YAC contig map of the SPG3 region. The 90 STSs, including polymorphic markers and ESTs for which
GenBank accession numbers are indicated in italics, are listed along the second line at top. The two thick black lines
surrounding loci D14S259 and D14S1018 represent the proximal and distal borders of the SPG3 interval, respec-
tively. Polymorphic markers appearing on the last version of Généthon genetic map are framed with a thicker line.
Each of the 32 YAC clones is depicted by dark grey rectangles with its name given to the left and to the right .
Presence or absence of an STS in the corresponding YAC clone is indicated by dark or light grey squares. RH
mapping data using the TNG panel are presented at top: The 22 linkage groups defined by a pairwise lod score
above 4 are indicated on the first line, a 0 is used to describe STSs that did not amplify on TNG, and the colors along
the second line correspond to the 11 linkage groups containing more than one STS. Positions of ESTs H68092 and
H99050, which generate an internal deletion in YAC 965B6, were those defined by TNG RH mapping data.
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region of 14q21 (Sch uler et al. 1996; G. Gyapay,

un publ.) usin g RH pan els Gen ebridge 4 (Gyapay et

al. 1996) an d G3 (Stewart et al. 1997) were selected

for precise localization on th e YAC con tig. Of th ese

ESTs, six were exclusively typed on th e G3 pan el

an d assign ed to th e SPG3 region in th e Nation al

Cen ter for Biotech n ology In form ation (NCBI) Gen e

Map database (Sch uler et al. 1996). A total of 98 ESTs

were tested on at least th e Gen ebridge 4 pan el: To be

selected, th ese ESTs h ad to be localized with a Log10-

l ike l ih o o d d iffe ren ce fro m t h e b est lo ca t io n

(Dlog10L) ran gin g from 0 to 3 in on e of th e two RH

fram ew o rk in t erva ls, [D1 4 S2 5 9 ;D1 4 S9 7 8 ] an d

[D14S978;D14S276], wh ich en com pass th e en tire

SPG3 in terval. ESTs m appin g to th ese in tervals with

a lower likelih ood were n ot con sidered. Th e 32 YAC

clon es were tested twice by PCR for th e presen ce or

absen ce of th ese 104 ESTs. A total of 56 ESTs were

precisely posit ion ed on th e YAC con tig (see Fig. 2).

Of th ese, 24 belon g to th e restricted SPG3 in terval.

Am on g th e 56 ESTs localized on th e con tig, 10 tran -

scrip ts correspon d to kn own gen es in cludin g th e

gen es en codin g b-1,2-N-acetyl glucosam in yl tran s-

ferase II (MGAT2, Tan et al. 1995; EST T91755 on

th e YAC con tig), a guan in e n ucleotide exch an ge

factor (h Sos2, Ch ardin et al. 1993; EST H93084), an

STE20-h om ologous protein (KHS, Tun g an d Blen is

1997; EST H99050), osteon idogen (Gen Ban k Acces-

sion n o. D86425, Oh n o et al. un publ.; EST H87019),

GTP-bin din g regu latory protein g6 subun it (Rob-

ish aw et al. 1989; EST N26108), prostaglan din E2

receptor (Regan et al. 1994; EST U19487), a ph os-

ph atase (KAP1, Han n on et al. 1994; EST L27711),

glia m aturation factor b (Kaplan et al. 1991; EST

M86492), GTP cycloh ydrolase I (Togari et al. 1992;

EST S44049), an d kin ectin (Futterer et al. 1995; EST

H87366). Of th ese 10 gen es, 5 (MGAT2, h Sos2, KHS,

osteon idogen , an d GTP-bin din g regulatory protein

Table 1. Discrepancies Between the W hitehead Inst itute/ M IT Cont ig W C14.1 and our Data

YAC clone names are at left ; STS names are on top. (FN) False negative; (FP) False positive.
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g6 su bu n it ) are in th e n arrowed SPG3 in terval.

Th ese 10 tran scrip ts were eith er iden tified directly

in th e NCBI Gen e Map database (Sch uler et al. 1996)

an d assign ed to th e con tig, or by fu ll sequen cin g of

th e correspon din g IMAGE cDNA clon es an d com -

parison of th e query sequen ce in th e Gen Ban k da-

tabase by use of th e BLASTN an d BLASTX program s

(Altsch ul et al. 1990).

Of th e six ESTs typed on th e G3 pan el, on ly four

were located in th e sam e in terval on th e YAC con tig

an d on th e RH m ap. No con clusion can be drawn

about th e oth er two, wh ich were approxim ately lo-

calized on th e RH m ap: On e is defin ed as lin ked to

D14S269 in th e gen e m ap database (Sch uler et al.

1996) an d th e oth er is p osit ion ed between loci

D14S269 an d D14S276 accordin g to th e RH m ap,

wh ereas n eith er locus D14S276 n or th is EST belon g

to th e YAC con tig. Th e fact th at RH fram ework in -

terval [D14S978;D14S276] is bigger th an th e region

covered by our YAC con tig precluded us from com -

parin g th e localization of som e ESTs between th e

RH m ap an d th e YAC con tig. Th e com parison be-

tween RH an d YAC con tig m appin g with respect to

th e 98 oth er ESTs is sum m arized in Table 2. For each

of th ese 98 ESTs, we determ in ed, in addit ion to th e

best location on th e RH m ap, th e secon d an d th ird

m ost likely locat ion s an d th eir associated Log10-

likelih o o d d ifferen ces fro m t h e b est lo ca t io n

(Dlog10L) usin g th e RHMAP package (Boeh n ke et al.

1991; Lan ge et al. 1995). Fifteen of th e 98 ESTs ap-

p ear in bo th in t ervals [D14S259;D14S978] an d

[D14S978;D14S276] on Table 2: An EST m ay, for

i n s t a n c e , b e l o c a l i z e d w i t h i n i n t e r v a l s

[D14S978;D14S276] an d [D14S259;D14S978] with

Dlog10L of 0 (i.e., best location ) an d 1.4 (i.e., secon d

m ost likely in terval), respectively. Of th e 98 ESTs, 36

were m apped to th e sam e in tervals on th e Gen e-

bridge 4 pan el an d on th e YAC con tig (∼37% con -

cordan t assign m en ts), 25 were m isplaced in th e RH

m ap of th e region (∼26% discrepan t assign m en ts)

Table 2. Comparison of EST Localizat ion between RH Genebridge 4 Panel
and YAC Cont ig

ESTs mapped with RH Genebridge 4 panel

Dlog10L = 0 0 < Dlog10L < 1 1 < Dlog10L < 2 2 < Dlog10L < 3

A. Interval (D14S259; D14S978)

Assigned ESTs
(RH) 30 3 8 14

Concordant
mappinga

(RH/YAC contig) 16 2 4 2
Discordant

mappinga

(RH/YAC contig) 14 0 0 1
RH mapping vs

YAC contig
undetermined 0 1 4 11

B. Interval (D14S978; D14S276)

Assigned ESTs
(RH) 26 22 3 7

Concordant
mappinga

(RH/YAC contig) 20 1 2 0
Discordant

mappinga

(RH/YAC contig) 0 12 0 0
RH mapping vs

YAC contig
undetermined 6 9 1 7

Dlog10L = log10. Likelihood difference from the best location.
aThe position found on the YAC contig is identical to the most likely posit ion obtained on the RH map.
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an d n o con clusion could be drawn from th e resu lts

obtain ed for th e 37 rem ain in g ESTs (∼37% n ot de-

term in ed), wh ich is m ain ly due to th e absen ce of RH

fram ework m arker D14S276 an d of several ESTs

from th e YAC con tig. Th e 25 wron gly assign ed ESTs

are m ain ly divided in to two groups: (1) 14 th at were

localized between loci D14S259 an d D14S978 with a

Dlog10L of 0 accordin g to th e Gen ebridge 4 data, do

n ot appear in th is in terval on th e YAC con tig. Th ese

14 ESTs were placed in a secon d-m ost likely in terval

with Dlog10L ran gin g from 0.22 to >3. Two ESTs are

actually localized on th e YAC con tig in in terval

[D14S978;D14S276], wh ich also corresp on d s to

th eir secon d m ost likely RH location with Dlog10L of

0.4 an d 0.98. Am on g th e rem ain in g twelve, seven

(R22818 , H56679 , H89672 , D59836 , M78666 ,

U15128, an d T89997) are posit ion ed in th eir sec-

on d, th ird , or fourth m ost likely location , wh ich is

un expectedly at least 103 t im es less probable th an

th eir best location : wh ereas th ree of th em are ph ysi-

cally localized in th eir secon d m ost likely location

with Dlog10L of 3.12, 3.72, an d 3.77 respectively,

th e oth er four are posit ion ed in th eir th ird or fourth

m ost likely in terval with Dlog10L of 4.86, 5.41, 5.9,

an d 6.19. (2) Twelve ESTs for wh ich th e secon d m ost

likely location is in terval [D14S978;D14S276] with

Dlog10L ran gin g from 0.17 to 0.98 are actu ally

placed between th ese two flan kin g m arkers on th e

YAC con tig.

Alth ough th e EST localization accordin g to th e

RH m ap of th e SPG3 region appears to be correct in

m ost cases, th e distan ce between an EST an d th e

flan kin g m arkers estim ated with th e RHMAP pack-

age (Boeh n ke et al. 1991; Lan ge et al. 1995) is gen -

erally in accurate an d sh ould n ot be con sidered in an

exh au st ive m app in g an alysis of ESTs posit ion ed

n ear a d isease locu s. For in stan ce, EST H38052,

wh ich was localized between loci D14S978 an d

D14S276 at respective distan ces of 18.9 an d 6.2 cen -

tirays (cR) accordin g to th e RHMAP calcu lation s was

posit ion ed close to m arkers D14S978 an d D14S1018

on th e YAC con tig (see Fig. 2). An oth er exam ple of

erron eous RH distan ces affects EST Z40639 wh ich

was placed at 26.6 cR from locus D14S259 an d 47 cR

from locus D14S978, alth ough it is actually located

on th e sam e YAC clon es as m arker D14S978 on th e

ph ysical m ap of th e region .

Fine RH Mapping

To com pare our YAC-based ph ysical m ap with an

RH m ap at a h igh er level of resolu tion an d to evalu-

ate th e resolvin g power of th e TNG RH pan el gen -

erated at Stan ford (Lun etta et al. 1996) with a radia-

t ion dose of 50,000 rads, wh ereas Gen ebridge 4 an d

G3 pan els were created with 3000 an d 10,000 rads

of irrad iat ion , resp ect ively (Gyap ay et al. 1996;

Stewart et al. 1997), th e 90 STSs posit ion ed on th e

SPG3 YAC con tig were tested on th e 90 RHs of th e

TNG pan el. Eleven STSs th at were coded 0 on top of

Figure 2 could n ot be am plified on th e TNG pan el.

Th ree differen t sets of lin kage groups were m ade up

assum in g m in im al pairwise lod scores between STSs

of 3, 4, an d 6. Alth ough m in im al pairwise lod scores

of 3 or 6 appear to be too loose or too strin gen t

criteria, respectively, th e lin kage groups obtain ed

with two-poin t lodscores > 4 seem to be sign ifican t

for th is RH pan el. Th e 79 m arkers sh owin g a m ean

reten tion frequen cy of 0.22 with a ran ge varyin g

from 0.08 to 0.46 fell in to 22 lin kage groups (see Fig.

2) in cludin g 11 sin gleton s. Th ese 11 sin gleton s con -

sist of th ree ESTs in cludin g two localized at th e very

en d of th e YAC con tig, th ree STSs developed by th e

Wh iteh ead In stitu te/MIT (Hudson et al. 1995), an d

five m icrosatellites. Five of th ese 11 sin gleton s sh ow

abn orm ally elevated or reduced reten tion frequen -

cies, wh ich m ay resu lt in overest im at ion in th e

n um ber of breaks between m arkers an d som etim es

in th e n um ber of lin kage groups. However, abn or-

m ally elevated or redu ced reten t ion frequ en cies

were also observed for som e STSs th at belon g to

lin kage groups con tain in g m ore th an two m arkers.

Eleven lin kage groups com posed of at least two

m arkers were iden t ified with pairwise lod scores

above four an d are represen ted by th e differen t col-

ors at th e top of Figure 2. Except for th e four ESTs

belon gin g to lin kage group 12 an d em bedded in

lin kage group 16, th ese lin kage groups are perfectly

con cordan t with th e posit ion in g of STSs on th e YAC

con tig, wh ich con firm s th e ph ysical m ap of th e

SPG3 region an d illu st rat es th e h igh reso lvin g

power of th e TNG RH pan el. Th e presen ce of th e 4

ESTs from group 12 with in lin kage group 16, wh ich

is st ill observed with pairwise lod scores above 6,

m igh t be explain ed by gen otypin g errors, alth ough

th e PCR reaction s were repeated twice on both th e

TNG pan el an d th e YAC clon es, or by a possible

rearran gem en t, eith er in th e don or DNA used to

con struct th e RH TNG pan el or in th e don or DNA

used to build th e CEPH YAC library.

DISCUSSION

AD-FSP is a gen etically h eterogen eous group of n eu-

rodegen erative diseases ch aracterized by progressive

spasticity of th e lower lim bs. Th ree loci on ch rom o-

som es 14q (SPG3; Hazan et al. 1993; Gispert et al.

1995), 2p (SPG4; Hazan et al. 1994; Hen tati et al.
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1994) an d 15q (SPG6; Fin k et al. 1995) are in volved

in AD-FSP an d th e existen ce of at least a fourth locus

w as clea r ly d em o n st ra t ed (H ered it a ry Sp ast ic

Paraplegia Workin g Group 1996; Kobayash i et al.

1996; Bruyn et al. 1997), because th is form of FSP

was n ot lin ked to an y of th e kn own loci in ∼50% of

th e kin dreds an alyzed so far.

Locus SPG3 on ch rom osom e 14q was sh own to

be respon sible for AD-FSP in five large fam ilies (Ha-

zan et al. 1993; Hen tati et al. 1994; Gispert et al.

1995; Len n on et al. 1995; Huan g et al. 1997). In th is

study we h ave dem on strated th at AD-FSP is lin ked

to th e gen etic m arkers span n in g th e SPG3 region in

a sixth kin dred of Fren ch descen t. An alysis of th e

recom bin ation even ts in th ree of th ese SPG3-lin ked

fam ilies en abled us to n arrow th e gen etic in terval

from 9 to 5 cM. We establish ed a YAC con tig com -

posed of 32 clon es th at span an ∼5Mb region en -

com p assin g th e en t ire SPG3 in terval located at

14q21. Th is YAC-based ph ysical m ap com prises a

total of 90 differen t STSs with an average spacin g of

50 kb. Th ese 90 loci con sist of 22 polym orph ic m i-

crosatellite m arkers gen erated eith er by Gén éth on

or CHLC, 56 ESTs from various cDNA libraries, an d

12 STSs isolated by th e Wh iteh ead In stitu te/ MIT. A

m in im u m of two m ega-YAC clon es, 765D2 an d

916C3, are required to gen erate a con tin uous tilin g

path coverin g th e restricted SPG3 in terval for wh ich

th e ph ysical size was approxim ately est im ated at

2.5 Mb.

Com parison of our YAC-based m ap with con tig

WC14.1 obtain ed from th e Wh iteh ead In st itu te/

MIT database (Hudson et al. 1995) revealed several

discrepan cies with respect to th e YAC/STS h its as

well as th e STS order in th is region of ch rom osom e

14q. A total of 31 STSs were tested in com m on on

th e 32 YAC clon es of th e con tig: Of th ese 992 PCR

am plification s, 118 YAC/STS h its were iden tified in

both an alyses, wh ereas 98 h its th at were fou n d

n egative in con tig WC14.1 were detected an d con -

firm ed by th e presen t study. Th is false-n egative rate

of ∼10% is con sisten t with th e rate of at m ost 20%

predicted by Hudson et al. (1995). Sim ilarly, our

an alysis revealed a false-posit ive rate of ∼0.4% in

th is part of con tig WC14.1, wh ich is in accordan ce

with th e rate of at m ost 5% estim ated in th e wh ole

gen om e ph ysical m appin g project (Hudson et al.

1995). Th e presen ce of false-n egative h its resu lted in

th e estab lish m en t of a wron g STS ord er in th e

Wh iteh ead In stitu te/ MIT m ap of th e region . Our

STS order, wh ich deviates m ore on th e proxim al

side of th e m ap from con tig WC14.1 was con firm ed

by RH m appin g. It sh ould be n oted, h owever, th at

th e overlap relation sh ips am on g th e 32 YAC clon es

are globally th e sam e in th e two con tigs, wh ich

leads to th e con clu sion th at th e wh ole gen om e

ph ysical m ap (Hudson et al. 1995) represen ts a good

start in g poin t for subsequen t fin e m appin g efforts.

To establish a gen e m ap of th e region , 104 ESTs

th at h ad been localized with in th e SPG3 restricted

in terval or in adjacen t in tervals (Sch uler et al. 1996)

by use of th e RH pan els Gen ebridge 4 (Gyapay et al.

1996) an d G3 (Stewart et al. 1997), were tested by

PCR on th e YAC clon es of th e con tig. A total of 56

ESTs were posit ion ed on th e con tig an d 24 of th em

were located with in th e n arrowed SPG3 in terval.

Most of th ese ESTs (98 of 104) were selected for th is

study on th e basis th at th ey h ad been m apped, with

a Log10-likelih ood differen ce from th e best location

(Dlog10L) ran gin g from 0 to 3, to on e of th e two RH

fram ew o rk in t erva ls, [D1 4 S2 5 9 ;D1 4 S9 7 8 ] an d

[D14S978;D14S276], with th e Gen ebridge 4 pan el:

Th e best location as well as th e secon d an d th ird

m ost likely location s were th en determ in ed for each

of th ese ESTs. Th e com parison between th e YAC-

based ph ysical m ap an d th e RH m ap sh owed th at

37% of th e ESTs were localized in th e sam e in terval

on th e Gen ebridge 4 pan el an d on th e YAC con tig,

26% were m isplaced on th e RH m ap of th e region ,

an d n o con clusion could be drawn for th e rem ain -

in g 37% because of th e absen ce of fram ework RH

m arker D14S276 an d of several ESTs from th e YAC

con tig. Odds ratios between th e best an d th e secon d

m ost likely location s obtain ed for th e m ajority of

wron gly assign ed ESTs are sm aller th an 10:1, wh ich

in dicates th at defin ite assign m en ts could n ot be re-

solved with th is RH pan el. Th e fact th at th ese ESTs

were actually posit ion ed in th eir secon d m ost likely

in terval on th e YAC con tig, ten ds to dem on strate

th e relatively h igh reliability of th e RH m ap. How-

ever, th e m ost likely posit ion was su pported at

>1000:1 odds (Dlog10L ran gin g from 3.12 to 6.19)

for seven ESTs th at were placed in th eir secon d,

th ird , or fourth m ost likely location accordin g to

th e YAC con tig. Th is con firm s th e n ecessity of ex-

am in in g all ESTs th at were localized on th e RH

m aps, n ot on ly with in a gen etic in terval con tain in g

a disease-causin g gen e, but also in th e adjacen t in -

tervals. Neverth eless, th e existen ce of th ese seven

m isplaced ESTs sh ows th at th e lim its we h ad fixed

for selectin g th e ESTs to be tested (i.e., ESTs m apped

to an RH in terval of in terest with a Dlog10L < 3) were

n ot sufficien t to perm it an exh austive search for

tran scrip ts.

Ten of th e 56 ESTs th at were m apped to th e YAC

con tig correspon d to kn own gen es. Five gen es en -

codin g b-1,2-N -acetyl glucosam in yl t ran sferase II

(MGAT2, Tan et al. 1995), a guan in e n ucleotide ex-
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ch an ge facto r (h Sos2, Ch ard in et al. 1993), an

STE20-h om ologous protein (KHS, Tun g an d Blen is

1997), GTP-bin din g regulatory protein g6 subun it

(Robish aw et al. 1989) an d osteon idogen are local-

ized with in th e restricted SPG3 in terval. On th e

oth er h an d, th e gen es en codin g th e prostaglan din

E2 receptor (Regan et al. 1994), KAP1 ph osph atase

(Han n on et al. 1994), glia m atu rat ion facto r b

(Kaplan et al. 1991), GTP cycloh ydrolase I (Togari et

al. 1992) an d kin ectin (Futterer et al. 1995) were

defin itely excluded. In terestin gly, th e exclusion of

GTP cycloh ydrolase I gen e, wh ich was sh own to be

respon sible for dopa respon sive dyston ia (Ich in ose

et al. 1994), clearly dem on trates th at SPG3-lin ked

FSP an d dopa respon sive dyston ia (DRD) are gen eti-

cally dist in ct d isorders. Allelic h eterogen eity h ad

been suggested for th ese two n eurological disorders

because elem en ts suggestin g spasticity could be part

of DRD an d th e SPG3 an d DRD gen etic in tervals

were in it ially overlappin g (Nygaard et al. 1993).

To com pare our YAC-based m ap with an RH

m ap with a h igh level of resolu tion , we tested th e 90

STSs localized in th e SPG3 in terval on th e TNG RH

pan el (Lun et ta et al. 1996). Twen ty-two lin kage

groups with pairwise lod scores above four were ob-

tain ed for th e 79 ESTs th at could be am plified on

th is RH pan el. Except for th e presen ce of four ESTs

from lin kage group 12 with in lin kage group 16,

wh ich could n ot be explain ed so far, th e posit ion in g

of STSs on our YAC con tig are con cordan t with th e

lin kage groups defin ed on th e TNG pan el. Th e sim i-

larity between th ese two m aps ascertain s th e reli-

ability of our YAC con tig an d con firm s th e h igh

resolvin g power of th is RH pan el wh ich , com bin ed

with th e Wh iteh ead In stitu te/MIT YAC m aps, could

be used to gen erate h igh -con fiden ce m aps. In con -

clusion , th e in tegration of all th e data produced by

th e wh ole gen om e m appin g projects (Hudson et al.

1995; Dib et al. 1996; Sch uler et al. 1996) at th e

SPG3 locus en abled us to establish a robust an d ac-

curate m ap en com passin g th is region of ch rom o-

som e 14q21, wh ich sh ould lead to th e iden tification

of th e gen e respon sible for th is form of FSP.

METHODS

Clinical Evaluation

All th e patien ts from th e th ree fam ilies presen ted in Figure 1

fu lfill th e diagn ostic criteria of pure an d progressive spastic

paraplegia with pyram idal sign s in th e lower lim bs as defin ed

by Hardin g (1981). Th e two pedigrees of Germ an (fam ily W)

an d Fren ch (fam ily C) descen t were reported in Gispert et al.

(1995) an d Hazan et al. (1993), respectively. Eleven patien ts of

fam ily 014 were exam in ed at 26 5 21 years by on e of th e

auth ors (A. Dü rr) by a stan dardized clin ical protocol. Age of

on set could be determ in ed in 10 patien ts an d ran ged from 16

m on th s up to age 50, m ean 9 5 15 years, m edian 3 years. In

two patien ts, th e fun ction al h an dicap was m oderate, five pa-

tien ts could n ot run , an d th ree patien ts required h elp to walk.

Spast icity in lower lim bs was m arked in six, m oderate in

th ree, an d sligh t or absen t in two subjects. Reflexes in lower

lim bs were h yperactive in 10 subjects an d th ey were abolish ed

in on e patien t after a disease duration of 50 years. Reflexes in

upper lim bs were h yperactive in th ree subjects an d n orm al or

sligh tly in creased in eigh t patien ts. In all subjects, th e plan tar

respon se was exten sor. Vibration sen se was decreased in four,

abolish ed in on e, an d n orm al in six. Five patien ts com plain ed

of urin ary urgen cy. In on e patien t , th e vert ical eye gaze was

lim ited an d two h ad n ystagm us. All DNAs were extracted

from wh ole blood by stan dard procedures.

Genotyping and Linkage Analysis

PCRs were carried out as described previously (Hazan et al.

1993). Four am plification products, gen erated with separate

prim er sets on iden tical DNA sam ples, were coprecip itated

an d com igrated in a sin gle lan e of a 6% polyacrylam ide de-

n aturin g gel. Separated products were th en tran sferred to Pall

m em bran es an d h ybrid ized successively with n on rad iola-

beled (ECL, Am ersh am ) PCR prim ers as reported in Vign al et

al. (1993). Two-poin t lod scores were calcu lated by MLINK of

th e LINKAGE package (version 5.1; Lath rop et al. 1985) un der

th e assum ption of an AD-FSP gen e with a frequen cy of 1014

an d equal fem ale an d m ale recom bin ation rates. On th e basis

of th e clin ical evaluation , we ch ose to estim ate th e pairwise

lod scores usin g pen etran ce values of 100% an d liability

classes. Five liability classes were obtain ed from th e cum ula-

t ive age of on set cu rve design ed previously (Hazan et al.

1994): 0.17 for in dividuals from 0 to 19 years old , 0.32 for

20–24 years, 0.55 for 25–30 years, 0.92 for 31–51 years an d

0.99 for in dividuals over 51 years. Marker allele frequen cies

were assum ed to be equal. Sim ulation an alyses with exten sive

alteration s of th e allele frequen cies did n ot m odify th e con -

clusion s of th e lin kage an alyses (Freim er et al. 1993).

Construction of a YAC Contig

YAC DNA pools from th e CEPH m ega-YAC library (Coh en et

al. 1993) were screen ed by PCR with p o lym orp h ic STSs

D14S1055, D14S269, D14S255, D14S978, an d D14S281. Th e

PCR con dit ion s, as well as th e sequen ces of th ese STS prim ers

h ave been publish ed previously (Weissen bach et al. 1992; Dib

et al. 1996). Am plificat ion products were an alyzed on 2%

NuSieve (FMC) agarose gels. Th e 32 YAC clon es iden tified

were subsequen tly tested by PCR with a set of STSs gen erated

by Gén éth on , CHLC, an d th e Wh iteh ead In stitu te/MIT. Am -

plification s were carried out in a total volum e of 50 µ l con -

tain in g 20 n g of YAC DNA, 50 pm ole of each prim er, 125 µ M

dNTPs, 50 m M KCl, 10 m M Tris (pH 9), 1.5 m M MgCl2, 0.1%

Triton X-100, 0.01% gelatin , an d 0.5 Un its of Taq polym erase

(Cetus). Th e reaction s were perform ed with a h ot-start proce-

dure: Taq polym erase was added after a den aturation step of 5

m in at 96°C. Sam ples were th en processed th rough 35 cycles

of den aturation (94°C for 40 sec), an n ealin g (55°C for 30 sec)

an d elon gation (72°C for 30sec), followed by on e last step of

elon gation (5 m in at 72°C). Th e PCR products were electro-

ph oresed on 2% agarose gels, tran sferred by South ern blott in g
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to ch arged n ylon m em bran es (PALL) an d h ybridized with on e

of th e corresp on d in g n on rad io labelled (ECL, Am ersh am )

prim ers.

EST Assignment

A total of 104 ESTs th at were localized previously in th e SPG3

region on th e ch rom osom e 14 RH m ap were tested on th e 32

YAC clon es by th e sam e PCR con dition s as th ose used for th e

STS an alysis described above. Th e prim ers defin in g th ese 104

ESTs were th ose reported in th e NCBI Gen e Map Database

(Sch uler et al. 1996). Th e PCR products were separated on 2%

agarose gels.

RH Mapping

STSs were tested by PCR on th e TNG RH pan el by th e h ot-start

an d touch down procedures described in Gyapay et al. (1996).

Th e PCR products were electroph oresed on agarose gels con -

tain in g 1% SeaKem an d 3% NuSieve agarose (FMC) an d im -

ages of th e gels were recorded with a h igh resolu tion CCD

cam era. Lin kage groups were obtain ed with th e RHMAP pack-

age (v. 3.0; Boeh n ke et al. 1991; Lan ge et al. 1995).
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