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In form ation about th e gen om e of our species is ac-

cum ulatin g alon g two dim en sion s: Wh ile th e lati-

t u d es o f o u r ch ro m o so m es are b ein g ch art ed ,

crudely at first , bu t with th e expectation of a com -

plete n ucleotide sequen ce of on e referen ce h um an

gen om e early n ext m illen n ium , th e lon gitudes of

sequen ce variat ion at specific location s in th e ge-

n om e are also explored, revealin g h ow differen t we

all are. Th is variat ion con sists m ostly of sequen ce

differen ces in sin gle n ucleotide posit ion s, referred

to as sin gle n ucleotide polym orph ism s or SNPs. An

expan din g pan el of kn own sequen ce varian ts, alon g

with greatly im proved m eth ods to m on itor th em ,

n ow prom ise to offer fresh in sigh ts in to h um an bi-

ology an d path oph ysiology. We will d iscuss som e of

th e advan tages of th ese m arkers as a backgroun d for

a presen tat ion of h igh -th rough put tech n iques to

an alyze th em with an outlook toward th e fu ture of

such tech n iques.

Extrem ely efficien t m eth ods will be required for

an alysis o f large n u m bers o f seq u en ce varian t s

in m an y patien t sam ples to iden tify subtle gen etic

risk factors th at go un detected in curren t gen om e

scan s by use of fewer m arkers an d lim ited sam ple

sizes. Moreover, as m ore an d m ore gen etic factors

of kn own relevan ce for diseases are bein g iden ti-

fied , exten sive pan els of disease-associated m arkers

are likely to be rou tin ely applied to secure diag-

n oses of pat ien ts. SNPs are expected to take th e

p lace of sim ple tan dem repeat polym orph ism s—

m icrosatellites—as m arkers in d isease gen e m ap-

pin g, just as th e m icrosatellite m arkers rapidly re-

p laced th e rest rict ion fragm en t-len gth polym or-

ph ism m arkers. Th ere are four m ain reason s for th e

in creasin g popularity of SNPs as m arkers in gen etic

an alysis. (1) Th ey are far m ore prevalen t in th e ge-

n om e th an m icrosatellites, furn ish in g large sets of

m arkers n ear or in an y locus of in terest . (2) Som e of

th e SNPs located in gen es can be expected to di-

rectly affect protein structure or expression levels,

an d th ese m ay, th erefore, represen t can didate alter-

ation s for gen etic m ech an ism s in disease. (3) Wh ile

repeated sequen ces exh ibit som e in stability, th at is,

m utat ion s occasion ally alter th e size of an allele

com plicat in g an alysis of th e in h eritan ce (Weber

an d Won g 1993), SNPs are m uch m ore stably in h er-

ited . (4) Fin ally, th ere are h igh h opes th at in creas-

in gly efficien t SNP typ in g system s will becom e

available with very large th rough puts, offerin g suf-

ficien t power in gen etic an alyses to scan for quite

subtle gen etic risk factors also.

Genetic Properties of SNPs

In every 1000 bases alon g th e h u m an ch rom o-

som es, on average approxim ately on e n ucleotide

posit ion is estim ated to differ between an y two cop-

ies of th at ch rom osom e (Cooper et al. 1985; Hofker

et al. 1986; Kwok et al. 1996). A locus is viewed as

polym orph ic wh en it exists in at least two varian ts

an d th e allele frequen cy of th e m ost com m on vari-

an t is <99% (Li an d Grauer 1991). Exten sive sets of

polym orph ic sequen ces are n ow bein g iden tified in

th e course of gen om e research , in studies of h um an

gen om e diversity, an d in th e process of establish in g

m utation databases th at m ay ult im ately in clude all

com m on varian ts of h um an gen es (Cotton et al.

1998).

In creasin gly efficien t m eth ods for typin g SNPs

open n ew possibilit ies in gen etic studies. A full ge-

n om e lin kage scan of power equivalen t to a 400

m arker m icrosatellite an alysis could be perform ed

with 900 SNPs or, to extract m ore of th e available

in form ation from th e fam ily m aterial, p referably

with 2000–3000 SNPs (Kruglyak 1997). In associa-

t ion studies, m ore su itable to study com plex disor-

ders in wh ich m an y loci con tribu te to th e risk of

developin g disease, far m ore m arkers could be tested

profitably (Risch an d Merikan gas 1996).

Application s of SNP an alyses th us exten d from

in vestigation s of sm all n um bers of sequen ce vari-

an ts kn own to be associated with a specific disease

to in vestigation s of m arkers across th e gen om e, per-
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h aps with m arkers correspon din g to several varian ts

of each of th e 100,000 or so gen es. A large n um ber

of m eth ods are n ow becom in g available, aim ed to

m on itor an yth in g from sin gle up to th ousan ds of

SNPs per assay.

Methods for SNP Analysis

A h an dfu l of m olecular strategies are in use for SNP

an alysis. All cu rren t m eth ods in volve target se-

quen ce am plification , an d th is is followed by dis-

t in ction of DNA sequen ce varian ts by sh ort h ybrid-

ization probes or by restrict ion en don ucleases; dis-

crim in at ion o f m ism atch ed DNA su bst rat es by

polym erases or ligases; or by observin g th e tem -

plate-depen den t ch oice of n ucleotide in corporated

by a polym erase. Recen tly, th ese various tech n iques

h ave been adapted to assay form ats th at sim plify

scale-up in SNP an alysis (Table 1). Alth ough it is too

early to con clude h ow th e assays all com pare in

th rough -put an d run n in g costs, we will d iscuss im -

portan t properties of som e of th e assays below.

Array Hybridization Assays

Hybridization assays rely on th e differen ces in h y-

bridization stability of sh ort oligon ucleotides to per-

Table 1. Methods for SNP Analysis

M ethod
Allele

discrimination by Format Instrumentation References

MASDA ASO format 1 array
+ gel

none Shuber et al. (1997)

Whitehead–
Affymetrix SNP
microarray

ASO format 2 array array scanner D.G. Wang et al.
(pers. comm.)

TaqMan ASO homogeneous
closed tubea

TaqMan
instrument

Livak et al. (1995)

Molecular beacons ASO homogeneous
closed tubea

TaqMan
instrument

Tyagi et al. (1998)

MADGE Restriction
cleavage

gel none Day and Humphries
(1994)

Allele-specific PCR 38 matched/mis-
matched primer

gel none Liu et al. (1997)

OLA ligation solid-phase
microtiter
readout

fluorospectro-
photometer

Samiotaki et al. (1994);
Tobe et al. (1996)

OLA multiplex gel ligation gel automated
sequencer

Grossman et al. (1994);
Day et al. (1995)

DOL ligation homogeneous
closed tubea

TaqMan
instrument

Chen et al. (1998)

Solid-phase
minisequencing

nucleotide
incorporation

solid-phase
microtiter
readout

scinit illation
counter

Syvänen et al. (1993)

M inisequencing
on array

nucleotide
incorporation

format 2 array PhosphorImager Shumaker et al. (1996);
Pastinen et al. (1997)

M inisequencing
multiplex gel

nucleotide
incorporation

solid phase + gel automated
sequencer

Pastinen et al. (1996)

M inisequencing
with FRET

nucleotide
incorporation

homogeneous
reagent
additionb

TaqMan
instrument

Chen et al. (1997)

Pyromini-
sequencing

nucleotide
incorporation

homogenous
reagent
additionb

luminometer P. Nyrén and M. Ronaghi
(pers. comm.)

aReagents for amplification and allele distinction are mixed together at the start, and results are recorded without opening the reaction

vessel.
bAfter amplification, detection reagents are added to the reaction vessel, but no separations are required before recording the results.
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fect ly m atch ed an d m ism atch ed target sequen ce

varian ts (Wallace et al. 1979). Allele-specific oligo-

n ucleotide (ASO) h ybridization s are frequen tly per-

form ed with eith er th e DNA sam ples or th e oligo-

n ucleotides arrayed on a surface, som etim es referred

to as form ats 1 an d 2, respectively. Form at 1 is su it-

able for screen in g m an y pat ien t sam ples for th e

presen ce of a few disease-causin g alleles, as in th e

m u l t ip le x e d a l le le -sp e c i f ic d ia gn o st ic a ssa y

(MASDA), in wh ich a pool of m utation -specific oli-

gon ucleotides are h ybridized to spots of pooled PCR

products from in dividual patien ts, an d posit ive re-

act ion s are elu ted an d seq u en ced to d eterm in e

wh ich probe boun d to a particu lar patien t sam ple

(Sh uber et al. 1997).

Form at 2, on th e oth er h an d, in volvin g h igh -

den sity m icroarrays of oligon ucleotides (Fodor et al.

1991; South ern et al. 1992; Yersh ov et al. 1996), is

m ore su itable to an alyze m an y SNPs in parallel. In a

collaborative effort between th e Wh iteh ead In sti-

tu te an d Affym etrix, 2000 SNPs are bein g ch aracter-

ized an d an oligon ucleotide ch ip is design ed for

th em . Because resequen cin g by h ybrid izat ion on

oligon ucleotide arrays h as been worked out suffi-

cien tly well (Ch ee et al. 1996), th e key to th e success

of th is m eth od is th e ability to prepare th ousan ds of

PCR products for parallel detection on arrays. To

th is en d, very sh ort PCR products are gen erated for

each SNP to en sure robust m ultip lex am plification .

In addit ion , th e PCR prim ers con tain a un iversal tail

such th at a secon d roun d of PCR am plification can

be perform ed with a sin gle set of prim ers to ren der

am plification efficien cy for differen t PCR products

m ore sim ilar. Followin g am plification , m an y m ulti-

p lex PCR m ixtures, each con tain in g ten s of SNPs,

are pooled for h ybridization with custom -design ed

DNA ch ips con tain in g oligon u cleot ides com ple-

m en tary to th e sequen ce in th e vicin ity of th e SNPs.

Th e h ybridization of fluorescen t PCR products is re-

corded th rough con focal m icroscopy. Com parison

between th e im ages for a test sam ple an d a con trol

sam ple can yield th e gen otype of th e test sam ple for

th ousan ds of SNPs bein g tested (D.G. Wan g et al.,

pers. com m .).

Poten tial problem s with th is approach are th e

lim itation s of m ultip lex PCR an d oligon ucleotide

h ybridization to fairly com plex DNA sam ples, an d

th e lack of flexibility caused by h ardwirin g of m ark-

ers on a ch ip th at is n ot easy to redesign .

Homogenous Hybridization

Two recen tly developed assays allow h ybridization -

based allele-d iscrim in at ion durin g PCR, with n o

n eed for separation s or wash es. Th e TaqMan assay

takes advan tage of th e 58-n uclease activity of Taq

DNA polym erase to digest a DNA probe an n ealed

specifically to th e accum ulatin g am plification prod-

uct (Hollan d et al. 1991). TaqMan probes are labeled

with a don or-accep tor dye pair th at in teract via

flu o rescen ce reso n an ce en ergy t ran sfer (FRET).

Cleavage of th e TaqMan probe dissociates th e don or

dye from th e quen ch in g acceptor dye, greatly in -

creasin g th e don or fluorescen ce (Fig. 1A; Lee et al.

1993). All reagen ts n ecessary to detect two allelic

varian ts can be assem bled at th e begin n in g of th e

reaction an d th e resu lts are m on itored in real t im e

durin g PCR (Livak et al. 1995).

Th is closed-tube, walk-away assay is relat ively

fast an d it m in im izes PCR con tam in ation risk. Re-

agen ts m ust be carefu lly design ed to en sure th at

each of th e two allele-specific TaqMan probes an -

n eal on ly to th e perfectly com plem en tary tem plate

durin g PCR but n ot to th e tem plate con tain in g a

sin gle m ism atch ed base. Th e TaqMan assay is cur-

ren t ly restricted to sim ultan eously detect in g two

probes, because FRET requires specific pairs of do-

n or-acceptor dyes, each of wh ich occupies a rath er

large portion of th e visible spectrum .

In an altern at ive h om ogen ous h ybrid izat ion -

based PCR procedure, m olecular beacon s are used

for allele discrim in ation (Fig. 1B; Tyagi an d Kram er

1996). Th ese oligon ucleotide h ybridization probes

h ave two com plem en tary DNA sequen ces flan kin g

th e target-specific sequen ce, an d a don or-acceptor

dye pair is presen t at opposite en ds of each probe.

W h en n ot h ybrid ized to a target seq u en ce, th e

probes adopt a h airp in -loop con form ation , brin gin g

th e fluoroph ore an d quen ch er pair close togeth er,

th ereby extin guish in g th e don or fluorescen ce. On

th e oth er h an d, wh en h ybridized to th e correct tar-

get sequen ce, th e two dyes are separated an d fluo-

rescen ce in creases by up to 900-fold . A valuable side

effect of th e preorgan ized h airp in probe design is

th at m ism atch h ybridization is furth er destabilized,

providin g in creased allele selectivity in SNP an aly-

ses (Tyagi et al. 1998). Also , th e target -com p le-

m en tary region is design ed to h ybridize durin g th e

an n ealin g steps in PCR, rath er th an th e exten sion

steps as in TaqMan . Accordin gly, th e lower h ybrid-

ization stability of th e probe furth er in creases its

sen sit ivity to m ism atch es. Un like m eth ods based on

FRET, th e don or an d acceptor dyes do n ot n eed to

h ave overlappin g spectra, probably because th ey are

brough t in close con tact in th e h airp in –loop con -

form ation . As a con sequen ce, four or m ore differen -

t ially labeled m olecular beacon s can be assayed in

th e sam e reaction (Tyagi et al. 1998).
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Restriction Digestion

An easily scored differen ce in th e electroph oretic

m igration of a PCR product can be obtain ed if an

SNP alters th e recogn it ion sequen ce for a restrict ion

en don uclease. Th is prin cip le h as been used in th e

h igh th rough put, low-resolvin g m icrotiter array di-

agon al gel electroph oresis tech n ique (MADGE) (Day

an d Hu m ph ries 1994). Here, rest rict ion -d igested

PCR products are loaded on stackable h orizon tal

gels with wells arran ged in a m icrotiter form at. Th e

electric field is applied at an an gle relative to th e

colum n s an d rows of wells in th e gel, allowin g prod-

ucts from large n um bers of reaction s to be resolved

between th e down stream wells. An estim ated on e-

h alf of all SNPs do n ot alter an y restrict ion en zym e

recogn it ion sequen ce (Lan degren et al. 1988), bu t

th is can be overcom e by m odifyin g th e am plified

sequen ce with m ism atch ed prim ers to create restric-

t ion sites (Coh en an d Levin son 1988).

Mismatch Distinction by Polymerases and Ligases

Th e polym erization reaction s in PCR places part icu-

larly strin gen t requirem en ts on correct base pairin g

of th e 38 en d of th e h ybridizin g prim ers. Th is can be

used to selectively am plify on e or th e oth er allele of

an SNP (Newton et al. 1989; Som m ers et al. 1989;

Liu et al. 1997). Th is m eth od also offers a un ique

advan tage in th at it perm its an alysis of th e lin kage

ph ase of two n eigh borin g SNPs, provided th ese are

located sufficien tly close, by use of allele-specific

PCR prim ers at both en ds of th e am plification prod-

uct (Sarkar an d Som m er 1991).

Th e join in g by a DNA ligase of two oligon ucleo-

tides h ybridized to a target DNA sequen ce is quite

sen sit ive to m ism atch es close to th e ligation site,

especially at th e 38 en d (Lan degren et al. 1988; Wu

an d Wallace 1989). Notoriously difficu lt G–T m is-

m atch es located at a 38 en d to be ligated in h ibit th e

reaction by up to 1000-fold un der stan dardized re-

action con dit ion s (Lou et al. 1996). Th is h as been

utilized in th e oligon ucleotide ligation assay (OLA;

Lan degren et al. 1988) an d th e ligase ch ain reaction

(LCR; Baran y 1991) to discrim in ate between SNPs.

In th e OLA, th e sequen ce surroun din g th e SNP is

first am plified by PCR, wh ereas in LCR, gen om ic

DNA can be used as a tem plate. By use of allele-

specific ligation probes differen tially labeled with

lan th an ide ch elates, an d a m ultipron ged solid sup-

port for parallel sam ple h an dlin g (Parik et al. 1993),

sets of ligation reaction s can be con ven ien tly an a-

Figure 1 Molecular strategies applied in fluorescence energy transfer-
based SNP assays. Amplified target sequences are shown in black and
oligonucleotide probes and nucleotide triphosphates in blue, with the
variable positions indicated by small white squares. In these examples,
the green circles represent reporter fluorophores on reagents that match
the target allele; the red circles represent fluorophores on the mis-
matched reagents. Jagged arrows indicate excitation of and emission
from, as well as energy transfer between the fluorophores. Polymerases
and ligases are represented by gray ovals. (A) In the TaqMan assay, pairs
of fluorophores are conjugated to allele-specific oligonucleotides de-
signed to hybridize downstream of one amplification primer. The donor
(red and green fluorophores) fluorescence is quenched in the intact
TaqMan probes as a result of FRET to the acceptor (white circle). Fluo-
rescence can be detected when an allele-specific oligonucleotide hybrid-
izes to a target molecule and is digested by the advancing polymerase
during amplification. (B) Molecular beacon probes are hybridization
probes that form hairpin–loop structures in the absence of the correct
target sequence. When an allele-specific probe hybridizes to a target
sequence, a fluorescent dye conjugated to the end of the probe is
brought apart from a chromophore at the other (shown in black), and
fluorescence is emitted. (C) In dye-labeled oligonucleotide ligation, the
ligation of an oligonucleotide probe to another, allele-specific probe
hybridizing downstream, results in energy transfer between fluoro-
phores on the two oligonucleotides. (D) In FRET minisequencing, an
allele-specific fluorophore-labeled nucleotide is added to a primer, re-
sult ing in energy transfer between a fluorophore present on the primer
and that on the nucleotide.
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lyzed via tim e-resolved fluorom etry (Sam iotaki et al.

1994). Dual-color detection of allele-specific liga-

t ion products is also possible in a regular spectro-

ph otom eter (Tobe et al. 1996).

In a gel-based altern ative, sets of a few ten s of

SNPs can be am plified in m ult ip lex, followed by

m ultip lex ligation , an d th en an alyzed togeth er by

electroph oresis on an autom ated DNA sequen cer,

d ist in guish in g m arkers by size an d alleles via fluo-

rescen ce (Grossm an et al. 1994; Day et al. 1995).

Th e assay requires carefu l optim ization , but it offers

a relatively h igh th rough -put.

With th e dye-labeled oligon ucleotide ligation

(DOL) assay, OLA h as been ren dered h om ogen eous

th rough th e use of FRET (Ch en et al. 1998). Th ereby

all reagen ts for both PCR an d ligation can be added

at th e begin n in g of th e reaction . Th e dye-labeled

ligation probes are design ed to h ave m eltin g tem -

peratu res lower th an th ose of th e am plificat ion

prim ers, an d a th erm ostable DNA polym erase with -

out 58-n uclease activity is used to preven t cleavage

of th e ligation probes durin g prim er exten sion . Af-

ter a n um ber of PCR cycles sufficien t to accum ulate

am plification products, th e an n ealin g tem perature

is lowered to allow ligation probes to an n eal an d be

ligated togeth er in an allele-specific fash ion . Liga-

t ion join s pairs of fluoroph ore-labeled m olecu les

an d resu lts in FRET th at is m on itored in real t im e,

perm itt in g autom atic scorin g of gen otypes (Fig. 1C).

Minisequencing

Th e target-depen den t addit ion by a DNA polym er-

ase of a specific n ucleotide to a sin gle prim er in a

m in isequen cin g reaction (Syvän en et al. 1990) dis-

t in gu ish es m o re a ccu ra t e ly b e t w een va r ia b le

n ucleotides located im m ediately down stream of th e

prim er th an is possible by use of th e differen tial sta-

bility of h ybridization by allele-specific probes (Past-

in en et al. 1997). Several m arkers can be an alyzed in

parallel by separatin g locus-specific prim ers accord-

in g to size th rough gel electroph oresis an d observ-

in g th e allele-sp ecific in co rp o rat io n o f labeled

n ucleotides, wh ile periodically loadin g n ew sets of

reaction products on th e gel for in creased th rough -

put (Pastin en et al. 1996). Several groups are cur-

ren tly con cen tratin g on th e con struction of arrays

of exten sion prim ers for h igh ly accurate gen e an aly-

sis of m an y target sequen ce posit ion s in am plified

DNA sam ples (Pastin en et al. 1997; Sh um aker et al.

1996).

Min isequen cin g an alysis of in dividual SNPs h as

tradit ion ally been don e by im m obilizin g am plifica-

t ion products in m icrot iter wells (Syvän en et al.

1993). However, two d ifferen t ap p roach es h ave

been used to turn it in to a h om ogen ous m eth od. In

m in isequen cin g with FRET detection , exten sion of a

d ye-labeled p rim er by on e of two flu orop h ore-

labeled n ucleotides is observed via fluorescen ce de-

tection (Fig. 1D; Ch en an d Kwok 1997). In pyro-

m in iseq u en cin g p yrop h osp h ate released from a

n ucleot ide triph osph ate, in corporated by a DNA

polym erase, is con verted to ATP th at fuels a lucifer-

ase reaction , gen eratin g a detectable flash of ligh t

(Nyrén et al. 1993). Before a m in isequen cin g reac-

t ion , rem ain in g am plification prim ers an d n ucleo-

tide triph osph ates m ust be in activated or rem oved

to preven t in terferen ce with th e subsequen t prim er

exten sion react ion . In th e FRET m eth od , th is is

don e by use of h eat-sen sit ive alkalin e ph osph atase

an d Escherichia coli exon uclease I, before th e addi-

t ion of th e fluoroph ore-labeled prim er an d n ucleo-

t ides an d real-t im e m easurem en t of fluorescen ce

ch an ges (Ch en et al. 1997). In pyrom in isequen cin g,

rem ain in g un icorporated n ucleot ides can be de-

graded by th e en zym e apyrase, allowin g sequen tial

detect ion of several con secu t ive n ucleot ide posi-

t ion s by cyclically repeatin g th e addit ion of in di-

vidual n ucleotides (P. Nyrén an d M. Ron agh i, pers.

com m .).

A Partisan View of Future SNP Assays

Despite all th e tech n iques available, th ere is a press-

in g n eed for far greater th rough put in an alyses of

th e bits of gen etic in form ation represen ted by SNPs.

Th is requirem en t is bein g addressed by a m arked

tren d toward m in iaturization to pack m ore features

on an alytic devices. Exam ples of th is tren d in clude

m in iature PCR on a ch ip with on -board detection

(Burke et al. 1997), DNA assays th at take place on

th e surface of m icroparticles an alyzable in a flu id

stream (Lövgren et al. 1997), an d DNA m icroarrays.

Of equal or greater im portan ce th an assay for-

m at , th e ch oice of m olecu lar st rategy for h igh -

th rough put SNP an alysis m ust en sure h igh ly spe-

cific detection of un ique DNA sequen ces, an d accu-

ra t e d iscr im in a t io n o f a l le l ic v a r ia n t s. D N A

am plification , used in all m eth ods reported h erein ,

elegan tly solves th e problem of specificity by requir-

in g two target recogn it ion even ts, on e by each

prim er, to detect a part icu lar sequen ce, but both

specificity an d yield suffer wh en m ore PCRs are per-

form ed togeth er. Th is is largely th e resu lt of a rap-

idly in creasin g risk of gen eratin g spurious am plifi-

cation products by all pairwise com bin ation s of oli-

gon ucleotide prim ers (Mullis 1991; Lan degren an d

Nilsson 1997).
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On th e oth er h an d, with out prior DNA am pli-

fication , oligon ucleotide h ybridization in gen eral is

n ot sufficien t ly specific to un am biguously detect

un ique gen om ic sequen ces with out prior target se-

quen ce am plification . Lon ger h ybridization probes

m ay iden tify a un ique sequen ce, but th ey exh ibit

p oor select ivity fo r alleles th at d iffer in sin gle

n ucleotide posit ion s.

A h ybrid approach , such as th at ch am pion ed by

th e Wh iteh ead-Affym etrix group, com bin in g large

n um bers of m axim ally m ult ip lexed am plificat ion

reaction s with allele-specific detection by h ybridiza-

t ion to a redun dan t set of oligon ucleotides on a

ch ip , can greatly exten d th e n um ber of SNPs an a-

lyzable at on e tim e. However, to go beyon d th e bar-

riers defin ed by th e lim ited m ultip lexin g capacity of

PCR, an d of oligon ucleotide h ybridization to com -

plex DNA sam ples, a m olecular procedure will be

required th at is capable of specifically iden tifyin g

an d d ist in gu ish in g varian t s o f sin gle-co p y se-

quen ces in un am plified DNA.

Togeth er with great ly im proved m eth ods for

scorin g sets of SNPs in gen om ic DNA sam ples, th ere

will also be a growin g n eed for tech n iques th at di-

rectly reveal th e lin kage ph ase of SNP varian ts. With

in creased gen etic test in g, question s such as wh eth er

two SNP varian ts in a gen e occur in th e sam e or

differen t alleles will assum e clin ical relevan ce. Like-

wise, in gen etic disease m appin g, h aplotype in for-

m ation greatly in creases stat ist ical power, bu t cur-

ren tly it is n ot possible to determ in e lin kage ph ase

in th e absen ce of fam ily data, except for sequen ces

presen t on th e X an d Y ch rom osom es, an d for th e

h aploid gen om es of sin gle germ cells (Li et al. 1988)

an d of com plete h ydatid iform m oles (Taillon -Miller

et al. 1997). Again , a h igh ly specific m olecular pro-

cedure is required to resolve allelic differen ces in

situ in ch rom osom e preparation s or alon g ch rom a-

tin fibers.

On e con ten der for th e role of such a m olecular

procedure is gen e detection by padlock probes (Nil-

sson et al. 1994). Th ese are lin ear oligon ucleotides

of ∼ 90 bases, wh ose two opposite en ds are design ed

to h ybrid ize to adjacen t segm en ts of a target se-

quen ce, such th at th e 58 an d 38 en ds of th e probes

m ay be join ed by ligation , wh ich will con vert th e

probes to circu lar m olecules. Th e requirem en t for

target recogn it ion by two separate probe segm en ts

appears to en sure adequate specificity to correctly

iden tify un ique sequen ces in DNA sam ples with out

p rior am plificat ion , an d th e act of ligat ion effi-

cien tly dist in guish es between kn own sequen ce vari-

an ts (Nilsson et al. 1997). Because on ly in tram olecu-

lar ligation reaction s are scored, cross-reaction s be-

tween m u lt ip lexed p robes sh ou ld n ot p resen t a

problem (Lan degren an d Nilsson 1997). Furth er-

m ore, a ligation -depen den t local sign al am plifica-

t ion effect m ay be ach ieved via rollin g circle repli-

cation of th e circu larized probes (Fire an d Xu 1995;

Liu et al. 1996; P. Lizardi, pers. com m .; J. Ban ér,

un publ.). Pu t togeth er, th ese properties offer som e

h ope th at large sets of such probes, im m obilized in

an arrayed fash ion or applied in situ , m igh t be used

to in terrogate DNA sam ples an d to rapidly access

m egabits of gen etic in form ation .
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