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Genetic studies of complex hereditary disorders require for their mapping the determination of genotypes at

several hundred polymorphic loci in several hundred families. Because only a minority of markers are expected

to show linkage and association in family data, a simple screen of genetic markers to identify those showing

linkage in pooled DNA samples can greatly facilitate gene identification. All studies involving pooled DNA

samples require the comparison of allele frequencies in appropriate family samples and subsamples. We have

tested the accuracy of allele frequency estimates, in various DNA samples, by pooling DNA from multiple

individuals prior to PCR amplification. We have used the ABI 377 automated DNA sequencer and GENESCAN

software for quantifying total amplification using a 58 fluorescently labeled forward PCR primer and relative

peak heights to estimate allele frequencies in pooled DNA samples. In these studies, we have genotyped 11

microsatellite markers in two separate DNA pools, and an additional four markers in a third DNA pool, and

compared the estimated allele frequencies with those determined by direct genotyping. In addition, we have

evaluated whether pooled DNA samples can be used to accurately assess allele frequencies on transmitted and

untransmitted chromosomes, in a collection of families for fine-structure gene mapping using allelic association.

Our studies show that accurate, quantitative data on allele frequencies, suitable for identifying markers for

complex disorders, can be identified from pooled DNA samples. This approach, being independent of the

number of samples comprising a pool, promises to drastically reduce the labor and cost of genotyping in the

initial identification of disease loci. Additional applications of DNA pooling are discussed. These developments

suggest that new statistical methods for analyzing pooled DNA data are required.

Th e availability of m eiotic m aps of h igh ly polym or-

ph ic m arkers in th e h um an h as clearly been a boon

to th e m appin g of Men delian diseases, com plex dis-

orders, an d quan titat ive ph en otypes. Th is success

h as relied n ot on ly on th e availability of h igh -

resolu tion lin kage m aps an d developm en ts in rapid

gen otypin g (Dib et al. 1996), bu t also on th e devel-

opm en t of stat ist ical m eth ods for in terpretin g data

on th e sh arin g of gen otypes, an d th us gen om es,

with in an d between fam ilies (for review, see Lan der

an d Sch ork 1994). Com plex gen etic disorders an d

ph en otypes likely arise from th e allelic con tribu-

tion s of m ultip le gen es possibly in teractin g with en -

viron m en tal an d stoch astic factors. Th e first ch al-

len ge in th e gen etic dissection of a com plex ph en o-

type is in th e iden tification of th e can didate m ap

locat ion s of th e gen es un derlyin g suscep t ibility/

protective alleles via gen etic m arkers; th is is m et by

con ductin g a gen om e screen an d iden tifyin g th e rel-

evan t loci by recogn it ion of excess/deficien cy of al-

lele sh arin g with in fam ilies, as com pared with th at

expected from segregation of un lin ked gen es. Th e

secon d ch allen ge is th e fin e-structure localization of

an y com pon en t gen e to ph ysical segm en ts sm all

en ough to facilitate posit ion al clon in g or recogn i-

t ion of can didate gen es; th is is accom plish ed by

saturatin g a target gen om ic segm en t with polym or-

ph ic m arkers an d recogn izin g allelic association s in

fam ilies. Because th e gen etic con tribu tion of an y

specific gen e in a m ultigen ic trait m ay be sm all,

both h igh ly polym orph ic m arkers an d large n um -

bers of fam ilies are n ecessary to detect allelic effects.

All of th ese exercises require th e in dividual gen o-

typin g of several h un dred polym orph ic loci in sev-
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eral h un dred fam ilies, a task th at is st ill labor an d

cost in ten sive, an d likely to rem ain so in th e n ear

fu tu re. Because, even for a com plex ph en otype,

on ly a m in ority of all m arkers studied will sh ow

lin kage as a resu lt of association , a sim ple screen in g

procedure th at iden tifies th e relevan t m arker loci

from a larger set would be of great value. Th e studies

described in th is paper sh ow th at accurate, quan ti-

tat ive data on allele frequen cy in pools of DNA

sam ples can be obtain ed un der specified con dit ion s.

We suggest th at poolin g specific classes (par-

en ts, offsprin g) of relat ives in a collection of fam ilies

an d estim atin g allele frequen cies with in such pools

can be used to rapidly screen th e gen om e for lin ked

m arkers by virtue of m arker association s with ph e-

n otypes. On ce iden tified , direct gen otypin g of a re-

duced m arker set is n ecessary to en able stat ist ical

an alysis of th e gen otype data. Fin ally, develop -

m en ts of n ew statist ical m eth ods to an alyze pooled

DNA data are n ecessary to iden t ify th e relevan t

m arkers with h igh accuracy, th at is, low false posi-

t ive an d false n egative rates. We sh ow th e utility of

th ese m eth ods for th e iden t ificat ion of on e Hir-

sch sp ru n g d isease (HSCR) su scep t ib ilit y lo cu s

(HSCR2) in th e Old Order Men n on ites of Lan caster

Coun ty, Pen n sylvan ia (Puffen berger et al. 1994a,b).

Th e idea of usin g pooled DNA sam ples to reduce

th e burden of gen otypin g is n ot n ew an d, to our

kn owledge, was first suggested by Arn h eim et al.

(1985) in th e con text of case-con trol studies. Th ese

auth ors argued th at alleles in lin kage disequilibrium

with a disease would be en rich ed (or deficien t) in a

pooled sam ple of affected in dividuals in com pari-

son with a pooled con trol sam ple, an d th us, beyon d

testin g association for specific alleles, th is prin cip le

could be used to search for associated alleles at spe-

cific gen es, as th ey successfu lly did for HLA class II

DR an d DQ alleles in in su lin depen den t diabetes

m ellitus (IDDM) (Arn h eim et al. 1985). Sim ilar ideas

h ave been prevalen t in th e plan t gen etics com m u-

n ity wh ere th e search for lin ked m arkers in pools of

progen y classified by ph en otype, with in a segregat-

in g cross, h as been term ed bulked segregan t an alysis

(Mich elm ore et al. 1991). In th ese studies, th e in -

ten sity of DNA h ybridization (South ern blot) of a

labeled probe, in two con trastin g (presen ce vs. ab-

sen se of som e ph en otype) pooled DNA sam ples, is

used to recogn ize a lin ked (Mich elm ore et al. 1991)

or associated m arker (Arn h eim et al. 1985). Quan ti-

tat ion of sign als in blot h ybridization experim en ts

is possible but requires m ultip le con trols an d is dif-

ficu lt to stan dardize; h owever, qualitat ive com pari-

son s, wh en sign al in ten sit ies are very differen t, as

arisin g from large allelic effects, are easier to detect .

Th ese exp erim en t s are feasib le in exp erim en tal

crosses in wh ich n o m ore th an four differen t alleles

can segregate with in a cross, bu t can lead to con sid-

erable difficu lty in outbred fam ilies, such as in h u-

m an s, wh ere m an y m ore m arker alleles can segre-

gate in a fam ily collection . Not surprisin gly, in it ial

app licat ion s of th is m eth od in th e h um an h ave

been in gen et ic stu d ies in iso lated p op u lat ion s

wh ere allelic diversity is reduced (Puffen berger et al.

1994a,b; Sh effield et al. 1994; Carm i et al. 1995;

Nystuen et al. 1996; Scott et al. 1996). Th e develop-

m en t of th e PCR an d th e iden tification of m icrosat-

ellite repeats as a com m on source of polym orph ism

led Pacek et al. (1993) to dem on strate th at allele-

specific sign als could be quan titated in DNA pools.

Pacek et al. (1993) sh owed th at allele frequen cies at

loci with len gth polym orph ism s could be estim ated

by quan titat ive an alysis of th e PCR products from

pooled DNA sam ples. In part icu lar, th ese auth ors

dem on strated th e accuracy of th ese est im ates in

pools of up to 1350 sam ples, by com parin g th eir

resu lts with publish ed estim ates of allele frequen -

cies.

Th e availability of h igh -resolu tion gen etic m aps

of m icrosatellite m arkers in m ice an d h um an s led

several in vestigators to suggest th at DNA poolin g

could be used for gen etic m appin g. In particu lar,

pools of DNA sam ples from ‘‘affecteds’’ an d ‘‘un af-

fecteds’’ can be screen ed for gen etic m arkers span -

n in g a gen om e to iden tify loci with a m arker allele

th at h as a differen tial d istribu tion (association ) in

th e two pools. Alth ough lin kage does n ot lead to

an y perm an en t population association per se, lin k-

age does lead to m arker association s with in a segre-

gatin g cross or a large kin dred or in isolated popu-

lation s. In th e m ouse, both Men delian (Asada et al.

1994; Taylor et al. 1994) an d m ultigen ic (Collin et

al. 1996; Taylor an d Ph illips 1996) traits h ave been

m ap p ed by scan n in g th e gen om e with p oo led

sam ples. In h um an s, Sh effield an d colleagues h ave

been prom in en t in application s of gen om e scan -

n in g in iso la t ed p o p u lat io n s b y m icro sat ellit e

m arker an alyses in DNA pools: In part icu lar, th e

gen es for Bardet–Biedl syn drom e (Sh effield et al.

1994; Carm i et al. 1995), cerebellar ataxia (Nystuen

et al. 1996), an d autosom al recessive n on syn drom ic

h earin g loss (Scott et al. 1996) h ave been m apped in

th is m an n er. Th e h um an studies on Men delian re-

cessive traits were carried out in gen etically isolated

population s with th e expectation th at affected in -

dividuals would be h om ozygous for a sin gle m arker

allele at a closely lin ked locus. Th us, an on ym ous

m arkers n ear th e disease gen e could be iden tified by

visual in spection of eith er silver-stain ed or radioac-
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t ively labeled m icrosatellite m arkers, an d quan tita-

t ion was n ot n ecessary. For com plex ph en otypes,

h owever, quan titat ion is crucial because n o sin gle

allele at an y locus is n ecessary or sufficien t for th e

disease ph en otype. Addition ally, for m an y popula-

t ion gen etic an d evolu tion ary studies th e en tire dis-

tribu tion of alleles is required.

We used th e ABI 377 autom ated DNA sequen cer

an d GENESCAN software for quan tifyin g allele am -

plificat ion at polym orph ic m icrosatellite m arkers

usin g 58 fluorescen tly labeled forward PCR prim ers;

allele frequen cies were estim ated from th e relative

values of th e peak h eigh ts correspon din g to each

allele detected in th e pooled sam ple. We h ave quan -

titat ively tested th e accuracy of allele frequen cies

estim ated in th is m an n er in com parison with th at

estim ated by direct gen otypin g. We tested 11 m ic-

rosatellite m arkers in two separate DNA pools an d

an addit ion al four m arkers in a th ird DNA pool,

usin g paren ts from th e CEPH referen ce pedigrees. In

addit ion , we exten ded th is m eth od to estim ate th e

distribu tion of polym orph ic alleles on tran sm itted

a n d u n t r a n sm it t ed ch ro m o so m es in p a ren t -

offsprin g trios in a large in bred Men n on ite kin dred

segregatin g HSCR (Puffen berger et al. 1994a,b), as

an approach to gen e m appin g usin g lin kage disequi-

librium . Th ereby, we sh ow h ow allele quan tification

can lead to direct stat ist ical tests of lin kage an d as-

sociation in pooled DNA sam ples.

RESULTS

We used a total of 14 polym orph ic m icrosatellite

m arkers in DNA poolin g experim en ts with ch arac-

terist ics as provided in Table 1. Our first aim was to

determ in e th e fidelity of PCR for estim ation of allele

frequen cies in pooled sam ples. Alth ough Pacek et al.

(1993) h ad sh own th at frequen cies of alleles th at

differ even by on e repeat m otif (e.g., CA) could be

accurately estim ated, wh en com pared with direct

gen otypin g, th e total variat ion expected in th e PCR

is un kn own . Moreover, it is n ot un expected th at

sm aller-sized alleles would sh ow preferen tial am pli-

ficat ion . Alth ou gh th ese in vest igators com pared

th eir resu lts from poolin g with som e data obtain ed

by direct gen otypin g, th e sam e sam ples were n ot

tested, an d th e stan dard com parison used publish ed

allele frequen cies. Th us, we used th e tetran ucleotide

m arker VW F, with in th e von W illebran d factor

gen e, an d assayed a DNA pool con structed from 76

un related sam ples (152 alleles) from th e CEPH ref-

eren ce pedigrees. Table 2 sh ows estim ates of each of

th e seven alleles at th e VWF locus in 10 replicate

PCR experim en ts on a sin gle DNA pool, an d th e

m ean of th e 10 replicates, obtain ed by quan titat ion

on an ABI 377 autom ated sequen cer, in com parison

with th at determ in ed by direct gen otypin g of each

in dividual in th e DNA pool. Th ese resu lts sh ow th at

th ere is lit t le variat ion between replicate PCR ex-

perim en ts on th e sam e pool because th e stan dard

deviation of th e replicate m easures (0.002–0.007) is,

on average, on e order of m agn itude sm aller th an

th e sam plin g stan dard deviation of th e allele fre-

quen cy estim ates (0.007–0.036) (Table 2). Th us, n ot

on ly can th e allele frequen cies estim ated from DNA

pools be quan titat ive an d accurate, bu t th e resu lts

are reproducible in th at replicate-to-replicate varia-

t ion is sm all. To assess th e accuracy of th e pooled

estim ates with th e true values, we com pared th e

root-m ean -square-error (RMSE) between each repli-

cate estim ate an d th e direct coun ts. Th ese values

ran ged between 0.013 (pool 6) an d 0.023 (pool 1);

th e average values of th e replicates h ad a RMSE of

0.018, th at is, an y allele frequen cy x is in th e ran ge

x51.8%. Th us, alth ough m ultip le replicates can be

h elpfu l in addin g con fiden ce to th e estim ates, th ey

do n ot substan tially in crease th e accuracy expected

on averagin g.

Th e resu lts from m arker VWF appear to gen er-

alize on ly to m arker loci th at am plify in a clean

Table 1. Polymorphic Markers Used
for Genotyping

Locus
Repeat
motif

Dye
label

No. of
alleles

Hetero-
zygositya

D13S792 tetra HEX 7 0.57
D13S160 di TET 9 0.81
D13S317 tetra FAM,

HEX,
TET

7 0.82

D13S170 di HEX 11 0.91
D13S921 tetra HEX 7 0.69
D13S790 tetra FAM 5 0.63
D13S764 tetra TET 4 N.D.
GATA8G07 tetra TET 6 0.87
D13S628 tetra FAM 7 0.69
D13S281 di HEX 4 0.62
D1S1660 tetra FAM 7 0.83
D9S301 tetra HEX 9 0.75
D10S1423 tetra FAM 7 0.93
VWF tetra FAM 6 0.80

Shown are each polymorphic marker locus used, its repeat

motif, the fluorescent dye used for labeling the forward

primer, and the number of alleles and heterozygosity as ob-

tained from the Genome Data Base.
a(N.D.) No independent estimate available.
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m an n er, th at is, with out con siderable PCR stu tter.

To assess th e beh avior of various m arker loci, we

studied two tetran ucleotide (VWF, D13S317) an d

th ree din ucleotide (D13S160, D13S170, D13S281)

polym orph ism s in a pool of 54 (108 alleles) Men n o-

n ite paren ts (see Meth ods). In Figure 1, we presen t

com parison s of allele frequen cies at each of th e five

loci est im ated from DNA pools an d from direct

gen otypin g. Th e values plotted for each pool are an

average o f 10 rep lica t e PCR exp erim en t s. Th e

pooled an d direct estim ates of allele frequen cies are

all h igh ly correlated (r = 0.935, 0.998, 0.951, 0.885,

an d 0.970 for VWF, D13S317, D13S170, D13S160,

an d D13S281 , resp ect ively). Th e d in u cleo t id e

m arker allele frequen cies studied , h owever, sh ow

con siderable variat ion aroun d th e expected value

(RMSE = 0.014, 0 .100, an d 0.016 fo r D13S170,

D13S160, an d D13S281, respectively), both for low

an d h igh allele frequen cies; m oreover, th e variat ion

is quite m arker locus depen den t. Th e tetran ucleo-

tide m arkers provide data of greater accuracy be-

cause th e correspon den ce between pooled an d di-

rect estim ates are h igh er (RMSE = 0.018 an d 0.010

for VWF an d D13S317, respectively). Am on g th e di-

n ucleotide polym orph ism s studied, D13S281 gave

th e m ost accurate allele frequen cy estim ates, reflect-

in g th e fact th at it h as on ly four alleles an d sh ows

lit t le PCR stu tterin g. In con trast , allele frequen cies

for D13S160 were rem arkably in accurate, reflectin g

its com plex pattern an d extrem e stu tterin g on gel

electroph oresis. In gen eral, tetran ucleotide m arkers

appear to perform better in DNA pools, alth ough

pilot tests with a gen om e-wide set of m icrosatellite

m arkers will be n ecessary to ch oose optim al loci.

Curren tly available au tom ated DNA sequen cers

can detect sign als on th e basis of th e fluorescen ce of

m ultip le dye labels. We tested th e th ree dyes FAM,

HEX, an d TET to determ in e wh eth er a part icu lar dye

label provided m ore accurate allele frequen cy esti-

m ates. Th e data in Figure 2 sh ow allele frequen cies

at D13S317 for both th e tran sm itted (T) an d un -

t ran sm it ted (U) ch rom osom es in 27 Men n on ite

HSCR trios. Allele frequen cies from each T an d U

DNA pool of 54 ch rom osom es were estim ated by

use of th ree differen t dye-labeled forward PCR prim -

ers an d com pared with direct coun ts, as sh own ;

p oo led est im ates arose from five rep licates. Al-

th ough each dye can estim ate allele frequen cies ac-

curately (r = 0.970, 0.981, an d 0.991 for TET, FAM,

an d HEX, respect ively), th e FAM dye appears to

y i e l d s o m e w h a t m o r e a c c u r a t e e s t i m a t e s

(RMSE = 0.058, 0.028, an d 0.034 for TET, FAM, an d

HEX, respectively). We h ave n o sim ple explan ation

for th is fin din g, wh ich requires con firm ation from

oth er m arkers. Stat ist ically, th e resu lts from th e

th ree dyes are n ot sign ifican tly differen t from on e

Table 2. Accuracy of Allele Est imates from DNA Pooling

Allele
(bp)

Pool
Average

(S.D.)
Direct

estimate1 2 3 4 5 6 7 8 9 10

138 0.08 0.09 0.09 0.09 0.09 0.09 0.08 0.08 0.09 0.08 0.086
(0.003)

0.081
(0.022)

142 0.04 0.04 0.05 0.04 0.04 0.05 0.04 0.04 0.04 0.04 0.043
(0.002)

0.054
(0.018)

146 0.26 0.27 0.27 0.27 0.25 0.27 0.26 0.27 0.26 0.26 0.262
(0.005)

0.264
(0.036)

150 0.31 0.30 0.30 0.29 0.31 0.28 0.30 0.30 0.30 0.30 0.298
(0.007)

0.257
(0.035)

154 0.21 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.21 0.20 0.201
(0.004)

0.209
(0.033)

158 0.10 0.11 0.11 0.11 0.11 0.12 0.12 0.10 0.11 0.11 0.110
(0.005)

0.128
(0.027)

162 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.000
(0.000)

0.007
(0.007)

A tetranucleotide polymorphism within the VWF gene (12p13.3–12p13.2) was studied in 10 replicates of a single DNA pool con-

structed from 76 unrelated samples of CEPH parents. Quantitation of allele frequencies from relative fluorescence peak heights in each

replicate, the average of these 10 replicates, and the corresponding estimate from direct genotyping are shown. Also shown in the

last two columns are the estimated standard deviations from the 10 replicates and the direct counts, respectively.

SHAW ET AL.

1 1 4 GENOME RESEARCH



an oth er. Th us, for DNA poolin g experim en ts all

dyes beh ave satisfactorily.

We wish ed to test wh eth er DNA poolin g could

be used as a prelim in ary screen to iden tify m arker

loci th at were associated with a ph en otype. Specifi-

cally, we wish ed to recapitu late th e h aplotype rela-

t ive risk (HRR; Falk an d Rubin stein 1987) test on

paren t–offsprin g trios. Con sequen tly, we tested th e

accuracy of allele frequen cy estim ates at 11 m arker

loci in a pool of 54 paren tal DNA sam ples an d a pool

of th eir 27 affected offsprin g. Th e sam ples were 27

trios in wh ich each offsprin g (proban d) h ad HSCR.

Th ese trios were ascertain ed from a large, in bred

kin dred segregatin g HSCR in th e Old Order Men n o-

n ites of Lan caster Coun ty, Pen n sylvan ia (Puffen -

berger et al. 1994a). We tested th e m arkers D13S317,

D 1 3 S7 9 0 , D 1 3 S7 9 2 , D 1 3 S9 2 1 , G ATA8 G 0 7 ,

D13S628, an d D13S764 kn own to m ap on h um an

ch rom osom e 13q22 an d in a region th at con tain s

EDNRB, a HSCR susceptibility gen e (HSCR2). We

also in clu d ed fo u r co n t ro l m arkers, t h e VW F

gen e (12p13.3–12p13.2), D1S1660, D9S301, an d

D10S1423, wh ich are n ot kn own to be associated

with HSCR in th e Men n on ites. For each m arker we

estim ated th e allele frequen cy distribu tion on T an d

U ch rom osom es as outlin ed in Meth ods.

A ch rom osom e 13 radiation h ybrid (RH) m ap

con tain in g EDNRB an d flan kin g m arkers was con -

structed to test th e m axim al distan ce from EDNRB

at wh ich lin kage disequilibrium could be detected.

In addit ion , th e m ap was also used to com pare th e

sen sit ivity of direct gen otypin g versus DNA poolin g

for determ in in g lin kage disequilibrium . Th e resu lt-

in g RH m ap is sh own in Figure 3. Th e in it ial m ap

was con structed by use of th e m icrosatellite m arkers

on ly; ph ysical m appin g data described in Puffen -

berger et al. (1994b) sh ows th at EDNRB is located on

th e sam e YAC (754a2: 1.36 Mb) as D13S317. Th e

m arker D13S921 could n ot be placed on th e RH m ap

with h igh odds but is located in th e in terval be-

tween D13S170 an d D13S790. All rem ain in g m ark-

ers are supported with at least 100:1 odds, except for

D13S792, wh ich is 20 tim es m ore likely to be in its

m ost proxim al posit ion . In th is RH pan el, 1 cR9000 is

equ ivalen t to ∼ 70 kb (Sh aw et al. 1995), so th at

EDNRB is est im ated to be located in an in terval n o

m ore th an ∼ 20 cR9000 (1.36 Mb/70 kb/cR) on eith er

side of D13S317.

Figure 1 Accuracy of allele frequencies estimated from DNA pools. Allele frequencies were estimated from relative
peak heights from the ABI 377 fluorescence chromatograms (frequency in DNA pools: y-axis values are averages of
10 replicates) and compared with allele frequencies estimated from genotyping individual samples (frequency from
allele counts: x-axis). These data, from two tetranucleotide repeat markers, VWF (blue diamonds) and D13S317 (red
squares) (left), and three dinucleotide repeat markers, D13S160 (red squares), D13S170 (green diamonds), and
D13S281 (blue circles) (right), were obtained by studying 76 unrelated samples (parents) in CEPH.

ALLELE FREQUENCY IN POOLED DNA SAMPLES

GENOME RESEARCH 1 1 5



Allele frequen cies on T versus U ch rom osom es

for each m arker are sh own in Figure 4 for th e asso-

ciated polym orph ism s an d in Figure 5 for th e con -

trol m arkers. We sh ow both th e pool estim ates an d

th e direct coun t frequen cies. Th is an alysis was re-

stricted to polym orph ism s caused by tetran ucleo-

t ide m arkers on ly. Visual in spection of th e DNA

pool data sh ow clearly th at th e 191-bp allele at

D13S317, 183-bp allele at D13S790, 287-bp allele at

D13S792, 214-bp allele at D13S921, 197-bp allele at

GATA8G07, 250-bp allele at D13S628, an d th e 314-

bp allele at D13S764 are tran sm itted in excess to th e

HSCR affected offsprin g as com pared with th e con -

trol (U) data. Th is is con firm ed by estim atin g th e

probability of each allele as bein g an cestral (Terwil-

liger 1995); th e above listed alleles h ave probabili-

t ies exceedin g 90% of bein g th e an cestral alleles.

Th e direct coun ts of T an d U alleles were com pared

by use of a x
2 test as outlin ed in Puffen berger et al.

(1994a). Th e associated allele for each m arker, th e

respective x
2 value, an d corrected p-value are sh own

in Table 3. Con cordan t with our previous m appin g

of HSCR in th e Men n on ites (Pu ffen berger et al.

1994b), all m arkers sh ow statist ically sign ifican t dif-

feren ces b et ween T an d U

ch ro m o so m es. Th e m arker

GATA8G07, located ∼ 194 cR

d ist a l t o EDN RB, d o es n o t

sh ow stat ist ically sign ifican t

lin kage disequilibrium for al-

lele 197 bp because th e true

associated allele h as h igh fre-

q u en cy (4 5 % ) o n co n t ro l

ch ro m o so m es. In co m p ari-

so n , even t h e m o st d ist a l

m arker, D13S628, sh ows a sta-

t ist ically sign ifican t lin kage

d iseq u ilib riu m b ecau se t h e

co n t ro l a llele freq u en cy is

m uch lower (23%). In a sim i-

lar m an n er, we com pared th e

T an d U allele frequen cies es-

t im at ed fro m p o o led DNA

sam ples u sin g th e bin om ial

proportion s test with th e n or-

m al deviate for assessin g sig-

n ifican ce, becau se abso lu t e

co u n t s can n o t be ob t ain ed

from DNA pools. Th e associ-

ated allele for each m arker,

th e n orm al deviate stat ist ic,

an d corrected P value are also

sh own in Table 3. Th e resu lts

a re rem a rka b ly sim ila r t o

th ose obtain ed from direct coun ts except th e two

m ost d ist al m arkers, GATA8G07 an d D13S628,

wh ich did n ot sh ow statist ical sign ifican ce. In par-

t icu lar, for th e m arker GATA8G07, th e pool esti-

m ates were sligh tly m ore divergen t (T vs. U is 0.64

vs. 0.42) th an th e direct coun ts (T vs. U is 0.60 vs.

0.45), bu t were still n ot sign ifican t. On th e oth er

h an d, for th e m arker D13S628, th e pool estim ates

were less divergen t (T vs. U is 0.46 vs. 0.32) th an th e

direct coun ts (T vs. U is 0.55 vs. 0.23) an d th erefore

did n ot lead to a sign ifican t differen ce. Th us, sm all

allele frequen cy differen ces, affected by addit ion al

variat ion from poolin g, m ay n ot be detectable in

sm all sam ples. Im portan t ly, n on e of th e con trol

m arkers, D1S1660, D9S301, D10S1423, an d VWF,

sh owed statist ically sign ifican t differen ces between

T an d U ch rom osom es in eith er th e allele coun ts

from direct gen otyp in g or th ose est im ated from

DNA pools.

Th e resu lts presen ted above sh ow DNA poolin g

to give allele frequen cies th at are h igh ly correlated

with direct coun ts, an d accurate as judged by RMSE

values. To assess th e statist ical (n um erical) relat ion -

sh ip between pooled estim ates ( y) an d direct coun ts

Figure 2 The effect of dye label on DNA pooling. Allele frequencies at
D13S317 were estimated from DNA pools and compared with direct counts (red
bars) as indicated in Fig. 1. This marker locus was examined in 54 Mennonite
parents and their offspring. D13S317 T and U parental allele frequencies were
estimated from amplification of a DNA pool by use of three different dye-labeled
forward PCRprimers [FAM (purple bars), HEX (gold bars), TET (green bars)], each
the average of five replicate PCR experiments. Shown are allele frequencies for
each allele in the sample and for T and U chromosomes separately.

SHAW ET AL.

1 1 6 GENOME RESEARCH



(x), we perform ed lin ear regression an alysis on all

131 alleles gen otyped on both T an d U ch rom o-

som es at th e tetran ucleotide m arkers. Th e resu lts

are sh own in Figu re 6. Th e lin ear regression is

h igh ly sign ifican t (F = 1 1 1 2 .1 , 1 an d 1 2 9 d f,

P = 2.8 2 10165) with a correlat ion coefficien t of

0.95. Th e fit ted regression is sh own by th e solid lin e

in Figure 6. Th is regression h as an in tercept of 0.011

(95% CI: 10.002–0.024), wh ich is n ot sign ifican tly

differen t from zero; th e slope h as an estim ate of

0.933 (95% CI: 0.877–0.988) an d sh ows a sm all, yet

sign ifican t, departure from un ity. If, h owever, th e

slope is assum ed to be un ity, th en th e errors (residu-

als) arisin g from poolin g, th at is, th e values of y 1 x,

are n orm ally distribu ted with m ean ∼ 0 an d a stan -

dard deviat ion of 0.05 (x2 = 3.28, 4 df, P = 0.51).

Th is altern ative fit is sh own by th e broken lin e in

Figure 6. Th us, for all practical purposes, th e errors

in duced by DNA poolin g are ran dom an d sm all.

Wh eth er th ese errors are acceptable or n ot depen ds

on th e particu lar application un der con sideration .

DISCUSSION

Th e resu lts of th is study sh ow th at quan titat ive data

on allele frequen cies can be obtain ed from a pool of

DNA sam ples. Because allele frequen cies are ob-

tain ed from relative fluorescen ce peak h eigh ts, th e

procedure is stat ist ical an d th us in troduces som e er-

ror. As we h ave sh own , th is error is on average zero

but subject to ran dom variation th at is sm all an d

m ay be sim ply assessed from th e RMSE value. It ap-

pears th at , to obtain accurate estim ates, it m ay be

n ecessary to utilize polym orph ic m arkers th at h ave

a lim ited n um ber of alleles (∼ 5–8) an d th at can be

am plified with lit t le PCR artifacts. As expected, th e

tetran ucleotide m arkers, on average but n ot in di-

vidually, satisfy th ese requirem en ts better th an di-

n ucleot ide m arkers, alth ough som e din ucleot ide

m arkers perform equally well. For th e 14 m arkers

used in th is study, th e RMSE values ran ged between

0.011 an d 0.096. Th us, it m ay be n ecessary to per-

form pilot experim en ts on a large n um ber of m ic-

rosatellite polym orph ism s an d use th e RMSE values

to iden tify th ose m arkers th at can be reliably used in

DNA poolin g experim en ts. Of course, th e specific

application desired determ in es th e RMSE th at can

be tolerated.

DNA poolin g can be an efficien t gen etic tool

because it is sam ple size in depen den t, th at is, in de-

pen den t of th e n um ber of sam ples com prisin g th e

pool. Th e resu lts presen ted h ere, an d th ose of Pacek

et al. (1993), sh ow th at on e m ay obtain allele fre-

quen cies in pools of 100–1000 DNA sam ples. Th e

crucial aspect is to m ain tain an d in crease th e accu-

racy of th e frequen cy estim ates. It is well kn own

th at PCR m ay be biased towards greater efficien cy of

am plificat ion of sh orter rath er th an lon ger DNA

tem plates, th us biasin g estim ates from DNA pools.

Our data, h owever, do n ot sh ow an y large tren d of

frequen cies from sm aller alleles bein g overestim ated

an d frequen cies of larger alleles bein g un derest i-

m ated (Fig. 6). Th ese effects, if th ey exist , are m in or

an d do n ot appear to sign ifican tly affect allele fre-

quen cy estim ation . We h ave also sh own th at all

th ree fluorescen t dyes com m on ly used with th e au-

tom ated sequen cers can be used for accurate quan -

titat ion of peak h eigh ts. Addit ion ally, better stat is-

t ical tools are n eeded to estim ate allele frequen cies

from DNA p ools. Alth ou gh we h ave u sed p eak

h eigh t as a n atural stat ist ic, on e m ay use th e area

un der th e peak as well or use th e total fluorescen t

trace for estim ation . Th ese aspects require a fu ll in -

vestigation .

All DNA poolin g experim en ts are exercises in

est im at in g th e allele frequen cy dist ribu t ion of a

Figure 3 RH map of segment 13q22–13q31 on hu-
man chromosome 13. The map shows the location of
all chromosome 13q markers used in DNA pooling for
localizing a HSCR suscept ibility gene. All uniquely
placed markers are supported with odds of at least
100:1, except for D13S792 (supported with 20:1 odds);
D13S921 maps to the interval between D13S170 and
D13S790. The HSCR gene EDNRB is located within 1.4
Mb of D13S317 as determined from YAC physical map-
ping (Puffenberger et al. 1994b). In this chromosome 13
RH panel, 1 cR9000 is ∼ 70 kb of DNA (Shaw et al. 1995).
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sam ple; con sequen tly, for gen e m appin g, we h ave

to rely on frequen cy differen ces in alleles in fam ily

subsam ples. Th us, th e m ost direct application s of

DNA poolin g are in associat ion studies in wh ich

cases an d con trols are com pared (Arn h eim et al.

1985). On th e oth er h an d, lin kage m appin g in a set

of sm all in depen den t fam ilies, such as affected sib-

lin g pairs, can n ot ben efit from DNA poolin g be-

cause th ere is n o expected associat ion of alleles

across fam ilies. Th e exception , an d a m ajor on e, is

th e study of in dividuals in a large, segregatin g cross.

Th e latter is clearly possible in an y experim en tal

cross in wh ich pools can be con structed on th e basis

of th e segregatin g ph en otype in large h um an kin -

dreds an d in isolated population s. Th is exception

arises because com m on descen t with in a cross, kin -

dred or with in an isolated population , leads to as-

sociat ion of ph en otypes at lin ked m arker loci so

th at allele frequen cies are expected to be differen t in

pools of affected versus un affected pools. It is th is

prin cip le th at allows us to use DNA poolin g to m ap

gen es th at are associated with lin ked m arkers eith er

in pedigrees or in paren t–offsprin g trios. Our resu lts

clearly sh ow th e utility of th is m eth od, as eviden ced

by our success in m appin g a HSCR susceptibility

gen e.

Figure 4 DNA pooling of HSCR-associated genetic markers. T and U parental allele frequencies estimated from
direct genotyping and from two DNA pools (27 HSCR affected offspring and their parents) for markers on human
chromosome 13q flanking the HSCR susceptibility gene EDNRB. For visual clarity, white and shaded stripes have
been used to separate T and U frequencies on adjacent alleles. The legend follows that in Fig. 2.
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Our resu lts on HSCR2 sh ow th at disease suscep-

tibility/protective loci can be iden tified by gen om e

screen in g in trios sam pled from an isolated popula-

t ion . Even in sam ples from outbred populat ion s,

gen es m ay be m apped by association studies across

th e gen om e, p rovided th ere are associat ion s be-

tween a ph en otype an d gen etic m arkers in its vicin -

ity. Th is is n o t wh olly u n exp ected in h u m an s,

wh ere large population expan sion s in th e past sev-

eral h un dred gen eration s an d th e youn g age of th e

species can lead to such association s. Con sequen tly,

m app in g ph en otypes by associat ion s in paren t–

offsp rin g trios by screen in g th e h um an gen om e

with a very den se set of m arkers h as been proposed

(Risch an d Merikan gas 1996). Alth ough th e TDT

(tran sm ission disequilibrium test) of Spielm an et al.

(1993) h as been proposed for th is purpose, th e pre-

viously m en tion ed HRR test (Falk an d Rubin stein

1987), wh ich we used for th e HSCR an alysis, is also

usefu l. Th e on ly im pedim en t to th is approach is th e

Table 3. Detect ion of Allelic Associat ion from DNA Pools

Locus
Associated
allele (bp)

Direct counts Pool estimates

T U x
2

P valuea T U z P valuea

D13S792 287 30 12 13.0 <0.001 0.68 0.34 3.53 0.001
D13S317 191 40 18 18.6 <0.001 0.83 0.37 4.88 <0.001
D13S921 214 36 14 16.7 <0.001 0.56 0.16 4.33 <0.001
D13S790 183 30 9 17.8 <0.001 0.66 0.21 4.72 <0.001
D13S764 314 30 14 10.7 0.004 0.64 0.22 4.41 <0.001
GATA8G07 197 31 23 2.2 N.S. 0.64 0.42 2.3 N.S.
D13S628 250 29 13 10.1 0.007 0.46 0.32 1.49 N.S.

Seven 13q genetic markers near the HSCR susceptibility locus were used to assess linkage disequilibrium by direct genotyping and

from quantitation in DNA pools. The statistical significance (P value) of differences in allele counts/ frequencies on transmitted (T) vs.

untransmitted (U) chromosomes in Mennonites segregating HSCR were assessed either by a x
2 or a normal deviate test.

a(N.S.) Not significant.

Figure 5 DNA pooling of HSCR control genetic markers. T and U parental allele frequencies determined from
direct genotyping, estimated from two DNA pools (27 HSCR affected offspring and their parents) for control
markers not linked to the HSCR susceptibility gene. For visual clarity, white and shaded stripes have been used to
separate T and U frequencies on adjacent alleles. The legend follows that in Fig. 2.
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iden tification of a sufficien t n um ber of polym or-

ph ic m arkers. Gen om e screen in g by association in

trios is n ow feasible for som e isolated population s,

as we h ave recen tly sh own for th e Men n on ites us-

in g ∼ 500 m icrosatellite m arkers (E.G. Puffen berger,

A. Lyn n , C. Kash uk, an d A. Ch akravarti, un publ.).

Th e adven t of biallelic m arkers th at can be rapidly

gen otyped with a DNA ch ip (Ch ee et al. 1996) sug-

gests th at gen om e screen in g by association m ay be

feasible for outbred population s as well. In fact , be-

cause allele-specific fluorescen ce can be quan titated

very accurately on a DNA ch ip (Ch ee et al. 1996),

DNA poolin g m ay becom e a desired m eth od for ge-

n om e-wide gen etic studies, as a very large n um ber

of m arkers can be evaluated.

In th e exam ple provided by th is study, lin kage

disequ ilibrium cou ld be detected from est im ated

tran sm itted an d un tran sm itted paren tal allele fre-

quen cies. In d ividuals affected with HSCR in th e

Men n on ite population are estim ated to be 8 to 12

gen eration s rem oved from a sin gle an cestral couple.

Th e disequilibrium could be detected in m arkers as

far away as 185 cR9000 from th e EDNRB gen e. Th e

m arker D13S628, located 229 cR9000

distal from th e EDNRB gen e was sig-

n ifican t wh en th e direct gen otype al-

lele coun ts were used, but was n ot sig-

n ifican t wh en est im ated allele fre-

quen cies from DNA pools were used.

Th erefore, it appears th at th e DNA

poolin g strategy is n ot as sen sit ive as

direct gen otypin g for detectin g lin k-

age d isequ ilibrium for m arkers fu r-

t h e r a w a y , h o w ev er , a t m a rke r s

with in 185 cR9000 (∼ 13 Mb) in th is

p op u lat ion , th e sen sit ivity is very

con sisten t between th e two m eth ods.

Th us, in gen eral, DNA poolin g can be

very usefu l for iden t ifyin g possibly

associated alleles th at m ay req u ire

con firm at ion by direct gen otyp in g.

Th e lim itat ion s of detect in g lin ked

loci from T versu s U com p arison s

arise from th e statist ical test used or

th e sam p le size su rveyed , an d n ot

from DNA poolin g per se. In fact , be-

cause DNA poolin g is sam ple size in -

depen den t, th is m eth od can lead to

in creased statist ical power.

Th ere h as been m uch recen t dis-

cussion on th e relative statist ical va-

lid ity of th e TDT (Sp ielm an et al.

1993) versus th e HRR (Falk an d Rubi-

n stein 1987; Kn app et al. 1993) tests

for gen e m appin g. Th e DNA poolin g m eth od uses

th e HRR test an d can n ot u tilize th e TDT test because

th e latter uses h eterozygous paren ts on ly. Spielm an

an d Ewen s (1996) h ave reviewed th is area to con -

clude th at th e HRR test is n ot stat ist ically valid (i.e.,

leads to a h igh er false posit ive rate th an th at set by

th e x
2 distribu tion ) wh en sin gleton affected fam ilies

are studied in a population with substructure (sub-

division or recen t adm ixture). Of course, th e m ag-

n itude of th e error in troduced depen ds on th e m ag-

n itude of h um an population substructure. Clearly,

th en , DNA poolin g m ay n ot be usefu l for gen e m ap-

pin g wh en it is th e on ly m eth od used an d in cases

wh ere th e HRR test is in valid . Fo r segregat in g

crosses, large kin dreds, an d isolated popu lat ion s,

h owever, th is problem can n ot occur an d our pro-

posed m eth ods are valid . We would argue th at DNA

poolin g can an d sh ould be used in all situation s

followed by in dividual gen otypin g to sort ou t false

from true posit ive resu lts. Th is prescrip tion is a prac-

t ical m atter an d does n ot depen d on th e in trin sic

valid ity of a part icu lar stat ist ical test .

In th is paper we h ave con cen trated largely on

Figure 6 The relationship between pooled and direct allele frequen-
cies. The y-axis shows the allele frequency estimate from a DNA pool, and
the x-axis that from direct genotyping. The data are 131 alleles from all
T and U chromosomes compared at the tetranucleotide markers in the
Mennonites. The solid and the broken lines show the fitted linear regres-
sion and the line expected from perfect agreement, respectively.
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gen et ic m appin g an d associat ion app licat ion s of

DNA poolin g. Th e prim ary aim of th is m eth od ,

h owever, is to obtain accurate an d quan titat ive es-

t im ates of allele frequen cies. We en vision th at DNA

poolin g can play a sign ifican t role in evolu tion ary

studies of gen etic distan ce an d population affin it ies

(for diverse application s, see Nei 1987), in wh ich

allele frequen cy distribu tion s can be estim ated at

h un dreds of loci in m ultip le population s with rela-

t ive ease. Addition ally, th is m eth od will also be use-

fu l for m on itorin g th e gen etic ch an ges th rough out a

gen om e in experim en tal studies geared at elucidat-

in g th e m ech an ism s of evolu tion (Buri 1956).

METHODS

Patient and Control Samples

For con trols, we used 76 DNA sam ples from un related paren ts

with in th e CEPH referen ce pedigrees; th ey were purch ased

from th e Coriell Cell Repository (Cam den , NJ). Twen ty-seven

in dividuals (proban ds) affected with HSCR an d th eir respec-

t ive paren ts were ascertain ed from a large, in bred kin dred

from th e Old Order Men n on ite com m u n ity in Lan caster

Coun ty, Pen n sylvan ia. Derivative fam ilies wh o h ad m igrated

to oth er states with in th e USA were also ascertain ed. Th e iden -

tification of th is kin dred an d ascertain m en t of in dividuals

h ave been described previously in Puffen berger et al. (1994a).

All DNA sam ples were collected un der in form ed con sen t an d

processed as described previously (Puffen berger et al. 1994a).

DNA Pools Constructed

Th e con cen tration of each DNA sam ple was read on both a

Beckm an DU 640 (Sch aum burg, IL) UV spectroph otom eter

an d a Hoefer TKO 100 (San Fran cisco, CA) fluorom eter. Each

sam ple was dilu ted to a con cen tration of 10 µ g/m l an d reread

to con firm th e DNA con cen tration . Equal am oun ts of DNA

from each sam ple con stitu tin g a pool were m an ually com -

bin ed prior to PCR am plification . We con structed th ree DNA

pools. Th e first DNA pool con sisted of 27 in dividuals affected

with HSCR. Previously, we h ave m apped an d iden tified th e

m ajor HSCR susceptibility locus in Men n on ites (HSCR2) to

h um an ch rom osom e 13q22 an d sh owed a m issen se m utation

in residue 276 (W276C) in th e gen e en codin g en doth elin re-

ceptor B (EDNRB) (Puffen berger et al. 1994a,b); th e gen otypes

of th e 27 proban ds in th e pooled sam ple were 13 W276C/

W276C h om ozygotes, 10 W276C/+ h eterozygotes, an d 4 +/+

h om ozygotes, in wh ich + den otes th e wild-type allele. Th e

secon d DNA pool con sisted of all 54 paren ts of th ese 27 pro-

ban ds; th e gen otypes of th ese in dividuals were 3 W276/W276

h om ozygotes, 33 W276/+ h eterozygotes, an d 18 +/+ h om o-

zygotes. A th ird DNA pool con sisted of 76 un related CEPH

in dividuals (paren ts).

Polymorphic Markers

Th e two Men n on ite DNA pools an d th e CEPH DNA pool were

in it ially gen otyped at th ree d in ucleot ide repeat polym or-

ph ism s (D13S160, D13S170, an d D13S281) an d two tetra-

n ucleotide repeat polym orph ism s (VWF an d D13S317). Sub-

sequen tly, th e two Men n on ite DNA pools were gen otyped at

six addit ion al tetran ucleotide repeat polym orph ism s all m ap-

pin g to th e EDNRB (HSCR2) region on ch rom osom e 13q22.

Fo u r p o lym o rp h ism s (VW F, D 1 S1 6 6 0 , D 9 S9 3 0 1 , a n d

D10S1423) th at are n ot lin ked to th e EDNRB m utation in

Men n on ites were gen otyped as con trol m arkers. Table 1 lists

th e gen etic m arkers we used in th is study, th e fluorescen t dye

label used for each m arker, an d th e observed n um ber of alleles

an d h eterozygosity of each m arker as publish ed in th e Ge-

n om e Data Base (Balt im ore, MD).

PCR Amplification and Q uantitation

Each sam ple was am plified with 50 n g of pooled DNA in a

25-µ l reaction volum e con tain in g 1.5 m M MgCl2, 10 m M Tris,

50 m M KCl, 200 µ M of each dNTP, 5 pm oles of each prim er

(on e prim er 58-labeled with eith er FAM, TET, or HEX fluores-

cen t dye), an d 0.6 un its of Taq DNA polym erase (Fish er, Pit ts-

burgh , PA); PCR am plification was perform ed for 30 cycles in

a MJ Research m odel PTC 100 (Watertown , MA) th erm ocy-

cler. Am plification of each pooled DNA sam ple, for a specific

m arker, was replicated 5–10 tim es as in dicated. PCR products

were dilu ted 1:5 to 1:10 prior to loadin g on to 4.25% poly-

acrylam ide gels an d were run for 2 h r at 3000 V on an ABI

m odel 377 DNA sequen cer an d an alyzed by use of GENESCAN

software (Applied Biosystem s, In c., Foster City, CA). Direct

gen otypin g was carried out eith er on an ABI m odel 377 se-

quen cer by th e m eth od described above with 50 n g of ge-

n om ic DNA from each in dividual, or with a 32P-labeled PCR

prim er an d m an u al gen otyp in g m eth ods as described in

Puffen berger et al. (1994a,b).

Estimation of Allele Frequencies

Followin g electroph oresis, th e GENESCAN output was used to

estim ate peak h eigh t for each allele. Allele frequen cies were

estim ated from th e relative proportion of th e peak h eigh t for

each allele versus th e sum of peak h eigh ts for all alleles. Be-

tween 5 an d 10 replicate PCR reaction s were carried out per

m arker; allele frequen cies presen ted as arith m etic averages

were com puted from th ese replicate run s.

Test for Linkage Disequilibrium

For tests of allelic associat ion (lin kage disequ ilibrium ), we

com pared th e d ist ribu t ion of alleles on paren tal ch rom o-

som es tran sm itted versus th ose un tran sm itted to proban ds in

paren t–offsprin g trios. Th is HRR (Falk an d Rubin stein 1987)

test on direct gen otypes in th e Men n on ite t rios was per-

form ed as described previously in Puffen berger et al. (1994a).

In part icu lar, for assessin g allele frequ en cy d ifferen ces, a

2 2 2 con tin gen cy x
2 test (1 df) was perform ed. A separate

an alysis was perform ed for each allele at every m icrosatellite

m arker with a Bon ferron i correction to accoun t for m ultip le

tests (on th e basis of th e n um ber of alleles at each locus).

To estim ate allele frequen cies on T an d U ch rom osom es

from DNA pools, n ote th at all of th e alleles in th e proban d

pool represen t th e T class of alleles wh ereas all of th e alleles in

th e paren t pool represen t th e sam e T class of alleles in th e

offsprin g as well as an equal n um ber of U class alleles. Th us,
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if T an d U represen t th e allele frequen cy distribu tion s of th e

tran sm itted an d un tran sm itted alleles am on g th e trios, th en

th e pool of paren tal alleles is th e com poun d distribu t ion

(T + U)/2. Th us, th e proban d distribu tion was estim ated as th e

T distribu tion wh ereas th e U distribu tion was estim ated as

twice th e paren tal distribu tion [i.e., (T + U)/2] m in us th e pro-

ban d d ist ribu t ion . Th e allele freq u en cy d ifferen ces were

tested, un der th e n ull h ypoth esis th at th e tran sm itted an d

un tran sm itted frequen cies were equal, by use of a two sam ple

test for bin om ial proportion s with th e un it n orm al distribu-

t ion for assessin g sign ifican ce. As with th e x
2 test for th e direct

gen otypes, a Bon ferron i correction was used to accoun t for

m ultip le test in g.

RH Mapping of Chromosome 13 Markers

Th e ch rom osom e 13 m arkers used in th e study, in addit ion to

a sequen ce-tagged site (STS) developed from EDNRB (Puffen -

berger et al. 1994b), were gen otyped in a pan el of 94 ch rom o-

som e 13 RHs we h ad con structed previously, alon g with a

posit ive con trol, a m on och rom osom al 13 h ybrid (GM10898),

an d a n egative h am ster con trol (380-6) (m eth ods used as de-

scribed in Sh aw et al. 1995). Th e gen otype data were an alyzed

by use of m ultipoin t m axim um likelih ood an alysis an d th e

com puter program MultiMap version 2.0 (Matise et al. 1994)

exten ded to RH m appin g. Distan ces between m arkers were

estim ated in un its of cen tiRays at 9000 rads; in th is pan el, ∼ 1

cR9000 = 70 kb (Sh aw et al. 1995).

Tests of Accuracy of Allele Frequencies in DNA

Pools

To quan titate th e differen ce between th e estim ated allele fre-

quen cies from DNA pools (den oted yi for th e ith allele at an y

locus) to th at obtain ed by direct allele coun ts (den oted x i for

th e ith allele at th e sam e locus), we calcu lated both th e stan -

dard product m om en t correlat ion (rxy or r) an d th e RMSE de-

fin ed as

RMSE =Î(
i=1

k

~yi − x i!
2
/k

wh ere k is th e n um ber of alleles at th e m arker locus. Alth ough

r can be used to judge th e lin ear relat ion sh ip between y an d x,

th e RMSE is a better descrip tor of th e sim ilarity of estim ated to

direct coun t frequen cies. Addit ion ally, th e RMSE is an esti-

m ate of th e average differen ce in th e two frequen cies per al-

lele. To study th e relation sh ip between y an d x values, we also

perform ed stan dard un ivariate lin ear regression an alysis usin g

th e m odel y = ax + b + e, wh ere e is ran dom error. We specifi-

cally tested th e n ull h ypoth esis th at a = 1 an d b = 0, th at is, y

an d x values differ on ly by ran dom m easurem en t error. We

tested th is lat ter m odel by fit t in g a n orm al distribu tion to th e

deviation s from true values (e8 = y 1 x) usin g a x
2 test .

ACKNOWLEDGMENTS

We ackn owledge th e m an y con tribu t ion s an d discussion s

with m em bers of th e Ch akravarti laboratory wh ile th is work

was in progress. We also th an k Drs. Myriam Forn age, Norm an

Arn h eim , Joe Nadeau , an d Lon Cardon for com m en ts on th e

m an uscrip t . Th is research was partially supported by fun ds

from Nation al In stitu tes of Health (NIH) gran ts HL 54466 an d

HD 28088 to A.C. S.H.S. was partly supported by fun ds from

a Nation al Allian ce for Research on Sch izoph ren ia an d De-

pression fellowsh ip , an d M.M.C. by an NIH train in g gran t

(T32 GM 08056) to th e Departm en t of Gen etics, Case Western

Reserve Un iversity.

Th e publication costs of th is art icle were defrayed in part

by paym en t of page ch arges. Th is art icle m ust th erefore be

h ereby m arked ‘‘advertisem en t’’ in accordan ce with 18 USC

section 1734 solely to in dicate th is fact .

REFERENCES

Arn h eim , N., C. Stran ge, an d H. Erlich . 1985. Use of pooled

DNA sam ples to detect lin kage disequilibrium of

polym orph ic restrict ion fragm en ts an d h um an disease:

Studies of HLA class II loci. Proc. Natl. Acad. Sci.

8 2 : 6970–6974.

Asada, Y., D.S. Varn um , W.N. Fran kel, an d J.N. Nadeau .

1994. A m utation in th e Ter gen e causin g in creased

susceptibility to test icu lar teratom as m aps to m ouse

ch rom osom e 18. Nature Genet. 6 : 363–368.

Buri, P. 1956. Gen e frequen cy in sm all population s of

m utan t Drosophila. Evolution 1 0 : 367–402.

Carm i, R., T. Rokh lin a, A.E. Kwitek-Black, K. Elbedour, D.

Nish im ura, E.M. Ston e, an d V.C. Sh effield . 1995. Use of a

DNA poolin g strategy to iden tify a h um an obesity

syn drom e locus on ch rom osom e 15. Hum . Mol. Genet.

4 : 9–13.

Ch ee, M., R. Yan g, E. Hubbell, A. Bern o, X.C. Huan g, D.

Stern , J. Win kler, D.J. Lockh art , M.S. Morris, an d S.P.A.

Fodor. 1996. Accessin g gen etic in form ation with

h igh -den sity DNA arrays. Science 2 7 4 : 610–614.

Collin , G.B., Y. Asada, D.S. Varn um , an d J.N. Nadeau . 1996.

DNA poolin g as a quick m eth od for fin din g can didate

lin kages in m ultigen ic trait an alysis: An exam ple in volvin g

susceptibility to germ cell tum ors. Mam m . Genom e 7 : 68–70.

Dib, C., S. Faure, C. Fizam es, S. Marc, A. Vign al, R. Heilig,

M. Lath rop, J. Morrissette, G. Gyapay, an d J. Weissen bach .

1996. A com preh en sive gen etic m ap of th e h um an gen om e

based on 5,264 m icrosatellites. Nature 3 8 0 : 152–154.

Falk, C.T. an d P. Rubin stein . 1987. Haplotype relative risks:

An easy reliable way to con struct a proper con trol sam ple

for risk calcu lation s. Ann. Hum . Genet. 5 1 : 227–233.

Kn app, M., S.A. Seuch ter, an d M.P. Baur. 1993. Th e

h aplotype-relat ive-risk (HRR) m eth od for an alysis of

association in n uclear fam ilies. Am . J. Hum . Genet.

5 2 : 1085–1093.

Lan der, E.S. an d N.J. Sch ork. 1994. Gen etic dissection of

com plex traits. Science 2 6 5 : 2037–2048.

Matise, T.C., M. Perlin , an d A. Ch akravarti. 1994.

Autom ated con struction of gen etic lin kage m aps usin g an

SHAW ET AL.

1 2 2 GENOME RESEARCH



expert system (MultiMap): A h um an gen om e lin kage m ap.

Nature Genet. 6 : 384–390.

Mich elm ore, R.W., I. Paran , an d R.V. Kesseli. 1991.

Iden tification of m arkers lin ked to disease-resistan ce gen es

by bulked segregan t an alysis: A rapid m eth od to detect

m arkers in specific gen om ic region s by usin g segregatin g

population s. Proc. Natl. Acad. Sci. 8 8 : 9828–9832.

Nei, M. 1987. Molecular evolutionary genetics. Colum bia

Un iversity Press, New York, NY.

Nystuen , A., P.J. Ben ke, J. Merren , E. Ston e, an d V.C.

Sh effield . 1996. A cerebellar ataxia locus iden tified by DNA

poolin g to search for lin kage disequilibrium in an isolated

population from th e Caym an Islan ds. Hum . Mol. Genet.

5 : 525–531.

Pacek, P., A. Sajan tila, an d A.-C. Syvan en . 1993.

Determ in ation of allele frequen cies at loci with len gth

polym orph ism by quan titat ive an alysis of DNA am plified

from pooled sam ples. PCR Methods & Applic. 2 : 313– 317.

Puffen berger, E.G., E.R. Kauffm an , S. Bolk, T.C. Matise, S.S.

Wash in gton , M.A. An grist , J. Weissen bach , K.L. Garver, M.

Mascari, R. Ladda et al. 1994a. Iden tity-by-descen t an d

association m appin g of a recessive gen e for Hirsch sprun g

disease on h um an ch rom osom e 13q22. Hum . Mol. Genet.

3 : 1217–1225.

Puffen berger, E.G., K. Hosoda, S.S. Wash in gton , K. Nakao,

D. deWit, M. Yan agisawa, an d A. Ch akravarti. 1994b. A

m issen se m utation on th e en doth elin -B receptor gen e in

m ultigen ic Hirsch sprun g’s disease. Cell 7 9 : 1257–1266.

Risch , N. an d K. Merikan gas. 1996. Th e fu ture of gen etic

studies of com plex h um an diseases. Science 2 7 3 : 1516–1517.

Scott , D.A., R. Carm i, K. Elbedour, S. Yosefsberg, E.M. Ston e,

an d V.C. Sh effield . 1996. An autosom al recessive

n on syn drom ic-h earin g loss locus iden tified by DNA poolin g

usin g two in bred Bedouin kin dreds. Am . J. Hum . Genet.

5 9 : 385–391.

Sh aw, S.H., J.E. Farr, B.A. Th iel, T.C. Matise, J. Weissen bach ,

A. Ch akravarti, an d C.W. Rich ard III. 1995. A radiation

h ybrid m ap of 95 STSs span n in g h um an ch rom osom e 13q.

Genom ics 2 7 : 502–510.

Sh effield , V.C., R. Carm i, A. Kwitek-Black, T. Rokh lin a, D.

Nish im ura, G.M. Duyk, K. Elbedour, S.L. Sun den , an d E.M.

Ston e. 1994. Iden tification of a Bardet-Biedl syn drom e locus

on ch rom osom e 3 an d evaluation of an efficien t approach

to h om ozygosity m appin g. Hum . Mol. Genet. 3 : 1331–1335.

Spielm an , R.S. an d W.J. Ewen s. 1996. Th e TDT an d oth er

fam ily-based tests for lin kage disequilibrium an d

association . Am . J. Hum . Genet. 5 9 : 983–989.

Spielm an , R.S., R.E. McGin n is, an d W.J. Ewen s. 1993.

Tran sm ission test for lin kage disequilibrium : Th e in su lin

gen e region an d in su lin -depen den t diabetes m ellitus

(IDDM). Am . J. Hum . Genet. 5 2 : 506–516.

Taylor, B.A. an d S.J. Ph illips. 1996. Detection of obesity

QTLs on m ouse ch rom osom es 1 an d 7 by selective DNA

poolin g. Genom ics 3 4 : 389–398.

Taylor, B.A., A. Navin , an d S.J. Ph illips. 1994.

PCR-am plification of sim ple sequen ce repeat varian ts from

pooled DNA sam ples for rapidly m appin g n ew m utation s of

th e m ouse. Genom ics 2 1 : 626–632.

Terwilliger, J.D. 1995. A powerfu l likelih ood m eth od for th e

an alysis of lin kage disequilibrium between trait loci an d on e

or m ore polym orph ic m arker loci. Am . J. Hum . Genet.

5 6 : 777–787.

Received August 13, 1997; accepted in revised form January 7,

1998.

ALLELE FREQUENCY IN POOLED DNA SAMPLES

GENOME RESEARCH 1 2 3


