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Abstract Positional cloning of genes underlying com-
plex diseases, such as type 2 diabetes mellitus (T2DM),
typically follows a two-tiered process in which a chromo-
somal region is first identified by genome-wide linkage
scanning, followed by association analyses using densely
spaced single nucleotide polymorphic markers to identify
the causal variant(s). The success of genome-wide single
nucleotide polymorphism (SNP) detection has resulted in
avast number of potential markers available for usein the
construction of such dense SNP maps. However, the cost
of genotyping large numbers of SNPsin appropriately sized
samples is nearly prohibitive. We have explored pooled
DNA genotyping as a means of identifying differencesin
alele frequency between pools of individuals with T2DM
and unaffected controls by using Pyrosequencing technol -
ogy. We found that allele frequencies in pooled DNA
were strongly correlated with those in individuals (r=0.99,
P<0.0001) across awide range of allele frequencies (0.02—
0.50). We further investigated the sensitivity of this method
to detect alele frequency differences between contrived
pools, aso over a wide range of allele frequencies. We
found that Pyrosequencing was able to detect an allele fre-
quency difference of less than 2% between pools, indicat-
ing that this method may be sensitive enough for usein as-
sociation studies involving complex diseases where a small
difference in allele frequency between cases and controls
is expected.
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Introduction

Linkage disequilibrium mapping is a potentially powerful
approach for fine-scale localization of genetic variants con-
ferring increased susceptibility to complex disease. There-
cent identification of putative susceptibility genesfor type 2
diabetes mellitus (T2DM; Horikawa et a. 2001) and Crohn
disease (Hugot et al. 2001; Ogura et a. 2001) indicates that
this approach can be successful and serve as a general strat-
egy for positional cloning. The recent successes of the
Human Genome project, accompanied by the identifica-
tion of vast numbers of single nucleotide polymorphisms
(SNPs), should facilitate positional cloning efforts.

To maximize detection of linkage disequilibrium be-
tween dialelic markers and potential disease-susceptibil-
ity aleles, a significant number of densely spaced SNPs
should be genotyped throughout the region of interest.
However, genotyping a large number of SNPsis costly and
time-consuming and is currently not economically feasible
in the moderate to large sample sizes required for analyses
of complex disease. One approach to circumvent the high
cost of SNP genotyping in alarge sampleisfirst to screen
strategically selected SNPs in pools corresponding to af-
fected and unaffected samples and to determine whether a
significant allele frequency difference exists between the
two groups. This strategy has been employed using a num-
ber of technological platforms including mass spectrome-
try (Buetow et al. 2001;Wolford et al. 2001), kinetic poly-
merase chain reaction (PCR; Germer et a. 2000), dena-
turing high performance liquid chromatography (Hoogen-
doorn et a. 2000), the Invader assay (Ohnishi et al. 2001),
bioluminometric assay (Zhou et al. 2001), and Pyrose-
guencing (PSQ; Permutt et al. 2001). In these studies, the
accuracy of pooled DNA allele frequency measurements
was assessed by comparison with individual DNA dlele
frequencies. Typically, there has been good agreement re-
ported between pooled DNA and individua DNA mea-
surements for most methods.

We assessed the applicability of PSQ in pooled DNA
alele frequency measurements because we presently use
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this platform for SNP genotyping in individual samples
and are confident of its sensitivity and accuracy. PSQ is a
real -time sequencing method based on a four-enzyme mix-
ture reaction that uses luciferase-luciferin light release as
the detection signal for nucleotide incorporation into atar-
get DNA strand (Ronaghi et al. 1998). A specific software
program (PSQ 96 SNP Software AQ, version 1.2) isavail-
able for the evaluation of allele frequencies based on mea-
surements of peak height, a modification of PSQ known
as PSQ-AQ. Permuitt et al. (2001) have recently reported a
strong correlation between peak height and allele frequency
by using PSQ-AQ with four different SNPs in pools of
150 diabetic and 150 non-diabetic Caucasians. Our goal
here has been to expand this study of PSQ-AQ in order to
estimate pool allele frequencies over a full range of po-
tentially complicating variables, such as actual alele fre-
gquency and sequence context, that researchers should ex-
pect to encounter in real-world applications of the tech-
nology. In addition, we aimed to determine how well al-
lele frequency differences between two pools could be de-
tected by using PSQ-AQ. This is an important considera-
tion, particularly in complex diseases, because dlele fre-
guency differences between case and control groups are
not expected to be large.

Materials and methods

DNA quantification and pooling

DNA was obtained from Pima Indians who are participants in on-
going longitudinal studies conducted among members of the Gila
River Indian Community since 1965 (Knowler et al. 1978). The
study was approved by the Institutional Board of the Nationa In-
stitute of Diabetes and Digestive and Kidney Diseases (NIDDK)
and the Tribal Council of the Gila River Indian Community. All
subjects provided written informed consent prior to participation.

Genomic DNA was prepared as described (Prochazka et a.
1993) and quantitated by fluorescence with PicoGreen reagent (Mol-
ecular Probes, Eugene, Ore.) and a GENios Fluorescence Reader
(Tecan, Research Triangle Park, N.C.). Genomic DNA was diluted
by hand 1:250 in TE (10 mM TRIS-HCI, 1 mM EDTA, pH 7.5) in
triplicate, and a 50-pl aliquot was transferred to a Greiner Fluoro-
trac 2000 plate (Greiner, Dusseldorf, Germany). PicoGreen reagent
was diluted 1:300 in TE, pH 7.5, and 150 pl of this was added to
each diluted DNA sample and allowed to sit at room temperature
for 5 min, shielded from light. Standard curves were constructed
by serial dilution of acommercialy quantitated Lambda DNA stan-
dard (Molecular Probes). PicoGreen-stained samples were excited
at 485 nm, and emission at 520 nm was measured. The fluores-
cence value of the reagent blank was subtracted from the fluores-
cence value for each DNA sample. DNA concentrations were de-
termined from the standard curve. Final DNA concentrations were
calculated by averaging the fluorescence results from three sepa-
rate dilutions.

For allele frequency calculations, we used two pools: 141 indi-
viduals with T2DM (age of onset <25 years of age) and 141 unaf-
fected controls (no diabetes after age 45 years). Each pool contained
300 ng each DNA sample at afinal concentration of 100 ng/ul. Al-
lele frequencies were calculated from the average of four replicate
measurements per pool.

Contrived “pools” were created by titrating DNA in various pro-
portions from two samples representing both homozygous geno-
types. To confirm relative DNA concentrations, the samples were
fine-calibrated to each other by using an equal volume of each
sample as template for PCR amplification and subsequent PSQ-AQ.

Table1 SNP flanking sequence, PCR amplification primers, and extended primers used in PSQ reactions. All primer sequences are given in the 5’ - 3' direction. Each biotinylated

primer isidentified with a B preceding the oligonucleotide sequence. Bases included in the assay (i.e., 3’ to the sequencing primer) are underlined

Extended primer

Forward primer Reverse primer

Flanking SNP sequence

SNPid

CCTATCTTGAGGGTTCC
TGGTGAGCAGGAACA

GATGTTCCTATTAGCCAACT
B-ATGAGTGCCCACGATGTCA

B-TCATGCCCTTGTTACAAA
GATTCTGGAAAGCATTGCGTA

AGCAGGAACA[T/CIGGGCTGTACA

AAAGTATCCC[G/A]GGAACCCTCA

rs1135783

s51848964

AATTGATGTCAAGGAGG

B-CAAGTCACTGTATTGCTCTCA
TTCCCAGAGTATTTAATGGTTA

TCAAGGAGGA[T/GJAAACAAAAAA CAACAGAGGGAAATTAGAAGC

TCAGTCACTG[A/T]CATTTAATCA
TTCTAACAAA[T/CIGCAAAAAATA

ATTTATATTC[T/CJAGTCTCACTC

TCAGAAAGAT[A/G]CAGTTTAGAA
AGGTGATTTT[C/T]TTCCCCATTT

TSC0282391

AACAGTGCAAATATGATTA
AATATAGTCTTTCTAACAA

B-GTACAGTTGCTTCCATTTCC

TSC0049603
s5154882

ss3592

B-CAGCCATTCAATAAATCATA

GTCATCCACTAAACAGAAAAT
GCTCAGATGCTGTTTACGG

GTTTACGGATATTTATATTC

B-CATATTTTTAGCTGGAGTTGG

B-GAATAAATGAATGAGTGATTGAGTG CATAGAGTCAGAAAGAT

B-TCTTATCCCTCACACTCTGG
B-CCTGGGTTCAGACTTCTGT

CAGGACATGAGGAGAGTTGTT
GGCTTTATTTTCAGGAATTA

TSC0337080

CCAATCAAGGTGATTTT
AGTCTCAGGGCAAGG

TSC0078338
1803089a
rs491061

CAGGGCAAGG[G/A]JGTTCAGGGGC CTGATGGAGAAGGTCAAGAG

AGGAGTGTAA[A/GIAGATATTTGA

TGCTATATCTCAAATARC

B-ATGCCATTGAAAAGAGAATTA  TTTCCAATTACACTTAGTTTAGG

GGGTGTGGAAACTGCTATT

CTATTTTGTTGAAAAACTT
AACAACTGAATTGAGTA

B-CCTAGCTTCCCTTTTAGGTC

TGAAAAACTT[CIT]TAGAGCCCAA
TATTTAAAAC[A/G]GATACTCAAT
TAGTGCAATT[T/CICAGTAAAATT
TTAATCIGTC[C/T]TCCCCTCTCC

TSC0049924

$s2034040

GTTGTTCCAATTATGCTATAAACT

B-AATGTGGCTTATGTGACTGAG
TGTCACAGGGTACGGTCAAT
CAGGCCGTTCACAAACT

CAAGAGATTTAGTGCAAT
TCGAATATTTCTTTAATC

B-ATAAATCTGTCCATTTCTACAAG
B-TTCCCTCAACCTAGGAGAG
CCACTTTGCCATTGCTATTT

TSC0065808
ss51259272

AGAGTAGTATTTCTGAAAGG

B-ACAGCAGTTCCAATTCCGTA

AAATCAATATI[T/CICCCTTTCAGA

SS2443968




After calibration of the two homozygotes, each pool was constructed
with a final DNA concentration of 100 ng/pl. In total, for each
SNP, there were 86 such pools with an allele frequency range of
0.95-0.10, arrayed on a 96-well plate so that the allele frequency
in each pool differed from adjacent pools by 0.01. Four replicates
of each homozygote were included as standards, and each assay
was performed in triplicate.

PCR amplification and PSQ

Fifteen SNPs were selected from markers previously typed in indi-
vidual DNA samples according to minor alele frequency (0.02-0.5)
and flanking segquence context of the variant allele. Most of these
SNPs were obtained from a public database (http://www.nchi.nlm.
nih.gov/SNP) and are designated by Reference cluster ID (rs#),
NCBI assay ID (ss#), or TSC identifier (TSC#), with the exception
of SNP 1803089a, a variant that was discovered in our |aboratory
during validation of nearby SNP rs1803089. Information on flank-
ing SNP sequence, PCR amplification primers, and PSQ primersis
shown in Table 1.

DNA amplification of pools and individual standards used 100 ng
genomic DNA in a fina reaction volume between 15-50 ul. For
each assay, PCR conditions (specifically, primer concentration and
total volume) were considered as being optimized when amplifica-
tion was robust enough to produce non-SNP single-base peaks
with an PSQ signal greater than 15 RLU (relative luminescence
units) but not so strong as to cause peaks to widen and yield inac-
curate raw peak height data. For optimization, amplification reac-
tions were performed with the Expand Long Template PCR Sys-
tem (Roche Molecular Biochemicals; Mannheim, Germany) con-
taining 1x PCR buffer 2, (in 2.25 mM MgCl,), 350 uM dNTPs,
10-20 uM (assay-dependent) forward and reverse primers, 0.02 U/
pl enzyme mix, and an equivalent volume of Taqg Start Antibody
(Clontech Laboratories, Palo Alto, Calif.). For genotyping, ampli-
fication conditions were as follows. 96°C for 1 min, 45 cycles of
96°C for 20 s, 57°C for 30 s, and 68°C for 30 s, and afinal exten-
sion at 68°C for 7 min. Amplification of individual DNA samples
was performed in a 15-pl final reaction volume containing stan-
dard 1x PCR buffer, 1.5 mM MgCl,, 200 uM dNTPs, 20 uM for-
ward and reverse primers, and 0.3 U AmpliTag Gold (Perkin Elmer,
Foster City, Calif.). Amplification conditions were as follows:
96°C for 7 min, 45 cycles of 96°C for 20 s, 57°C for 30 s, and
72°C for 45 s, and afinal extension at 72°C for 5 min. In individ-
ual DNA genotyping, genotyping reproducibility was evaluated in
30 duplicate samples typed blindly for each marker. All markers
had an agreement rate greater than 97%.

PSQ reactions were performed according to the manufacturer’s
instructions with minor modifications (Pyrosequencing, Uppsala,
Sweden). If a50-pul DNA amplification reaction was required, the
post-PCR product was halved and treated as separate 25-l samples
for incubation with beads and then recombined before the NaOH
denaturing step. Briefly, 7 pl (10 pg/pl) Streptavidin-coated Dyna-
beads (Dynal, Oslo, Norway) was added to each PCR product and
then 2x binding-washing buffer (10 mM Trizma base, 2 M NaCl,
1 mM EDTA, 0.1% Tween 20, pH 7.6), equivalent to the com-
bined volume of beads and PCR product, was added to each well,
and the plates were sealed and shaken at 65°C for 30 min. Solid-
phase (bound to beads) samples were transferred consecutively to
PSQ plates containing 0.5 M NaOH (for 1 min), 1x annealing buffer
(200 mM Trizma Base, 50 mM magnesium acetate, pH 7.6), and
1x annealing buffer containing 15 pmol sequencing primer. Fol-
lowing the last step, samples were heated at 80°C for 6 min and
then cooled for approximately 15 min prior to PSQ analysis. PSQ
was performed at room temperature on an automated PSQ 96 in-
strument (Pyrosequencing) according to the manufacturer’s instruc-
tions. For each assay, atemplate-only control, a sequencing primer-
only control, abiotinylated primer-only control, and a combination
of sequencing and biotinylated primers were evaluated to verify
that each had negligible effect on baseline signal.
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Conversion of raw data to allele frequency

For each SNP assay, we converted the raw peak height data ob-
tained by using the PSQ-AQ software for each pooled sample to
allele frequency by first amplifying and genotyping several sam-
ples of each available genotype (e.g., AA, AG, GG) by using the
pooled DNA amplification protocol. The height of peaks affected
by the genotype of each sample was then calculated by using the
PSQ-AQ software. The ratio of one alele peak to the sum of both
allele peaks was plotted against the sample frequency of that allele.
For example, in aG/A polymorphism, the frequency for the G allele
would be 1, 0.5, and 0 for a GG, GA, and AA genotype, respec-
tively. The equation for the linear regression best-fit line generated
is: [relative raw peak height]=m*[actual allele frequency]+b, which
can then be used to convert data from the DNA pools into allele
frequencies. We found that multiple replicates of a single sample
and individual measurement of multiple samples of the same geno-
type produced similar measures of standard deviation (data not
shown); thus, the use of either or both approaches as standards is
acceptable.

Results

We first compared allele frequency estimations derived
from pooled DNA to the actual allele frequencies mea-
sured in individual samples corresponding to each pool
(Fig.1). The two pools consisted of either 141 diabetic
cases or 141 unaffected controls. In a comparison of 30
observations, corresponding to 15 SNPs measured in two
pools, we found that allele frequencies measured in pools
were strongly correlated with allele frequencies obtained
from individual genotypings of the DNA samples compris-
ing each pooal (r=0.99, P<0.0001).

We next measured the difference in allele frequency be-
tween case and control pools to determine whether PSQ-AQ
could reliably detect alele frequency differences between
groups. In the same set of 15 SNPs, we found the alele
frequency difference between case and control poolsto be
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Fig.1 Allele frequency measurementsin pools versusindividuals.
Pools were each composed of 141 samples, and pool allele frequen-
cies represent the average of four separate PCRs. The allele fre-
quency as measured in individuals is shown on the x-axis, and the
alelefrequency derived from pooled samplesis shown on the y-axis.
Therewas atotal of 30 observations, corresponding to 15 SNPs as-
sayed in two pools. Line Line of identity, y=x
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Fig.2 Allele frequency differences between cases and controls as
measured in pools and individuals. The frequency of the minor al-
lele from the control group was subtracted from the corresponding
frequency of the case group, for either individuals (x-axis) or pools
(y-axis). Results are derived from 15 SNP assays. Line Line of
identity, y=x
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Fig.3 The relationship between pool error and frequency of the
minor allele. To determine whether pool error was related to allele
frequency, we subtracted the allele frequency obtained in individu-
als from the frequency measured in the corresponding pool (y-axis)
and then plotted this value against the allele frequency measured in
individuals (x-axis), which we assumed to be the true representation

well correlated (r=0.97, P<0.0001) with the actual differ-
ence between cases and controls as measured in individu-
as (Fig.2).

To determine whether the magnitude of error in fre-
guency estimates of pools wasinfluenced by the frequency
of the minor allele, we compared the difference in alele
frequency between pools and individuals to the alele fre-
guency derived from individual genotypes (Fig.3). We
found no evidence for a systematic relationship between
alele frequency and the extent of deviation of our mea-
surement from the actual allele frequency, suggesting that
accuracy is not differentially affected by the frequency of
the minor allele. Although it appears that there is greater
variability between allele frequencies measured in pools
and individuals when the minor allele frequency becomes
greater than 0.3, we have found that that this variability is
attributable to three specific SNPs. Assays with a similar

# alleles
ﬂz:;:;:gﬁsc Genotype NUAT:’:;SOf T p
T/T TIC ¢
0 ‘f\&“__, O K_J\, 7 | 1.0 |<0.0001
1 k I 5 10.99 |<0.0001
2 Joe L o 3 |0.88| 0.01

Fig.4 Effect of flanking bases on a Pyrosequencing assay. When
aneighboring base isidentical to an allele, it contributes to the rel-
ative height of the allele peak. Column 1 Number of alleles match-
ing the flanking bases, Column 2 pyrograms representing each pos-
sible genotype according to the Column 1 class. The number of as-
says corresponds to how many of our 15 SNPs fit each possible
category; the correlations and significance, based on two observa-
tions (pools) per assay, are shown in the final two columns

alele frequency range (i.e., >0.3) show atight correlation
between pools and individuals, indicating that this vari-
ability is probably attributable to specific assay conditions,
rather than underlying allele frequency. Interestingly, for
these three SNPs, we found that, despite the less tight cor-
relation in allele frequency measurements between pools
and individuals, allele frequency differences were still ac-
curately estimated. This finding suggests that inaccuracy
in alele frequency estimation in pooled samples may not
adversely affect the calculation of alele frequency differ-
ence between case and control pools.

Deviation from a strict 1:1 allele peak height ratio
(e.g., if comparing the signals from opposite homozygotes)
might increase the error associated with accurate allele fre-
guency estimation. In the sequencing-by-synthesis method
used in PSQ, nucleotides that are both identical and adja-
cent cause apeak height proportional to the number of nu-
cleotides (i.e., the height of the A peak from GAAC is ap-
proximately double that of GAC). Therefore, the context
of bases directly flanking a SNP must be considered. The
expected contributions of neighboring identical bases to
the total height of an allele peak are shown in Fig. 4. Con-
sidering the assays (underlined basesin Table 1), we clas-
sified the 15 SNPs (two observations per SNP) according
to the context of flanking bases to determine whether the
accurate estimation of allele frequency in pools was af-
fected. The assays with no interference from neighboring
bases (n=7) and those in which one allele was identical to
three or fewer bases of adjacent sequence (n=5) remained
correlated with the actual alele frequency (r=1.0 and
0.99, P<0.0001). For those assays in which both bases
flanking the SNP were each identical to one of the SNP
aleles (n=3), allele frequency estimated from pools was
till correlated with actual allele frequency, although less
significantly (r=0.88, P=0.01).

To determine how well PSQ-AQ could detect small dif-
ferences over arange of alele frequencies, wetitrated DNA
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Fig.5A, B Allele frequencies and alele frequency differences in
contrived pools. A Allele frequency measurements; n=86 pools;
alele frequency =[0.95, 0.94, 0.93... 0.10]) for SNP TSC0282391
(three replicates); standard deviations range from 0.0007-0.0132.
B The averaged measured difference (y-axis) reflects an average of al
pairwise comparisons for each level of expected difference (x-axis).
The plot represents the average measured differences between
artificial pools for SNP TSC0282391; standard deviations range
from 0.0047-0.0088 for data based on more than six comparisons.
A, B The line represents y=x

from two homozygous samples in various proportions rep-
resenting 1% increments. For these contrived pools (n=86),
the allele frequencies calculated from PSQ-AQ were corre-
lated with the intended composition of the pool (Fig.5A).
We then averaged all possible pair-wise differences between
these pools for each level of expected difference (A=[0.01,
0.02, 0.03,....0.85]), as shown in Fig. 5B. We performed this
analysis with a total of four SNPs, al of which yielded
similar results (data not shown).

Discussion

The object of this study was to evaluate the efficacy of
PSQ-AQ in the accurate estimation of allele frequencies
in pooled DNA samples. Estimation of alele frequencies
in pooled DNA samples affords one way to conduct a
case-control study in a cost- and time-efficient manner.
We have envisioned using this approach not to obtain data
to test association between a single SNP and complex dis-
ease directly, but rather to screen SNPs in pools at high
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density in the region of interest. Theoretically, with suffi-
cient saturation (e.g., ~1 SNP/10 kb), a cluster of several
SNPs should show significant differences between af-
fected and unaffected pools because of linkage disequilib-
rium with a real susceptibility alele. Once an area has
been localized, SNPs can be typed in individual samples,
and the region can be scanned for likely candidate genes
or thoroughly resequenced to discover novel variants. In
essence, estimation of allele frequency in pools should help
to narrow the critical region harboring the disease vari-
ant(s), after which direct testing of SNP-disease associa-
tion and/or haplotype construction can be pursued with
genotyping of individuals.

In general, allele frequency estimations in pooled sam-
ples were correlated with the expected values based on in-
dividual genotypes, suggesting that both the pool con-
struction and PSQ-based alele quantification techniques
are accurate. Whereas a number of practical considera-
tions must be met to achieve this level of accuracy (see
below), we demonstrate that allele frequency estimations
in pools are accurate, independent of absolute allele fre-
guency and the context of bases flanking the variant nu-
cleotide. As afurther confirmation of the accuracy of this
method, we show that differences in alele frequency cal-
culated from pooling data accurately reflect the differ-
ences between groups of case and control individuals.

Our studies with contrived pools show clearly that,
over a large number of comparisons, PSQ is a highly ac-
curate method for determining allele frequency differences
between pools. The standard deviation of the average mea-
sured alele frequency difference remains relatively un-
changed over a large range of expected differences. This
suggests that larger differences between actual pool alele
frequencies are more likely to be accurately detected by
this method. Across al levels of biologically feasible dif-
ferences, the pair-wise comparisons yielded an average dif-
ference concordant with expected values. Therefore, we
can infer that large numbers of comparisons, if all reflect
the same underlying allele frequency difference, can yield
accurate comparison data, regardless of the magnitude of
allele frequency differences. Our experiment averaged the
same difference over a range of absolute alele frequen-
cies, obviously, the actual allele frequency of case and
control pools and the difference between them are fixed.
However, if multiple pools with the same composition of
individuals are Pyrosequenced, some errors associated
with pool construction can be mitigated, similar to our
comparisons of multiple contrived pools.

In an ideal PSQ assay, the relative heights of the two
peaks corresponding to the two SNP alleles would di-
rectly represent the relative proportions of the alleles in
the sample (e.g., a heterozygote would have two peaks of
identical height, each half the size of the full peak seen
with either homozygote). However, there are a number of
factorsthat affect relative peak heights, including flanking
bases that form a homopolymeric run with one or both al-
leles, unequal amplification of alleles, background signal,
and the increased signal strength from an “A” allele because
of the substitution of deoxyadenosine apha-thio triphos-
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phate (dATPaS) for dATP in the PSQ reaction. Although
the PSQ-AQ software automatically calculates alele fre-
guencies and raw peak heights, the best way to control for
al of these potentially confounding variablesisto usein-
dividual samples of known genotypes to build a standard
curve that can then be utilized to convert raw peak datato
alele frequencies. For this strategy to be effective, we
found that the signal from the individual samples must be
similar to that of the pools; both the absolute height and
relative contribution of some background signals will be-
have in an inversely proportional fashion to the strength
of the expected signal generated by the actual sequence.

The need to adjust pool data based on a standard curve
of individuals adds alevel of complexity to large-scale SNP
survey projectsinsofar as a number of individuals must be
genotyped or sequenced to find the appropriate standards.
However, in our experience, multiple individuals have no
greater variability for PSQ signal than do multiple aliquots
of one individual (data not shown). Therefore, al that is
required is genotyping of the SNP in a relatively small
number of samples to obtain representative genotypes. If
the variant is common, a small number of samples is
likely to yield all three genotypes; if it israre, the relative
contribution of rare homozygotes to the pool will be small
and a standard curve consisting only of the common ho-
mozygote and the heterozygote may be adequate.

In the PSQ technique, good assay design is critical for
successful genotyping and allele frequency estimation. In
addition to designing primers that will not impinge on am-
plification or PSQ, assay design also depends on the num-
ber and identity of bases to be sequenced on either side of
the SNP. We found strong correlations between expected
and observed allele frequencies for assays in which zero
or one alele is identical to its flanking sequence, but as-
says in which both alleles are involved in different ho-
mopolymers have aless strong, yet still significant, corre-
lation. In many situations, runs of identical bases can be
easily avoided by designing a sequencing primer that abuts
the SNP and anneals to the other bases. This strategy is
especially important for SNPs in which both alleles match
a flanking base; here, we show that allele frequency can
be more accurately quantitated if one match is eliminated.
Finally, it is important to consider that some SNPs, such
asthose in longer homopolymers (>4 bases), are not good
candidates for PSQ, in either pools or individuals, unless
the sequencing primer placement can shorten or eliminate
the homopolymer.

It was beyond the scope of this study to examine the
effects of pool size on allele frequency estimation in pooled
DNA samples by using PSQ-AQ. However, it is certain
that the use of alarger number of individualsin each pool
will decrease the contribution that pipetting and DNA
guantitation error will make on allele frequency estima-
tion in pools. The manufacturer of the PSQ technique rec-
ommends a minimum number of 50 samples per pool and
suggests that larger pools (n>100) are less subject to error
(S. Toth, personal communication). Based on the accuracy
with which we have estimated allele frequency in two
pools of 141 individuals each, and considering the large

sample sizes thought to be necessary to establish genetic
associations in case-control designs (Risch and Teng 1998),
optimal pool size will probably never fall short of the rec-
ommended minimum pool size, once factors such as pop-
ulation stratification, allele and locus heterogeneity, and
expected mode of inheritance have been considered.

In conclusion, we have found that PSQ-AQ provides
an accurate and valid approach to allele frequency estima-
tion in pooled DNA samples. In addition, the PSQ tech-
nique is sensitive enough to detect small differences be-
tween pools across arange of disparate allele frequencies.
By adjusting raw data based on the signal from individual
genotypes, we show that it remains accurate under various
assay conditions, such as a short homopolymeric run. For
studies with large numbers of SNPs, whose goal isto nar-
row aregion of genetic linkage by linkage disequilibrium
mapping, alele quantification by PSQ in poolsis an effi-
cient approach to reduce the labor and expense involved
in such experiments.
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