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ABSTRACT

Strategies for identifying genetic risk
factors in complex diseases by association
studies require the comparison of allele fre-
quencies of numerous SNPs between affect-
ed and control populations. Theoretically,
hundreds of thousands of SNP markers
across the genome will have to be geno-
typed in these studies. Genotyping SNPs
one sample at a time is extremely costly and
time consuming. To streamline whole
genome association studies, some have pro-
posed to screen SNPs by pooling the DNA
samples initially for allele frequency deter-
mination and perform individual genotyp-
ing only when there is a significant discrep-
ancy in allele frequencies between the
affected and control populations. Here we
describe a new method for determining the
allele frequency of SNPs in pooled DNA
samples using a two-color primer extension
assay with real-time monitoring of fluores-
cence polarization (named kinetic FP-TDI
assay). By comparing the ratio of the rate of
incorporation of the two allele-specific dye-
terminators, one can calculate the relative
amounts of each allele in the pooled sam-
ple. The accuracy of allele frequency deter-
mination with pooled samples is within 3.3
± 0.8% of that determined by genotyping in-
dividual samples that make up the pool.

INTRODUCTION

SNPs are the most abundant se-
quence variation among individuals.
When two human genomes are com-
pared, single base-pair variations are
found at approximately 1200 nucleotide
intervals. Because of their abundance
and low mutation rate, SNPs are the
markers of choice in association studies
to identify the genetic risk factors in
common diseases (10,13). In addition to
the formidable task of acquiring the
large number of SNP markers and
choosing the right ones needed in these
studies, a major challenge remains the
cost and time needed to obtain the geno-
types of numerous samples with hun-
dreds of thousands of SNPs.

To reduce the time and cost associat-
ed with genotyping every individual in a
study, it has been proposed that one
works with pooled DNA samples con-
structed by mixing equal amounts of
DNA from groups of individuals. Al-
though the pooling strategy has some
drawbacks, such as reduced insight into
haplotype structure and lower precision
when dealing with rare alleles, it is an
appealing approach for initial screening
of known SNPs in association studies.
Several methods have been developed to
estimate allele-frequencies in pooled
samples (1,3,4,6,11,18–20). Because
analysis of pooled samples requires only
two reactions (for pools of cases and
controls) per SNP, low assay develop-
ment cost is of paramount importance.
We report here an allele frequency deter-
mination method that is comparable in
accuracy to the best methods currently
in use but has the lowest assay develop-
ment cost compared to all other ap-

proaches. The method is based on the
template-directed dye-terminator incor-
poration (TDI) assay with fluorescence
polarization (FP) detection (2,8). The
only modification of the FP-TDI assay is
the real-time detection strategy. At the
end of PCR, a SNP probe is extended by
one base when incubated with the two
allele-specific dye-terminators in the
presence of DNA polymerase. Because
an incorporated dye-terminator is part of
a much larger molecule, its fluorescence
remains polarized (after excitation by
plane-polarized light) for a longer time
than that of a much smaller, free dye-ter-
minator. If one monitors the FP of the
two allele-specific dye-terminators
throughout the primer extension reac-
tion, then the rate of FP change can be
followed. The rate of FP increase of a
dye-terminator is proportional to the
amount of DNA containing the corre-
sponding allele present in the reaction.
Therefore, one can calculate the relative
abundance of each allele in a pooled
sample by comparing the rate of FP
change of the two dye-terminators.

The kinetic FP-TDI assay we devel-
oped is found to be very accurate, with
the estimated allele frequencies differ-
ing only 3.32 ± 0.8% from the allele fre-
quencies determined by genotyping all
the individuals in the pool. Because
only three unlabeled, “PCR-grade”
primers are needed for each SNP, the
development of kinetic FP-TDI assays
is very simple and cost effective. Three
reactions are needed for each marker
(two population samples plus one refer-
ence sample). Therefore, one can deter-
mine the allele frequencies of 128 SNPs
across two pooled samples in a 6-h ex-
periment using a 384-well reaction for-
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mat. It will take only 65 days to screen
through 100 000 SNPs if one performs
12 plates of assays per day (one PCR
machine with four heating blocks doing
three runs/day even without the use of a
real-time TDI-FP instrument) at a frac-
tion of the cost of performing individual
genotypes. Therefore, the kinetic FP-
TDI screening approach can greatly re-
duce the cost and duration of an
association study.

Principle of the Method

The FP-TDI assay (2) is a homoge-
neous SNP genotyping assay that is
based on the fact that the degree of flu-
orescence polarization of a dye is a re-
flection of its molecular weight. The
larger the molecular weight, the higher
is the dye molecule’s FP value. In the
presence of DNA polymerase and the
appropriate dye-terminators, the SNP
primer (with its 3′ end adjacent to the
polymorphic site) is extended specifi-
cally by one base as dictated by the tar-
get sequence. The primer extension
products will have higher molecular
weight and in turn higher FP value
(12). When genotyping individual sam-
ples, one obtains the FP values of the
two allelic dye-terminators after linear
amplification during the primer exten-
sion step with thermal cycling. The al-
lele(s) present in the DNA sample can
be inferred by determining which of the
two dye-terminators is incorporated in
the reaction.

To measure the allele frequencies of
a SNP in a pooled DNA sample, the in-
corporation rates of the two dye-termi-
nators are compared kinetically, cycle
by cycle. A heterozygous sample is
used as the reference to determine the
incorporation rates of the two alleles
when they are present in a 50:50 ratio
in the sample. These incorporation
rates are then used in determining the
relative amounts of each allele present
in the pooled samples.

In a mixture of containing several
fluorescent species bearing the same
fluorophore, the total polarization FP of
the mixture is given by the following
expression (17):

(1/FP-1/3)= Σfi/(1/FPi -1/3) [Eq. 1]

where fi is the fraction of the ith species
bearing the fluorophore being studied

and FPi is the FP value of the ith species.
When the above equation is ex-

pressed in anisotropy A (A=2FP/(3-
FP)) (9), it gives a mathematically sim-
pler equation:

A=ΣfiAi [Eq. 2]

where Ai is the anisotropy value of the
ith species bearing the fluorophore un-
der study.

In the FP-TDI assay, two species ex-
ist for each of the two allelic dye-termi-
nators. For their anisotropy values at
any particular cycle, we have the unin-
corporated dye-terminator (“free dye”)
at fraction ff with a lower anisotropy
value Af and the incorporated dye-ter-
minator (“bound dye”) at fraction fb
with a higher anisotropy value Ab. The
observed anisotropy, A, at any given
time is therefore:
A=ffAf + fbAb [Eq. 3]
where ff + fb =1.

Initially, all dye-terminators are un-
incorporated and the anisotropy reading
is Af, since ff = 1 and fb = 0. When the
reaction is driven to completion, all
dye-terminators are incorporated into
primer and the anisotropy reading be-
comes Ab, with ff = 0 and fb = 1. The
fraction of free and bound dye-termina-
tors changes in opposite directions dur-
ing the primer extension reaction, but
the rate of this change depends on the
amounts of the DNA template in the re-
action.

In general, the rate of dye-termina-
tor incorporation is determined by two
factors: the amount of starting materials
(PCR-amplified DNA fragments, SNP
primers, and dye-terminators) and the
incorporation efficiency of the dye-ter-
minator by the DNA polymerase. If
there are X copies of PCR-amplified
fragments, then pX copies PCR frag-
ments contain allele 1 and (1-p)X
copies contain allele 2 (where p is the
allele frequency of allele 1). In TDI re-
action, the SNP primers and the dye-
terminators are in vast excess over the
PCR products, and the two dye-termi-
nators added are in equal amounts (Y
molecules each). Initially, dye-termina-
tor incorporation is linear. As the dye-
terminators and SNP primer are being
consumed, dye-terminator incorpora-
tion becomes nonlinear and the
anisotropy observed reaches a plateau

when dye-terminators are used up.
During the first cycle of the primer

extension reaction, each PCR-ampli-
fied fragment has one SNP primer
hybridized to it. If every hybridized
SNP primer gets extended, then pX and
(1-p)X dye-terminators are incorporat-
ed onto all annealed SNP primers for
each of the two dye-terminators, re-
spectively. However, in reality, neither
the hybridization nor the primer exten-
sion reaction is 100% efficient. Dissim-
ilar incorporation efficiencies of the
dye-terminators will result in uneven
incorporation of the two dye-termina-
tors (7). Denoting V1 as the incorpora-
tion efficiency for the dye-terminator
corresponding to allele 1 and V2 for the
dye-terminator corresponding to allele
2, pXV1 is the number of allele 1-spe-
cific dye-terminators incorporated and
(1-p)XV2 is the number of allele 2-spe-
cific dye-terminators incorporated at
the end of cycle one, since the incorpo-
ration of the two dye-terminators can
be reasonably assumed to be indepen-
dent. Accordingly, ff can be represent-
ed as (Y- pXV1)/Y for allele 1 and (Y-
(1-p)XV2)/Y for allele 2. Recalling that
fb equals to 1-ff, after n cycles of linear
incorporation, ff becomes (Y-npXV1)
/Y for allele 1 and (Y-n(1-p)XV2)/Y for
allele 2. Substituting ff and fb of the
two alleles into Equation 3 separately
and rearranging them, Equation 3 be-
comes Equation 4 for allele 1 and
Equation 5 for allele 2.

(A1-A1f)/(A1b-A1f)=np(X/Y)V1
[Eq. 4]

(A2-A2f)/(A2b-A2f)=n(1-p)(X/Y)V2
[Eq. 5]

Equations 4 and 5 have four variables
each: X copies of amplified PCR frag-
ments, Y molecules of added dye-termi-
nators, the incorporation efficiency V,
and allele frequency p. X and Y vary
from well to well and are hard to quanti-
fy, so it is impossible to calculate the al-
lele frequency value, p, by solving
Equations 4 and 5 separately. By taking
the ratio of equations 4 and 5, two of the
variables (X and Y) are canceled out. If
one estimates the ratio of the dye-termi-
nator incorporation efficiency (K =
V1/V2) using a heterozygous individual
(with “allele frequency” of each allele at
0.5 by definition) as reference, then the
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allele frequency, p, is now only related
to the average anisotropy observed at the
end of any particular cycle.

Although taking just one FP reading
during the early phase of the primer ex-
tension reaction will yield a reasonable
allele frequency estimate, the fact that
this approach takes only one measure-
ment during the presumed linear phase
of the reaction makes it highly suscep-
tible to random errors. Instead of taking
the ratio of Equations 4 and 5 directly,
however, one can monitor the FP at the
end of every cycle and plot (A-Af)/(Ab-
Af) against cycle n for each of the two
dye-terminators. Two straight lines will
be obtained for the initial linear incor-
poration stage, and the slopes of the
lines will be p(X/Y)V1 for allele 1 and
(1-p)(X/Y)V2 for allele 2. Since X, Y,
V1, and V2 remain constant for the
same reaction, the ratio of the two
slopes becomes Equation 6:

Slope for allele 1 (S1) pV1————————– = ——— [Eq. 6]
Slope for allele 2 (S2) (1-p)V2

with X and Y canceled out as before.
Rearranging Equation 6 to solve for p,
allele frequency can be obtained for the
pooled DNA sample as Equation 7:

p = 1/(1+(S2/S1)K) [Eq. 7]

S1 and S2 are determined in the reac-
tion involving the pooled sample, while
K is determined from the reaction using
the heterozygous sample. Because the
kinetic FP-TDI approach includes
many measurements during the primer
extension reaction, the variation is re-
duced significantly.

MATERIALS AND METHODS

DNA Samples and Pool
Construction

DNA samples of 96 anonymous indi-
viduals were obtained from the Coriell
Institute for Medical Research (Cam-
den, NJ, USA). The DNA samples in-
clude 32 individuals each from the
African-American, Asian-American,
and European-American panels. We
used both absorbance at 260 nm and a
DNA specific fluorescence dye,
PicoGreen® (Molecular Probes, Eu-
gene, OR, USA), for the quantification

of individual DNA samples. PicoGreen
showed higher sensitivity and was used
for fine-tuning the concentration. Equal
amounts of DNA from individual sam-
ples were pooled together to construct
three pools with final concentration of 3
ng/µL.

SNP Markers

Publicly available markers from the
dbSNP database were used in this
study. These SNPs were previously
characterized by our group. Table 1
lists the dbSNP assay numbers, refer-
ence numbers, and primer sequences.

Assay Reagents

All reactions were run and read in
96-well black plate from MJ Research

(Waltham, MA, USA). PCR and SNP
primers were obtained from Invitrogen
(Carlsbad, CA, USA). AmpliTaq Gold®

DNA polymerase was from Applied
Biosystems (Foster City, CA, USA).
Exo-Sap® (Exonuclease I and Shrimp
Alkaline phosphatase) was purchased
from USB (Cleveland, OH, USA). SNP
detection kits (AcycloPrime) were
generous gifts from Perkin Elmer
(Boston, MA, USA) and include 10×
reaction buffer, AcycloPol enzyme,
and AcycloTerminators mixture con-
sisting of equal amounts of R110 and
Tamra acycloterminators.

PCR Amplification, Degradation of
Excess PCR Primers, and dNTPs

DNA (3 ng) was amplified in 5 µL
reaction mixtures containing 2 mM
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Figure 1. Plot of anisotropy versus cycles of primer extension reaction for rs688 (G/A alleles). The
scatter plots are the anisotropy readings from microplate reader. The solid lines are the linear regression
of the scatter plots. Error bars represent standard deviation. (A) The plot for R110-G terminator. (B) Plot
for Tamra-A terminator.
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MgCl2 and 125 nM each primer. The
reaction mixture was heated for 12 min
at 95°C for enzyme activation followed
by 35 amplification cycles. Each cycle
consisted of 30 s of denaturation at
95°C, 40 s primer annealing at 58°C,
and 40 s primer extension at 68°C. The
reaction mixtures were then incubated
at 72°C for 5 min for final primer ex-
tension. At the end of the reaction, the
reaction mixtures were held at 4°C un-
til further use. Two microliters of Exo-
Sap were added to the PCR mixtures
and incubated for 45 min at 37°C to de-
grade the excess PCR primers and
dNTPs. The enzymes were heat-inacti-
vated at 95°C for 15 min.

Primer Extension Reaction

SNP primers were designed using
PrimerExpress (Applied Biosystems)
to have a universal annealing tempera-
ture of 60°C. To the reaction mixtures
from the previous step, 13 µL TDI
cocktail were added according to the
manufacturer’s instructions [2 µL 10×
TDI reaction buffer, 0.5 µL SNP primer
(final concentration 384 nM), 0.05 µL
Acyclo Enzyme, 1 µL two-dye Acyclo
nucleotide terminators, and 8.95 µL
water]. The reaction mixture was incu-
bated at 93°C for 45 s, two cycles of

single-base extension at 93°C for 10 s
and 58°C for 30 s, and another 10 s of
denaturation at 95°C before being tak-
en out manually and reading on an LJL
Analyst fluorescence reader (Molec-
ular Devices, Sunnyvale, CA, USA).
This procedure was repeated several
times until the reaction goes well into
the completion by inspecting the polar-
ization readings. When individual sam-
ples were genotyped, the primer exten-
sion reaction was allowed to proceed
for 20 cycles, and the fluorescence po-
larization readings were done just once
at the end of the reaction.

Data Analysis

Data were analyzed with Micro-
soft® Excel® and SigmaPlot software.
Linear regression was performed, and
results were discarded with R2 less
than 0.95.

RESULTS

Figure 1 shows one typical real-
time FP-TDI experiment of using SNP
rs688 from the dbSNP database. The
assays of five different samples were
shown, including three individual sam-
ples (G/G, A/A homozygotes, and G/A

Figure 2. Allele frequency measurements in pools (y-axis) versus allele frequency obtained by indi-
vidual genotypings (x-axis). A linear relation was observed R2 = 0.978, slope = 1.015 (P < 0.0001).
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heterozygote) and two pooled DNA
samples of known composition based
on individual genotyping of all the
samples found in the pool by FP-TDI.
Linear regression of the real-time
anisotropy readings was performed.
The higher the slope of the linear re-
gression, the faster was the incorpora-
tion of a particular dye-terminator and
the fewer the number cycles were
needed to use up the dye-terminators.
For the G/G homozygote, the slope of
R110-G terminator has a high value of
0.122, while the slope of Tamra-A is
very low (at 0.005). This is because the
G/G sample incorporates R110-G ter-
minators but not the Tamra-A termina-
tors. The opposite was observed for the
A/A homozygote, which has the high
slope value for Tamra-A terminators of
0.177 and the low value of 0.002 for
R110-G terminator. As for the G/A
heterozygote, the slopes of both the
R110-G and the Tamra-A lie in the
middle. However, their values are not
exact the same, 0.056 for R110-G ver-
sus 0.091 for Tamra-A. This indicates
that the AcycloPol enzyme incorpo-
rates R110-G and Tamra-A with differ-
ent efficiencies. As indicated before,
this differential incorporation efficien-
cy K (= VTamra-A/VR110-G) can be cal-
culated by taking the ratio of the two
slopes for a reference heterozygous
sample with known allele frequencies
of 0.5 for both alleles. The K value for
this particular marker is found to be
0.091/0.056 = 1.625. The incorpora-
tion efficiency of the Tamra-A is about
60% higher than that of R110-G.
Pooled DNA sample 1 has the highest
slope of R110-G with 0.156, which is
even higher than that for the G/G ho-
mozygote. This seemingly contradicto-
ry result can be explained by the differ-
ence in the PCR-amplified fragments
for the two reactions, with the PCR
yield being higher for pooled sample 1
when compared to that for the G/G ho-
mozygote. The larger the amount of
PCR products present, the faster the
primer extension reaction will be. This
variation in the yield of PCR is the
very reason why one cannot accurately
estimate the allele frequency by just
looking at the incorporation of just one
dye-terminator. Taking into account of
differential incorporation efficiency of
the R110-G and the Tamra-A (K =

1.625), the calculated allele frequency
of allele A is 0.053 according to Equa-
tion 7. The difference between the true
allele frequency obtained by genotyp-
ing individual samples in the pool 1
and allele frequency by real time FP-
TDI is 1.9%. For the pooled DNA sam-
ple 2, the real-time FP-TDI assay
found 0.421 allele frequency of allele
A compared to 0.45 from individual
genotyping, a 2.9% difference.

Allele frequencies of additional 13
SNP markers for three different pooled
DNA samples were also obtained by
the real-time FP-TDI assay using both
sense and antisense SNP primers. The
results are compared with the true al-
lele frequencies by genotyping individ-
ual samples in the pool. The true allele
frequencies of these 13 markers for
three pooled samples cover a wide
range of values, from the minor allele
frequency 0.034 of marker rs688 in
pooled sample 2 to 0.469 of marker
rs681 in pooled DNA sample 3. The
real-time FP-TDI assay works well in
this wide range of allele frequencies
and agrees well with the true allele fre-
quencies across all three pooled DNA
samples. Figure 2 shows the correla-
tion between the estimated allele fre-
quencies and the expected allele fre-
quencies (obtained by genotyping
individual samples) of these markers.
The estimated allele frequency in pools
correlated well with the allele frequen-
cy obtained by genotyping the individ-
ual (r = 0.978, slope = 1.015, P <
0.0001). One of the markers gave ex-
tremely poor estimated allele frequen-
cies for all three pools for one SNP
primer, with pool 1 yielding an esti-
mate that was 17% higher than the ob-
served allele frequency (rs241-C/A).
When individual genotyping assays of
rs241-C/A were performed, the polar-
ization of R110-C was low and the as-
say did not produce four clear-cut clus-
ters (C/C, A/A, C/A, and negative
control clusters). Low FP values were
an indication that the dynamic range of
FP between free dye-terminator and in-
corporated terminators was small. To-
gether with the unusually large dispari-
ty of the incorporation efficiency for
Tamra-A and R110-C for this SNP (K
= 2.49), the allele frequency estimate
made is not reliable. To obtain good re-
sults of real-time FP-TDI assay, the un-

derlying FP-TDI genotyping assay has
to perform well. Using the antisense
SNP primer for rs241, the allele fre-
quency estimated by real-time FP-TDI
assay agreed well with the known al-
lele frequency across all three pooled
DNA samples. Without considering the
result of marker rs241-C/A, the overall
average mean difference of allele fre-
quency determined by real-time FP-
TDI in pooled samples and that in indi-
vidually genotyped samples is 3.32 ±
0.8% (5).

DISCUSSION

Effect of Differential Incorporation
Efficiencies of Dye-Terminators

Depending on the local sequence
context, the Acyclopol enzyme incor-
porates dye-terminators with different
incorporation efficiency. For G/A
(R110/Tamra) combination, AcycloPol
enzyme prefers Tamra terminators for
most of markers with K ranging from 1
to 1.89. Other dye-terminator combina-
tions also give similar results. To calcu-
late allele frequency accurately, one has
to account for this differential incorpo-
ration rate using a heterozygous indi-
vidual to estimate the K value. Finding
a heterozygous individual for particular
marker certainly adds additional cost
and time and may even be difficult for
some markers with low allele frequen-
cies. Therefore, some individual geno-
typing assays must be done before the
kinetic FP-TDI assay is performed on
the pooled sample. To avoid this extra
step of finding an individual heterozy-
gous sample, one either finds an en-
zyme or designs new dye-terminators
such that both dye-terminators are in-
corporated with equal efficiency. New
enzymes and new dye-terminators are
very difficult to come by, so performing
some assays on individuals is the only
practical solution at this time.

Sources of the Measurement Error
and Potential Improvements

In the FP-TDI assay, we used the
combination of R110 and Tamra termi-
nators because of their lack of spectral
overlap. However, extensive experi-
ence with these terminators showed
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that the R110 fluorescence was
quenched upon incorporation in many
cases, with typical decreases of in fluo-
rescence ranging from 30% to 90%
(data not shown). The quenching by the
SNP probe may involve complicated
photophysical processes and complex
conformation of dye-labeled oligonu-
cleotides (14,15). This may be the rea-
son for our observation that R110 ter-
minators showed a wide range of
polarization values, while the FP of
Tamra terminators with very little
quenching observed was rather stable.
Low polarization value of R110 upon
incorporation results in poor dynamic
range, and in turn the linear regressions
of cyclic data of R110 are not as good
as those for Tamra. We are in the
process of testing other dye-termina-
tors with more stable polarization value
upon their incorporation. Once the bet-
ter dye-terminators are found, the accu-
racy of the allele frequency estimation
by real-time FP-TDI assay will certain-
ly be improved.

Improvements in instrumentation
will also enhance the robustness of the
assay. These proof-of-principle experi-
ments are done by running the reaction
in a thermal cycler for two cycles fol-
lowed by FP reading in a microplate
reader. This process is repeated every
two cycles for 10–15 times until the
TDI reaction goes well into comple-
tion. This is not only cumbersome (in-
creasing the time it takes to perform the
primer-extension reaction to 2 h/plate)
but also will likely compromise the ac-
curacy of the reaction. If a real-time FP
plate reader is developed in the future,
one can perform these experiments
with little human handling, leading to
enhancement of assay accuracy.

In summary, we have developed an
allele frequency estimation strategy
that is both accurate and cost-effective.
Given the fact that FP-TDI assays have
been designed by our group for 1.7 mil-
lion SNPs found in the public databas-
es (16), kinetic FP-TDI assays can be
used for initial screening of SNPs in
whole genome association studies,
thereby reducing the time and cost as-
sociated with these large-scale studies.
With improvements in instrumentation
and dye-terminator incorporation rates,
this approach will become even more
robust and accurate.
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