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A new method for DNA diagnostics based on template-directed primer extension and detection by fluorescence
polarization is described. In this method, amplified genomic DNA containing a polymorphic locus is incubated
with oligonucleotide primers (designed to hybridize to the DNA template adjacent to the polymorphic site) in
the presence of allele-specific dye-labeled dideoxyribonucleoside triphosphates and a commercially available
modified Tag DNA polymerase. The primer is extended by the dye-terminator specific for the allele present on
the template, increasing 0O-fold the molecular weight of the fluorophore. At the end of the reaction, the
fluorescence polarization of the two dye-terminators in the reaction mixture are analyzed directly without
separation or purification. This homogeneous DNA diagnostic method is shown to be highly sensitive and
specific and is suitable for automated genotyping of large number of samples.

[The data shown in Figure 3 are available as an online supplement at http:/ / www.genome.org.]

DNA analysis is becoming increasingly important in
the diagnosis of hereditary diseases, detection of infec-
tious agents, tissue typing for histocompatability, iden-
tification of individuals in forensic and paternity test-
ing, and monitoring the genetic makeup of plants and
animals in agricultural research (Alford and Caskey
1994). In addition, DNA analysis is crucial in large-
scale genetic studies to identify susceptibility alleles as-
sociated with common diseases involving multiples ge-
netic and environmental factors (Risch and Merikan-
gas 1996). Recently, attention was focused on single
nucleotide polymorphisms (SNPs), the most common
DNA sequence variation found in mammalian ge-
nomes (Cooper et al. 1985). Although most of the SNPs
do not give rise to detectable phenotypes, a fraction of
them are mutations responsible for genetic diseases. As
the DNA sequence of the human genome is completely
elucidated, large-scale DNA analysis will play a crucial
role in determining the relationship between genotype
(DNA sequence) and phenotype (disease and health)
(Cooper and Clayton 1988). Although they have con-
siderable promise for high throughput genetic analy-
sis, the recently developed DNA diagnostic methods,
including the high-density chip arrays for allele-
specific hybridization analysis (Yershov et al. 1996;
Wang et al. 1998), the homogeneous 5’ nuclease (Tag-
Man) assay (Livak et al. 1995), the homogeneous tem-
plate-directed dye-terminator incorporation (TDI) as-
say (Chen and Kwok 1997; Chen et al. 1997), and the
homogeneous molecular beacon allele-specific oligo-
nucleotide (ASO) assay (Tyagi et al. 1998), all require
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specialty probes and expensive detection instrumenta-
tion.

Recently, we explored a new detection strategy for
the TDI assay using an unmodified oligonucleotide
probe, eliminating the need for specialty probes. Our
approach combines the specificity of enzymatic dis-
crimination between the two alleles of an SNP in a
template-directed primer extension reaction and the
sensitivity of fluorescence polarization.

Template-directed primer extension is a dideoxy
chain-terminating DNA-sequencing protocol designed
to ascertain the nature of the one base immediately 3’
to the sequencing primer that is annealed to the target
DNA immediately upstream from the polymorphic
site. In the presence of DNA polymerase and the
appropriate dideoxyribonucleoside triphosphate
(ddNTP), the primer is extended specifically by one
base as dictated by the target DNA sequence at the
polymorphic site. By determining which ddNTP is in-
corporated, the alleles present in the target DNA can be
inferred. This genotyping method has been widely
used in different formats and proved to be highly sen-
sitive and specific (Nikiforov et al. 1994; Syvanen 1994;
Pastinen et al. 1997).

Fluorescence polarization (FP) is based on the ob-
servation that when a fluorescent molecule is excited
by plane-polarized light, it emits polarized fluorescent
light into a fixed plane if the molecules remain station-
ary between excitation and emission (Perrin 1926). Be-
cause the molecule rotates and tumbles in space, how-
ever, FP is not observed fully by an external detector.
The FP of a molecule is proportional to the molecule’s
rotational relaxation time (the time it takes to rotate
through an angle of 68.5°), which is related to the vis-
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cosity of the solvent, absolute temperature, molecular
volume, and the gas constant. Therefore, if the viscos-
ity and temperature are held constant, FP is directly
proportional to the molecular volume, which is di-
rectly proportional to the molecular weight. If the fluo-
rescent molecule is large (with high molecular weight),
it rotates and tumbles more slowly in space and FP is
preserved. If the molecule is small (with low molecular
weight), it rotates and tumbles faster and FP is largely
lost (depolarized) (Fig. 1). The FP phenomenon has
been used to study protein-DNA and protein-protein
interactions (Checovich et al. 1995; Heyduk et al.
1996), DNA detection by strand displacement amplifi-
cation (Walker et al. 1996), and in genotyping by hy-
bridization (Gibson et al. 1997). Currently, >50 fluo-
rescence polarization immunoassays (FPIA) are com-
mercially available, many of which are routinely used

in clinical laboratories for the measurement of thera-
peutics, metabolites, and drugs of abuse in biological
fluids (Checovich et al. 1995).

FP is expressed as the ratio of fluorescence detected
in the vertical and horizontal axes and, therefore, is
independent of the fluorescence intensity. This is a
clear advantage over other fluorescence detection
methods in that as long as the fluorescence is above
detection limits of the instrument used, FP is a reliable
measure. The degree of FP increases more or less lin-
early up to 10,000 Daltons in molecular mass before it
levels off. Because a nucleotide bearing a fluorescent
molecule has a molecular mass of 1000 Daltons and a
fluorescent 25- to 30-mer is (010,000 Daltons, FP is well
suited as a detection method for the primer extension
reaction.

The total polarization reflects the sum of FP from
all species in solution
emitting at that wave-
length. For a system in
which the fluorophore is
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filter . .
into the probe oligomer at
the allelic site, the polar-
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Figure 1 Fluorescence polarization.

the reaction is kept at a
minimum.
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In our method, named template-directed dye-
terminator incorporation assay with FP detection (FP-
TDI assay), the sequencing primer is an unmodified
primer with its 3’ end immediately upstream from the
polymorphic or mutation site. When incubated in the
presence of ddNTPs labeled with different fluoro-
phores, the allele-specific dye-labeled ddNTP is incor-
porated onto the TDI primer in the presence of DNA
polymerase and target DNA. The genotype of the target
DNA molecule can be determined simply by exciting
the fluorescent dye in the reaction and determining
whether a change in FP is observed (Fig. 2).

In this report, we demonstrate that FP is a simple,
sensitive, and specific detection method in a homoge-
neous primer extension genotyping assay. Both single-
stranded synthetic DNA oligomers and double-
stranded DNA fragments amplified by PCR (Saiki et al.
1988) can be used as templates in this assay. In all
cases, the FP-TDI assay proves to be highly sensitive
and specific.

RESULTS
Although dye-labeled dideoxy-terminators have been

Genomic DNA

l 1. PCR amplification

used extensively in sequencing reactions (Parker et al.
1996) and the sensitivity and specificity of template-
directed primer extension genotyping methods are
well established (Pastinen et al. 1997; Syvanen 1998),
the use of FP as a detection method in a primer exten-
sion reaction has not been reported before this work
was done. Three sets of experiments were performed to
show that FP is a simple, highly sensitive and specific
detection method in a homogeneous primer extension
reaction for single base-pair changes. In the first set of
experiments, four synthetic oligonucleotide templates
containing the four possible nucleotides at one par-
ticular site in the middle of otherwise identical se-
quence were used to establish the sensitivity and speci-
ficity of FP detection of dye-terminator incorporation.
In the second set of experiments, several dyes were
tested for their utility in this assay. In the third set of
experiments, PCR products were used as templates in a
dual-color FP-TDI assay to show that accurate geno-
typing data could be obtained for both alleles of a
marker or mutation in a homogeneous assay.

DNA Typing by the FP-TDI Assay
with Synthetic Templates
Four synthetic 48-mers with identical se-
quence except for position 23 were pre-
pared (CF508-48, the variant bases are
shown as boldface letters in Table 1). For

A G

each synthetic template, one of the four

T C
Amplified DNA fragment (A-allele)

2. Incubate with shrimp alkaline
phosphatase and exonuclease I

13. Heat activate enzymes

4. Add primer, allele-
specific dye-terminators

and DNA polymerase

Amplified DNA fragment (G-allele)

possible bases was found at position 23.
The synthetic 48-mer served as template
in four separate reactions where it was
incubated with the 25-mer TDI primer
(CF508-25) and one of the four 5-car-
boxy-fluorescein (FAM)-labeled termina-
tors in the presence of AmpliTaq DNA
polymerase FS. At the end of the TDI re-
action, the reaction mixture was diluted
and the fluorescence polarization was
measured. Table 2 shows the results of

?Rglg?i?l% gl(‘;l}‘('_?ﬁ% thesg experiments. In all cases, only the
terminator complementary to the poly-
- —_C morphic base was incorporated and
showed significant FP change, with net
BFL-ddA ROX-ddG gains of FP of at least 50 mP, which is
lincorporated lincorporated nine more times standard deviation of
the controls.
A-BFL G-ROX
5. Monitor ch ) FP-TDI Assay With Different
Lo Terminators abeld
with Different Dyes

Increased polarization
for BFL emission observed

Figure 2 FP-TDI assay.
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Increased polarization
for ROX emission observed

In an effort to identify different dyes
suitable for multicolor detection in the
same reaction, a number of different
dyes were studied for their FP properties
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Table 1.

Synthetic Templates and Primers Used in the FP-TDI Studies

Oligonucleotides

Sequence (5' to 3')

Synthetic templates

ATATTCATCATAGGAAACACCAAAGATGATATTTTCTTTAATGGTGCC
ATATTCATCATAGGAAACACCACAGATGATATTTTCTTTAATGGTGCC
ATATTCATCATAGGAAACACCAGAGATGATATTTTCTTTAATGGTGCC
ATATTCATCATAGGAAACACCATAGATGATATTTTCTTTAATGGTGCC

CF508-48A
CF508-48C
CF508-48G
CF508-48T
PCR primers
C282Y—p1 TGGCAAGGGTAAACAGATCC
C282Y-p2 CTCAGGCACTCCTCTCAACC
D18S8-p1 TTGCACCATGCTGAAGATTGT
D18S8—p2 ACCCTCCCCCTGATGACTTA
FP-TDI primers
C282Y-31 GTACCCCCTGGGGAAGAGCAGAGATATACGT
CF508-25 GGCACCATTAAAGAAAATATCATCT
D18S8-31 GGAGGCTGAGGCAGGAGAATTGCTTGAACCC

Synthetic template sequences (bold) are bases to be tested.

in the FP-TDI assay. With all the combinations of dye-
terminators tested, the optimal set of terminators, cho-
sen for minimal standard deviations in the control
samples and large net changes in the positive samples,
were found to be BODIPY-fluorscein-ddA (BFL-ddA),
N,N,N’,N’-tetramethyl-6-carboxyrhodamine (TMR-
ddC) b-carboxy-x-rhodamine-ddG (ROX-ddg), and
BODIPY-Texas Red—-ddU (BTR-ddU) (see Table 3). In all
of these cases, the net increase in FP exceeded 10 times
standard deviation of the mean of the control samples.
In addition, BFL-ddC, BFL-ddT, ROX-ddA, BTR-ddC,
TMR-ddU, and all FAM terminators also worked well.

Dual Color FP-TDI Assay for Amplified
Genomic DNA
Marker D18S8 (Parry et al. 1991) and the C282Y mu-
tation in the human hereditary hemochromatosis (HFE)
gene implicated in hemochromatosis (Feder et al.
1996) were used in FP-TDI assays designed to test for
both alleles in the same reaction. For marker D18S8,
genomic DNA samples from 34 individuals were am-
plified and the excess reagents degraded enzymatically
as previously reported (Chen et al. 1997) and the
samples then incubated with the 31-mer TDI primer
(D18S8-31)in the presence of BFL-ddA and ROX-ddG
(Chen and Kwok 1997). The FP values of
the reaction mixtures were read at the

Table': 2. FP-TDI Assay with Synthetic Templates Using FAM-Labeled Dye BFL and ROX emission wavelengths, re-
Terminators .

spectively, and the results are plotted

FAM-ddA FAM-ddC FAM-ddG FAM-ddU and shown in Figure 3. The FP values

Templates (mP)* (mP)? (mP)? (mP)? cluster into four groups. In the upper left

CE508-48A 52 36 54 89 corner of the plot, the samples have

55 37 41 92 high FP for ROX-ddG but low FP for

52 39 48 101 BFL-ddA, signifying that they are of ho-

CE50848C gg g? 1;2 g; mozygous G genotype (H). ”'l“h.e h'etero—

50 37 126 30 zygous A/G samples () exhibit high FP

55 39 115 40 values in both BFL-ddA and ROX-ddG

52 34 117 40 and occupy the right upper corner of the

GE=Ee g :g gg ‘315 plot. The homozygous A/A samples (A)

50 91 40 47 are found in the lower right corner, with

49 103 37 35 low ROX-ddG but high BFL-ddA FP val-

CF508-48T 186 32 48 34 ues. The negative controls (@) and

:gg gg ?é g; samples with failed PCR reactions (O)

179 33 55 45 occupy the area near the origin with low

Avg. ctrl. 53 36 46 38 FP values for both dyes. The positive

Z.\?Q.Cr::{ chg 123'0 5%'5 72'3 52'3 samples in both the BFL-ddA and the

ROX reactions gave FP values that were

Positive reactions are in boldface type.

2FP measurements for FAM were made with excitation at 485 nm and monitored

at 530 nm.
PNet change over average of control.

>40 mP and 100 mP above average of
controls, respectively. These values were
>20 times standard deviation of the con-
trols and the genotypes of the samples
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Table 3. FP-TDI Assay with Synthetic Templates Using
Different Dye Terminators

BFL-ddA TMR-ddC ROX-ddG BTR-ddU

Templates (mP)? (mP)? (mP)? (mP)?
CF508-48A 38 43 77 174
37 53 73 175
31 36 78 174
35 49 82 170
CF508-48C 20 50 214 32
19 37 209 27
20 56 215 25
14 38 207 26
CF508-48G 23 247 84 23
24 266 80 30
22 253 75 23
15 262 74 21
CF508-48T 113 52 81 32
106 41 68 39
108 59 81 30
103 32 76 28
Avg. ctrl. 25 46 86 28
s.D. Ctrl. 8.2 8.8 4.6 5.0
Avg. net chg.? 83 211 134 145

Positive reactions are in boldface type.

2FP measurements for BFL were made with excitation at 480
nm and emission at 520 nm; for TMR the excitation was 535
nm and emission was 590 nm; for BTR the excitation was 591
nm and emission was 635 nm; for ROX the excitation was 580
nm and emission was 620 nm.

PNet change over average of control.

were easily assigned. These results were in complete
concordance with those obtained by other genotyping
methods (Nickerson et al. 1990; Chen et al. 1997). Of
34 test samples, 4 gave inconclusive results because of
PCR failure, which would prevent analysis by any
method, including those based on gel electrophoresis.

For the C282Y mutation in the HFE gene, genomic
DNA samples from 42 patients and healthy controls
were tested with the 31-mer TDI primer (C282Y-31) in
the presence of BFL-ddA and ROX-ddG. The results are
shown in Figure 4. Once again, the FP values cluster
into four clearly delineated groups and the genotypes
can be assigned easily. In this experiment, two samples
gave inconclusive results because of PCR failure and are
found near the negative controls at the origin. As be-
fore, the genotypes determined by the FP-TDI assay
agreed completely with those obtained by other geno-
typing methods.

DISCUSSION

The allele-specific primer extension reaction has been
used widely in DNA testing and there are several de-
tection methods based on this core allelic discrimina-
tion reaction. We report here a new detection method
for the assay based on fluorescence polarization. The
usefulness of FP has long been established in clinical
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assays (Checovich et al. 1995; Heyduk et al. 1996). Re-
cently, FP was used in the amplification-refractory mu-
tation system (ARMS) genotyping assay, where allele-
specific PCR products were detected by hybridization
of amplicon-specific DNA sequences (Walker and Linn
1996; Gibson et al. 1997). Although hybridization is
sensitive and robust in detecting specific DNA se-
quences, it needs extensive experience in probe design
and optimization in genotyping applications. With the
primer extension reaction, the reaction conditions are
practically universal and almost no optimization is re-
quired.

Our data show that when a fluorescent dye-labeled
ddNTP is incorporated onto a primer (25-31 bases), the
FP value increases dramatically. The net change in FP
can be improved further if the free rotation of the dye
around one axis of its linkage to the oligonucleotide
can be restricted. Even without optimized TDI primers,
the net change of FP value in all positive reactions is
>40 mP, which is at least seven times standard devia-
tion of the negative controls (>99% significance).

These studies demonstrate that the FP-TDI assay is
a robust, homogeneous genetic test that requires no
modified primers for its execution, and retains the sen-
sitivity and specificity of the primer extension reac-
tion. Because the unmodified FP-TDI primer cost is
only 20% of that of a dye-labeled primer, this new

16Q
.I
L Liellel

1201a . AG

ROX-ddG (mP)

40 -
BFL-ddA (mP)

Figure 3 Changes in fluorescence polarization for DNA
samples genotyped with the FP-TDI assay. The results are plotted
in mP units above the average polarization of the negative con-
trols. A change of 40 mP for a dye-terminator is scored as posi-
tive. DNA samples from 34 individuals and 6 water blanks were
used. (M) Samples positive for the G allele but negative for the A
allele (homozygous G); (A) samples positive for the A allele but
negative for the G allele (homozygous A); (#) samples positive
for both alleles (heterozygotes); (@) negative controls; (O)
samples with failed PCR amplification. Numerical values for the
data are available as online supplementary material at http://
www.genome.org.
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ROX-ddG (mP)
~
(o]

Ctrl AR a

-20 -

BFL-ddA (mP)
Figure 4 FP-TDI genotyping data for the C282Y mutation in
human hereditary hemochromatosis gene. DNA samples from 42
patients and 6 water blanks were tested. (A) Samples positive for
the A allele but negative for the G allele (homozygous A); (¢)

samples positive for both alleles (heterozygotes); (@) negative
controls; (O) samples with failed PCR amplification.

detection method is more cost effective than genotyp-
ing assays based on dye-labeled probes. However, this
assay still requires relatively costly (at current prices)
dye-labeled ddNTPs and FP detection instrumentation.
Another advantage of the FP-TDI assay is the potential
for testing all four possible alleles in a single reaction.
For SNP typing, all one needs is a master mix with four
fluorescence dyes each linked to a different base. The
standardization of reagent supply will simplify geno-
typing protocols and reduce human errors.

As the demand for DNA testing (i.e., assaying for
the presence or absence of known DNA polymor-
phisms or mutations) is expected to increase dramati-
cally in the areas of DNA diagnostics, forensics, and
population studies, developing a cost-effective and
highly scalable application is of great interest to the
scientific community. The homogeneous FP-TDI assay
is highly suitable for large-scale genetic studies because
it is not limited by a particular reaction format. More-
over, it offers the flexibility of using the best markers as
they become available for a particular application
without redesigning dye-labeled probes or refabricat-
ing high-density DNA chips. Furthermore, the FP-TDI
assay is simple to set up (by adding the standard re-
agent mixture to the DNA template), the results are
obtained in electronic form minutes after the allele-
discriminating reaction is performed, and the geno-
type can be assigned automatically by use of a simple
computer program. Because the principle of FP applies
to any fluorescent dye, including those absorbing in
the infrared region, studies are now under way to iden-
tify a set of four optimal fluorescent dyes to produce a

standard set of reaction conditions suitable for a mul-
tiplex FP-TDI assay. As DNA diagnostic tests will no
doubt be performed more and more by clinical rather
than research laboratories, methods (such as the FP-
TDI assay) using standard protocols that require mini-
mal laboratory skills or manual handling will be crucial
to the clinical practice of medicine in the future.

METHODS

Enzymes

AmpliTaq and AmpliTag-FS DNA polymerase were obtained
from Perkin-Elmer Applied Biosystems Division (Foster City,
CA). Shrimp alkaline phosphatase and Escherichia coli exo-
nuclease I were purchased from Amersham (Arlington
Heights, IL).

Oligonucleotides
Oligonucleotides used are listed in Table 1. PCR and TDI prim-

ers and synthetic template oligonucleotides were obtained
from Life Technologies (Grand Island, NY).

Dye-Labeled Dideoxyribonucleoside Triphosphates

Dideoxyribonucleoside triphosphates labeled with FAM,
ROX, TMR, BFL, and BTR were generous gifts from NEN Life
Science Products, Inc. (Boston, MA). Unlabeled ddNTPs were
purchased from Pharmacia Biotech (Piscataway, NJ).

PCR Amplification

Human genomic DNA (20 ng) from 34 unrelated individuals
and 6 negative controls (water-blanks) were amplified for the
marker D18S8 in 20-pl reaction mixtures containing 10 mm
Tris-HCI (pH 8.3), 50 mMm KCl, 1.5 mm MgCl,, 0.2 mm dNTP,
1 pMm of each primer, and AmpliTaq DNA polymerase (1 unit).
The reaction mixture was held at 94°C for 2 min followed by
10 cycles of 94°C for 10 sec, ramping to 60°C >90 sec, held at
60°C for 30 sec, followed by 30 cycles of 94°C for 10 sec, and
53°C for 30 sec. For hemochromatosis mutation C282Y, 42
samples and 6 negative controls were amplified in the same
buffer with these cycling conditions: 94°C for 2 min followed
by 10 cycles of 94°C for 10 sec, ramping to 68°C >90 sec, held
at 68°C for 30 sec, followed by 30 cycles of 94°C for 10 sec,
and 62°C for 30 sec. At the end of the reaction, the reaction
mixtures were held at 4°C until further use.

Primer and ANTP Degradation

At the end of the PCR assay, 10 pl of an enzymatic cocktail
containing shrimp alkaline phosphatase (2 units), E. coli exo-
nuclease I (1 unit) in shrimp alkaline phosphatase buffer [20
mw™m Tris-HCl (pH 8.0), 10 mm MgCl,] was added to the PCR
product. The mixture was incubated at 37°C for 30 min before
the enzymes were heat inactivated at 95°C for 15 min. The
DNA mixture was kept at 4°C and used in the FP-TDI assay
without further quantification or characterization.

Genotyping by the FP-TDI Assay

To the enzymatically treated PCR product was added 10 ul of
TDI reaction mixture containing the TDI buffer [S0 mwm Tris-
HCI (pH 9.0), 50 mm KCI, § mm MgCl,, 8% glycerol, 0.1%
Triton X-100], 1.25 pm TDI primer, 25 nm of each allele-
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specific dye-labeled ddNTP, 100 nm unlabeled other two dd-
NTPs, and AmpliTaqg DNA polymerase FS (1 unit). The reac-
tion mixtures were incubated at 93° 1 min, followed by 35
cycles of 93° 10 sec and 55° 30 sec. At the end of the reaction,
the samples were held at 4°C.

Fluorescence Polarization Measurement

After the primer extension reaction, 100 ul of TDI buffer and
50 pl of methanol were added to each tube before they were
transferred to a microtiter plate for FP measurement on a
Fluorolite FPM2 instrument (Jolley Consulting and Research,
Grayslake, IL) or Analyst fluorescence reader (LJL Biosystems,
Sunnyvale, CA). Fluorescence polarization value was calcu-
lated using the formula:

P =[Ivv = Ivh)/[Ivv + Ivh]

where Ivv is the emission intensity measured when the exci-
tation and emission polarizers are parallel and Ivh is the emis-
sion intensity measured when the emission and excitation
polarizers are oriented perpendicular to each other. The de-
gree of polarization is expressed by the unit mP, or a 0.001
ratio between (Ivv — Ivh) and (Ivv + Ivh).

Genotype Assighment

The average FP value and standard deviation of the negative
control samples were determined for each set of experiment.
The FP value of the test sample reactions was then compared
to the average FP value of the control samples. If the net
change is >40 mP (more than seven times the standard devia-
tion of the controls), the test sample is scored as positive for
the allele.
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