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Abstract

Genome-wide association studies bring into focus specific genetic variants of particular interest for which validation is of-
ten sought in large numbers of study subjects. Practical alternative methods are limiting for the application of genotyping
few variants in many samples. A common scenario is the need to genotype a study population at a specific high-value sin-
gle nucleotide polymorphism (SNP) or insertion-deletion (indel). Not all such variants, however, will be amenable to assay
by a given approach. We have adapted a single-nucleotide primer extension (SNuPE) method that may be tailored to geno-
type a required variant, and implemented it as a useful general laboratory protocol. We demonstrate reliable application for
production-scale genotyping, successfully converting 87% of SNPs and indels for assay with an estimated error rate of 0.003.
Our implementation of the SNUPE genotyping assay is a viable addition to existing alternative methods; it is readily custom-
izable, scalable, and uses standard reagents and a laboratory plate reader.
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space, few have been adapted for routine use and further
demonstrated to be robust in large and diverse projects. Among
the more commonly used assays is the 5 nuclease (commercial
TagMan) assay with detection by plate reader [1], but a signifi-
cant proportion of genetic variants do not convert successfully

Introduction

Array and next-generation sequencing technologies gather
data on germline genetic variation at a remarkable scale, often
motivating follow-up work to further investigate lead genetic

variants of particular interest. For example, a candidate genetic
variant associated with disease may have been identified by a
survey approach within one study population, for which repli-
cation is sought in an independent study population. Moreover,
array-based imputation to identify such a candidate variant
can warrant experimental confirmation. Generation of geno-
types for a specific required variant in a large number of
samples is not cost-effective by either arrays or sequencing.
While a large number of genotyping assay methods have been
developed that would be appropriate to serve this application

for the assay. Basic alternative methods that are also commonly
used include restriction fragment length polymorphism,
single-strand conformation polymorphism, and allele-specific
polymerase chain reaction (PCR) with detection by electropho-
resis [2-4].

An additional alternative method is the single-nucleotide
primer extension (SNuPE) assay. A primer is hybridized adjacent
to the interrogated variant site and is extended by deoxyribonu-
cleic acid (DNA) polymerase to incorporate a complementary
base that can be labeled for detection [5]. It was originally
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Figure 1: Graphic summary of the SNuPE assay. Allelic discrimination of a bial-
lelic genetic variant (SNP or indel) relies upon the specificity of base incorpora-
tion by a thermostable polymerase as it extends a primer across a polymorphic
variant position. For a subject who is heterozygous at a G/A SNP, e.g. a “blue”
fluorescently labeled ddGTP is incorporated by extension across the comple-
mentary C template, while a “yellow” ddATP is incorporated by extension from
the other T template. By contrast, assay of a homozygous subject would instead
incorporate only a single corresponding reporter color. Detection of primer-in-
corporated reporter can capitalize upon its larger mass relative to residual
unincorporated labeled ddNTPs. Excitation of the primer-incorporated reporter
by polarized light will tend to emit back in the same plane, while relative
movement of unincorporated reporter yields emission in other planes. Allelic
detection thus does not require separation of unincorporated reagent from
reaction product. The assay can be conducted in 96-well plate format; imaging
by fluorescence polarization results in wells that are yellow, blue, both, or uncol-
ored (e.g. negative controls). A scatterplot of the two-color measures for each
well reveals corresponding subject genotype.

described in 1991 [6] and has been adapted for detection by
time-of-flight mass spectrometry [7], by capillary gel electro-
phoresis [8], and by fluorescence polarization [9]. The SNuPE as-
say can be accomplished without specialized reagents or
instruments, but to our knowledge, very few published investi-
gations have successfully adapted it for robust use [10,11]. Here,
we update our implementation and apply it in scale to demon-
strate practical utility as a general laboratory protocol. The
variant-specific reagents are commodity oligos, while a generic
set of fluorescently labeled dideoxynucleotides serves as the re-
porter for all assays. Allelic detection by a general laboratory
plate reader uses fluorescence polarization, obviating the need
to separate unincorporated reagent from reaction product
(Fig. 1). We describe assay development and production-scale
assessment, including an approach for rare genetic variants.
The SNUPE assay is a viable addition to other methods, and im-
portantly can be tailored to genotype a specific genetic variant
of interest that may not be amenable to other methods.

Materials and methods

The SNuPE assay entails three processing steps: (i) a PCR reac-
tion; (ii) degradation of unincorporated PCR primer by exonucle-
ase I (Exo I) and degradation of residual deoxynucleotide
triphosphates (dNTPs) by calf intestinal alkaline phosphatase
(CIAP), followed by heat inactivation of these enzymes; and (iii)
extension of a primer annealed adjacent to the interrogated
variant site by a thermostable DNA polymerase, adding either
of two alternative fluorescently labeled dideoxynucleotide
triphosphate (ddNTP) reporters.

Oligonucleotide design

We designed PCR primers with a preference for a 3' G or C, to
minimize primer-dimer and hairpin loop artifacts, to avoid
annealing to nonunique sequence or polymorphic variant sites,
and to target a melting temperature (T,) of 55°C. We also
designed a synthetic oligonucleotide template to evaluate reac-
tion conditions and to provide a known genotype control. For a
biallelic variant, two synthetic templates were used to represent
genotypes AA, BB, or AB (mixed). Templates ranged from 68 to
100nt in total length, artificially joining forward and reverse
PCR primer sites to the flanks of ~40nt target variant site. From
5" to 3, a target oligonucleotide included forward PCR primer,
forward extension primer, the position to be varied (SNP or indel
site), reverse extension primer, and reverse PCR primer. Some
synthetic targets were designed to represent four possible vari-
ant site bases. A synthetic oligonucleotide could optionally be
directly used in quantity as an extension template (0.1 uM, with-
out PCR amplification or cleanup). Oligonucleotide syntheses
were desalted (Invitrogen/Thermo Fisher Scientific, Waltham,
MA, Supplementary Tables S1-S3).

PCR

Genomic DNA template or synthetic oligonucleotide targets
were amplified in a 5pl reaction in black 384-well plates. Each
reaction included either 0.15 unit AmpliTaq Gold DNA polymer-
ase (Applied Biosystems/Thermo Fisher Scientific, Waltham,
MA) or 0.4x Titanium Taq (ClonTech Laboratories/Takara Bio
Inc., Kyoto, Japan), 10mM Tris-HCl pH 8.3, 50mM KCl, 2.5 mM
MgCl,, 0.25 mM dNTPs, 333nM of each PCR primer, and 2ng hu-
man genomic DNA or 0.1nM synthetic target oligonucleotide.
Where gel electrophoresis indicated weak or nonspecific ampli-
fication using the default condition of AmpliTaq Gold without
betaine, a further test of each enzyme was done in both the
presence and absence of 1M betaine for selection of an optimal
condition. The thermocycling protocol was 95°C for 12 min fol-
lowed by 45 cycles of (94°C for 15s, 55°C for 15s, ramping to
72°C at 0.5°C/s, 72°C for 60s, ramping to 94°C at 0.5°C/s), then
held at 72°C for 10min, followed by 10°C until further use (see
Supplementary Tables S4 and S5).

Cleanup

After PCR, 4l of 2x cleanup reagent mix containing 0.95 units
each of CIAP (Promega, Madison, WI) and Exo I (New England
Biolabs, Ipswich, MA) was added, incubated at 37°C for 1h, then
80°C for 15 min, and held at 10°C until further use.

SNuPE

The extension reagent mixture contained 3x buffer B [60 mM
Tris-HCl pH 8.9, 15 mM (NH,),SO04, 18 mM MgSOy,, 0.15% Triton X-
100, 15% glycerol], 1.5 uM extension primer and 0.21 units of
Thermo Sequenase (GE Healthcare Life Sciences, Chicago, IL). It
also included one TAMRA and one R110 labeled ddNTP
(PerkinElmer, Waltham, MA) corresponding to the expected
alleles. The possible biallelic extension combinations (A/C, A/G,
A/T, C/G, C/T, and G/T) were each detected using a pair of termi-
nators. The optimized 3x concentration for each terminator
was 105nM ddA-TAMRA, 60nM ddC-TAMRA, 30nM ddU-
TAMRA, 12nM ddC-R110, 12nM ddG-R110, 12nM ddU-R110,
from which a given pair was included in the 3x extension re-
agent mix. For C/T SNPs, the ddU-TAMRA and ddC-R110 pair
was used. Of 3x extension mix, 4 ul was added to a plate well of
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Figure 2: Extension polymerase concentration curves. (A) Specific incorporation as a function of Therminator concentration. (B) Specific incorporation as a function

of Thermo Sequenase concentration.

cleaned-up PCR products, then incubated at 93°C for 1min fol-
lowed by 26 cycles of (93°C for 10s and 55°C for 305s), and held at
10°C until final plate read.

Incorporation of R110- and TAMRA-labeled terminators was
detected by measure of fluorescence polarization using a
Molecular Devices plate reader (Molecular Devices, San Jose,
CA). This approach does not require the separation of an exten-
sion primer with an incorporated fluorescent dideoxynucleotide
from the residual unincorporated labeled ddNTPs [12]. Overall, a
single black 384-well plate was carried forward with sequential
reagent additions for the three reaction steps, with a final plate
read. Use of a film seal facilitates reagent additions; we used
Cycle Seal PCR plate sealers which can be cleaned for reuse (cat-
alog # ABO0580, Thermo Fisher Scientificc Waltham, MA).
Excitation bandpass filters for TAMRA were 550-10nm, and for
R110 were 490-10nm; emission bandpass filters for TAMRA
were 580-10 nm, and for R110 were 520-10nm. The dual-
dichroic was 490/550 nm.

Performance measurement

The primer extension reaction for a given target template
extends with a complimentary fluorescent ddNTP terminator.
Nonspecific incorporation of a noncomplementary terminator
can also be observed. As an index of specificity of incorporation,
we subtracted the maximum noncomplementary terminator
signal from the complementary terminator signal as the mea-
sure of specific incorporation. For development of the optimal
reaction condition for a biallelic variant, we summed specific in-
corporation of the TAMRA and R110 terminators (fluorescence
polarization (FP) sum) as an index of the overall performance
(Supplementary Fig. S1).

Results

Assay development

We evaluated two thermostable polymerases designed for
dideoxynucleotide incorporation to assess their capacity for al-
lelic discrimination: Thermo Sequenase (Thermus aquaticus DNA
polymerase F667Y) and Therminator (Thermococcus 9°N-7 DNA
polymerase A485L). Figure 2 presents the specific terminator

incorporation by these enzymes at a series of G/A SNPs, as a
function of terminator concentration. PCR and cleanup of
genomic DNA templates were as described under methods,
with extension in the presence of supplied buffers and 10 mM
ddNTP terminators. We assessed specific incorporation as the
difference between the incorporation signals of the comple-
mentary and noncomplementary (incorrect) terminators. At
high enzyme concentrations, nonspecific incorporation can be
observed. With these initial tests, greatest specific incorpora-
tion was observed at extension enzyme concentrations of 0.004
units/ul for Therminator and, 0.02 units/ul for Thermo
Sequenase.

Both Thermo Sequenase and Therminator showed
expected assay performance variation across different SNPs
(e.g. Supplementary Fig. S2). As an aid to assay optimization, we
devised a synthetic target system to provide control over tem-
plate and variant site context. These targets encompassed
flanking PCR priming site sequences as well as sufficient
sequence surrounding a variant position for subsequent hybrid-
ization of an extension primer, facilitating terminator incorpo-
ration at the variant position. Examples of synthetic target
template assay performance are shown in Fig. 3.

We investigated the impact of extension buffer composition
upon terminator incorporation by Therminator. We employed
synthetic targets SynFP_C and SynFP_T (incorporating ddG-R110
and ddA-TAMRA) and an initial buffer of 2mM, 10mM KCl,
10mM (NH,4),SOy4, 0.1% Triton X-100, and 20 mM Tris-HCI pH 8.8.
Our approach was to test a range of concentrations of one com-
ponent, each in the presence of a range of concentrations of a
second component, while holding other variables constant. We
selected the optimum for each of the two tested components,
adopting the new condition as a change to the initial buffer. We
followed this approach until optima for each variable had been
selected. The optimized reaction was 0.5 M extension primer
and 1x buffer A: 2mM MgSOy, 5mM (NH,4),SO4, and 0.1% Triton
X-100, and 20 mM Tris-HCI pH 9.3. Thermo Sequenase also per-
formed well in these conditions, though we later analogously
optimized buffer B for it (described further below).

We next evaluated the efficiency of ddU-TAMRA, ddG-R110,
ddC-R110, and ddA-TAMRA terminator incorporation by both
Therminator and by Thermo Sequenase in buffer A using four
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Figure 3: Example assay of a synthetic target template (SynFP_C and SynFP_T) as an engineered SNP using Therminator (A) or Thermo Sequenase (B).
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corresponding synthetic targets (Fig. 4). Only Thermo
Sequenase incorporated all four of these terminators efficiently,
and so was chosen for all subsequent experiments. For Thermo
Sequenase, optimal 1x terminator concentrations of these four
terminators were 35nM ddA-TAMRA, 4nM ddC-R110, 4nM ddG-
R110, and 10nM ddU-TAMRA (Fig. 5). We further optimized an
extension buffer specifically for Thermo Sequenase using syn-
thetic targets and the general approach outlined above (Fig. 6).
The resulting 1x buffer B contained: 6mM MgSO,, 5mM
(NH,4),S04, 0.05% Triton X-100, 20 mM Tris-HCI pH 8.9, and the
addition of 5% glycerol. The Thermo Sequenase concentration
at which terminator incorporation was most specific was 0.0175
units/pul. An additional two terminators were also evaluated,
choosing optimal concentrations of 4nM ddU-R110 and 20nM
ddC-TAMRA for Thermo Sequenase (Fig. 7). Even with efficient
and specific terminator incorporation, the accumulation of la-
beled extension primer is a function of the number of linear
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Figure 5: Specificity of terminator incorporation by Thermo Sequenase as a
function of ddNTP concentration, evaluated using synthetic targets SynFPz_A,
SynFPz_C, SynFPz_G, and SynFPz_T.

thermal cycles. The sum of the specific signals of both possible
extension products (FP sum) of an assayed SNP plateaued at
roughly 26 extension cycles (illustrated in Supplementary Fig. S3).

Incorrect terminator incorporation becomes problematic with
the use of decreasing concentration of either Exo I or CIAP for
post-PCR cleanup (Fig. 8). Residual PCR primers and residual
dNTPs can allow incorporation of a labeled terminator at a posi-
tion other than the intended, interrogated variant site. The opti-
mal concentration of each enzyme for specific terminator
incorporation was 0.95 units per reaction, with no difference be-
tween heat inactivation at 80°C for 15 min versus 95°C for 30 min.

Assay performance with production genotyping

We applied the iteratively optimized SNuPE assay to a set of 98
SNPs and indels, designing assays for each to genotype 2202
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DNA samples. We selected PCR conditions for each using the
approach described under Methods; 87 used AmpliTaq Gold/no
betaine, 9 used AmpliTaq Gold/betaine, and 2 used Titanium
Tag/betaine. For each desired variant assay, we then amplified
synthetic targets designed to represent AA, AB (mixed), and BB
genotypes for comparison of forward and reverse extension
assay performance. The version with greatest FP sum was
selected for a subsequent test of a sample of study genomic
DNAs that had been extracted from whole blood. This screen
of two 96-well plates evaluated 151 subjects (3 present in
triplicate), 5 negative controls, and 30 synthetic targets (10 of
each homozygote and 10 of the mixed/heterozygote). The lat-
ter were especially helpful for establishing AA, AB, and BB clus-
ter positions and assay performance of rare SNPs (versus
testing a novel assay of uncertain performance on genomic
DNAs of unknown genotype). Of the 98 designed and tested
assays, 85 yielded clean genotypes in study DNAs (an 87%
assay conversion rate).
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We proceeded to production genotyping with 77 of these
SNP and indel assays (the subset that proved necessary for our
work) on 2202 DNA samples to generate ~170000 total
genotypes. We included as controls 67 duplicate genomic DNA
pairs, observing two mismatched genotype calls (estimated er-
ror rate 0.0004). Independent of the SNuPE assays, we also geno-
typed the same DNA samples by Illumina Infinjum MEGAF*
array. Note that an array survey is more appropriate for assess-
ment of genetic ancestry than customized assay of specific,
required variants. Although not by our design, genotypes of 12
of the 77 variants assayed by SNuPE were also generated by
the array, enabling comparison of genotype calls from an or-
thogonal method. One was errantly monomorphic by array.
The remaining 11 SNPs yielded 17 346 duplicate genotypes with
43 discrepancies, a discrepancy rate of 0.003. These data support
an accuracy for the SNuPE assay in line with that of other
production genotyping approaches.

Six of the SNUPE assays that were genotyped in production
had FP sums in assay development stages that we recognized
could be improved by altering extension primer Tp,. In the
course of production genotyping, we evaluated extension
primer T, as an additional assay variable with potential to

improve specific incorporation. We optimized six assays by
evaluating and choosing higher T,, extension primers (Fig. 9).
Overall, extension primer Tp,’s of successful assays ranged from
52.6°C to 73.1°C, averaging 58.1°C. We estimate the optimal ex-
tension primer Ty, design goal to be between 60°C and 65°C.

A significant proportion of specific required variants typi-
cally fail to successfully convert for assay by any given alterna-
tive method. More than one approach is often necessary. As an
independent example, among a set of 26 SNPs for which we had
previously sought TagMan assays, half were available prede-
signed and half required custom design. Among the custom set,
six failed design, one passed design but failed actual assay, and
the remaining six had good performance. Thus, 19 of 26 (73%)
successfully converted for TagMan assay, with an estimated er-
ror rate of 0.004 (four genotype mismatches among 1,139 dupli-
cate genotype pairs).

Discussion

The application space of genotyping few required genetic var-
iants in many DNA samples is not well served by current array
or sequencing technologies, given the relatively high cost that
would be incurred to generate the needed data set. Surprisingly
few methods have been advanced to practical use for this
application. For any given method, a specific required variant
site can fail to successfully convert for assay; no single approach
will successfully genotype all desired genetic variants. This
motivated our adaptation of the SNuUPE assay an additional
practical alternative using relatively basic reagents and instru-
mentation. We present our implementation of this assay, ad-
vancing it from concept to practical usage with demonstrated
performance. Our assay had a high conversion rate, able to ac-
curately genotype an estimated 87% of SNPs and indels. Where
an alternative method may fail to capture a given variant,
this assay has a reasonable probability of success. A synthetic
template system can be used for assay development and to gen-
erate reference genotypes, designating expected scatterplot
cluster positions. Synthetic templates proved particularly valu-
able for rare variant assays. We employed the assay to generate
170,000 genotypes in routine production genotyping, with
error rate estimates under 0.003 from duplicates as well as by
comparison to orthogonal methods.

The application space for which this assay is particularly
suited is genotyping a small set of genetic variants that are spe-
cifically required and without ready substitute, where ability to



customize a nonproprietary assay may be at a premium to en-
sure performance. The ability to customize this assay is a highly
desirable aspect because a specific genetic variant of particular
interest can warrant effort to capture it. The SNuPE assay can be
further adapted, e.g,, to genotype variants within nonunique
regions of a genome using nested PCR strategies [11, 13].
Scalability is also an advantage; the plate format of the SNuPE as-
say is amenable to automation. Ability to employ a plate reader
that is nonproprietary and can be multipurposed as a general lab-
oratory instrument is also an advantage. Relative disadvantages
include the processing requirement of sequential reagent addi-
tions, and potentially also cost (48 cents per genotype in our ap-
plication, more than half enzyme cost). Cost is an important
consideration. Perspective of cost will vary with the application;
e.g., the cost of targeted genotyping of a required variant may be
minor relative to the cost of a genome-wide association study
that led to its identification. The adapted SNuPE assay is a viable
practical alternative for the application space of genotyping large
numbers of samples and few SNP or indel variants.

Supplementary data

Supplementary data is available at Biology Methods and
Protocols online.
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