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Digital PCR (dPCR) is being increasingly used for the quantification of sequence variations, including single nucleotide poly-
morphisms (SNPs), due to its high accuracy and precision in comparison with techniques such as quantitative PCR (qPCR) and
melt curve analysis. To develop and evaluate dPCR for SNP detection using DNA, RNA, and clinical samples, an influenza virus
model of resistance to oseltamivir (Tamiflu) was used. First, this study was able to recognize and reduce off-target amplification
in dPCR quantification, thereby enabling technical sensitivities down to 0.1% SNP abundance at a range of template concentra-
tions, a 50-fold improvement on the qPCR assay used routinely in the clinic. Second, a method was developed for determining
the false-positive rate (background) signal. Finally, comparison of dPCR with qPCR results on clinical samples demonstrated the
potential impact dPCR could have on clinical research and patient management by earlier (trace) detection of rare drug-resistant

sequence variants. Ultimately this could reduce the quantity of ineffective drugs taken and facilitate early switching to alterna-
tive medication when available. In the short term such methods could advance our understanding of microbial dynamics and
therapeutic responses in a range of infectious diseases such as HIV, viral hepatitis, and tuberculosis. Furthermore, the findings
presented here are directly relevant to other diagnostic areas, such as the detection of rare SNPs in malignancy, monitoring of

graft rejection, and fetal screening.

In 2001 the World Health Organization (WHO) identified the
threat of antimicrobial resistance as requiring immediate action
with a need for worldwide cooperation (1). The development of
new molecular methods for early diagnosis and monitoring of
drug resistance is one such action (2, 3). In this study, digital PCR
(dPCR) was employed to detect a clinically relevant single nucle-
otide polymorphism (SNP) in a human influenza A virus (HIN1)
model involving resistance to the neuraminidase inhibitor oselta-
mivir (Tamiflu). Resistance is acquired by a de novo SNP mutation
(p-H275Y) encoded in segment 6 of the viral genome (4) that
changes the structure of the neuraminidase protein such that os-
eltamivir is unable to bind (5). This resistance conveys no loss of
fitness to the virus, thus permitting transmission between humans
and enabling resistance to spread (6). Between 1999 and 2002,
oseltamivir resistance was present at a background rate of 0.33%
in influenza A N1 virus isolates (4). However, since 2007 the
spread of the resistant A (HIN1) virus has increased, and in 2008
the resistance rates were estimated to be up to 70% in some Euro-
pean countries (6). Subsequently, the WHO recommended vigi-
lant monitoring for the emergence of oseltamivir resistance (7, 8).
Since the disappearance of the 2009 pandemic A (HIN1) virus, the
vast majority of circulating viruses are sensitive to oseltamivir
(~99%) (9).

dPCR has been reported to enable detection of rare SNPs with
technical sensitivities (also referred to as fractional abundance)
down to 0.001% of the wild type (WT) in genomic DNA extracts
(10, 11). To achieve this, dPCR subdivides a PCR into a large
number of partitions so that a proportion of them contain no
template molecules (12, 13). While this partitioning may increase
the accuracy and precision of dPCR over the more widely used
quantitative PCR (qPCR) (14-17), it may also improve the sensi-
tivity when rare mutations are measured within a high-abundance
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WT background. Detection of rare SNPs by dPCR is being used in
an increasing number of clinical applications, including cancer
stratification (18, 19), fetal screening (20, 21), monitoring of or-
gan transplant rejection (22), and detection of antimicrobial re-
sistance (23, 24).

However, in order for such methods to be effectively applied in
research and ultimately be translated into routine clinical analysis,
validation of assay sensitivity is essential along with additional
considerations such as cost, speed, and throughput. To achieve a
given sensitivity, a PCR assay must first have sufficient specificity
to allow confident discrimination between the SNP and WT mol-
ecules within a sample. Second, a very small number of mutant
molecules must be detectable in the presence of a large excess of
WT molecules.
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In this study, we addressed the issue of technical sensitivity, for
which we evaluated the ability of dPCR to detect the p.H275Y SNP
at abundances down to 0.1% of the WT in a range of nucleic acid
concentrations using an in vitro-transcribed RNA material. We
then validated our dPCR method by quantifying the p.H275Y
SNP in clinical samples from patients who received oseltamivir
treatment in comparison to a QPCR method that is used routinely
in the clinic and that has an SNP detection sensitivity of 5%.

MATERIALS AND METHODS

Unless otherwise stated, experiments were performed in a single labora-
tory (LGC, United Kingdom), and all kits and instruments were used
according to the manufacturers’ instructions. RNA/DNA LoBind micro-
centrifuge tubes (Eppendorf) were used throughout the study.

Neuraminidase constructs and production of synthetic RNA tran-
scripts. Segment 6 encompassing the full neuraminidase sequence for the
human influenza A virus pandemic 2009 (H1N1) strain, containing either
the sensitive wild-type sequence (WT, p.H275) or the oseltamivir drug
resistance mutation (SNP. p.H275Y; C-to-T transition), was cloned into
the pEX-K plasmid. To generate biologically relevant negative-strand
RNA, in vitro transcription (IVT) of linearized plasmids was performed.
IVT products were diluted to ~1 X 10 copies/pl in carrier (15 ng/pl of
RNA extracted from human lung cells [Ambion]) and stored in aliquots
to reduce freeze-thawing effects. Full details are given in the supplemental
material (see Section 1 and Fig. S1).

Clinical samples. Approval for use of clinical samples was given by
UCLH Virology clinical governance in accordance with UCLH ethics
guidance. Residual material originating from throat swabs (TS), nasal
swabs (NS), combined throat and nasal swabs (CTNS), and endotracheal
aspirates (ETA), as part of routine diagnostic laboratory practice in the
Department of Clinical Microbiology and Virology at University College
London Hospital (UCLH), were inactivated by mixing samples with an
equal volume of buffer AL (Qiagen) prior to storage at 4°C for several
weeks before they were transferred to —20°C for long-term storage. A
positive (POS) SNP control was extracted from a cell culture (provided by
R. Gunson, West of Scotland Specialist Virology Centre, Glasgow, Scot-
land) propagating a pandemic 2009 (HIN1) virus encoding the SNP. All
viral RNA samples were extracted from 200 pl of clinical sample-buffer
AL mix using an EZ1 Virus minikit, version 2.0, on a BioRobot EZ1 and
eluted in 90 ul of AVE buffer (all Qiagen). These extracts were provided
blind to LGC.

Design of the H275Y genotyping assay. A total of 733 pandemic
(HIN1) virus neuraminidase gene sequences were downloaded from the
NCBI influenza virus sequence database (25). These were aligned and
viewed in the multiple-sequence alignment program Clustal X (26). The
location of the oseltamivir drug resistance nucleotide mutation was iden-
tified. Primer Express, version 2.0, software (Applied Biosystems) was
used to design two TagMan minor groove binder (MGB) probes to the
region containing the SNP, with one probe to target the wild-type (WT)
sequence and the other to target the resistant (SNP) sequence. Universal
primers were designed to flank the probe target sequence to generate a
74-bp amplicon (see Table S1 in the supplemental material).

Specificity to the pandemic (HIN1) virus serotype was determined
by both in silico alignments (http://www.ncbi.nlm.nih.gov/genomes
/FLU/FLU.html) and reverse transcription-qPCR (RT-qPCR). Prepan-
demic seasonal influenza A virus strains (HIN1 and H3N2), the avian
influenza A virus (H5N1) strain, influenza B virus, and other common
respiratory viruses (respiratory syncytial virus, parainfluenza viruses, hu-
man metapneumovirus, and adenovirus) were analyzed with the H275Y
assay; none of these viruses were detected, demonstrating that the assay
was specific to pandemic influenza A (HIN1) virus only. Details of the
RT-qPCR method are given in the relevant section below and in the sup-
plemental material (see Section 5).

Reverse transcription. All reverse transcription (RT) experiments
were performed in accordance with the minimum information for publi-
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cation of digital quantitative PCR experiments (dAMIQE) guidelines (see
Table S2 in the supplemental material) (27). The Maxima cDNA synthesis
kit (Thermo Scientific) was used according to the manufacturer’s instruc-
tions with the addition of 200 nM H275Y reverse primer to each 20-pl
reaction mixture. For all experiments, triplicate RT reactions were per-
formed with a single dPCR analysis per RT reaction. To monitor DNA
contamination, reaction mixtures containing 1 X 10° TVT RNA copies per
reaction volume with the reverse transcriptase omitted were performed;
in all cases no amplification occurred (see Fig. S2F in the supplemental
material). No-template controls (NTCs) were performed using carrier in
place of template in every experiment; in all cases no DNA was detected
(see Fig. S2A). RT was performed with an initial incubation at 25°C for 10
min, followed by RT at 50°C for 15 min. The enzyme was inactivated at
85°C for 5 min. The cDNA was either stored at —80°C or immediately
analyzed by dPCR.

Digital PCR. dPCR experiments were implemented in accordance
with the dMIQE guidelines (see Table S2 in the supplemental material)
(27). dPCR experiments were performed using the QX100/QX200 Drop-
let Digital PCR (ddPCR) system (Bio-Rad). Reaction mixtures containing
1X ddPCR Supermix for probes with no dUTP (Bio-Rad), the H275Y
assay (see Table S1 in the supplemental material; LGC_dPCR), and 2 pl of
c¢DNA in a total volume of 20 .l were pipetted into the sample well of a
DGS8 cartridge. Droplet formation was performed as described previously
(28). Thermocycling conditions were 95°C for 10 min, 40 cycles of 94°C
for 30 s, and 60°C for 1 min, followed by 98°C for 10 min and a 4°C hold.
The ramp rate for each step was set to 2°C/s. Droplets were read using a
QX100/QX200 Droplet Reader, and the data were analyzed using Quan-
taSoft, version 1.6.6.0320. Thresholds were set to define the positive and
negative droplets, and the data were exported as a comma-separated val-
ues (CSV) file. No-template controls (NTCs) were performed using water
in place of template in every experiment; in all cases no amplification
occurred (see Fig. S2A in the supplemental material). Optimization of the
H275Y assay for dPCR was performed at two laboratories: LGC, United
Kingdom, and NIB, Slovenia (see Section 2 in the supplemental material).

One-step reverse transcription-quantitative PCR. All RT-qPCR ex-
periments were performed in accordance with the MIQE guidelines (see
Table S3 in the supplemental material) (29). For HIN1 typing of the
clinical samples at UCLH, a Superscript III Platinum One-Step qRT-PCR
kit (Invitrogen) was used with an N1 typing assay published previously
(Flu A HINT1 assay) (30). For the initial genotyping of the H275Y SNP in
clinical samples at UCLH, a Superscript III Platinum One-Step qRT-PCR
kit (Invitrogen) was used with the UCLH_H275Y assay. Comparison of
RT-qPCR with dPCR results on the clinical samples at LGC was per-
formed at LGC with an AgPath-ID One-Step RT-PCR Reagents kit (Ap-
plied Biosystems). Cycling and data capture were performed using a 7500
Fast or Prism 7900HT Real-Time PCR system (both Applied Biosystems).
Analysis was performed using SDS software, version 2.4 (Applied Biosys-
tems), to calculate the quantification cycle (C, ) values, and the data were
exported as a CSV file. Full protocol conditions and experimental setups
for all RT-qPCR methods are given in the supplemental material (see
Section 5).

Data analysis. Exported CSV files from dPCR and qPCR experiments
were imported into MS Excel 2010 or the R statistical programming en-
vironment (http://www.r-project.org/) for statistical analysis. For dPCR
experiments, the average number of copies per partition (\) with the
associated confidence intervals were calculated in MS Excel 2010 as de-
scribed previously (27, 31, 32). The mean values for template concentra-
tion and percent SNP [fractional abundance = Ngyp/(Agnp + Ayyr) | were
calculated in MS Excel 2010 along with the associated standard deviation,
coefficient of variance (CV), regression analysis (R?), t tests, and analysis
of variance (ANOVA). The RT efficiency was defined as the percent cDONA
yield, calculated as Ngyp/A.y,» Where A, is the expected A based on the
concentration estimate using the Qubit 2.0 fluorimeter with a double-
stranded DNA (dsDNA) high-sensitivity (HS) assay kit (Invitrogen).
Where necessary, data were transformed by taking the natural logarithm
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FIG 1 Measurement of mutant SNPs by digital PCR is dependent on template concentration and background signal. (A) Graph showing expected percent SNP
of each sample (x axis) against the observed percent SNP abundance of the SNP molecule (y axis with log scale) for three concentrations, high, medium, and low.
Each data point shows the mean and 95% confidence interval (CI) for the three experiments (performed on different days; 3 measurements), with the exception
of the 0% SNP (WT-only) control that was performed in quadruplicate in all three experiments (12 measurements). The solid and dashed horizontal lines
represent the mean and 95% confidence interval, respectively, of the low-concentration 0% SNP control. There was no significant (ns; P > 0.05) difference
between the 0.1% and 0% SNP abundances for the low-concentration sample. All other SNP abundances and sample concentrations were significantly different
(P < 0.05) from their respective 0% SNP controls. (B) Line graph showing the coefficients of variance (precision) of the measurements for the three sample

concentrations. The horizontal dashed line indicates a CV of 20%.

(In), as described previously (15). Figures were generated either directly
from the software programs or using Prism, version 6 (GraphPad).

For the calculations of the false-positive rate (FPR), data were log
transformed (N and percent SNP) using the R statistical programming
environment as described previously (15). A standard analytical chemis-
try method based on the dispersion of samples containing WT-only mol-
ecules was employed to compute the detection limits (33). The decision
limits were calculated using two approaches: using the maximum ob-
served value and an estimate based on Chebyshev’s inequality (34). Full
details are given in the supplemental material (see Section 4).

RESULTS

Evaluation of the sensitivity of digital PCR in quantification of
rare single nucleotide polymorphisms. Initial experiments were
performed to optimize and evaluate the ability of the QX100/200
dPCR system to detect the H275Y SNP using linearized plasmid
DNA encoding either the WT or SNP sequence. The following
parameters were investigated to optimize the specificity of the
H275Y assay: primer and probe concentrations, MGB probe fluo-
rophore dye swaps, uniplex and duplex reactions, and the anneal-
ing temperature (see Section 2 and Fig. S2 in the supplemental
material). Duplex reaction mixtures containing 900 nM each
primer and 250 nM each probe (SNP probe conjugated with
6-carboxyfluorescein [FAM] and a WT probe conjugated with
VIC) with an annealing temperature of 60°C were selected for
optimum specificity.

To evaluate the sensitivity of the method, a range of SNP abun-
dances (between 100% and 0.1%) at different IVT RNA concen-
trations corresponding to different viral titers were generated:
high concentration, 1.2 X 10°> copies/RT reaction (expected
c¢DNA \ of ~5.1, assuming 100% conversion rate of RNA to
¢DNA); medium concentration, 4 X 10* copies/RT reaction (N of
~1.7); and low concentration, 2 X 10* copies/RT reaction (N of
~0.85) (see Section 3 and Tables S4 and S5 in the supplemental
material). The range of these viral loads represented those ob-
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tained from respiratory samples of patients with pandemic
(HINT1) influenza A virus infection (35). The Maxima cDNA syn-
thesis kit was selected due to the high conversion rate of RNA to
c¢DNA (RT efficiency) obtained following reverse transcription
(see Fig. S3). Each percent SNP at each concentration was mea-
sured with triplicate RTs (and one dPCR for each RT) in three
independent experiments (9 data points per percent SNP at each
concentration). For measurement of the false-positive rate (FPR)
of the SNP assay (commonly referred to as the signal-to-noise
ratio, or blank), WT-only (0% SNP) controls were also prepared
at the three concentrations, with quadruplicate measurements
made in each of the three experiments.

Strong linearity between the expected (as estimated by a Qubit
2.0 fluorimeter) and observed WT and SNP molecules per parti-
tion (N\) was measured for all experimental replicates (slope =
1.028, y-intercept = —0.076, R*> = 0.9962) with no significant
difference between the replicates (P > 0.65) (see Fig. S3A in the
supplemental material). The RT efficiencies were normally dis-
tributed with averages of 88% (CV = 9%) and 76% (CV = 23%)
for the WT and SNP assays, respectively (see Fig. S3B).

The smallest SNP abundance that could be measured as signif-
icantly different from that of the WT-only controls across all three
RNA concentrations was 0.5% (P < 0.036). For both the high- and
medium-concentration samples, the SNP molecule could also be
resolved at 0.1% (P < 0.024 and P < 0.013, respectively) (Fig. 1A).
The CV for each SNP abundance increased with reduced sample
concentration; measurements of the high- and medium-concen-
tration samples had a CV of <20% for SNP abundances of 100%
to 0.5% while the 0.1% SNP had a CV of 17 and 21%, respectively.
The low-concentration sample had a CV of >29% for all SNP
abundances of 1% or less (Fig. 1B).

Defining the detection capability of dPCR. The detection of
SNP molecules in the 0% SNP controls represents the FPR of the
SNP assay and ranged from 0.06 to << 0.001% (average, 0.012%)
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TABLE 1 Calculation of the detection capability”

Evaluation of Digital PCR for SNP Detection

Detection capability

Sample dPCR input Decision limit In % SNP % SNP
Method concn (copies/rxn)” (In\) In X abundance abundance
Maximum observed value High 120,000 —6.349 —5.965 —7.54 0.05

Medium 40,000 —8.078 —7.694 —8.11 0.03

Low 20,000 —7.645 —7.261 —6.96 0.10
Chebyshev’s inequality (o = 0.05) High 120,000 —5.784 —5.400 —6.96 0.09

Medium 40,000 —7.505 —7.121 —7.53 0.05

Low 20,000 —7.300 —6.916 —6.61 0.13

“ For full details for calculation of these values, see the text and supplemental material.
b rxn, reaction.

across the three different sample concentrations (Fig. 1A). The
observed variance associated with these controls was heterosce-
dastic with a CV of >90% (Fig. 1B). The limit of detection (LOD)
of an assay is linked to the FPR and its associated variance: the
lower the FPR, the smaller the abundance of the SNP that can be
measured as significantly different from that of the WT-only con-
trol. Therefore, it was hypothesized that the theoretical limit of
detection for a given sample concentration could be extrapolated
from the experimental FPR data.

Using two methods, the maximum observed value and Cheby-
shev’s inequality (34), the decision limit and the detection capa-
bility were calculated (Table 1; see also Fig. S4 in the supplemental
material). The detection capability, which defines the LOD in this
context, was lower than the values tested experimentally for the
high- and medium-concentration samples (Table 1). Chebyshev’s
inequality, which generates more conservative estimates, defined

TABLE 2 Analysis of clinical samples by qPCR and dPCR

the limit of detection as 0.13% for the low-concentration sample
(Table 1) and is consistent with the inability to detect the 0.1%
SNP abundance in the low-concentration sample as significantly
different from that of the WT-only controls.

Identification of oseltamivir resistance mutants in patients
with influenza A HIN1 virus infection. Following the 2009 influ-
enza A virus HINI pandemic, the HIN1 type was detected in
patients undergoing oseltamivir treatment at UCLH with the one-
step RT-qPCR method using the Flu A HIN1 assay (30). Patient
samples were screened for oseltamivir resistance using a one-step
RT-qPCR method (UCLH_RT-qPCR) to identify the presence of
WT (oseltamivir-sensitive) and/or SNP (oseltamivir-resistant)
molecules (Table 2 and Fig. 2).

Absolute quantification of the clinical samples by RT-qPCR
was performed using standard curves generated from the IVT
RNA (LGC_RT-qPCR). The limit of detection was defined as 75

LGC_RT-gqPCR LGC_dPCR

Patient code Sample Flu A HINI UCLH_RT-qPCR Total viral load (log,, Total viral load (log,,

or control Day type? assay result” result® copies/ml of extract) Result® copies/ml of extract) Result®
P1.1 0 TS + Sen 4.35 Fp 3.92 Sen
P1.2 26 TS ND ND ND ND
P1.3 28 CTNS + Res 5.34 Res 4.53 Res
P1.4 29 CTNS + Res 5.54 Res 4.96 Res
P1.5 32 TS LLP Res ND ND
P2 0 TS + Res ND ND
P3.1 0 CTNS + Sen 3.49 Sen 3.51 Sen
P3.2 5 CTNS + Res ND 3.78 Sen
P3.3 11 NS ND ND ND 3.36 Sen
P3.4 15 CTNS ND ND ND 3.51 Sen
P4.1 0 ETA + ND 4.59 Sen ND
P4.2 0 CTNS ND ND ND 3.04 Sen
P4.3 5 CTNS ND ND ND ND
P5.1 0 ETA + Sen 5.48 FP 4.56 Sen
P5.2 12 CTNS ND ND ND 3.69 Sen
P6 0 CTNS LLP ND ND ND
P7 0 CTNS LLP ND ND ND
P8 0 TS + Sen ND 3.03 Sen
POS + Res 3.23 Res 3.61 Res
NEG ND ND ND ND

TS, throat swab; NS, nasal swab; CTNS, combined throat and nasal swab; ETA, endotracheal aspirate.

b+ positive by PCR; ND, not detected/below the limit of detection; LLP, low-level positive.

¢ Res, resistant sequences (SNP) detected in sample; Sen, only sensitive sequences (WT) detected; FP, false positive (see text for details). Boldface, concordance between LGC and
UCLH results; underlining, sample identified as positive for HIN1 by UCLH_RT-qPCR with the detection of both WT and SNP sequences.
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control (extraction buffer only).

RNA copies/reaction product (equivalent viral load of 2.65 log,,
copies/ml of extract) (see Fig. S6B in the supplemental material)
with a specificity for the WT and SNP probes of 90% and 87%,
respectively, regardless of sample concentration (see Fig. S6C).
Due to the number of samples that were quantified by dPCR only,
comparison of LGC_RT-qPCR and dPCR measurements identi-
fied a poor linear correlation. Analysis of the six samples that were
quantified by both dPCR and LGC_RT-qPCR identified a good
linear correlation (R* = 0.9223). The gradient of the slope
(0.5429) was significantly different from 1 (P = 0.04), indicating a
measurement bias (Fig. 2A). The CV was on average lower for the
dPCR measurements than for qPCR (13% and 23%, respectively).
Spike-in experiments confirmed the absence of inhibitors carried
over from the sampling or extraction process disrupting the
qPCRs or dPCRs (see Fig. S6D).

Fairly good concordance for detection of WT and SNP mole-
cules was observed between the UCLH_RT-qPCR, LGC_RT-
qPCR, and dPCR results (Table 2, boldface values). Five samples
had very low concentrations as defined by dPCR (samples 3.2, 3.3,
3.4,4.2,and 5.2) and were below the limit of sensitivity for gPCR.
Furthermore, only one of these five clinical samples was identified
as positive for HIN1 by UCLH_RT-qPCR (sample 3.2) with the
detection of both WT and SNP sequences (Table 2, underlined
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values). WT sequences were detected in one sample (sample 4.1)
by LGC_RT-qPCR at LGC while no sequences were detected by
UCLH_RT-qPCR or by dPCR.

Both WT and SNP molecules were identified in two clinical
samples by LGC_RT-qPCR and dPCR (samples P1.3 and P1.4)
(Fig. 2B). SNP molecules were measured in a further two clinical
samples by LGC_RT-qPCR but not by dPCR (Fig. 2B); the pro-
portions of SNP molecules as measured by LGC_RT-qPCR were
13.53% and 11.86% for samples 1.1 and 5.1, respectively (Fig. 2B,
asterisks). As the limit of specificity of the assay was defined as
87%, these samples were identified as potential false positives for
the presence of the SNP molecule as the uncertainty in their quan-
tification was above the limit of the specificity for the SNP assay
(Table 2). Absence of amplification of either molecule in the ex-
perimental negative controls (NEG) indicated that the SNP signal
was unlikely to be caused by contaminating molecules (Fig. 2B).
The limitations of the specificity of the LGC_RT-qPCR assay were
further highlighted in the analysis of the SNP-only sample (POS),
where the SNP abundance was measured as 95.82% (Fig. 2B).

Five samples were taken from patient 1 over the course of a
month during treatment with oseltamivir (samples 1.1 to 1.5).
Longitudinal analysis of the concentration of the WT and SNP
molecules revealed that the SNP molecule became predomi-
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nant by day 28. From days 28 to 29, the amount of SNP mole-
cules quantified by both qPCR and dPCR increased nearly
2-fold (Fig. 2C). While the concentration of the WT molecule
stayed constant over the duration as measured by dPCR, it
significantly increased over 1.5-fold (P = 0.003) when mea-
sured by qPCR (Fig. 2D).

DISCUSSION

Using a human influenza A virus model system, we have devel-
oped a dPCR method for rare drug resistance mutations. We have
investigated a number of challenges associated with SNP detec-
tion, namely, the specificity, sensitivity, and the false-positive rate
(FPR) of an assay. We then validated our method using clinical
samples.

Our study has confirmed the ability to recognize and reduce
off-target amplification (mismatch binding of WT probe with the
SNP sequence and vice versa), thereby improving the specificity of
the assay and so tackling one of the great challenges of SNP detec-
tion. We have demonstrated the ability of dPCR to detect rare
SNPs down to 0.1% abundance (Fig. 1) although it should be
acknowledged that this was using material generated from IVTs in
a background of human lung RNA and so does not take into
account the effects more complex respiratory matrices may have
on the reaction.

While there is currently no clinical data demonstrating the
necessity of detecting SNPs down to 0.1% abundance, by devel-
oping a method with increased levels of sensitivity, we provide the
means by which future studies could determine an appropriate
cutoff for clinical use and by which the development of resistance
can be more accurately monitored during treatment. Indeed,
there is a need to consistently measure the 1% population abun-
dance that is the current background rate of the mutation (4, 6,9)
in order to follow the recommended WHO guidelines (7, 8). The
same assay (primers and probes) in qPCR has a cutoff at approx-
imately 5% abundance due to the off-target amplification of the
WT molecules with the SNP probe (36), and therefore our study
represents a 50-fold increase in sensitivity by dPCR. This is con-
sistent with the reported limits of other qPCR assays for SNP de-
tection (37, 38) and with the identification of false-positive results
for two clinical samples (P1.1 and P5.1) that were identified as
containing SNP sequences by qPCR only.

The increased sensitivity of dPCR over qPCR was shown by the
proportion of clinical samples that were detectable by dPCR only
(Fig. 2A and B). A recent study using a different assay that targets
the same H275Y SNP observed comparable differences in the sen-
sitivities between qPCR and dPCR (24). While improved quanti-
fication and precision of dPCR over gPCR have also been ob-
served in other RNA viral models (39, 40), studies using infectious
agents with DNA genomes have shown further improvement in
the quantification and precision by both dPCR and qPCR (41, 42).
This suggests that the RT step could have a greater effect on the
sensitivity of qQPCR although dPCR is not immune from variability
in the RT efficiency (see Fig. S3B in the supplemental material).
However, it is acknowledged that without a third method to arbi-
trate the discrepancies between qPCR and dPCR results, we can-
not be certain that the dPCR result is the correct result.

In addition to the off-target amplification, the greater specific-
ity and sensitivity afforded by dPCR, with respect to qPCR, are
related to both the FPR and precision of the measurement. Here,
we developed a method to define the FPR that is associated with
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the sample concentration. When sample concentration is not
limiting and a DNA template is used, it is possible to detect
abundances down to 0.001% using dPCR, as demonstrated in
two genomic DNA cancer models (10, 11). While this is im-
pressive, there are a number of other factors that prevent sen-
sitivities of this magnitude from being routinely achieved in
clinical samples.

The sample concentration limits are self-explanatory; to detect
0.001% sequence abundance, substantially more than 100,000 se-
quences must be measured (equates to a viral titer of >8 log,,
copies/ml). However, a sample is influenced not only by the sam-
ple concentration but also by the quality of the sample; for exam-
ple, sputum-containing samples can be difficult to homogenize
prior to extraction (43, 44). The type of respiratory samples used
in this study involved RNA extracted from TS, NS, CTNS, and
endotracheal aspirate (ETA), which could also have an impact on
the results and may be a contributing factor to the difference in
performance between qPCR and dPCR. It has previously been
shown that inhibitors carried over from the extraction process in a
cytomegalovirus (CMV) model affect gPCR and dPCR to differ-
ent extents (45). Furthermore, the RNA yield obtained from ex-
traction of RNA from influenza viruses from sputum can vary
from 20 to 100%, depending on the extraction method used (43).
These are important areas for future investigation into the ability
of dPCR to measure rare sequences in RNA viruses.

Additional considerations include the sample concentration;
as this is reduced, the associated precision of dPCR is also reduced,
although not to the same extent as with qPCR, and so smaller
differences between samples could be harder to measure with con-
fidence (46). While these factors may have implications for clinical
samples such as those used in this study, it is also of importance for
the longitudinal monitoring of patients whose viral loads are ex-
pected to decrease in response to treatment over time.

This is clearly demonstrated by the analysis of longitudinal
samples from a single patient (Fig. 2C and D); dPCR measured the
WT molecules as remaining at a constant level while there was an
increase in the abundance of the SNP molecule during treatment.
In contrast, LGC_RT-qPCR measured an increase in both the WT
and SNP molecules and so implied that, despite treatment, the
overall viral load of the patient was increasing. Recently, a similar
longitudinal analysis of a patient infected with oseltamivir-resis-
tant HIN1 influenza A virus demonstrated that dPCR is less prone
to operator effects than qPCR and has reduced interassay and
intra-assay variability in SNP quantification (24). Together, these
findings show the potential advantages of dPCR for monitoring
and surveillance of antimicrobial drug resistance.

In this study, we demonstrated that the FPR determined the
technical sensitivity of the low-concentration sample rather than
the precision of dPCR, which therefore demonstrates that the FPR
is linked with the sample concentration. A separate study investi-
gating SNP mutations in a ¢fDNA model identified the FPR as
being independent of sample concentration (18); however, this
study was investigating the genotype of cell-free DNA (cfDNA)
extracted from plasma, and so the WT sequences were very low in
concentration, indicating that the FPR can be difficult to define in
very low concentration samples. The FPR of an assay can be split
into two sources, experimental and technical. Experimental FPR
can be attributed to laboratory contamination that was absent in
this study (see Fig. S2 and Table S5 in the supplemental material)
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and is reduced by appropriate optimization and good laboratory
practice.

This leaves the technical sources contributing to the FPR that
are harder to define but could include off-target amplification and
enzymatic errors, such as those that arise from reverse transcrip-
tases and/or polymerases (47). By defining the limit of detection
mathematically and relating it to the concentration of the sample
as described, experimental constraints that limit the number of
negative controls (for example, different dPCR platforms have
different maximum sample numbers per experiment) could be
overcome (46). This is in sharp contrast to other methods, such as
qPCR, which is limited by the quality of the calibration curve, or
next-generation sequencing, which can be limited by technical
error rates (48).

Finally, the robustness of dPCR allowed a qPCR assay that is
used routinely in the clinic to be transferred onto a dPCR platform
with minimal optimization. Furthermore, the reproducibility of
dPCR compared with that of qPCR (24) demonstrates the poten-
tial of dPCR for clinical use. Various other methods such as com-
petitive allele-specific TagMan (CAST) PCR (38, 49, 50), an am-
plification-refractory mutation system (ARMS) (51), and the use
oflocked nucleic acid (LNA) probes (52, 53) have been developed
to improve the 5 to 10% SNP abundance limit of QPCR. While
these methods are capable of detecting down to 0.1 to 1% SNP,
they require extensive optimization, including in some cases a
total redesign of the assay.

Despite all of these advantages, in the short term the nonreli-
ance of dPCR on calibration materials for quantification could be
exploited as an alternative value assignment method that is inde-
pendent of mass or fluorescent measurements (54). Previous
studies have shown that UV spectrometry methods can overquan-
tify nucleic acid abundance compared with results from dPCR
(14, 16). Therefore, the apparently higher concentrations of the
clinical samples as measured by qPCR than by dPCR (Fig. 2A)
could be attributed to the inherent limitations of the UV quanti-
fication of the IVT RNA used for the calibration curve rather than
to bias within the gPCR method itself.

The ability of dPCR to detect rare drug resistance SNP muta-
tions could enable earlier detection, facilitating earlier switching
to alternative therapeutic agents and resulting in an overall reduc-
tion in the amount of ineffective drugs used. This should result in
a reduction in both drug resistance and cost. Other infectious
diseases such as HIV, viral hepatitis, and bacterial infections in-
cluding tuberculosis and gonorrhea could also benefit from this
approach to antimicrobial drug resistance monitoring. Finally,
the findings of this study should be applicable in a wide range of
other diagnostic areas, including the monitoring of cell-free nu-
cleic acid in malignancy and fetal screening.
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