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Cross-Institute Evaluations of Inhibitor-Resistant PCR Reagents for
Direct Testing of Aerosol and Blood Samples Containing Biological
Warfare Agent DNA
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Rapid pathogen detection is crucial for the timely introduction of therapeutics. Two groups (one in the United Kingdom and one
in the United States) independently evaluated inhibitor-resistant PCR reagents for the direct testing of substrates. In the United
Kingdom, a multiplexed Bacillus anthracis (target) and Bacillus subtilis (internal-control) PCR was used to evaluate 4 reagents
against 5 PCR inhibitors and down-selected the TagMan Fast Virus 1-Step master mix (Life Technologies Inc.). In the United
States, four real-time PCR assays (targeting B. anthracis, Brucella melitensis, Venezuelan equine encephalitis virus [VEEV], and
Orthopoxvirus spp.) were used to evaluate 5 reagents (plus the Fast Virus master mix) against buffer, blood, and soil samples and
down-selected the KAPA Blood Direct master mix (KAPA Biosystems Inc.) with added Platinum Taq (Life Technologies). The
down-selected reagents underwent further testing. In the United Kingdom experiments, both reagents were tested against seven
contrived aerosol collector samples containing B. anthracis Ames DNA and B. subtilis spores from a commercial formulation
(BioBall). In PCR assays with reaction mixtures containing 40% crude sample, an airfield-collected sample induced inhibition of
the B. subtilis PCR with the KAPA reagent and complete failure of both PCRs with the Fast Virus reagent. However, both re-
agents allowed successful PCR for all other samples—which inhibited PCRs with a non-inhibitor-resistant reagent. In the
United States, a cross-assay limit-of-detection (LoD) study in blood was conducted. The KAPA Blood Direct reagent allowed the
detection of agent DNA (by four PCRs) at higher concentrations of blood in the reaction mixture (2.5%) than the Fast Virus re-

agent (0.5%), although LoDs differed between assays and reagent combinations. Across both groups, the KAPA Blood Direct
reagent was determined to be the optimal reagent for inhibition relief in PCR.

CR s used to detect biological warfare agents (BWAs) from var-

ious sample types (1-5). In this context, multiple PCR inhibitors
negatively affect agent detection; these are known to include com-
pounds such as humic acids, hemoglobin, complex polysaccharides,
hematin, and urea (6—11). The nature of inhibition due to these com-
pounds is not always understood, although interference with the per-
formance of the polymerase and with the degradation/capture of nu-
cleic acids are thought to be common mechanisms (8).

Standard nucleic acid extraction and purification technologies
(12) can impose high operative, logistical, and temporal burdens.
Even with highly efficient extraction methods, some target nucleic
acid islost (13). Inhibitor carryover from the purification process can
also produce false-negative results for PCR detection (14). In the con-
text of BWA detection, the potential for false-negative results be-
comes increasingly important, since minimal overlap exists between
the diagnostic and therapeutic windows for these highly pathogenic
viruses and bacteria. To facilitate a faster time-to-answer and to min-
imize the operative and logistical burdens, PCR reagents with re-
ported resistance to various PCR inhibitors have been developed or
sold commercially (15-17). Modifications include N-terminal DNA
polymerase truncation (15), the addition of betaine or protease in-
hibitors (16), or the addition of bovine serum albumin (BSA) (16,
18). These modified reagents offer the possibility of testing unpro-
cessed or crude samples. All of the target nucleic acid would therefore
be present in the reaction mixture, but at the cost of maintaining the
PCR inhibitors found in the respective matrix.

In this paper, we present the results of two independent eval-
uations of commercially available inhibitor-resistant PCR re-
agents using real-time PCR assays for the detection of highly
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pathogenic bacteria and viruses. The best-performing reagent
from each evaluation was then tested by the alternate institute by
spiking BWA DNA into a panel of aerosol samples or whole blood
in order to determine whether the down-selected PCR reagents
could tolerate a variety of PCR inhibitor types.

MATERIALS AND METHODS

United Kingdom reagents and PCR conditions. A real-time PCR assay
(pXO1-MGB) designed to detect Bacillus anthracis (19) was multiplexed
with an in-house real-time PCR (Bsub) designed to detect the nonpatho-
genic species Bacillus subtilis. With the addition of a commercially avail-
able, freeze-dried, soluble spore preparation—BioBall 10K B. subtilis
(BTF, Sydney, Australia)—to the sample, the B. subtilis PCR acts as an
internal (DNA extraction) control PCR, similar in principle to systems
developed elsewhere (20). In this context, successful amplification by the
B. subtilis PCR would demonstrate that thermal hold and cycling steps
were enabling the detection of spore DNA. For this purpose, the primer
concentrations of the Bsub PCR were limited to prevent adverse compe-
tition effects with the target pXO1-MGB PCR. Assay sequences and con-
centrations are summarized in Table S1 in the supplemental material.
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A standard PCR master mix (containing 50 mM Tris-HCI, 50 uM
EGTA, 1 pg/ul BSA, 4 mM MgCl,, 0.04 U/pl JumpStart Taq polymerase
[Sigma, United Kingdom], and 200 wM deoxynucleoside triphosphates
[dNTPs]) was used as a baseline (non-inhibitor-tolerant) reference. Four
real-time PCR reagents were selected for testing on the basis of reported
inhibitor resistance: TagMan Environmental master mix 2.0 (Life Tech-
nologies), Path-ID qPCR master mix (Life Technologies), QuantiTect
1-step RT-PCR NoROX master mix (Qiagen), and TagMan Fast Virus
1-step master mix (Life Technologies). The standard PCR master mix
thermocycling profile consisted of 95°C for 3 min, followed by 45 cycles of
95°C for 15 s and 60°C for 30 s. The Environmental and Path-ID master
mixes had the same cycling conditions except with an initial temperature
(95°C) hold (hot start) of 10 min instead of 3 min. The Fast Virus and
QuantiTect master mix profiles comprised 95°C for 3 min (15 min for
QuantiTect) followed by 45 cycles of 95°C for 15 s and 60°C for 60 s. All
PCRs were performed on a SmartCycler PCR platform (Cepheid), and
results were analyzed in terms of the quantification cycle (C,), the cycle
number at which fluorescence is first detected.

Initial United Kingdom screen of inhibitor resistance chemistries.
Five commercially available compounds were chosen to represent differ-
ent mechanisms of PCR inhibition: humic acid, colloidal silica, chloro-
phyll 4, dextran sulfate, and urban dust. All compounds were purchased
from the same supplier (Sigma-Aldrich, United Kingdom). The com-
pounds were suspended in water or dimethyl sulfoxide (DMSO) (for
chlorophyll a) and were diluted to appropriate concentrations. To test the
inhibitor tolerances of the five master mixes, each PCR inhibitor was
added to PCR mixtures containing 1 pg B. anthracis and 1 pg B. subtilis
DNA. The concentration of the inhibitor was increased until complete
PCR inhibition was observed (no C,) in the majority of reactions/re-
agents. Twenty-five-microliter PCR mixtures comprised 12.5 l 2X mas-
ter mix (or 6.25 pl 4X master mix and 6.25 wl water for the Fast Virus
master mix), 2.5 pl primer-probe mixture, 5 wl B. anthracis and B. subtilis
DNA, and 5 pl inhibitor sample. All C, data were recorded and analyzed
in the United Kingdom study.

U.S. reagents and PCR conditions. Sample buffer (phosphate-buff-
ered saline [PBS; Life Technologies, Grand Island, NY]), whole blood
(Bioreclamation, Westbury, NY), and soil (National Institute of Stan-
dards and Technology, Germantown, MD) were assessed with each chem-
istry for inhibition relief. A stock soil suspension (10%, wt/vol) was gen-
erated by suspending 5 g soil in a total of 50 ml PBS with 0.05% Tween 20
(Sigma-Aldrich, St. Louis, MO). Serial dilutions of genomic DNA (B.
anthracis Ames, Brucella melitensis 16M, or vaccinia virus Lister) or RNA
(Venezuelan equine encephalitis virus [VEEV] IA/IB Trinidad donkey)
were added to the diluted matrix for a final concentration of 2.5% or
0.25% buffer, 2.5%, 0.5%, 0.25%, or 0.05% whole blood, or 0.25%,
0.005%, 0.025%, or 0.005% soil in the reaction mixture.

Five different inhibitor-resistant PCR chemistries were selected from a
previous study (17). These included three separate chemistries: Phire Hot
Start DNA polymerase (New England BioLabs, Ipswich, MA), the Phu-
sion Blood Direct PCR kit (New England BioLabs), and the KAPA Blood
PCR kit (KAPA Biosystems, Woburn, MA). In addition, two buffers
(Ampdirect buffer [Rockland Immunochemicals, Gilbertsville, PA] and
STRboost buffer [Biomatrica, San Diego, CA]) were run with the Phire
Hot Start polymerase (Phire). As noted in previous studies, these poly-
merases were not designed for real-time (TagMan) PCR detection, spe-
cifically 5'-to-3’ digestion of the labeled PCR probe (17). Therefore, 0.8 U
of Platinum Tagq (Life Technologies) was added to each reaction mixture
to ensure adequate probe hydrolysis and fluorophore detection. The Fast
Virus kit, down-selected in the United Kingdom evaluation, was also in-
cluded; however, Platinum Taq was not added to this reagent, because it is
specifically designed for real-time (TagMan) PCR.

Each reagent was run with multiple real-time PCR assays in order to assess
inhibition with varying reaction kinetics. These previously published assays
were the BAPA and Omp2a (1), VEEV NSP4 (21), and orthopoxvirus hem-
agglutinin (OP HA) (22) assays, which target the genes of B. anthracis pro-
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tective antigen (BAPA), Brucella melitensis outer membrane protein 2a,
VEEV NSP4, and orthopoxvirus hemagglutinin, respectively.

The R.A.P.1.D. platform (BioFire Diagnostics, Salt Lake City, UT) was
used for all real-time PCRs, with cycling conditions of 2 min at 95°C and
45 cycles of 95°C for 1 s and 60°C for 20 s, followed by a single fluorescence
measurement after the 60°C amplification. For VEEV, the cycling condi-
tions included a reverse transcriptase step of 50°C for 15 min, followed by
a 5-min hold at 95°C and 45 cycles of 95°C for 1 s and 60°C for 20 s using
the SuperScript One-Step RT-PCR system (Life Technologies, Grand Is-
land, NY) supplemented with 0.25 mM BSA (Sigma-Aldrich, St. Louis,
MO). A PCRwas considered positive if the C, value was less than 40 cycles.

Initial U.S. screen of inhibitor resistance chemistries. A preliminary
limit-of-detection (LoD) study was conducted with each of the six inhib-
itor-resistant master mixes involving two serial dilutions of nucleic acid:
series 1 (10 pg, 1 pg, 100 fg, 50 fg, and 10 fg) and series 2 (2 pg, 200 fg, 20
fg, 10 fg, and 2 fg). Dilutions of the matrix were run with the nucleic acid
dilution series. Series 1 was evaluated with 2.5% buffer, 2.5% and 0.25%
whole blood, and 0.25% and 0.025% soil. Series 2 was evaluated with
0.25% buffer, 0.5% and 0.05% whole blood, and 0.05% and 0.005% soil.
These combinations allowed for a preliminary estimation of the amount
of target nucleic acid detectable within different dilutions of matrix. Each
sample was run in duplicate, and both samples had to be positive for that
DNA or RNA sample to be considered positive by real-time PCR.

United Kingdom evaluation of down-selected reagents against aero-
sol samples. A horizontal wetted wall cyclone (HWWC) aerosol collector
(23) was situated in one of seven different outdoor scenarios. Each 700-
liter-min ™" HWWC was run for as long as 6 h depending on the scenario.
The collection buffer (sterile distilled water with 0.01% Tween 80 [Sigma-
Aldrich, United Kingdom]) was aspirated out of the collection zone. The
scenarios were as follows: “farmyard,” within the environs of a working
sheep farm; “airfield,” situated near the runway of an operational airfield;
“burning combustibles,” situated downwind from burning straw, wood,
and tires; “diesel generator,” situated next to an operating diesel genera-
tor; “burning fuel,” situated downwind from burning fuel; “firing range,”
situated on an operational artillery range; “dockyard,” within the environs
of a working dockyard. Buffer samples collected from the HWWC from
each scenario are shown in Fig. S1 in the supplemental material.

Five hundred microliters of each aerosol sample was spiked with B.
anthracis DNA to give a concentration of 100 fg-pl~'. To incorporate a
DNA extraction control system into the test procedure, a single 10K
BioBall (bioMérieux) containing 10,000 B. subtilis NCTC 10040 spores
was added to each sample. Ten-microliter replicates of each sample (con-
taining 1 pg B. anthracis DNA and approximately 200 B. subtilis spores)
were then tested by this multiplexed PCR using the down-selected inhib-
itor-resistant master mixes (Fast Virus, United Kingdom; KAPA, United
States) and the standard PCR master mix (United Kingdom). PCR mix-
tures comprised 2.5 pl of a primer-probe mixture, 10 l cyclone sample,
and either (i) 6.25 pl 4X master mix (Fast Virus), (ii) 12.5 pl 2X master
mix (KAPA) and 0.8 U Platinum Tag, or (iii) 12.5 pl of the standard 2X
master mix. Reaction volumes were adjusted to 25 .l with the addition of
water. Eight replicates of each sample were tested with each PCR reagent.
A blank cyclone buffer sample was also tested with each PCR reagent to act
as a negative control (no PCR inhibitor).

U.S. evaluation of down-selected reagents against whole-blood sam-
ples spiked with BWA DNA. Following the preliminary LoD determina-
tion, the reagents selected by the U.S. (KAPA) and United Kingdom (Fast
Virus) groups were assessed for LoD confirmation with each real-time
PCR assay in whole blood. Confirmation of the LoD required 29/30 rep-
licates to be positive. If fewer than 29 replicates yielded positive results, the
LoD determination was repeated at the next higher target concentration
until at least 29 replicates were positive. Using this metric, the LoD was
confirmed with 85% success at ~95% confidence at a specific concentra-
tion based on binomial sampling statistics. This analysis was performed at
either 2.5% (1:10 dilution of whole blood) or 0.5% (1:50 dilution of whole
blood) of the sample matrix.
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FIG 1 Inhibitor tolerances of five real-time PCR master mixes. Each PCR mixture contained 1 pg B. anthracis DNA (Ames) with increasing concentrations of humic
acid, urban dust, colloidal silica, chlorophyll a, or dextran sulfate. Black, standard master mix; red, TagMan Environmental master mix 2.0; blue, Path-ID qPCR
master mix; green, QuantiTect 1-step RT-PCR NoROX master mix; beige, TagMan Fast Virus 1-step master mix. Error bars represent standard deviations from

three replicates.

RESULTS

Initial United Kingdom screen of inhibitor resistance chemis-
tries. PCR (pXO1-MGB) results from each United Kingdom re-
agent-inhibitor combination are graphically represented in Fig. 1.
Briefly, increasing the concentration of each inhibitor resulted in
elevated C, values and/or an increased number of negative repli-
cates with nearly all reagents tested. At the highest concentration
of each inhibitor, only the Fast Virus reagent supported effective
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PCR performance for both PCR assays in the multiplex PCR
(Bsub PCR assay [data not shown]). The TagMan Fast Virus
1-step master mix was therefore chosen as the down-selected re-
agent by the United Kingdom group.

Initial U.S. screen of inhibitor resistance chemistries. We de-
termined preliminary LoDs s (pLoDs) for 4 different real-time
PCRs with each of the 5 U.S. formulations and the Fast Virus
master mix in sample buffer, whole blood, and soil in order to
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TABLE 1 Preliminary LoD determination by the U.S. group for four PCR assays with six inhibitor-resistant PCR reagents in varying total reaction

concentrations of DPBS, soil, and whole blood

LoD with the indicated % of:

1X DPBS Whole blood Soil
Assay and reagent 25.0 5.0 2.50 0.50 0.25 0.05 0.25 0.05 0.025 0.005
BAPA
Phire 10 pg 10 fg ND 20 fg 50 fg 10 fg ND 10 fg 10 fg 10 fg
Phusion 50 fg 2 pg 50 fg 2 pg 50 fg 2fg 50 fg 2 fg 10 fg 2 fg
KAPA 50 fg 10 fg 50 fg 10 fg 100 fg 10 fg 1pg 200 fg 10 fg 20 fg
Fast Virus 100 fg 20 fg ND 2 pg 1 pg 200 fg 1 pg 200 fg 100 fg 200 fg
Phire plus STRboost 10 fg 2 pg ND ND 10 pg 2 pg 1 pg 2 pg 100 fg 2 pg
Phire plus Ampdirect 50 fg 200 fg ND 10 fg ND 200 fg ND 200 fg 100 fg 200 fg
Omp2A
Phire 50 fg 200 fg 1pg 10 fg 100 fg 200 fg 10 pg 10 fg 100 fg 200 fg
Phusion 10 fg 200 fg ND ND ND 200 fg 10 fg 2 fg 50 fg 2 pg
KAPA 10 fg 200 fg 1pg 200 fg 100 fg 200 fg 100 fg 200 fg 50 fg 2 pg
Fast Virus 1pg 200 fg 10 pg 2pg 100 fg 200 fg 50 fg 20 fg 10 fg 200 fg
Phire plus STRboost 1 pg 200 fg 10 pg 2 pg 50 fg 200 fg 50 fg 200 fg 50 fg 200 fg
Phire plus Ampdirect 50 fg 200 fg 100 fg 200 fg 10 pg 200 fg ND 10 fg 10 fg 200 fg
VEEV NSP
Phire 10 fg 10 fg ND 200 fg 10 fg 20 fg ND 10 fg 10 fg 2fg
Phusion 10 fg 2 fg ND 200 fg ND 2fg 1 pg 2 fg 10 fg 10 fg
KAPA 10 fg 2 fg 10 pg ND 50 fg 2fg 10 fg 2 fg 10 fg 2 fg
Fast Virus 50 fg 20 fg ND ND 10 pg 2 pg 10 fg 10 fg 10 fg 20 fg
Phire plus STRboost 50 fg 10 fg 50 fg 100 fg 50 fg 50 fg 10 fg 10 fg 50 fg 20 fg
Phire plus Ampdirect 10 fg 10 fg ND ND 10 pg 200 fg ND 2 pg 10 fg 10 fg
OP HA
Phire 10 pg 200 fg ND 2 pg ND 20 fg ND ND 1pg 2 pg
Phusion 100 fg 200 fg ND ND 1pg 20 fg 1pg 200 fg 10 fg 20 fg
KAPA 100 fg 200 fg 1pg 200 fg 50 fg 20 fg 50 fg 20 fg 10 fg 200 fg
Fast Virus 1 pg 2 pg 10 pg 2 pg 1 pg 200 fg 50 fg 20 fg 50 fg 200 fg
Phire plus STRboost 100 fg 200 fg ND 2pg 50 fg 10 fg 10 fg 20 fg 10 fg 10 fg
Phire plus Ampdirect 100 fg 200 fg ND 200 fg ND 200 fg ND 2 pg 50 fg 200 fg

@ The lowest concentration at which both replicates of duplicate samples yielded positive

determine the potential impact for inhibition relief across assays
(Table 1). The addition of serial dilutions of nucleic acid to dilu-
tion series of the matrix showed that no single set of reactants
performed optimally in all matrices or across different assays.
Counterintuitively, the buffer (Dulbecco’s PBS [DPBS]) induced
some inhibition, based on observed pLoDs and dilution of the
buffer matrix. On the basis of these and previous data (17), the
U.S. group down-selected the KAPA Blood Direct reagent. Specif-
ically, KAPA was the only chemistry that detected target nucleic
acid for all assays at the highest concentrations of soil and whole
blood.

United Kingdom evaluation of down-selected reagents
against aerosol samples spiked with BWA DNA and B. subtilis
spores. PCR results for each reagent—aerosol collector sample
combination can be found in Table 2. Briefly, the U.S.-down-
selected KAPA-Platinum Taq combination mix supported the ac-
tivity of each PCR in the presence of each of the aerosol collector
samples, except for the Bsub internal-control PCR with the air-
field cyclone sample. The United Kingdom-selected Fast Virus
reagent supported the activity of each PCR except for the airfield
cyclone sample, where no PCR activity (either pXO1 or BSub2)
was supported. Except for the firing-range cyclone sample, all of
the aerosol collector samples inhibited PCRs with the standard

February 2014 Volume 80 Number 4

results. ND, not detected.

PCR master mix. General linear models were fitted to the C, data.

In the majority of cases where C, values could be compared, Fast
Virus PCRs gave significantly lower C, values than most of the
KAPA PCRs (Table 2). C, values and analysis differed across the
aerosol samples. In general, the airfield sample induced more fail-
ures than the other samples, and the burning-combustibles and
burning-fuels samples produced higher C, values. The dockyard
sample and the buffer control produced lower C, values (analysis
not shown).

U.S. evaluation of down-selected reagents against whole-
blood samples spiked with BWA DNA. The LoD confirmation
procedure documented the abilities of both the Fast Virus and
KAPA reagents to detect several BWA targets across a statistically
relevant number of replicates in a blood matrix. We chose whole
blood, as opposed to soil, for LoD confirmation, because the pLoD
evaluation showed blood to be the more challenging of the matri-
ces tested. The concentrations determined in the pLoD evaluation
often did not reflect the confirmed LoD. This was due to the dif-
ficulty of achieving the necessary 29 of 30 positive replicates for
confirmation. In cases where this issue arose, we increased the
amount of nucleic acid and reran the 30 replicates. Based on the
data, optimal inhibition relief depended greatly on the specific
assay in question (Table 3). For example, the Fast Virus reagent
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TABLE 2 Comparison by the United Kingdom group of the performances of down-selected inhibitor-resistant PCR reagents tested against aerosol

collector samples spiked with B. anthracis DNA and B. subtilis spores

No. of positive PCRs” (mean qu’) for:

Target pXO1-MGB (B. anthracis) PCR

DNA extraction control Bsub (B. subtilis) PCR

Standard PCR Fast Virus 1-step KAPA Blood PCR Standard PCR Fast Virus 1-step KAPA Blood PCR

Sample type master mix master mix master mix master mix master mix master mix
Airfield 0/8 0/8 8/8 (32.37) 0/8 0/8 0/8

Sheep farm 0/8 8/8 (31.30) 8/8 (31.50) 0/8 8/8 (37.62) 8/8 (28.81°)
Burning combustibles 0/8 8/8 (32.59%) 8/8 (33.68) 0/8 8/8 (29.929) 8/8 (30.85)
Diesel generator 0/8 8/8 (31.229) 8/8 (32.58) 0/8 8/8 (29.947) 8/8 (30.60)
Burning fuels 0/8 8/8 (32.93%) 8/8 (33.67) 0/8 8/8 (29.817) 8/8 (30.59)
Firing range 8/8(33.91) 8/8 (31.91) 8/8 (32.34) 718 (34.04) 8/8 (28.59%) 8/8(29.79)
Dockyard 0/8 8/8 (30.63) 8/8 (31.58) 0/8 8/8 (28.307) 8/8 (29.13)
Sterile distilled water + 8/8 (33.64) 8/8 (30.93°) 8/8 (31.30°) 8/8 (31.40) 8/8 (29.46°) 8/8 (29.94°)

0.01% Tween 80

“ From 8 replicates.

b C,» PCR cycle number at which fluorescence was first detected in 45-cycle PCR. Means were calculated for positive PCRs only.
¢ Significantly lower than the C, value for the respective PCR with the standard PCR master mix (99% confidence level).

“ Significantly lower than the C, value for the respective PCR with the KAPA Blood PCR master mix (99% confidence level).

¢ Significantly lower than the C, value for the respective PCR with the Fast Virus 1-step master mix (99% confidence level).

detected 200 fg orthopoxvirus DNA (OP HA assay) while detect-
ing 2 pg B. anthracis DNA (BAPA assay) in reaction mixtures with
the same percentage of blood. Similarly, the KAPA reagent de-
tected 100 fg BAPA and 1 pg OP HA DNA in reaction mixtures
with the same percentage of blood. Overall, the KAPA reagent
performed more consistently, as reflected in the consistently lower
concentration of target material detected at a higher percentage of
whole blood.

DISCUSSION

This study reports on the evaluations of nine commercially available
PCR reagents for inhibitor resistance. The United Kingdom group
evaluated reagents specifically designed to support real-time (Tag-
Man) PCR, while the U.S. group evaluated reagents selected from a
previous study (17), which were not specifically designed to support
TagMan PCR chemistry. For reagents that did not support TagMan
chemistry, Platinum Taq was included in the reaction mixture to
allow for probe hydrolysis and detection. Reagents were evaluated
across a spectrum of environmental and clinical matrices for inhibi-
tion relief across a wide range of PCR inhibitors, many of which were
not part of the individual manufacturers’ intended application of
their respective products. For example, the information supplied
with the reagents indicates that the Environmental and Path-ID mas-
ter mixes allow for real-time PCR with environmental and animal
health samples, respectively, while the Fast Virus master mix is de-

signed for real-time PCR in samples containing inhibitors found in
blood and stool. All U.S. reagents were developed to facilitate PCR
from blood samples except for the Phire reagent, which is marketed as
an enhanced polymerase.

The overarching evaluation was conducted within the framework
of two independent research programs. The United Kingdom study
was conducted primarily to find inhibition relief in environmental
samples, while the U.S. study was targeted at both clinical and envi-
ronmental samples. No funding was available to plan and conduct a
joint evaluation; there was only an avenue for exchanging informa-
tion and preparing a report on the data generated. The decision that
each institute would test the “best” reagent, as determined by the
other, exposes a potential limitation to the evaluation. A given reagent
tested at one institute may not have been tested against its optimal
sample type at the other. For example, the United Kingdom-screened
Path-ID reagent, designed for use against animal health samples, has
not been tested against animal health (or similar clinical) sample
types in the overall study.

United Kingdom evaluation and test of the Fast Virus and
KAPA Blood Direct reagents in aerosol samples. The United
Kingdom evaluation utilized a multiplexed PCR assay comprising
an assay for a BWA target (B. anthracis) and an internal-control
PCR with a non-BWA target (B. subtilis). The initial study indi-
cated that the Fast Virus reagent had a clear performance advan-
tage over the other three inhibitor-resistant reagents when tested

TABLE 3 Determination by the U.S. group of LoDs for four PCRs with the KAPA and Fast Virus reagents within whole blood

KAPA reagent Fast Virus reagent
Assay LoD (% matrix?®) Cqb (CV9) LoD (% matrix) C, (CV)
BAPA 100 fg (2.5) 33.51 (3.01) 2pg (0.05) 30.61 (0.82)
Omp2A 200 fgd (0.5) 33.93 (16.31) 200 fg (0.05) 34.51 (2.53)
VEEV NSP 10 pg (0.25) 26.75 (1.12) 2 pg (0.05) 30.56 (3.72)
OP HA 1pg (2.5) 35.18 (6.28) 200 fg (0.05) 36.36 (2.23)

“ % matrix, percentage of blood in the reaction mixture.
b PCR cycle number at which fluorescence was first detected in 45-cycle PCR.

¢ CV, coefficient of variation, calculated as [(standard deviation of the mean/mean) X 100] and expressed as a percentage.

4 Twenty-nine of 30 replicates were positive.
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against increasing concentrations of five environmental PCR in-
hibitors. At the highest concentrations of three inhibitors (humic
acid, urban dust, and dextran sulfate), only the Fast Virus reagent
supported PCR activity, while for the other two, colloidal silica
and chlorophyll g, the QuantiTect and Path-ID reagents, respec-
tively, also allowed positive PCRs. The study was not extended to
determine the concentrations at which the Fast Virus reagent
would not support PCR, although for some compounds (urban
dust and chlorophyll a), at the highest concentrations, the Fast
Virus C, values were higher than previous values.

The second round of the United Kingdom study focused on
testing contrived aerosol samples from 7 different scenarios,
which were generated in an attempt to gather as wide a range of
inhibitors found in urban, rural, and military environments as
possible. PCR mixtures (for both Fast Virus- and KAPA-sup-
ported PCRs) contained 40% crude sample (10 pl of a 25-pl total
reaction mixture). The presence of undetermined PCR inhibitors
in all samples was observed by the failure of the standard PCR
master mix to generate any positive results for 6 sample types and
by the elevated Bsub PCR C, values from the firing-range sample.
It was notable that the one sample with which the two inhibitor-
resistant master mixes could not completely prevent inhibition
was the airfield sample, which had no observable particulates. Al-
though we have not determined what the PCR inhibitor was in the
airfield sample, this should be considered if any biosurveillance
system is to be run in the vicinity of jet aircraft. Where present,
particulates were purposely left in the reaction mixtures, in order
to give as robust a challenge as possible, and also because high
levels of particulates can be associated with increased levels of
aerosolized pathogens (24). Samples that did contain observable
particulates (burning combustibles, burning fuels) did not cause
total PCR inhibition, even though these samples had a dark black
coloration. However, the C, values with these two samples were
higher than those with some of the other samples. The SmartCycler
PCR system requires reaction tubes to be centrifuged before inser-
tion into the platform, which pulls particulates to the bottom of
the reaction chamber; this procedure appears not to have affected
the optical measurement of fluorescence while still allowing sam-
plelysis and the release of DNA from the sample (and nontarget B.
subtilis control spores) by the thermal hold and cycling steps.

Due to the small amounts of sample available, we were unable
to undertake limit-of-detection studies with the aerosol samples.
Therefore, it was not possible to determine whether the signifi-
cantly lower C, values generally observed across most sample
types when the Fast Virus reagent was used would have resulted in
a greater sensitivity of PCRs with this reagent than with the KAPA
Blood reagent. Each sample tested contained 1 pg of B. anthracis
Ames DNA, an amount corresponding to approximately 175 ge-
nome equivalents (GEs) (3). With mean C, values in the low 30s,
it would appear possible that at least a 10-fold decrease in agent
concentration could be detected by these assays and reagents. In
context, 17.5 GEs in a 10-pl sample volume would equate to an
agent concentration of 1.75 X 10> CFU-ml™' (17.5 X 100) in an
aerosol sample.

This extrapolation does not account for factors such as the
efficiency of spore lysis within the PCR assay chamber and/or the
presence or absence of DNA on spore surfaces (25). Although by
adding B. subtilis spores into the PCR we have shown that direct
detection of spore DNA is possible, it may be that in this instance,
the PCR thermal hold (95°C; 2 or 3 min) and subsequent cycling
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steps are simply releasing DNA from the exospore and are not
facilitating spore lysis and thus access to endospore DNA. Al-
though reasonable amounts of exosporium-associated DNA (ap-
proximately 2 fg per spore) have been found on Bacillus spores
(26), it has also been shown that PCR detection from B. anthracis
spores can be enhanced by incorporating a pre-PCR sonication
lysis step into the assay procedure (27). Therefore, depending on
the target agent(s), it may be necessary to engineer a rapid lysis
step into a collector or assay consumable, when an inhibitor-re-
sistant polymerase is used in a biosurveillance system, in order to
meet or exceed the potential LoD stated above. Of note, any such
lysis steps may have to be mechanical, since we are aware that
direct addition of lysis buffers containing guanidinium salts, as
found in many DNA extraction kits, can inhibit PCRs conducted
with the Fast Virus master mix (S. A. Weller, unpublished data).

Both the Fast Virus and KAPA reagents offer advantages and
disadvantages in the testing of environmental samples for biosur-
veillance purposes. The KAPA reagent demonstrated inhibitor re-
sistance across all samples. The Fast Virus reagent is a 4X master
mix (including a reverse transcriptase enzyme), increasing by 6.25
1 the volume available for a crude sample in a 25-l PCR mixture
(over that with the KAPA 2X master mix). This would improve
the probability of detection in samples with low titers of the agent.
However, this reagent was completely inhibited by the airfield
sample, indicating the importance of the internal-control assay in
reducing the chance of false-negative results—as observed in
other aerosol testing studies (28).

U.S. evaluation and testing of the Fast Virus and KAPA Blood
Direct reagents in whole-blood samples. For the initial U.S. eval-
uation, 5 different chemistries plus the Fast Virus master mix were
tested for inhibition relief in clinical (whole-blood) and environ-
mental (soil) samples. With the exception of the Fast Virus re-
agent, these chemistries were optimized for non-real-time PCR
applications; Platinum Taq was added for efficient probe hydro-
lysis and detection. A preliminary LoD was determined with 4
different real-time PCR assays for detecting B. anthracis, B.
melitensis, VEEV, and Orthopoxvirus spp. No single chemistry per-
formed best across all assays and sample matrices. This was ex-
pected, because previous analyses had shown these reagents to be
sensitive to perturbations of reactants in terms of the matrix tested
(17). In these analyses, the KAPA reagent performed solidly in
whole blood and soil across the multiple assays queried. Confirm-
ing a finding of the United Kingdom evaluation, the Fast Virus
reagent relieved inhibition when the soil sample was tested. How-
ever, its poor performance in whole blood was surprising, since
this reagent was recommended by the manufacturer for use with
blood and stool samples. The poor performance of the Fast Virus
reagent in blood may result from insufficient testing and develop-
ment in a whole-blood matrix, as opposed to testing and develop-
ment with specific inhibitors, such as hemoglobin, as noted in the
manufacturer’s literature.

The second round of the U.S. study consisted of more-detailed
LoD determinations with the KAPA and Fast Virus reagents, con-
ducted using a clinical sample (whole blood) spiked with patho-
gen nucleic acids and analyzed with cognate real-time PCR assays.
This analysis confirmed the performance advantage observed
across assays with the KAPA reagent in pLoD evaluations. Specif-
ically, the KAPA reagent detected larger amounts of target nucleic
acids in higher percentages of whole blood than the Fast Virus
reagent. Typically, pLoD estimations are relatively good indica-
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tors of the statistically relevant LoD; in this analysis, however, it
was often difficult to produce the minimum 29 of 30 positive
replicates under pLoD conditions. The most logical explanation
for this observation is variability in inhibitor concentrations. Be-
cause we performed these analyses with a complex clinical sample
matrix as opposed to discrete inhibitors, the concentrations of the
numerous inhibitors in whole blood could differ significantly
from sample to sample. These observations suggest that testing
inhibition in the endpoint context, such as the relevant sample
matrix, rather than with discrete inhibitor compounds will yield a
more accurate reflection of diagnostic assay performance.

Examination of real-time PCR results with the B. anthracis-
specific BAPA PCR further characterizes the potential for clinical
utility of inhibitor-resistant PCR. Specifically, the KAPA reagent
generated the most-sensitive PCR results, with a LoD of 100 fg
DNA in a reaction mixture containing 2.5% whole blood. One
hundred femtograms of B. anthracis Ames strain DNA corre-
sponds to 17.5 genome equivalents (3), and in a 20-pl PCR mix-
ture, 2.5% equates to a volume of 0.5 pl. Extrapolating upward, 20
GEs in a 0.5-pl volume would equate to a detectable agent con-
centration of 3.5 X 10* CFU-ml ™' (17.5 X 2,000) in whole blood.
Although this is an improvement over the 10°-CFU-ml ™" level
observed in a previous inhibitor resistance study with a Francisella
tularensis PCR (17), an alternate study has demonstrated a point-
of-care (PoC) PCR system, with integrated sample processing and
DNA extraction, that is able to detect B. anthracis at sensitivities of
10°> CFU-ml ™" and below in whole blood (29). Similarly, sample
processing evaluations using the same PCR assays as those used
here showed a relative sensitivity of 5 X 10" CFU-ml™" in whole
blood when the nucleic acid was extracted (13). B. anthracis con-
centrations of 10° to 10" CFU-ml™" are comparable to the first
culturable levels for bacteremia observed in individual animals in
a B. anthracis primate infection model (30).

These results imply that systems with sample preparation can
at present deliver better performance than direct analysis of a
crude clinical sample with an inhibitor-resistant reagent. How-
ever, the current performance of the B. anthracis BAPA PCR with
the KAPA Blood reagent showed detection of B. anthracis DNA at
a range that was clinically relevant and has potential for clinical
utility. Strategies that could improve the performance of this
PCR-reagent combination could include increasing the volume of
the existing PCR mixture to allow more unprocessed sample to be
analyzed or developing reagents that can withstand higher con-
centrations of whole blood.

Summary. In this evaluation, the reagent with optimal inhib-
itor resistance was the KAPA Blood Direct master mix with added
Platinum Tagq. The manufacturers’ information indicates that the
polymerase within the KAPA product has been engineered specif-
ically to allow direct amplification of DNA from blood, whereas
the inhibitor tolerance of the Fast Virus reagent is conferred by
additives in the reagent rather than by a reengineered polymerase.
We do not know the unit polymerase number for either of these
two reagents, since this information is not provided by the man-
ufacturers. The addition of extra Taq has been shown to confer
inhibitor resistance against some matrices (31); however, it is un-
likely that the higher inhibitor resistance of the KAPA reagent
(which had added Platinum Tagq) than of the Fast Virus reagent is
due to this. This is evidenced by the analysis of the aerosol samples,
where the same assays with different reagents generally produced
significantly lower C, values for the Fast Virus master mix. This
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suggests that elevated levels of Taq did not increase PCR efficiency
in the overall KAPA mix and that the inhibitor resistance was
conferred by the engineered polymerase. This also suggests that a
reagent with both an engineered polymerase and reagent additives
could offer an increased level of inhibitor resistance.

This is not to say that PCR efficiency (the amount of DNA
amplified during each PCR cycle) would not be important in di-
rect PCR analysis of crude samples. The PCR assays used in this
study were taken from a number of research programs conducted
over the past decade and were used directly with the new master
mixes, with only minor (the amount of additional Taq in U.S.
PCRs) or no (United Kingdom assays) reoptimization over the
previously optimized reaction conditions and reagents. It was
striking to observe the different LoDs from individual PCRs con-
ducted in different chemistries, as well as the effects of different
inhibitors on LoDs. A recent study (32) in which seven PCR assays
for the malaria parasite Plasmodium falciparum were tested under
standardized conditions showed better performance (in terms of
LoD, precision, and consistency) for higher-efficiency than for
lower-efficiency PCRs. It would therefore seem intuitive that to
fully exploit the inhibitor resistance of a given reagent, and to
narrow the gap in performance between different assays, PCRs
with high efficiency, which have also been fully optimized with the
chosen master mix, should be used.

In general, inhibitor-resistant PCR master mixes offer poten-
tial for direct analysis of samples, without sample preparation, for
both environmental and clinical substrates. Factors that should be
considered include the use of optimized, highly efficient PCR as-
says, any requirement for preassay treatments to rapidly lyse re-
calcitrant cell types (i.e., spores), and the need to include as much
crude sample in the PCR mixture as possible. Even in laboratories
where sample preparation is still considered to be applicable (i.e.,
automated high-throughput clinical laboratories), the uptake of
inhibitor-resistant master mixes could improve the overall diag-
nostic sensitivity of the laboratory by reducing the number of
inhibited reactions, e.g., from inhibitor carryover in purified DNA
preparations (14).
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