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Real-Time PCR Assay To Detect Smallpox Virus
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We developed a highly sensitive and specific assay for the rapid detection of smallpox virus DNA on both the
Smart Cycler and LightCycler platforms. The assay is based on TagMan chemistry with the orthopoxvirus hem-
agglutinin gene used as the target sequence. With genomic DNA purified from variola virus Bangladesh 1975,
the limit of detection was estimated to be approximately 25 copies on both machines. The assay was evaluated
in a blinded study with 322 coded samples that included genomic DNA from 48 different isolates of variola
virus; 25 different strains and isolates of camelpox, cowpox, ectromelia, gerbilpox, herpes, monkeypox, myx-
oma, rabbitpox, raccoonpox, skunkpox, vaccinia, and varicella-zoster viruses; and two rickettsial species
at concentrations mostly ranging from 100 fg/pl to 1 ng/pl. Contained within those 322 samples were variola virus
DNA, obtained from purified viral preparations, at concentrations of 1 fg/pl to 1 ng/pl. On the Smart Cycler
platform, 2 samples with false-positive results were detected among the 116 samples not containing variola virus
tested; i.e., the overall specificity of the assay was 98.3%. On the LightCycler platform, five samples with false-
positive results were detected (overall specificity, 95.7%). Of the 206 samples that contained variola virus DNA
ranging in concentrations from 100 fg/pl to 1 ng/pl, 8 samples were considered negative on the Smart Cycler
platform and 1 sample was considered negative on the LightCycler platform. Thus, the clinical sensitivities were
96.1% for the Smart Cycler instrument and 99.5% for the LightCycler instrument. The vast majority of these
samples were derived from virus-infected cell cultures and variola virus-infected tissues; thus, the DNA material
contained both viral DNA and cellular DNA. Of the 43 samples that contained purified variola virus DNA ranging
in concentration from 1 fg/pl to 1 ng/pl, the assay correctly detected the virus in all 43 samples on both the Smart
Cycler and the LightCycler platforms. The assay may be useful for the early detection of smallpox virus infections
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should such infections occur as a result of a deliberate or an accidental recurrence.

Smallpox, once a devastating disease, was eradicated in
1977, but stocks of variola virus still exist. Amid serious con-
cerns that the virus may emerge as a biological weapon, efforts
are mounting to replenish the vaccine supply and develop new
drugs and diagnostic methods for the early detection of infec-
tion. DNA-based techniques have been developed for the early
detection and identification of several orthopoxviruses. These
methods include PCR, nucleic acid sequencing, and restriction
fragment length polymorphism analysis (3, 14, 15, 16, 17, 21,
22, 23). Of those methods, sequencing provides the highest
level of specificity for species or strain identification, but the
sequencing techniques available at present are not yet practical
as rapid diagnostic tools in most laboratories. Restriction frag-
ment length polymorphism analysis also provides a high level
of specificity, and when it is combined with PCR amplification,
it can offer a high level of sensitivity; however, it is not yet
suitable for rapid diagnosis, as it involves multiple highly tech-
nical steps and may not be appropriate for all types of samples.
One of the most promising approaches for rapid and sensitive
diagnosis is the real-time 5’ nuclease PCR assay, also known as
the TagMan assay. Previously, we reported on the selection of
the gene for the hemagglutinin, a gene that distinguishes the
genus Orthopoxvirus from other poxvirus genera, as a suitable
sequence target for genus- and species-specific PCR tests (1, 2,
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10, 11) and the potential utility of 5" nuclease assays for the
diagnosis of orthopoxvirus infections (10, 11). Here, we report
on the development of a real-time TaqMan assay based on the
hemagglutinin gene for the sensitive and specific detection of
variola virus, the causative agent of smallpox, on portable real-
time detection devices: the Smart Cycler instrument (Cepheid,
Sunnyvale, Calif.) and the LightCycler instrument (Roche Mo-
lecular Systems, Indianapolis, Ind.).

MATERIALS AND METHODS

Viruses and DNA preparation. The orthopoxviruses and controls used in the
study (Table 1) included 48 isolates of variola virus; 25 different strains and
isolates of camelpox, cowpox, ectromelia, gerbilpox, herpes, monkeypox, myx-
oma, rabbitpox, raccoonpox, skunkpox, vaccinia, and varicella-zoster viruses; and
two rickettsial species. The origins, propagation, and harvesting procedures for
these viruses are documented elsewhere (23). Variola virus infectious titers were
determined by the plaque assay and were between 10® and 10’ PFU/ml. DNA
was extracted from virus-infected cells, virions, and scabs by using the Aquapure
DNA kit (Bio-Rad). Briefly, 100 pl of the cell lysate or scab suspensions was
mixed with 500 ul of Aquapure lysis buffer, the mixture was incubated at 55°C for
4 to 12 h and cooled to 37°C, and 5 .l (12 pg) of Aquapure RNase solution was
added. The mixture was incubated at 37°C for 5 min, and then 200 pl of Aqua-
pure protein precipitation solution was added and the components were mixed
by vortexing. The samples were centrifuged at 13,000 X g for 20 min, the super-
natants were transferred into sterile microcentrifuge tubes, 600 pl of isopropanol
was added, and the DNA was precipitated by centrifugation at 13,000 X g for
5 min. The DNA was washed once with 70% alcohol, suspended in 50 ul of
Aquapure DNA hydration buffer, and stored at —20°C until use. Prior experi-
ments demonstrated that the material was noninfectious after 60 min of incu-
bation at 55°C in Aquapure lysis buffer.

PCR primers, target sequences, and fluorogenic probe. The sequences of
primers OPXJ7R3U (5'-TCATCTGGAGAATCCACAACA-3") and OPXJ7R3L
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TABLE 1. List of orthopoxviruses and other viral and
rickettsial species tested in a blinded study

Species or sample Strain, isolate, or source

Camelpox virus 78-1-903
Camelpox virus LLC?
Camelpox virus 2379
COWPOX VITUS woeeerrriencecieneneeeeseesceeneneseeeesesesesenens Brighton
Ectromelia virus Moscow
Gerbilpox virus CDC*

Herpes simplex virus type 1.. ..HFEM“

Herpes simplex virus type 1 Justin

Herpes simplex virus type 2 v02

Human genomic DNA supT
Monkey genomic DNA BSC40
Monkeypox virus Zaire 79-0005
Monkeypox virus 79-0266
Monkeypox virus v96-1-16
Myxoma virus CDC
Rabbitpox virus CDC
Raccoonpox virus CDC
Rickettsia conorii CDC
Rickettsia akari CDC
Skunkpox virus CDC
Vaccinia virus IHDW¢
Vaccinia virus Lister
Vaccinia virus Wyeth/Dryvax

Vaccinia virus

Vaccinia virus

Varicella-zoster virus
Varicella-zoster virus

Water
Variola virus ........
Variola virus .
Variola virus ........
Variola virus

Variola virus

Variola virus

Variola virus

Variola virus

Variola virus

Variola virus

Variola virus

Variola virus

Variola virus
Variola virus
Variola virus .
Variola virus ........
Variola virus

Wyeth clone
pGS68-9-v1-1-1
OKA
Webster
NA“

102

103
7124
7125
66-39
68-59
68-258
70-222
70-228
72-119
72-143
73-175
73-225
77-1252
77-1605
77-227

Variola virus

Variola virus

Variola virus

Variola virus

Variola virus

Variola virus

Variola virus

Variola virus

Variola virus
Variola virus .
Variola virus ........
Variola virus

Variola virus
Variola virus

Bombay
Brazil Garcia
BSH

Butler
Congo
Ethiopia 17
Harper
Harvey
Heidelberg
Higgins
Hinton
Horn

Iran

Juba

Variola virus

Variola virus

Variola virus

Variola virus

Variola virus

Variola virus

Variola virus

Variola virus
Variola virus .
Variola virus ........
Variola virus

Variola virus

K1629

Kali Mathu
Kembula
Minn. 124
MS Lee
Nepal

New Delhi
Nigeria Kudano
Nur Islam
Rafiq Lahore
Rumbec
Shahzaman

Variola virus

Solaiman

Variola virus

Stillwell

Variola virus

Yamada

Afghanistan Variolator 4

“ NA, not applicable.

® LLCMK2 monkey kidney cell passage of Somalia camelpox virus.
¢ CDC, Centers for Disease Control and Prevention.

< HF strain.

¢ IHDW, International Health Department.
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(5'-CATCATTGGCGGTTGATTTA-3') and probe VARJ7R3P (5'-CAAGAC
GTCGGGACCAATTACTAATA-3") were selected from the sequence of the
hemagglutinin gene (open reading frame J7R; GenBank accession no. 1.22579)
with the aid of Oligo software (version 5.0; National Biosciences). The primers
were synthesized by using standard phosphoramidite chemistry with an ABI 394
DNA/RNA synthesizer (Applied Biosystems). The TagMan probe was synthe-
sized by Perkin-Elmer Biosystems (Foster City, Calif.) and contained 6-carboxy-
fluorescein at the 5' end and 6-carboxytetramethylrhodamine and a phosphate at
the 3" end.

Cloning and sequencing of variola virus J7R fragment. A fragment of 942 bp
which contained the hemagglutinin gene was amplified by PCR from the J7R
open reading frame of variola virus Bangladesh 1975 genomic DNA. The frag-
ment was cloned into the pCR-Script Amp SK(+) vector (Stratagene, La Jolla,
Calif.). Briefly, the amplified fragment was purified by ammonium acetate and
ethanol precipitation and resuspended in 20 wl of TE (Tris, EDTA) buffer, and
2 to 4 pl of the purified DNA was ligated to 10 ng of the pCR-Script Amp SK(+)
vector with T4 DNA ligase. A portion of the ligation reaction (2 wl) was used to
transform Epicurian Coli XII-Blue MRF’ Kan electroporation-competent cells.
The transformed cells were incubated in SOC medium for 1 h at 37°C and then
plated on Luria-Bertani agar plates containing ampicillin, isopropyl-B-p-thioga-
lactopyranoside, and 5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside and in-
cubated at 37°C overnight. Five to 10 transformed colonies were selected, and
plasmid preparations were made by using a Qiagen plasmid DNA kit.

5’ nuclease PCR assay. The 5’ nuclease PCR assay and amplifications condi-
tions were optimized according to the standard protocols used in our laboratory
by adjusting the primer, probe, and MgCl, concentrations as well as the thermal
cycling temperatures and duration. The reactions were carried out in 30-ul
volumes for the Smart Cycler instrument and 20-pl volumes for the LightCycler
instrument. Each reaction mixture contained PCR buffer (50 mM Tris [pH 8.3],
25 pg of bovine serum albumin per ml), 0.2 mM deoxynucleoside triphosphate
mixture, 0.4 pM each primer, 5 mM MgCl, for the Smart Cycler instrument or
7 mM MgCl, for the LightCycler instrument, 170 nM TaqMan probe for the
Smart Cycler instrument or 75 nM TagMan probe for the LightCycler instru-
ment, 1.35 U of Platinum TagDNA polymerase (Invitrogen, Carlsbad, Calif.) for
the Smart Cycler instrument or 0.8 U of Platinum TagDNA polymerase for the
LightCycler instrument, and 5 pl of template DNA. Thermal cycling for the
Smart Cycler instrument was performed as follows: 1 cycle at 95°C for 2 min,
followed by 45 cycles of 95°C for 10 s and 60°C for 45 s. For the Smart Cycler
instrument, data acquisition and analysis were done by using Cepheid Smart
Cycler software (version 1.2d). For the LightCycler instrument, thermal cycling
was performed as follows: 2 min at 95°C, followed by 45 cycles of 95°C for 1 s and
60°C for 20 s. Each capillary reaction tube was read in channel 1 (F1) at a gain
setting of 16, with a fluorescence reading taken at the end of each 60°C step. For
the LightCycler instrument, data were analyzed by using the LightCycler Data
Analysis software (version 1.1), and the results were reviewed and interpreted
before a positive or a negative result was called. All reactions that were per-
formed during testing of the coded samples included at least one positive control
that contained 5 fg (about 25 copies) of purified variola virus Bangladesh 1975
genomic DNA and one no-template control. The positive control with 5 fg of
virus DNA in each run established the threshold cycle (C,) value for positivity.
Samples yielding C, values which marginally exceeded this threshold value were
flagged for retesting. If the C, value was confirmed to exceed the threshold value
after retesting, such a sample was considered negative (i.e., the sample contained
<25 gene copies). Calculations of sensitivity and specificity were determined as
follows: percent sensitivity = [TP/(TP + FN)] X 100 and percent specificity =
[TN/(TN + FP)] X 100, where TP is the number of true-positive samples, FN is
the number of false-negative samples, TN is the number of true-negative sam-
ples, and FP is the number of false-positive samples.

RESULTS

The designs of the PCR primers and the TagMan probe as
well as the optimization of the TagMan reactions and the
cycling conditions were as described in Applied Biosystems
protocol 04304449. Plasmid J7R was constructed to facilitate
initial evaluation and optimization of the assay. The cloned
J7R insert was sequenced by standard dye terminator cycle
sequencing, and its sequence was 100% homologous to the
published sequence of variola virus Bangladesh 1975 (Gen-
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FIG. 1. LOD of the assay expressed in copy numbers. Tenfold serial dilutions of purified variola virus genomic DNA (1 fg/ul to 1 ng/pl) were
tested with TagMan probe VARJ7R3P on the Smart Cycler instrument. Each curve represents the mean fluorescence value of five different runs.
Since 5 pl was used for each concentration in each run, the numbers of copies are represented as 2.5 X 10! (2.5E + 01), 2.5 X 102, 2.5x 10, 2.5 X

10% 2.5 X 10%, 2.5 X 10° and 2.5 X 107

Bank accession no. L.22579) over 942 nucleotides (data not
shown).

The limit of detection (LOD) of the assay on the SmartCy-
cler instrument was determined from serial dilutions of plas-
mid J7R DNA as well as genomic DNA purified from variola
virions. The assay reproducibly detected 0.05 fg of plasmid
DNA and 5 fg of genomic DNA, which represents approxi-
mately 12 and 25 copies of the hemagglutinin genes from
plasmid and genomic DNAs, respectively. The data from both
plasmid and genomic DNA LOD experiments showed a linear
correlation, with a dynamic range of 7 orders of magnitude
representing approximately 25 to 25,000,000 copies. Figure 1
shows the assay’s LOD, and Fig. 2 shows the dynamic range
obtained with purified variola virus genomic DNA. Similar
results were obtained on the LightCycler instrument (data not
shown).

The assay was evaluated with a test panel that included 322
coded samples of genomic DNA from 48 different isolates of
variola virus; 25 different strains and isolates of camelpox,
cowpox, ectromelia, gerbilpox, herpes, monkeypox, myxoma,
rabbitpox, raccoonpox, skunkpox, vaccinia, and varicella-zoster
viruses; and two rickettsial species (Table 1). The concentra-
tions of the DNAs used in the test panel ranged from 100 fg/ul
to 1 ng/pl and included total viral and cellular DNAs from cell
lysates and crust material as well as purified viral DNAs. Table
2 shows a summary of the results of the blinded study obtained
with the SmartCycler instrument and DNA samples that con-
tained 100 fg to 1 ng of nucleic acids per pl. Two samples
(containing cowpox virus and Rickettsia conorii) with false-
positive results were detected among the 116 samples not con-
taining variola virus; i.e., the overall specificity of the assay was
98.3% with the SmartCycler instrument. Five samples (con-

taining cowpox, racoonpox, and ectromelia Moscow virus) with
false-positive results were detected with the LightCycler instru-
ment, resulting in an overall specificity of 95.8%. Of the 206
samples which contained DNA extracted from variola viral cell
lysates or purified variola virus ranging in concentrations from
100 fg/pl to 1 ng/pl, 8 samples were considered negative with
the Smart Cycler instrument, while 1 sample was considered
negative with the LightCycler instrument. Thus, the clinical
sensitivities were 96.1% for the SmartCycler instrument and
99.5% for the LightCycler instrument at an LOD of 25 copies.

DISCUSSION

Vaccination against smallpox was discontinued in the
United States and elsewhere nearly two decades ago, after the
disease was declared eradicated in 1979. Since then, there has
been a significant increase in the world’s population, with pro-
portionally larger numbers of people now being fully or par-
tially susceptible to smallpox virus infection. The fact that
smallpox has been eradicated does not preclude the possibility
of its recurrence as a natural or deliberate biological threat.
Although smallpox eradication is considered among the great-
est accomplishments in medical history, this achievement now
renders the smallpox virus one of the most feared weapons in
biological warfare or bioterrorism scenarios. Today, with the
ever-growing sophistication of molecular microbiology and
biotechnology, mass production of variola virus or genetically
engineered analogs for use as biological weapons is not an
inconceivable notion. It is therefore crucial that reliable diag-
nostic tests be developed for the early detection and confirma-
tion of suspected smallpox disease as a first line of defense.

Several PCR-based methods for the identification of ortho-
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FIG. 2. Dynamic range of the assay. Regression analysis was performed on the C, against log copy numbers. A total of 83 samples contained
purified variola virus genomic DNA ranging in concentrations from 1 fg/ul (25 copies) to 10 ng/ul (25 X 10° copies). The actual and predicted
values are shown with the linearity coefficient (> = 0.95; significance F = 6.7E-56).

poxviruses have been described (14, 17, 20, 21, 22, 23). Those
methods relied on analysis of the sizes of the PCR products by
agarose gel electrophoresis after restriction endonuclease di-
gestion. Although those methods provided high degrees of
specificity and allowed species differentiation and sometimes
strain differentiation, they required laborious and time-con-
suming post-PCR processing. Newer approaches that use spe-
cies-specific oligonucleotide hybridization on a microchip (12)
and fluorescence resonance energy transfer probes on the
LightCycler instrument (4) have also been described. Another
approach, the 5’ nuclease PCR or the TagMan assay, first de-
veloped by Holland et al. (9) and improved by Lee et al. (13),
allows the simultaneous amplification and detection of nucleic
acids in real time; and when the assay is combined with por-
table analytical platforms such as the Smart Cycler instrument
or the LightCycler instrument, it can be readily deployed to
field sites for use for rapid diagnostic testing. Previously, we
reported on the implementation of the TagMan assay and the
fluorogenic PCR technology for the identification of orthopox-
virus as well as other biological threat agents (5, 6, 7, 8, 10, 11).

In this study, our assay’s detection limit was evaluated with
purified variola virus genomic DNA and plasmid J7R DNA.
The detection limit with plasmid DNA was 0.05 fg, or approx-
imately 12 gene copies. With variola virus genomic DNA, the
detection limit was 5 fg, or approximately 25 genome copies.

When the assay was evaluated with 322 coded samples that
included variola virus-infected cells and tissues, purified vari-
ola virus DNA, as well as the DNA of 25 other species and
isolates of orthopoxviruses, herpes simplex virus, Rickettsia,
myxoma virus, and varicella-zoster virus, the sensitivities of the
assay were 96.1% with the Smart Cycler instrument and 99.5%
with the LightCycler instrument. The specificities were 98.3%
with the Smart Cycler instrument and 95.7% with the Light-

Cycler instrument at an LOD of 25 copies. Only 2 of the 116
samples not containing variola virus were falsely positive with
the Smart Cycler instrument, while 5 samples were false pos-
itive with the LightCycler instrument. Of the two samples with
false-positive results with the Smart Cycler instrument, one
contained cowpox virus and the other contained R. conorii. The

TABLE 2. Summary of the results of identification of variola virus
DNA extracted from 48 isolates by using the VARJ7R3P
TagMan probe on the Smart Cycler instrument”

No. of samples

Species No. of isolates positive/no. of samples
tested
Camelpox virus 3 0/11
Cowpox virus 1 1/8
Monkeypox virus 3 0/10
Ectromelia virus 1 0/8
Gerbilpox virus 1 0/8
Herpes virus 3 0/13
Human DNA 1 0/3
Monkey DNA 1 0/3
Myxoma virus 1 0/3
Rabbitpox virus 1 0/3
Raccoonpox virus 1 0/5°
Rickettsia spp. 2 1/8¢
Skunkpox virus 1 0/3
Vaccinia virus 5 0/17
Varicella-zoster virus 2 0/8
Variola virus 48 198/206¢
Water NA® 0/5

“The DNA concentrations ranged from 1 fg/ul to 1 ng/pl for variola virus
DNA and 100 fg/pl to 1 ng/pl for all other DNAs.

® The highest concentration (1 ng/ul) was positive on the LightCycler instrument.

¢ Rickettsiae spp. were negative on the LightCycler instrument.

@ The values on the LightCycler instrument were 205/206.

¢ NA, not applicable.
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samples with false-positive results with the LightCycler instru-
ment contained cOwpox, racoonpox, or ectromelia virus. Other
samples, including samples containing vaccinia virus, herpes
simplex virus type 1, and varicella-zoster virus, were initially
found to be positive with the LightCycler Detector software
program (Idaho Technologies). However, upon further inspec-
tion of the graphs for the samples, the C, values for these
samples were significantly higher than those for the positive
control. When these samples were retested, they were clearly
negative. We therefore concluded that these samples might
have become contaminated during testing. None of these sam-
ples should cross-react with the VARJ7R3P probe, as the
probe sequence is specific for variola virus under the condi-
tions used, as evident from the lack of cross-reactivity with
seven other samples containing cowpox virus, seven samples
containing Rickettsia, and samples containing other ectromelia
viruses. Moreover, the probe did not cross-react with any of the
other 73 samples containing orthopoxviruses or 3 samples con-
taining myxoma virus that were blindly tested, nor did it cross-
react with any of the 13 samples containing herpes simplex
virus or 8 samples containing varicella-zoster virus that were
included. Furthermore, the primers and probe did not cross-
react with any of 78 samples that contained the DNA of 54
different bacterial species (data not shown). It is therefore,
possible that the false-positive reactions with these samples
were due to sample contamination either during the indepen-
dent preparation of the test panel or during the setup of the
assay.

It is noteworthy that that the vast majority of these samples
were derived from cell cultures and variola virus-infected tis-
sues; thus, the DNA material contained both viral and cellular
DNAs. Of 43 coded samples that contained purified variola
virus DNA ranging in concentration from 1 fg/pl to 1 ng/pl, the
assays with both machines correctly detected the viral DNA in
all 43 samples. These results indicate that with freshly prepared
purified genomic DNA, the detection limit of the assay is 5 fg,
or about 25 copies, and that the viral DNA in the cell lysate
and crust preparations may represent about 1% of the total
DNA in these preparations.

In conclusion, this report demonstrates for the first time the
specific, real-time identification of the smallpox virus, includ-
ing 48 different isolates of variola virus obtained from clinical
samples as well as virus-infected cell cultures. We selected the
hemagglutinin gene as a target for specific differentiation be-
cause it is included in the terminal region of the genome, which
is known to be more variable than the central region (2, 14, 18,
19, 22, 23). Other terminal regions in the genome, including
the tumor necrosis factor receptor homolog and the A-type
inclusion protein, can also be used as targets for species-spe-
cific identification (2). Since the assay was able to correctly
identify 48 different isolates of variola virus, we conclude that
the sequence from which the probe was designed is conserved
within variola virus isolates.
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