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a b s t r a c t

A real-time, multiplexed polymerase chain reaction (PCR) assay based on dried PCR reagents was
developed. Only variola virus could be specifically detected by a FAM (6-carboxyfluorescein)-labeled
probe while camelpox, cowpox, monkeypox and vaccinia viruses could be detected by a TET (6-
carboxytetramethylrhodamine)-labeled probe in a single PCR reaction. Approximately 25 copies of cloned
variola virus DNA and 50 copies of genomic orthopoxviruses DNA could be detected with high repro-
ducibility. The assay exhibited a dynamic range of seven orders of magnitude with a correlation coefficient
value greater than 0.97. The sensitivity and specificity of the assay, as determined from 100 samples that
contained nucleic acids from a multitude of bacterial and viral species were 96% and 98%, respectively.
The limit of detection, sensitivity and specificity of the assay were comparable to standard real-time PCR
onkeypox
owpox
accinia
aqman
CR
eal-time PCR

assays with wet reagents. Employing a multiplexed format in this assay allows simultaneous discrimina-
tion of the variola virus from other closely related orthopoxviruses. Furthermore, the implementation of
dried reagents in real-time PCR assays is an important step towards simplifying such assays and allowing
their use in areas where cold storage is not easily accessible.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

There are at least nine recognized Orthopoxvirus species, four
f which (cowpox, monkeypox, vaccinia, and variola viruses) are
nown to cause human disease with varied severity depending on
he viral species or strain, and the host’s immune status. The most
erious disease is smallpox. During the 20th century alone, small-
ox is estimated to have caused over 300 million human deaths
Flint et al., 2004). The last naturally occurring case of smallpox
as observed in Somalia in 1977 (Fenner, 1977). However, stocks of

ts causative agent, the variola virus, still exist in two World Health
rganization repositories (the Centers for Disease Control and Pre-

ention [CDC] in Atlanta, Georgia, USA, and the State Research
enter of Virology and Biotechnology/Vector in Koltsovo, Russia).

Monkeypox virus can naturally produce disease in humans
hat closely resembles smallpox, with up to 15% mortality rates

∗ Corresponding author. Tel.: +1 301 619 2415; fax: +1 301 619 2290.
E-mail address: mohamed.aitichou@amedd.army.mil (M. Aitichou).
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Heymann et al., 1998). This virus was introduced into the United
tates in 2003 through importation of infected rodents from Ghana
emonstrating the public health importance of this agent, and its
otential as an emerging biological threat agent (Charatan, 2003;
eed et al., 2004; Ligon, 2004; Sale et al., 2006; Stephenson, 2003).

Natural infection with cowpox virus usually produces localized,
elf-limiting cutaneous disease in humans (Esposito and Fenner,
001), however, severe cases involving atopic dermatitis have also
een reported, including one fatality (Baxby et al., 1994; Pelkonen
t al., 2003). The unusual manifestation in these cases suggests vul-
erabilities of certain patients, perhaps similar to those observed
ith vaccinia virus.

While no significant disease has been attributed to camelpox
irus, some concern exists over its deliberate use as a biological
gent, mainly because of its close phylogenetic relationship to var-

ola virus (Gubser and Smith, 2002). Four additional insertions,
longated inverted terminal repeats, and a small area of gene rear-
angement present in camelpox virus are the major differences
etween camelpox and variola strain Bangladesh-1975 (Gubser and
mith, 2002).

http://www.sciencedirect.com/science/journal/01660934
mailto:mohamed.aitichou@amedd.army.mil
dx.doi.org/10.1016/j.jviromet.2008.07.018
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Table 1
Cross-reactivity results of the multiplexed Taqman PCR assays for detecting variola and other orthopoxviruses

Species/sample Isolate Conc. [Fg] Dry Ct FAM Dry Ct TET Liquid Ct FAM Liquid Ct TET

Orthopoxvirus samples
Camelpox virus Somalia 1000 0/2 2/2 0/2 2/2
Cowpox virus Brighton 1000 0/2 2/2 0/2 2/2
J7R Cloned DNA BHS 100 5/5 5/5 5/5 5/5
J7R Cloned DNA BHS 10 8/8 8/8 8/8 8/8
J7R Cloned DNA BHS 0.1 11/12a 12/12 12/12 11/12a

Monkeypx virus Zaire 96(I-16) 1000 0/4 0/4 0/4 0/4
Monkeypx virus Zaire 96(I-16) 100 0/5 0/5 0/5 0/5
Monkeypx virus Zaire 96(I-16) 10 0/6 5/6a 0/6 5/6a

Myxoma virus CDC 1000 0/2 0/2 0/2 0/2
Racconpox virus CDC 1000 0/2 2/2 0/2 2/2
Rabbitpox virus CDC 1000 0/2 2/2 0/2 2/2
Skunkpox virus CDC 1000 0/2 0/2 0/2 0/2
Tanapox virus CDC 1000 0/2 2/2 0/2 2/2
Vaccinia virus CPN 1000 0/2 2/2 0/2 2/2

Bacterial samples
Bacillus anthracis 4728 1000 0/2 0/2 0/2 0/2
Francisella tularensis NA 1000 0/2 0/2 0/2 0/2
Yersinia pseudotuberculosis 690 1000 0/2 0/2 0/2 0/2
Stpahylococcus hominis 27844 1000 0/2 0/2 0/2 0/2
Neisseria lactamica 23970 1000 0/2 0/2 0/2 0/2
Haemophlius influenzae 10211 1000 0/2 0/2 0/2 0/2
Staphylococcus aureus 25923 1000 0/2 0/2 0/2 0/2
Listeia monocytogenes 15313 1000 0/2 0/2 0/2 0/2
Streptococcus pyogenes 19615 1000 0/2 0/2 0/2 0/2
Clostridium perfringens 13124 1000 0/2 0/2 0/2 0/2

Viral samples
Black Creek Canal virus 39179 100 0/2 0/2 0/2 0/2
Ebola Sudan virus Boniface 100 0/2 0/2 0/2 0/2
Ebola Zaire virus Zaire95 100 0/2 0/2 0/2 0/2
Hantaan virus 76-118 100 1/2b 0/2 0/2 0/2
Lassa virus Josiah 100 0/2 0/2 0/2 0/2
Dengue 3 CH3489 100 0/2 0/2 0/2 0/2
Eastern Equine Encephalitis FL-4679 100 0/2 0/2 0/2 0/2
Rift Valley fever virus ZH 548 100 0/2 0/2 0/2 0/2
Venezuelan e. encephalitis PE-4.0904 100 0/2 0/2 0/2 0/2
West Nile Crow397-99 100 0/2 0/2 0/2 0/2
Yellow Fever Assibe 100 0/2 0/2 0/2 0/2

Other samples
Human genome DNA N/A 1000 0/2 0/2 0/2 0/2

Comparison of the performance of the assay with dried (Dry FAM and Dry TET) and liquid (Liquid FAM and Liquid TET) reagents showing the number of positive samples over
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ssay with dried PCR reagents, were 96% and 98%, respectively, and the sensitivity a

a One sample has a Ct value below the threshold.
b False positive.

Concerns have been raised that undeclared variola virus stocks
ay exist elsewhere, or other orthopoxviruses may be rendered
ore pathogenic by genetic engineering. Studies have shown in
ouse models, that incorporation of cloned host cytokine genes

nto the genomes of mousepox and vaccinia viruses increased their
irulence (Jackson et al., 2001; Robbins et al., 2005). Re-emergence
f variola or genetically altered Orthopoxvirus chimeras would pose
erious public health threats.

As a result of those concerns, efforts are mounting to replenish
he vaccine supply for variola, and develop new drugs and diagnos-
ic methods for the early detection of variola or related infections.

any phenotypic and genotypic methods involving virological,
mmunological, and molecular approaches have been used to iden-
ify orthopoxviruses. The molecular approaches, including DNA
equencing, polymerase chain reaction (PCR), restriction fragment-
ength polymorphism (RFLP), real-time PCR, and microarrays, are
ore sensitive and specific than the virological and immunologi-
al approaches. Of the molecular approaches, sequencing provides
he highest level of specificity for species or strain identifica-
ion but current sequencing techniques are not yet practical as
apid diagnostic tools, in most laboratories. Real-time PCR was
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scribed in Section 2. The results indicate that the sensitivity and specificity of the
ecificity of the liquid reagents were 100%.

tilized in the investigation of the 2003 US monkeypox outbreak
Sejvar et al., 2004). Because of its sensitivity, rapidity, and ease,
eal-time PCR is increasingly becoming the method of choice for
reliminary detection of Orthopoxvirus infection, with isolation and
rowth in a high-level containment laboratory utilized for confir-
ation. Previously, the development of real-time PCR for detection

f Orthopoxvirus infections was reported (Ibrahim et al., 1997, 1998,
003; Aitichou et al., 2005). Other reports have demonstrated the
tility of real-time PCR in detecting variola and other Orthopoxvirus
pecies (Espy et al., 2002; Kulesh et al., 2004a,b; Li et al., 2006;
itsche et al., 2004; Olson et al., 2004; Scaramozzino et al., 2007).
hese previous reports describing the use of real-time PCR for
etecting orthopoxviruses are based on liquid-dispensed reagents
hat require freezing or refrigeration. In this study, a multiplexed
aqman real-time PCR assay using dried PCR reagents is described.
he assay detects specifically variola virus and differentiates this

irus from other Orthopoxvirus species simultaneously. The dried
eagents for this assay can be stored at ambient temperature for up
o 1 year, thus obviating the need for cold chain storage. If combined
ith a portable, analytical, real-time PCR platform, dried reagents

an bring field testing by real-time PCR a step closer.
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Fig. 1. Detection limit of multiplexed real-time PCR with liquid reagents. Variola J7R
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h
man PCR assays using dried and liquid reagents were compared.
Each method was evaluated by determining the lowest concentra-
tion of DNA that could be detected. The ability of each method to
identify specifically variola virus and other orthopoxviruses in a
92 M. Aitichou et al. / Journal of Vir

. Materials and methods

.1. PCR primers and probes

The forward primer OPXJ7R3U (5′-TCATCTGGAGAATC-CACA-
CA-3′), reverse primer OPXJ7R3L (5′-CATCATTGGCGGTTGA-
TTA-3′) and the probes VARJ7R3P-F (5′-FAM-CAAGACGTCGG-
ACCAATTACTAATA-TAMRA-3′), were described previously

Ibrahim et al., 2003). The OPXJ7R3P (5′-TET-
TGTAGTGTATGAGACAGTGTCTGTGAC-TAMRA-3′) was designed
rom a highly conserved region of the hemagglutinin gene to
etect camelpox, cowpox, monkeypox, vaccinia in addition to
ariola viruses. The primers were synthesized by Invitrogen
Carlsbad, CA). Taqman probes were synthesized by Applied
iosystems (Foster City, CA). The variola Taqman probe contained
-carboxyfluorescein (FAM) and the Orthopoxvirus Taqman probe
ontained 6-carboxytetramethylrhodamine (TET) at the 5′ end.
oth probes utilized TAMRA as a quencher at the 3′ end.

.2. Nucleic acid preparation

All viral and bacterial samples used in this study were from and
he United States Army Medical Research Institute of Infectious Dis-
ases (USAMRIID), Fort Detrick, MD and the Centers for Disease
ontrol and Prevention (CDC), Atlanta, GA. They are listed in Table 1.
ucleic acids from threat agents were pre-prepared and rendered
oninfectious at biosafety level 4. The origins, propagation, and
arvesting procedures for orthopoxviruses have been previously
eported (Ropp et al., 1995). Poxvirus DNAs were extracted from
irus-infected cells utilizing the Aquapure DNA kit (Bio-Rad, Her-
ules, CA). Prior experiments demonstrated that the material was
oninfectious after 60 min of incubation at 55 ◦C in Aquapure lysis
uffer. Bacterial DNA was extracted by the QIAamp DNA mini Kit
Qiagen, Valencia, CA). Total RNA was extracted from virus-infected
ell cultures by the Trizol LS reagent (Invitrogen, Carlasbald, CA)
ccording to the manufacturer’s directions, and RNA pellets were
issolved in 10 �L of molecular biology-grade water and stored at
70 ◦C prior to use.

.3. Taqman assays

Standard real-time PCR reactions with liquid reagents were
arried out in 30 �L volume utilizing the SmartCycler platform
Cepheid, Sunnyvale, CA). Each reaction contained 0.5 �M of each
rimer, 200 nM of each probe, 5 mM MgCl2, 200 �M dATP, dGTP,
CTP, and 0.4 �M dUTP in Platinum Quantitative PCR Supermix-
DG (Invitrogen, Carlasbald, CA) and 5 �L of DNA template.

Real-time PCRs with dried reagents were carried out using for-
ulations that contained 0.625 �M of each primers, 240 nM of each

robe, 5 mM MgCl2, 200 �M dATP, dGTP, dCTP, and 400 �M dUTP,
nd optimized Platinum Quantitative PCR SuperMix-UDG. The for-
ulations were mixed with proprietary cryoprotectants, aliquoted

n vials, flash frozen and lyophilized under vacuum (Invitrogen).
ried real-time PCR mix was dissolved in 25 �L of molecular grade
iology water and 5 �L of template DNA was added after complete
issolution within 5 min.

For both types of PCR reagents, cycling conditions were per-
ormed as follows: 1 cycle at 50 ◦C for 2 min, 1 cycle at 95 ◦C for
min, followed by 45 cycles of 95 ◦C for 10 s, and 60 ◦C for 45 s.
.4. Data analysis

Calculations of sensitivity and specificity were determined
s follows: percent sensitivity = [TP/(TP + FN)] × 100 and percent
pecificity = [TN/(TN + FP)] × 100, where TP is the number of true-
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lone DNA was serially diluted from 105 to 0.1 fg per reaction. Each curve represents
he average fluorescence value of three replicates. Both FAM and TET probes signals
ere detected as expected in the presence of variola DNA. The assay has a detection

imit of 0.1 fg per reaction (approximately 25 copies).

ositive samples, FN is the number of false-negative samples, TN
s the number of true-negative samples, and FP is the number of
alse-positive samples. Regression analysis was performed with

icrosoft Excel to evaluate assay linearity and determine the quan-
itative performance of each assay. A cutoff value to determine the
ositive calls was established by using the mean threshold cycle
Ct) value obtained from 20 replicates, each containing 50 genome
opies, plus three times the standard deviation. The Ct value for the
martCycler device is defined as the first cycle in which there is a
ignificant increase in fluorescence above the background.

. Results

The use of dried real-time PCR reagents for diagnostic purposes
as not been well established. The performance of multiplexed Taq-
ig. 2. Detection limit of multiplex real-time PCR with dried reagents. Variola J7R
NA clone was serially diluted from 105 to 0.1 fg per reaction. Each curve represents

he average fluorescence value of three replicates. Both FAM and TET probes signals
ere detected as expected in the presence of variola DNA fragment. The assay has a
etection limit of 0.1 fg per reaction (25 copies).
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Fig. 3. Detection limit of multiplex real-time PCR with liquid reagents. Monkeypox
virus genomic DNA was diluted from 106 to 10 fg per reaction. Each curve repre-
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ents the average fluorescence value of two to three replicates. Only TET signal was
etected in the presence of monkeypox DNA. FAM signal was absent because it is spe-
ific for variola. The assay has a detection limit of 10 fg per reaction (approximately
0 copies).

anel of unrelated bacterial and viral nucleic acids samples was
lso assessed.

Limits of detection (LOD) for each assay were determined. Serial
0-fold dilutions from variola J7R cloned DNA and monkeypox virus
NA were subjected to amplification by the dried and liquid real-

ime PCR reagents. The amplification curves of variola J7R and
onkeypox genomic DNA with dried and liquid reagents are pre-

ented in Figs. 1–4. From these results, both methods detected 0.1 fg
f J7R cloned DNA (25 copies) and 10 fg (50 copies) of monkeypox
enomic DNA.
Regression analysis was performed using the Microsoft Excel
oftware. Both real-time PCR methods utilizing dried and liquid
eagents had a strong linear correlation (R2 > 0.97) between the Ct

alues and J7R DNA concentrations over seven orders of magnitude

ig. 4. Detection limit of multiplex real-time PCR with dried reagents. Monkeypox
irus genomic DNA was diluted from 106 to 10 fg per reaction. Each curve repre-
ents the average fluorescence value of two to three replicates. Only TET signal was
etected in the presence of monkeypox DNA. FAM signal was absent because it is spe-
ific for Variola. The assay has a detection limit of 10 fg per reaction (approximately
0 copies).
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Fig. 5a and b). The correlation between the Ct values and genomic
NA concentrations was also linear with both methods over seven
rders of magnitude where R2 = 0.99 (Fig. 5c).

The LOD of each assay was tested for reproducibility. All 20 test
epetitions with 0.1 fg of the variola virus J7R clone were detected
ith dried and liquid PCR reagents. The calculated threshold value

f dry reagents was slightly higher (39.2) than that of the liquid
eagents (37.8). When monkeypox virus genomic DNA was tested
t the LOD of 10 fg, 19 of 20 replicates were detected with dried
eagents whereas 20 of 20 replicates were detected with the liquid
eagents. The calculated threshold Ct values for monkeypox were
0.2 and 37.7 for the dried and liquid reagents, respectively (data
ot shown).

The results of the sensitivity and specificity experiments for the
ried and liquid real-time PCR assays are shown in Table 1. Since
hese assays were multiplexed with dual probes, the data are shown
or two probes: one probe (FAM) specific for only variola virus, and
he other probe (TET) for camelpox, cowpox, monkeypox, rabbit-
ox, vaccinia, or variola viruses. Of 25 samples containing cloned
ariola J7R DNA, 25 were detected by both probes as expected.
ll 25 samples containing Orthopoxvirus genomic DNAs were cor-
ectly detected with liquid reagents, and 24 of the 25 samples were
etected with dried reagents. Therefore, the sensitivity of the assay
as 96% and 100% for dried reagents and liquid reagents, respec-

ively. The false negative was obtained from one of the six replicates
f monkeypox DNA at 10 fg. Since five of six of these samples were
orrectly detected, it is possible that the missed sample was due
o a technical error, e.g., pipetting. When the missed sample was
etested it was positive, but it is more appropriate to report the
esults of the original test here as it is part of the experimental
esign.

A total of 50 negative samples were tested. All of the 50 neg-
tive samples were negative with liquid real-time PCR reagents.
herefore, the specificity was 100%. However, one false positive was
btained with dried real-time PCR reagents resulting in 98% speci-
city. The false positive was obtained from one of two hantavirus
amples that are clearly unrelated to orthopoxviruses, suggesting
hat the false positive was most likely due to inadvertent contami-
ation of the samples.

. Discussion

The objective of this study was to develop a simplified,
ultiplexed real-time PCR assay based on dried reagents for simul-

aneously detecting variola virus and other orthopoxviruses in
he same reaction. The genomes of Orthopoxvirus species are
ighly conserved and proper detection requires a technology that
nables species differentiation. Primers and probes were chosen to
ybridize with the hemagglutinin (HA) gene sequence because this
ene is unique to orthopoxviruses, including human pathogenic
pecies.

The multiplexed assays described in this study here use dried
CR reagents incorporating all primers, probes, enzyme, buffers,
nd Mg+2 at optimized concentrations as described in Section 2. At
east 25 copies of the variola virus J7R cloned DNA (0.1 fg) and 50
opies of monkeypox virus genomic DNA (10 fg) were detected per
ssay. These LOD were similar to those obtained using standard liq-
id PCR reagents. These LOD were well below the range of viral load
xpected in clinical samples. For example, up to 106 pock-forming

nits or 200 pg of variola DNA were obtained from skin lesions of
he smallpox rash by day 2 of the rash (Nitsche et al., 2004; Damon
nd Esposito, 2003). The assay also exhibited high sensitivity (96%)
nd specificity (98%) that was comparable with assays based on
iquid reagents.



194 M. Aitichou et al. / Journal of Virological Methods 153 (2008) 190–195

F log co
t reage
t wet a

f
r
2
S
b
D
t
m
i
r
b
a
m

t
t
h
a
t
s
P

n
r
o
t
a
d
t
t
p
t

f
s
m
e
h
t

A

b
t
t
e
g

R

A

B

C

D

E

ig. 5. Standard curves were generated by plotting PCR threshold cycles (Ct) against
hat with seven orders of magnitude for both FAM and TET reporters. (a) Dried PCR
hreshold cycles (Ct) against log fg of monkeypox virus genomic DNA obtained with

The detection limits of real-time PCR assays reported previously
or orthopoxviruses ranged from 2 to 25 genome copies per PCR
eaction (Espy et al., 2002; Ibrahim et al., 2003; Nitsche et al.,
004; Kulesh et al., 2004a,b; Olson et al., 2004; Li et al., 2006;
caramozzino et al., 2007). In this study, the LOD of dried reagent
ased PCR assays was 25 and 50 copies for plasmid and genomic
NA, respectively. This LOD was determined utilizing 20 PCR reac-

ions containing DNA at concentrations of 25 and 50 copies. A
inimum of 95% reproducibility was set as a standard before choos-

ng this LOD. Less than 25 copies can be detected although the
eproducibility is significantly lower. The differences in sensitivity
etween assays described previously and dried reagent based PCR
ssays can be explained by the usage of different DNA extraction
ethods, PCR reagents, and PCR platforms.
With regards to the dried reagents stability, the components of

he PCR reagents were lyophilized and stored at room tempera-
ure. The process of lyophilizing and storing PCR reagents seems to
ave no deleterious effect on the probes, primers, enzyme, or buffer
fter storage for up to 1 year at ambient temperatures because
he assay with dried PCR reagents has the same sensitivity and
pecificity as those obtained when using liquid reagents based
CR.

The main advantages of dried PCR reagents are that they elimi-
ate the requirement for cold storage and multiple pipetting, thus
educing logistical burden and errors due to the repetitive steps
f reagent handing. Thus, by using dried real-time PCR reagents, a
echnician with basic skills can perform real-time PCR by simply
dding molecular biology-grade water and template DNA to the

ried PCR components. These advantages allow performing real-
ime PCR in remote areas where there is a growing need to monitor
hese viral strains, and in situations where transporting and ship-
ing clinical samples between areas require stabilizers to preserve
he integrity of specimens.

E

F

ncentration of J7R cloned DNA. Regression analysis showed a broad dynamic range
nts; (b) wet PCR reagents; (c) regression analysis curves generated by plotting PCR
nd dried PCR reagents. The coefficients of correlation are indicated.

Although the cost benefit from implementing dried reagents
or real-time PCR assays has not been formally evaluated in this
tudy, it is anticipated that the elimination of cold chain require-
ent would clearly reduce the cost of storage, transportation and

nhance the applicability of the technique for a broader suite of
uman pathogens, e.g., aiding public health in developing coun-
ries.
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