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The clinical laboratory diagnosis of cutaneous anthrax is generally established by conventional microbiological methods, such as
culture and directly straining smears of clinical specimens. However, these methods rely on recovery of viable Bacillus anthracis
cells from swabs of cutaneous lesions and often yield negative results. This study developed a rapid protocol for detection of B.
anthracis on clinical swabs. Three types of swabs, flocked-nylon, rayon, and polyester, were evaluated by 3 extraction methods,
the swab extraction tube system (SETS), sonication, and vortex. Swabs were spiked with virulent B. anthracis cells, and the
methods were compared for their efficiency over time by culture and real-time PCR. Viability testing indicated that the SETS
yielded greater recovery of B. anthracis from 1-day-old swabs; however, reduced viability was consistent for the 3 extraction
methods after 7 days and nonviability was consistent by 28 days. Real-time PCR analysis showed that the PCR amplification was
not impacted by time for any swab extraction method and that the SETS method provided the lowest limit of detection. When
evaluated using lesion swabs from cutaneous anthrax outbreaks, the SETS yielded culture-negative, PCR-positive results. This
study demonstrated that swab extraction methods differ in their efficiency of recovery of viable B. anthracis cells. Furthermore,
the results indicated that culture is not reliable for isolation of B. anthracis from swabs at >7 days. Thus, we recommend the use
of the SETS method with subsequent testing by culture and real-time PCR for diagnosis of cutaneous anthrax from clinical
swabs of cutaneous lesions.

Bacillus anthracis is a Gram-positive, aerobic, spore-forming
bacterium that can infect both animals and humans. The vir-

ulence of B. anthracis is attributed to two plasmids, pXO1 and
pXO2, and strains lacking either plasmid are avirulent or attenu-
ated (27, 36). The pXO1 plasmid contains the lef, pagA, and cya
genes, which encode proteins that interact to produce the two B.
anthracis exotoxins, lethal toxin and edema toxin (2, 30, 40). The
pXO2 plasmid contains the cap genes (A, B, C, D, and E), which
are associated with B. anthracis capsule production (25, 37). Many
studies have shown a lack of genetic diversity within B. anthracis;
however, advancements in molecular subtyping techniques have
been a powerful tool for characterizing the epidemiology of dis-
ease with this organism (15, 20, 21, 26).

B. anthracis is the causative agent of anthrax, a zoonotic disease
that is primarily associated with herbivores and domestic live-
stock. Animals become infected after ingesting pathogenic spores
from the soil. Infection in humans is acquired from close contact
with infected animals or contaminated animal products, such as
meat and skin (17). There are three primary forms of the disease in
humans, inhalation, gastrointestinal, and cutaneous. Naturally
occurring inhalation anthrax is rare, and in the United States,
these cases were primarily associated with occupational exposure
or close contact with contaminated animal products (4, 26). Gas-
trointestinal anthrax is also rare, though outbreaks have been re-
ported in parts of Africa and Asia due to ingestion of contami-
nated meat (17). Cutaneous anthrax is the most common form of
the disease and accounts for 95% of cases worldwide (3). It is
acquired when spores enter through a cut or abrasion in the skin.
The most common areas of exposure are the hands, arms, face,
and neck (33). Because of the ability of its spores to persist in the
environment for long periods of time, as well as the potential for

spores to be disseminated in a powdered form, B. anthracis is
regarded as an effective biological weapon (17, 32).

The 2001 bioterrorism-associated anthrax outbreak high-
lighted the need for validated rapid diagnostics. This outbreak
investigation established the use of real-time PCR for detection of
B. anthracis directly from clinical specimens, a process which
aided in identifying confirmed cases of cutaneous anthrax (16,
19). The clinical diagnosis of cutaneous anthrax is generally estab-
lished by bacterial culture or direct staining of material from le-
sion swabs. However, these cultures often yield negative results
due to activity of local microbiota within the lesion site (34). Fur-
thermore, culture relies upon efficient recovery of viable cells
from the swab material. A validated protocol has been established
for testing environmental swabs for recovery of B. anthracis spores
(13); however, there have been no studies to validate a protocol
with clinical swabs for recovery of B. anthracis vegetative cells.
Moreover, it has been reported that swab processing methodolo-
gies can impact pathogen detection by molecular diagnostics (39),
a finding which suggests the need for an evaluation of swab pro-
tocols using B. anthracis vegetative cells.

The purpose of this study was to evaluate three methods for
extracting cells from swabs for efficiency of B. anthracis recovery
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as measured by culture and real-time PCR and to establish a swab
protocol for testing clinical specimens. The methods were selected
based on their reported use for recovery of other pathogenic or-
ganisms from swabs (18, 31, 39) and were compared using swabs
spiked with known concentrations of virulent B. anthracis vegeta-
tive cells. The evaluation criteria included (i) efficiency of B. an-
thracis recovery in time course experiments to assess the impact of
delays in specimen collection and testing, (ii) limit of detection
(LOD) studies with two real-time PCR assays and three DNA pu-
rification methods, and (iii) assessments of vegetative cell extrac-
tion from different swab materials. The results of these experi-
ments were used to develop a clinical swab protocol for B.
anthracis vegetative cell extraction and DNA isolation which was
then validated using clinical specimens from cutaneous anthrax
outbreaks.

MATERIALS AND METHODS
Scientific ethics. This report meets the definition of research under 45
CFR 46.102(d), the U.S. Code of Federal Regulations regarding the pro-
tection of human subjects. Therefore, review by the Centers for Disease
Control and Prevention (CDC) institutional review board (IRB) was re-
quired, and approval was granted for continuation of the CDC protocol in
January 2012. The specimens used in this study were obtained during the
course of outbreak investigations. All identifiable information that can
potentially link the specimens to the patients was coded to deidentify
patient information.

Clinical specimens. The clinical specimens used in this study were
collected as part of the epidemiological response to cutaneous anthrax
outbreaks that occurred in Bangladesh from August to October 2009 (5).
During the outbreak investigations, swabs of vesicles were obtained from
patients who met the case definition of suspected cutaneous anthrax as
described in the report by Boyer et al. (1). Up to two swabs per patient
were collected in purple or red vacuum-capped tubes (BD Diagnostics,
Sparks, MD), shipped to the CDC Bacterial Zoonoses and Select Agent
Laboratory, and stored at 4°C. A total of 23 clinical specimens were used in
this study. These specimens were not tested for B. anthracis prior to this
study.

Biosafety procedures. All work with clinical specimens and virulent B.
anthracis was performed in biosafety level 3 (BSL3) laboratories. Culture
and swab extraction procedures were conducted in class II, type A2 bio-
logical safety cabinets (BSC; NuAire, Plymouth, MN). Additional BSL3
precautions included the use of powered air-purifying respirators and
protective laboratory clothing.

Bacillus anthracis culture. B. anthracis strain K1694 (Ames) was used
throughout this study. Cultures were initiated from frozen glycerol stocks
and streaked for isolated colonies on Trypticase soy agar plates with 5%
(vol/vol) sheep blood (TSAB; BD Diagnostic Systems), and the plates were
incubated overnight at 37°C. A single colony was transferred to 1 ml of
sterile physiological saline (0.85% sodium chloride) using a sterile inoc-
ulating loop, and a smooth suspension of cells was prepared by vortexing
at low speed for 30 s.

To ensure that only vegetative cells were used, a spore-free culture
procedure was adapted from the method described by King et al. (22) and
was used throughout this study. The cultures were streaked for isolated
colonies on triplicate TSAB plates and incubated for up to 24 h at 37°C.
Using 1-�l disposable loops, cells from the outer edges of isolated colonies
were harvested and transferred to 5-ml culture tubes, with each contain-
ing 4 ml of heart infusion broth plus 0.1% glucose, supplemented with
heat-inactivated horse serum (Oxoid, Ltd., Basingstoke, Hampshire
United Kingdom) and sodium bicarbonate (Sigma-Aldrich, St. Louis,
MO) to final concentrations of 50% and 0.8%, respectively, to induce B.
anthracis capsule production (29). These cultures were incubated for up
to 4 h at 37°C under ambient conditions without shaking as described
previously (22). Following incubation, the cultures were pooled and har-

vested by centrifugation for 20 min at 10,000 � g and at 4°C. The cell
pellets were resuspended in 5 ml of sterile phosphate-buffered saline (PBS;
0.01 M, pH 7.4), and the total culture volume was divided into two equal
aliquots designated harvest A and harvest B. Harvest A was immediately
used as an inoculum to spike the swabs, numbers of CFU/ml were quan-
tified on TSAB plates using standard procedures (9), and the cells were
examined by staining and light microscopy (see below). Harvest B under-
went a heat-shock treatment (30 min at 65°C) to verify that the inoculum
was spore free. Following heat shock, 200-�l aliquots were spread on
TSAB plates until the entire volume was depleted. The plates were incu-
bated at 37°C and observed for growth for up to 48 h. When growth from
spores was observed, the cultures and associated spiked swabs were dis-
carded and the procedure was repeated.

Staining and microscopy. A 5-�l drop of harvest A was transferred to
a microscope slide, and the cells were stained with India ink (Remel, Inc.,
Lenexa, KS) for identification of capsule formation. Harvest A was also
stained with Malachite green (Sigma-Aldrich) and counterstained with
Safranin (BD Diagnostics Systems) to visually verify that cultures were
spore free. Multiple fields of each slide were viewed at �5,000 magnifica-
tion using a model VHX-600 digital light microscope (Keyence Corp.,
Woodcliff Lake, NJ) and examined for the presence of clear zones around
cells (indicative of capsule production for the India ink-stained slides) and
for the absence of spherically shaped, green-stained structures (indicative
of spores for the Malachite green-stained slides). In subsequent experi-
ments, Gram staining of suspect colonies was performed using proce-
dures that are provided with the Gram stain kit (BD Diagnostics), and the
slides were observed by light microscopy as described above.

Spiking of swabs. A total of 12 flocked-nylon swabs each (Copan
Diagnostics Inc., Murrieta, CA) were used for the initial spiking experi-
ments. Each swab was inoculated with 10 �l of B. anthracis cells at a
concentration of 107 CFU/ml. To simulate clinical specimens, the swabs
were coinoculated with 10 �l of normal human sera (Millipore Corpora-
tion, Billerica, MA). The swabs were stored at room temperature inside a
BSC for time course recovery experiments at 1, 7, and 28 days postinoc-
ulation. Flocked-nylon swabs were also used in experiments to determine
the LOD in real-time PCR. For these experiments, 10-fold serial dilutions
of B. anthracis cells were prepared in PBS at concentrations ranging from
107 to 103 CFU/ml and the swabs were spiked in triplicate with 10-�l
aliquots at each dilution and with normal human serum as described
above. Two additional swab materials, polyester and rayon (Fisher Scien-
tific), were selected to assess their relative impact on B. anthracis recovery.
For these experiments, a total of 12 swabs each were spiked with 10 �l of B.
anthracis cells at a concentration of 107 CFU/ml and with normal human
serum as described above.

Swab extraction methods. Three methods of extracting cells from
swabs were compared: swab extraction tube system (SETS), sonication,
and vortex. The swabs were rehydrated in 500 �l of PBS. The SETS (Roche
Applied Science, Indianapolis, IN) is a disposable centrifugal system com-
prised of an inner tube and an outer collection tube, and its use for recov-
ery of pathogenic microorganisms has been described in previous reports
(18, 39). The inoculated swabs were rehydrated in the outer SETS tubes
and were then transferred to the inner SETS tubes using disposable for-
ceps. The tubes containing the swabs were centrifuged for 1 min at
8,000 � g, and the eluted swab suspensions were recovered in the outer
tubes.

The sonication method has been described previously (39). Spiked
swabs were rehydrated in 2-ml screw-cap tubes and were then incubated
for 15 min at sweeping frequencies between 50 and 60 kHz in the model
T50 ultrasonic bath (VWR, West Chester, PA). Following sonication, re-
sidual liquid was expressed from the swabs by pressing against the sides of
the tubes, and the eluted swab suspensions were centrifuged briefly at
8,000 � g to remove residual liquid from the cap and sides of the tubes.

The vortex method was adapted from a method described for the
recovery of B. anthracis spores from environmental swabs (31). Following
rehydration, the spiked swabs were vortexed at high speed for 2 min.
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Residual liquid was expressed from the swabs by pressing against the sides
of the tubes, and the samples were centrifuged briefly at 8,000 � g as
described above.

Interlaboratory evaluation of the three swab extraction methods.
To compare the three swab extraction methods for recovery of B. anthra-
cis, viability testing was performed independently and on separate dates
between two Clinical Laboratory Improvement Amendments-certified
BSL3 laboratories at the CDC, the Bioterrorism Rapid Response and Ad-
vanced Technology Laboratory (lab A) and the Zoonoses and Select Agent
Laboratory (lab B). For each method, a total of 12 swabs each were tested
for isolation of B. anthracis by culture at 1, 7, and 28 days postspiking. The
eluted swab suspensions described above were split into equal volumes,
and one half was used for bacterial culture while the other half underwent
DNA purification for subsequent testing by real-time PCR. For culture
testing, the suspensions were diluted 10-fold in physiological saline, and
100 �l each of the undiluted and diluted suspensions was spread onto
duplicate TSAB plates. The plates were incubated for 24 h at 37°C, exam-
ined for colonies, and quantified in numbers of CFU/ml using standard
plate counting procedures. For each swab extraction method, the percent
recovery of B. anthracis cells was calculated using the cell spiking concen-
tration and the mean CFU/ml recovery concentrations for the duplicate
cultures (n � 24) at each time point.

DNA purification. Three commercial methods, including two auto-
mated methods and one manual method, were used to purify DNA from
the eluted swab cell suspensions. Automated DNA purifications were per-
formed using the MagNA Pure Compact and MagNA Pure LC instru-
ments with the MagNA Pure Compact nucleic acid isolation kit I and
MagNA Pure LC DNA isolation kit I (Roche), respectively. Both instru-
ments utilize magnetic bead technology for DNA purification, and the
procedures for their use have been described previously (8). Manual DNA
purifications were performed with the QIAamp DNA blood minikit
(Qiagen, Inc., Valencia, CA), which utilizes silica spin-filter technology
for DNA purification. The procedures were carried out according to the
manufacturer’s instructions (8). The isolated DNA samples were filtered
through 0.1-�m centrifugal filter units (Millipore Corporation) as de-
scribed previously (7) and stored at �20°C throughout this study.

DNA yield. For each swab extraction method, DNA isolated by the use
of the MagNA Pure Compact, MagNA Pure LC, and QIAamp kit was
quantified using a NanoDrop 2000 spectrophotometer (Thermo Scien-
tific, Wilmington, DE). The absorbance at 260 nm (A260) was measured
and used to calculate the average concentration for triplicate DNA sam-
ples from B. anthracis LOD studies (derived from swabs spiked in tripli-
cate with each concentration of the B. anthracis cell suspensions, ranging
from 107 to 103 CFU/ml). The average DNA concentrations were used to
calculate genome equivalents at the LOD for B. anthracis DNA in subse-
quent real-time PCR experiments.

Preparation of positive controls for real-time PCR assays. B. anthra-
cis Ames strain DNA was used as a positive control in real-time PCR
assays. Cell lysates from the Ames strain were prepared by harvesting
isolated colonies into 500 �l of sterile deionized water, vortexing for 30 s,
and boiling for 5 min, followed by centrifugation for 30 s at 10,000 � g.
The supernatants were filtered using 0.1-�m centrifugal filter units (Mil-
lipore Corporation) as described previously (7), and the filtrates were
diluted in Tris-EDTA buffer to dilutions that produced real-time PCR
cross-threshold (cycle threshold [CT]) values between 25 and 30. The
positive-control DNA samples were stored at �20°C throughout the
study.

Real-time PCR assays. Two different types of real-time PCR assays
were used in this study. To evaluate the swab protocols for routine use in
diagnostic laboratories, the multitarget 5= nuclease (TaqMan) real-time
PCR assay described by Hoffmaster et al. (16) was used. This is a highly
sensitive and specific assay that was validated for detection of B. anthracis
and was successfully used to test hundreds of samples during the 2001
bioterrorism-associated anthrax outbreak. The assay includes three
primer and probe sets which target the B. anthracis chromosome and the

pXO1 and pXO2 plasmids and has been described in previous reports (9,
16). PCR was carried out in triplicate 25-�l volumes. Each contained 1�
PCR master mix (Roche Molecular Biochemicals, Indianapolis, IN), 500
nM each PCR primer, 100 nM each TaqMan probe, 5 mM total MgCl2,
and 5 �l of either a sample, positive-control DNA, or water (no-template
controls).

The molecular beacon-based real-time PCR assay described by Had-
jinicolaou et al. (12) was also used in this study. This assay was developed
for the rapid and specific detection of virulent B. anthracis in routine
diagnostic tests. The molecular beacons were synthesized at the CDC Bio-
technology Core Facility as described previously (12) with 5= 6-carboxy-
fluorescein (FAM) fluorophore and 3= Dabcyl quencher. The MBpag
probe, with corresponding forward and reverse primers, targets the pagA
allele on the pXO1 plasmid of B. anthracis, whereas the MBcapB probe,
with corresponding primers, targets the capB allele located on the pXO2
plasmid. PCRs were performed in a 25-�l final volume, each of which
contained 1� LightCycler FastStart DNA Master HybProbes PCR master
mix (Roche Molecular Biochemicals), 1 �l of either the MBcapB molec-
ular beacon (8 pmol/�l) or the MBpag molecular beacon (5 pmol/�l), 1.0
�l (20 pmol/�l) each of the forward and reverse primers, and 5 �l of either
a sample, positive-control DNA, or water.

All real-time PCRs were performed using the 7500 Fast real-time PCR
system (Applied Biosystems, Foster City, CA). For the TaqMan assay, the
Fast 7500 operational setting was used with a thermocycling profile con-
sisting of a hot-start Taq activation step of 95°C for 8 min, followed by 40
cycles of 95°C for 10 s and 60°C for 30 s (data collection). For the molec-
ular beacon-based assay, the standard 7500 operational setting was used
with a thermocycling profile consisting of a hot-start Taq activation step
of 94°C for 10 min, followed by 40 cycles of 94°C for 15 s, 50°C for 30 s
(data collection), and 72°C for 30 s. For both real-time PCR assays, data
collection and analysis were performed using the 7500 Fast system se-
quence detection software version 1.4, including the 21 CFR part 11 elec-
tronic records module for Food and Drug Administration compliance.

To evaluate the three swab extraction methods for recovery of B. an-
thracis over time, real-time PCR was performed in triplicate using DNA
isolated from spiked swabs at 1, 7, and 28 days postinoculation, and the
PCR run was repeated (n � 24). To compare the real-time PCR LOD for
each swab extraction method, B. anthracis DNA isolated with each of the
three commercial DNA purification methods was tested in triplicate, and
PCR runs with both real-time PCR assays were repeated. The LOD for
each swab extraction method was the lowest concentration for which
three out of three replicates produced a positive result (CT � 40) for all of
the real-time PCR targets. To assess the impact of swab materials on the
recovery and subsequent detection of B. anthracis DNA, real-time PCR
was performed in triplicate using DNA isolated from each swab material
and the PCR runs for each swab material were repeated (n � 24).

Statistical analysis. To determine whether the differences in CT values
for the three swab extraction methods were significant, the mean values
were compared using one-way analysis of variance (ANOVA). For exper-
iments that used 12 swabs each, the mean value for triplicate PCRs was
calculated for each swab so that an n value of 12 was used for each PCR
run. The PCR runs were repeated so that a total n value of 24 was used for
statistical analyses. When significant differences were identified, Tukey’s
multiple-comparison test was used to perform nonparametric pairwise
analyses of the CT values.

Validation with outbreak specimens. The results of the time course
experiments, LOD studies, and assessments of the three swab extraction
methods using different swab materials were used to develop and validate
a swab protocol using clinical specimens from cutaneous anthrax out-
breaks. Twenty-three lesion swabs were processed by the use of the SETS,
and the eluted swab suspensions were tested by bacterial culture and di-
agnostic real-time PCR. Briefly, 200 �l of each suspension underwent
automated DNA purification using the MagNA Pure Compact (Roche)
followed by real-time PCR, while 100 �l of each suspension was also
streaked for isolated colonies onto duplicate TSAB plates, which were
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incubated overnight at 37°C. Specimens were considered positive for B.
anthracis DNA when all targets in the real-time PCR assay were positive.
The criteria for positive identification of B. anthracis by culture were non-
hemolytic growth on TSAB plates at 24 h with colony morphology con-
sistent with that of B. anthracis and the presence of Gram-positive bacilli
with capsule production by microscopic analysis. Real-time PCR was re-
peated in triplicate for all positive specimens.

RESULTS
Comparison of swab extraction methods for isolation of B. an-
thracis in culture. Table 1 shows the time course results for via-
bility testing of spiked swabs in two independent laboratories.
Overall, the results were consistent between the two laboratories,
with a reduction in the number of viable cells recovered for each
swab extraction method at each consecutive time point. The SETS
yielded greater viability of B. anthracis than the other two methods
after 1 day, with a mean percent recovery of 0.2% compared to
0.07% and 0.09% for the sonication and vortex methods, respec-
tively. In both laboratories, the number of viable cells recovered
was reduced after 7 days and the three swab extraction methods
resulted in comparable yields. By 28 days postinoculation, isola-
tion of viable B. anthracis in culture was not reproducible for any
of the three swab extraction methods based on the following re-
sults: in lab A, the SETS yielded culture-negative results for all 12
swabs, and only 1 out of 12 swabs was positive with the sonication
and vortex methods. In lab B, only 1 out of 12 swabs was positive
with the SETS and sonication methods, whereas the vortex
method yielded culture-negative results for all 12 swabs.

Comparison of swab extraction methods by real-time PCR.
Table 2 shows time course results for real-time PCR analysis of
DNA from extracted cells on spiked swabs with the B. anthracis
TaqMan real-time PCR assay. On the whole, the results were

equivalent for all three methods, with comparable CT values for
each target at each time point. At day 1, the average CT values
ranged from 23.3 to 23.6 with the chromosomal target, 22.5 to
22.8 with the pXO1 target, and 22.3 to 22.5 with the pXO2
target. Similarly, at day 7, the average CT values ranged from
22.9 to 23.6, 21.3 to 21.9, and 21.2 to 22.4 with the chromo-
somal, pXO1, and pXO2 targets, respectively. Also, at day 28,
the ranges for the chromosomal, pXO1, and pXO2 targets were
22.9 to 23.2, 21.2 to 21.7, and 21.7 to 22.0, respectively. For
each time point, there were no significant differences between
the mean CT values obtained with the three swab extraction
methods, as determined by one-way ANOVA (P � 0.05; n � 24
for each real-time PCR target).

Evaluation of swab extraction methods with different swab
materials. Figure 1 shows the real-time PCR results for the SETS,
sonication, and vortex methods with polyester and rayon swabs
using the chromosomal target of the B. anthracis TaqMan assay.
Taken as a whole, B. anthracis detection was not impacted by the
swab material for any of the three swab extraction methods. Figure
1A shows the distribution of CT values for polyester swabs. The
SETS, sonication, and vortex methods yielded CT values with
mean values (ranges) of 21.4 (20.4 to 22.5), 21.8 (21.1 to 22.5), and
22.2 (21.4 to 22.8), respectively. Figure 1B shows the distribution
of CT values for the three swab extraction methods with rayon
swabs, with mean values (ranges) of 22.4 (21.7 to 24.0) for the
SETS, 23.8 (23.0 to 25.0) for sonication, and 23.9 (22.7 to 25.1) for
the vortex method. For both swab materials, the differences in
mean CT values between the three swab extraction methods were
found to be significant by one-way ANOVA (P � 0.001; n � 24).
For polyester swabs, pairwise comparisons of CT values using
Tukey’s multiple-comparison test indicated significant differ-

TABLE 1 Interlaboratory evaluation of three methods for recovery and viability of Bacillus anthracis from spiked swabs over time

Recovery methoda

Percent recovery (no. positive/no. tested) at each time pointb

1 day 7 days 28 days

Lab A Lab B Lab A Lab B Lab A Lab B

SETS 0.2 (12/12) 0.1 (12/12) 0.0006 (10/12) 0.0001 (11/12) 0 (0/12) 0 (1/12)
Sonication 0.07 (12/12) 0.05 (12/12) 0.0004 (9/12) 0.0001 (8/12) 0 (1/12) 0 (1/12)
Vortex 0.09 (12/12) 0.06 (12/12) 0.0005 (7/12) 0.0001 (9/12) 0 (1/12) 0 (0/12)
a A total of 12 nylon-flocked swabs each were spiked with 10 �l of virulent B. anthracis cells at a concentration of 107 CFU/ml, and the three methods were compared at 1, 7, and 28
days postspiking. The procedures were repeated on different days in two independent CDC laboratories (labs A and B) except on day 1, when they were repeated in the same
laboratory.
b The mean percent recovery for each method was calculated by dividing the spiking concentration by the average concentration of viable cells recovered (CFU/ml) at each time
point. When �3 out of 12 swabs were negative in culture, the percent recovery was determined to be zero due to nonreproducibility. Values in parentheses show the number of
swabs that were positive for isolation of B. anthracis in culture out of the total number of swabs tested.

TABLE 2 Comparison of three recovery methods for detection of Bacillus anthracis from spiked swabs by real-time PCR

Recovery methoda

Average CT (mean � SD)b at each time point for each PCR target

1 day 7 days 28 days

Chromosome pXO1 pXO2 Chromosome pXO1 pXO2 Chromosome pXO1 pXO2

SETS 23.3 � 0.07 22.8 � 0.14 22.5 � 0.14 22.9 � 0.08 21.3 � 0.13 21.6 � 0.14 22.9 � 0.20 21.6 � 0.17 21.9 � 0.33
Sonication 23.6 � 0.09 22.5 � 0.09 22.3 � 0.08 23.3 � 0.09 21.9 � 0.14 21.2 � 0.09 23.0 � 0.12 21.2 � 0.14 21.7 � 0.31
Vortex 23.5 � 0.05 22.5 � 0.10 22.5 � 0.09 23.6 � 0.08 21.9 � 0.21 22.4 � 0.09 23.2 � 0.15 21.7 � 0.02 22.0 � 0.31
a A total of 12 nylon-flocked swabs each were spiked with 10 �l virulent B. anthracis cells at a concentration of 107 CFU/ml, and the three recovery methods were compared at 1, 7,
and 28 days postspiking.
b The eluted cell suspensions from each swab underwent automated DNA purification with the MagNA Pure Compact, followed by real-time PCR analysis. The average CT values
(mean � standard deviation) are shown for DNA tested in triplicate using the real-time PCR assay described by Hoffmaster et al. (16).
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ences between all three methods (P � 0.001; n � 24). For rayon
swabs, pairwise comparisons indicated significant differences be-
tween the SETS and the sonication method and between the SETS
and the vortex method (P � 0.001; n � 24); however, there was no
significant difference between the sonication and vortex methods
(P � 0.09; n � 24).

Real-time PCR analysis using three DNA purification meth-
ods. Table 3 shows the LOD with the TaqMan and molecular
beacon-based real-time PCR assays using DNA isolated by three
different DNA purification methods. By and large, the SETS
method yielded the most consistent results with all three DNA
purification methods, with a LOD of 500 CFU/swab and a detec-
tion range of 6.2 � 102 to 9.0 � 102 molecules (genome copy
numbers [gc]) for the two real-time PCR assays. The real-time
PCR results for swab extracts from sonication were comparable to
those for swabs from the SETS method with all DNA purification
methods except the MagNA Pure LC, which resulted in one-log-
unit-less detection with the molecular beacon real-time PCR assay
(5,000 CFU/swab [4.9 � 103 gc]). The vortex method yielded the
least-consistent detection levels by real-time PCR, with a LOD of
5,000 CFU/swab with the QIAamp kit and the TaqMan assay
(4.6 � 103 gc) as well as with the MagNA Pure LC instrument and
both real-time PCR assays (5.0 � 103 gc).

Validation of the SETS protocol with outbreak specimens.
Table 4 shows the results for B. anthracis PCR-positive lesion
swabs from cutaneous anthrax outbreaks, which were processed
using the SETS protocol. None of the swabs were positive for
isolation of B. anthracis in culture. In contrast, 15 of the 23 spec-
imens tested were positive for B. anthracis DNA. Two specimens
(BCA00020 and BCA00021) yielded positive results for the chro-
mosomal and pXO1 targets but negative results for the pXO2
target and thus were not considered positive according to the di-
agnostic assay criteria (data not shown).

DISCUSSION

This study describes a comparison of three methods for process-
ing clinical swabs for detection of B. anthracis. Of the three swab
extraction methods evaluated, the SETS yielded greater recovery
of viable B. anthracis in culture with the lowest limit of detection
and the most consistent results by real-time PCR. These findings
were consistent with those in our previous report, which demon-
strated that the use of the SETS was optimal for detection of Fran-
cisella tularensis from spiked swabs (39). There are established
protocols for recovery of B. anthracis spores from environmental
swabs (13, 14); however, this is the first report to evaluate proce-
dures and develop a protocol for recovery of B. anthracis vegeta-
tive cells from clinical swabs. Further, this protocol was success-
fully employed for the identification of B. anthracis from
cutaneous anthrax outbreak specimens.

The clinical laboratory diagnosis of cutaneous anthrax is com-

FIG 1 Box-and-whisker plots showing the distribution of CT values with the
chromosomal target of the B. anthracis real-time PCR assay (16) for polyester
(A) and rayon (B) swabs spiked with virulent B. anthracis Ames strain cells at a
concentration of 107 CFU/ml and then processed by the use of the three swab
recovery methods. The bottom, middle, and top lines of each box correspond
to the 25, 50, and 75% cumulative frequencies of the observed values, respec-
tively. The endpoints of the whiskers show the 2.5 and 97.5 percentiles. For
both swab materials, the differences in mean CT values between the three
methods were found to be significant by one-way ANOVA (P � 0.001; n � 24).
For polyester swabs, Tukey’s multiple-comparison test revealed significant
differences between all three methods (P � 0.001; n � 24). For rayon swabs,
significant differences were identified between the SETS and the sonication
method and the SETS and the vortex method (P � 0.001; n � 24); however,
there was no significant difference between the sonication and vortex methods
(P � 0.09; n � 24).

TABLE 3 Real-time PCR limits of detection for three recovery methods using DNA isolated from Bacillus anthracis-spiked swabs

Recovery methoda

LOD (CFU/swab [genome copy numbers])b

QIAamp MagNA Pure Compact MagNA Pure LC

PCR 1 PCR 2 PCR 1 PCR 2 PCR 1 PCR 2

SETS 500 (8.2 � 102) 500 (8.2 � 102) 500 (9.0 � 102) 500 (9.0 � 102) 500 (6.2 � 102) 500 (6.2 � 102)
Sonication 500 (5.1 � 102) 500 (5.1 � 102) 500 (7.0 � 102) 500 (7.0 � 102) 500 (4.9 � 102) 5,000 (4.9 � 103)
Vortex 5,000 (4.6 � 103) 500 (4.6 � 102) 500 (6.5 � 102) 500 (6.5 � 102) 5,000 (5.0 � 103) 5,000 (5.0 � 103)
a Nylon-flocked swabs were spiked in triplicate with 10 �l of 10-fold dilutions of virulent B. anthracis Ames strain cells at a starting concentration of 107 CFU/ml and then
underwent the three swab recovery methods. DNA was isolated by the use of three different DNA purification methods, the QIAamp manual method and the MagNA Pure
Compact and MagNA Pure LC automated methods.
b Real-time PCR was performed in triplicate using two different assays, the TaqMan assay described by Hoffmaster et al. (PCR 1) (16) and the molecular beacon assay described by
Hadjinicolaou et al. (PCR 2) (12). The limit of detection (LOD) (in numbers of CFU/swab) was calculated based on numbers of CFU/ml of the spiking concentration, and genome
equivalents (genome copy numbers) were calculated for the lowest concentration that resulted in three out of three replicates with positive results for all targets in each real-time
PCR assay.
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monly established by conventional microbiological methods,
such as staining and microscopic analysis of lesion material and
isolation of B. anthracis in culture. Unlike B. anthracis spores,
vegetative bacteria have poor survival outside the host, and it has
been reported that colony counts begin to decline within 24 h in
some sample matrices, such as water (35). The results of this study
demonstrated that successful culture is dependent on how soon
the swabs can be processed after sample collection (Table 1). It is
also known that the timing of collection in the course of disease
and the use of antimicrobial agents prior to specimen collection
can affect culture results (33). Results from this study were con-
sistent with previous reports of culture-negative results for clinical
specimens from cutaneous anthrax cases, such as during the 2001
bioterrorism-associated anthrax outbreak when only 2 of the 11
cutaneous anthrax cases were confirmed by isolation of B. anthra-
cis in culture (19). More recently, a study by Doganay et al. (10)
reviewed cutaneous anthrax cases over a 7-year time period in
Turkey, and of the 22 cases evaluated, 19 yielded culture-negative
results. In both of the aforementioned studies (10, 19), when cul-
ture yielded negative results, additional laboratory evidence of B.
anthracis infection was used to support the diagnosis of cutaneous
anthrax.

In contrast to culture, the results of this study showed that
real-time PCR was not impacted by time postspiking of the swabs,
as the PCR yields were comparable at 1, 7, and 28 days with all
three swab extraction methods (Table 2). This finding is sup-
ported by results reported in an article on pathology in the 2001
anthrax investigation, when three confirmed cases of cutaneous
anthrax were negative by culture yet positive by PCR (33). An
interesting finding to note is that the SETS yielded greater recov-
ery of viable B. anthracis by culture at 1 day postspiking; however,
the differences between the three swab extraction methods were
not significant and did not constitute significantly greater PCR
yields (Tables 1 and 2). These results show that at 1 day postspik-
ing, the SETS method was more efficient than the sonication and
vortex methods for recovery of viable cells, not total cells.

Flocked-nylon swabs were used for most of the experiments in
this study because they are frequently tested in clinical laborato-
ries and they have been shown to be superior for recovery of
pathogenic bacteria (6, 38). With regard to swab materials, all
three swab extraction methods yielded detectable levels of B. an-
thracis DNA from polyester and rayon swabs as well (Fig. 1).
Though significant differences between the three swab extraction
methods were observed with both swab materials, this had no
consequence on detection by real-time PCR when high concen-
trations of B. anthracis (107 CFU/ml [105 CFU/swab]) were used
for spiking (Fig. 1A and B). These results suggest that any of the
swab materials may be used with the three swab extraction meth-
ods used in this study for recovery of B. anthracis cells provided
that there are sufficient numbers of cells on the swab.

Since the 2001 bioterrorism-associated anthrax outbreak, sev-
eral different types of real-time PCR assays for the detection of B.
anthracis have been developed (11, 12, 24, 28). The molecular
beacon-based assay utilized in this study was selected to assess
whether recovery of B. anthracis with the three swab extraction
methods would be consistent irrespective of the type of real-time
PCR assay used. Diagnostic laboratories may also choose between
several commercially available methods for isolation of B. anthra-
cis DNA; therefore, this study employed three different DNA pu-
rification methods. The results showed that the differences in re-
covery efficiency between the three swab extraction methods had
an impact at lower inoculum concentrations of B. anthracis, as the
SETS and sonication methods yielded a one-log-unit-greater level
of detection than the vortex method using the TaqMan assay with
the QIAamp kit and with the MagNA Pure LC instrument. Also,
the SETS method yielded a one-log-unit-greater level of detection
than the other two swab extraction methods with the molecular
beacon assay and the MagNA Pure LC instrument (Table 3).
Combined, these results indicate that the SETS method provided
the best levels of detection for B. anthracis DNA and the most
consistent results and, thus, that these results were independent of
the real-time PCR assay or DNA purification method used.

TABLE 4 Results from the SETS swab extraction protocol by culture and real-time PCR using lesion swabs from cutaneous anthrax outbreaksa

Specimen IDb

Culture result and growth
characteristic

Average CT (mean � SD)c

Chromosome pXO1 pXO2

BCA00001 �, no growth 35.9 � 0.52 34.9 � 0.72 35.6 � 0.63
BCA00004 �, no growth 38.2 � 0.49 37.8 � 0.71 36.9 � 1.37
BCA00007 �, non-B. anthracis 37.3 � 0.67 39.0 � 0.55 39.0 � 0.55
BCA00009 �, non-B. anthracis 25.7 � 0.17 24.4 � 0.22 24.5 � 0.02
BCA00010 �, non-B. anthracis 37.4 � 1.14 35.0 � 0.45 29.5 � 0.67
BCA00011 �, non-B. anthracis 31.6 � 0.37 34.6 � 0.90 36.6 � 0.48
BCA00012 �, non-B. anthracis 34.9 � 0.90 31.7 � 0.77 31.5 � 0.35
BCA00014 �, non-B. anthracis 36.1 � 1.01 33.8 � 0.03 34.5 � 0.49
BCA00015 �, non-B. anthracis 31.7 � 0.48 29.4 � 0.29 30.1 � 0.04
BCA00016 �, non-B. anthracis 31.3 � 0.23 29.2 � 0.14 29.8 � 0.35
BCA00017 �, non-B. anthracis 32.4 � 0.25 30.7 � 0.34 31.2 � 0.14
BCA00018 �, non-B. anthracis 38.1 � 0.09 37.2 � 0.94 38.3 � 0.55
BCA00019 �, no growth 34.6 � 0.34 33.0 � 0.15 34.0 � 0.20
BCA00022 �, no growth 28.2 � 0.14 26.5 � 0.04 26.7 � 0.14
BCA00023 �, non-B. anthracis 30.6 � 0.05 28.1 � 0.10 29.0 � 0.09
a Outbreaks in Bangladesh in 2009.
b Identification (ID) numbers were assigned to deidentify patient specimens. The specimens were processed using the SETS method and were tested for isolation of B. anthracis in
culture as well as automated DNA purification with the MagNA Pure Compact, followed by real-time PCR analysis.
c Average CT values (mean � standard deviation) are shown only for triplicate DNA samples from specimens that were positive for all three targets in the B. anthracis real-time PCR
assay described by Hoffmaster et al. (16). PCR-negative results from eight swabs are not shown.
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During outbreaks or public health investigations, laboratories
are likely to receive large numbers of specimens for testing (19,
23). Swabs are frequently submitted to diagnostic laboratories
where time to results is important; thus, a need for rapid swab-
processing protocols exists. One advantage of the SETS method is
that it required the least amount of processing time, and it is re-
ported to average 7 min total for 24 samples, compared to 22 min
and 9 min for the sonication and vortex methods, respectively
(39). In addition, the SETS protocol was successfully used in con-
junction with real-time PCR when there was a long delay in spec-
imen testing. The clinical specimens that were used in this study
were collected in 2009, and 15 out of 23 were positive by PCR yet
none were positive by culture (Table 4), as expected based on the
results of negative cultures after 28 days in the time course exper-
iments. Therefore, this protocol may be useful when there are
delays in specimen testing, such as in cases of international ship-
ments of specimens. When taking into consideration the need for
rapid testing of specimens as well as factors that may contribute to
culture-negative results, such as time period postinfection, the
swab protocol described in this report offers advantages over the
use of conventional microbiological methods alone for laboratory
diagnosis of cutaneous anthrax.

One limitation of this study was the lack of clinical specimens
from recent outbreaks of cutaneous anthrax. In addition, this
study was limited to clinical specimens that were not tested by
other diagnostic methods during the outbreak investigations (23
lesion swabs). Therefore, the initial experiments in this study were
performed using spiked swabs. Culture testing of spiked swabs
indicated significantly reduced recovery of viable B. anthracis after
�7 days; however, it is unknown whether the time course results
would be identical with clinical specimens, although human se-
rum was added to the inoculated swabs to mimic a clinical sample
as closely as possible. Future studies should evaluate different
swab collection and transport methods to see if culture results can
be improved and lessen the impact of any delays in processing the
swabs.

The results of this study showed that the SETS method yielded
greater recovery of viable B. anthracis in culture as well as consis-
tent detection of B. anthracis DNA by real-time PCR with three
DNA purification methods and with three different swab materi-
als. The use of the SETS followed by automated nucleic acid puri-
fication and real-time PCR provided a rapid method for detection
of B. anthracis in outbreak specimens. Thus, we recommend in-
corporating this swab protocol into laboratory testing procedures
for diagnosis of cutaneous anthrax.
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