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We have developed novel Bio-Plex assays for simultaneous detection of Bacillus anthracis, Yersinia pestis, Brucella spp., Francisella
tularensis, and Burkholderia pseudomallei. Universal primers were used to amplify highly conserved region located within the
16S rRNA amplicon, followed by hybridized to pathogen-specific probes for identification of these five organisms. The other
assay is based on multiplex PCR to simultaneously amplify five species-specific pathogen identification-targeted regions unique to
individual pathogen. Both of the two arrays are validated to be flexible and sensitive for simultaneous detection of bioterrorism
bacteria. However, universal primer PCR-based array could not identify Bacillus anthracis, Yersinia pestis, and Brucella spp. at the
species level because of the high conservation of 16S rDNA of the same genus. The two suspension arrays can be utilized to detect
Bacillus anthracis sterne spore and Yersinia pestis EV76 from mimic “write powder” samples, they also proved that the suspension
array system will be valuable tools for diagnosis of bacterial biothreat agents in environmental samples.

1. Introduction

The threat of bioterrorism has attracted great attention after
the letter containing anthrax spore terrified the USA and
the letters with “white powder” flied all over the world
[1]. When a bioterrorism attack occurred, rapid detection
and identification of biothreat agents are important to
determine that the suitable actions should be implemented
to disinfect pollution and cure infected people. Now, greater
than 160 species of microorganisms have been recognized to
be pathogenic. Thirty of them could be used as bioweapons.
Bacillus anthracis, Yersinia pestis, Brucella spp., Francisella
tularensis, and Burkholderia pseudomallei were the typical
examples among the list [2]. The development of rapid,
sensitive, and high-throughput diagnostic methods to fight
against bioterrorism and prevent serious epidemic diseases is
under urgent needs.

With the application of PCR and DNA sequencing tech-
nologies, comparison of the genome sequences of bacterial
species showed that the 16S rDNA gene is highly conserved

among individuals of the same species and among species
of the same genus and hence can be used as the “gold
standard” for classification of bacteria [3–6]. Here, we report
a suspension array based on the 16S rDNA gene amplified
by universal primers, which is also called universal primer
PCR-based array. Due to the scope of the detection specificity
of our array design principles, the universal primer PCR-
based array cannot specifically distinguish certain species
from bacteria of the same genus because of the conservation
of 16S rDNA sequences. Alternatively, a suspension-array-
based multiplex PCR was developed which amplifies species-
specific regions of above five bioterrorism bacteria. Biotin
labeled PCR products were hybridized to corresponding
probes coupling on the unique sets of fluorescent beads. The
hybridized beads were processed through the Bioplex, which
identified the presence of PCR products. The hybridization
results of above two Luminex xMAP arrays showed sensitiv-
ity from 2.5 fg (Yersinia pestis) to 30 pg (Bacillus anthracis)
bacterial DNA.
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Table 1: The primers and probes for detection of Bacillus anthracis, Francisella tularensis, Yersinia pestis, Brucella spp. and Burkholderia
pseudomallei by multiplex PCR suspension arrays.

Target organism Name Sequence (5′-3′) Gene location Product size

Bacillus anthracis

BA-1-F TGGACGCATACGAGACATAAT
capB

430 bp
BA-1-R TGCTTTAGCGGTAGCAGAGG

BA-1-P GAAGAACGCAGGCTTAGATTGGT

BA-2-F TTTCATAATCATGGATTTCCCG
chromosome

212 bp
BA-2-R TTACCCAACATCATCTTCGCA

BA-2-P CTCGCTTTCATCGCATTTCTCCC

Brucella spp.
Bru-F TGGCTCGGTTGCCAATATCAA

BCSP31
223 bp

Bru-R GCGCTTGCCTTTCAGGTCTG

Bru-P TTACGCAGTCAGACGTTGCCTAT

Francisella tularensis
FT-F GGGCAAATCTAGCAGGTCAAG

fopA
250 bp

FT-R GCTGTAGTCGCACCATTATCCT

Ft-P TGCTGGTTTAACATGGTTCTTTGG

Yersinia pestis
YP-F ACTCAATGTTGTGACGAGGATG

chromosome
220 bp

YP-R TTACTTCTAATGCCATCAGGTAGC

Yp-P AACAGTAAGCATCCAGTCGTTCATA

Burkholderia pseudomallei
BP-F CGATCTCGTCAAGGTGTCGG

chromosome
150 bp

BP-R CCCCAGTTCATCTGATACTTGC

Bp-P AGGTCAATTTCCCGAACAAGACT

2. Materials and Methods

2.1. Bacterial Strains. Bacteria, strains Bacillus anthracis
(170044), Bacillus subtilis (170314), Bacillus cereus (170315),
Bacillus megaterium (1700201), Bacillus thuringiensis (82-
68), Bacillus pumilus (63202), Francisella tularensis (410101),
Burkholderia pseudomallei (53001), Brucella abortus (544A),
Brucella suis (1330S), Curtobacterium citreum (82-3), Yersinia
pseudotuberculosis (12718), Brucella abortus (S19), Brucella
suis (S2), Brucella ovis (M5), and Burkholderia mallei (58)
were provided by State Key Laboratory of Pathogen and
Biosecurity of China. Bacteria strains Bacillus anthracis
(sterne), Yersinia pestis (Ev76), Pseudomonas aeruginosa
(ATCC15442), Staphylococcus aureus (189), Escherichia coli
(44104), Escherichia coli (O157:H7), Vibrio Parahaemolyticus
(239), Yersinia kristensenii (ATCC 33638), Yersinia frederik-
senii (ATCC 33641), Yersinia intermedia (ATCC 29909),
Yersinia rohdei (ATCC 43380), Yersinia bercovieri (ATCC
43970), Yersinia mollaretii (ATCC 43969), and Yersinia ente-
rocolitica (ATCC 9610) were stored in our laboratory.

2.2. DNA Extraction. Y. pestis were cultured on Hot-
tinger’s agar (Land bridge, China), Brucella and Vibrio Par-
ahaemolyticus were cultured on TSA medium (Difco),
B. anthracis were cultured on DSM sporulation medium
(Difco) [7], F. tularensis was cultured on 5% sheep blood
agar. All other reference strains used in this study were
cultured on LB medium. Bacterial cells were harvested
by centrifugation for 5 min at 8000×g and washed two
times with 200 µL ddH2O. The cell pellet was resuspended
in 200 µL ddH2O, boiled for 10 min, then centrifuged at
8000×g for 5 min. The supernatants were collected and

stored at −20◦C for measuring the DNA concentration by
spectrophotometer (NanoDrop ND-1000).

2.3. Primer and Probe Design. For multiplex PCR-based
array, 6 sets of primer pairs and probes were designed
(Table 1). The genome sequences of the Bacillus anthracis,
Yersinia pestis, Brucella spp., Francisella tularensis, and
Burkholderia pseudomallei were obtained from GenBank.
Multiple alignments using ClustalW were performed, and
the primer sequences and the probes were designed on
genus-specific regions, each consisting of a forward primer,
reverse primer, and probe designed to target unique genomic
sequences of specific bacterial. The two signatures for
detection of Bacillus anthracis used in this multiplex assay
were developed. The specificities of the primers and probes
were evaluated using the Blastn. For Universal PCR-based
array, primers 341a, 519b were designed to amplify conserved
regions of 16S rDNA gene for bacterial species (Table 2),
probes were designed in the amplification region of PCR,
containing a 20 dTTP spacer at 5′end. Primers and probes
were synthesized by Sangon Co. Ltd, China.

2.4. PCR Amplification. The genomic DNA of the reference
strains were used as template. Universal PCR reactions were
done in 50 µL of the master mix (Takara Biotechnology Ltd.,
Dalian, China). The optimum reaction mixture contained
takara premix 25 µL. 400 pmol of each primer, and 2 µL
of template DNA. Ultra-pure sterilized water was used for
negative control. All reactions were performed in a 9700
PCR machine (ABI Biosystem, USA) with the following
cycles: first cycle, 95◦C for 5 min; 35 cycles, 95◦C for
40 s, 58◦C for 30 s, and 72◦C for 40 s, followed by a final
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Table 2: The Universal primers and probes for detection of Bacillus anthracis, Francisella tularensis, Yersinia pestis, Brucella spp. and
Burkholderia pseudomallei by suspension arrays.

Target organism Name Sequence (5′-3′)

16S rRNA universal primers
341a CCTACGGGAGGCAGCAGT

519b ATTACCGCGGC(T/G)GCTG

Bacillus anthracis B.a AAGTGCTAGTTGAATAAGCTGGCAC

Brucella spp. Bru GGAGAAGATAATGACGGTAACCCGA

Francisella tularensis F.t GCCTCAAGGTTAATAGCCTTGGGGA

Yersinia pestis Y.p AAGGGGTTGAGTTTAATACGCTCAA

Burkholderia pseudomallei B.p AATCATTCTGGCTAATACCCGGAGT

extension of 7 min at 72◦C. Multiplex PCR reactions used
the same amplification conditions and the primer and
probe sets were first individually tested and then tested
in mixtures. The optimal multiplex PCR reagents are the
concentration of Taq polymerase, ddNTP, Mg2+ and primers.
Not only the multiplex PCR reagents but the PCR annealing
temperature, hybridization temperature, hybridization time,
and the amount of PCR product were optimized as well.

2.5. Beads Coupling and Hybridization. The probes (Tables
1 and 2) were coupled to carboxylated beads (Luminex)
internally dyed with a unique spectral address by modified
carbodiimide coupling method [8]. Coupling efficiency was
assessed by biotinylated oligonucleotide that was comple-
mentary to the probe sequence, the beads were stored in
TE buffer (pH 8.0) in the dark at 4◦C. Each hybridization
reaction in a total volume of 50 µL was performed in a 9700
PCR machine (ABI Biosystem, USA) by mixing of 5∼17 µL
PCR product, 33 µL 1.5 × TMAC (4.5 M TMAC, 0.15%
Sarkosyl, 75 mM Tris-HCl, 6 mM EDTA) containing 5000
beads of each conjugate, and up to 50 µL of TE buffer. The
hybridization protocol was as follows: an initial denaturing
step of 10 min at 95◦C, followed by incubation for 15 min
at 55◦C. Then, the reaction system was transferred to a
96-well filter plate (Millipore Corporation, USA), washed
two times with 6 × SSPET (6 × SSPE, 0.01% Triton X-
100) with vacuum filtration, and incubated for 10 min at
room temperature with 75 µL 4 ng/µL SA-PE (Molecular
Probe). Each well was corresponded to one test sample,
and the product of PCR negative control was used as
hybridization-negative control. The hybridized beads were
washed again with 75 µL 1×TMAC and resuspended in 75 µL
1 × TMAC. Data for each sample was collected using a
Bioplex workstation (Bio-Rad, USA). For each probe (bead
set) in a certain sample well, the MFI value was calculated
from the signals of at least 100 beads. The experiment was
repeated two to three times for each test sample to confirm
the results. A detection threshold value was defined for each
probe as two times of average background signal for that
probe. Signals above the detection threshold were considered
as positive.

2.6. Sensitivity and Specificity of Assays. Tenfold dilution
series of Bacillus anthracis Sterne, Francisella tularensis,
Yersinia pestis EV76, Brucella spp. M5, and Burkholderia

pseudomallei was diluted and used to test the sensitivity of
the assay as described above. Reference bacterial strains were
chosen to test the specificity of the assay.

2.7. Assessment of Array by Bacterial Strains and “White
Powder” Samples. To evaluate the potential use of our assay
for the detection of “white powder” sample, tenfold dilution
series of fresh culture of B. anthracis vaccine strain Sterne
spore in DSM (Difco) and Y. pestis vaccine strain EV76 in
Hottinger’s agar (Land bridge, China) were prepared. 500 µL
of each dilution was added to 0.1 g flour (milk powder, corn
starch, wheat flour, instant fruit-flavored drink mix powder)
with vortexing and incubated for 2 hr at room temperature.
The negative control was flour without contamination.
500 µL of PBS (150 mM NaCl, 1.7 mM KH2PO4, 5 mM
Na2PO4 (pH7.4)) was added to each sample and vortexed,
then centrifuged at 10000×g for 3 min, the supernatant
was collected and washed with PBS for three times, cen-
trifuged at 12000×g for 1 min each time. DNA extraction,
PCR, hybridization, and data analysis were performed as
described.

3. Results and Discussion

In the work discussed here, we developed two Bio-Plex assays
for simultaneous detection of Bacillus anthracis, Yersinia
pestis, Brucella spp., Francisella tularensis, and Burkholderia
pseudomallei. For universal primer PCR method, the 16 s
rDNA of those five bacterial was amplified, then the PCR
products were hybridized with encoded beads labeled by
specific 16 s rDNA probe of each pathogen. Whereas mul-
tiplex PCR method was developed to simultaneously amplify
multiple specific genes of different pathogens in a single tube,
then the PCR products were hybridized with encoded beads
labeled by specific probe against target gene. The results were
compared between the universal primer PCR and multiplex
PCR method.

3.1. Optimization of PCR Amplification. In this assay, 16 s
rDNA was amplified by the average size of 250 bp as
Figure 1 indicated the gel electrophoresis with universal
primer PCR amplification. The multiplex PCR factors have
been optimized to approach the best reaction condition.
The optimum reaction mixture contained 30 µL of of the
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Figure 1: Gel electrophoresis (1% agarose gel) of the amplification
products by universal primers PCR. Lane 1. Francisella tularensis;
Lane 2. Burkholderia pseudomallei; Lane 3. Yersinia pestis EV76;
Lane 4. Brucella spp. M5; Lane 5. Bacillus anthracis Sterne; M:
DL2000 DNA Marker.

1 32 4 5 6 7

Figure 2: Gel electrophoresis (1% agarose gel) of the amplification
products by multiplex PCR Lane 1.blank; Lane 2. Bacillus anthracis
Sterne; Lane 3. Yersinia pestis EV76; Lane 4. Francisella tularensis;
Lane 5. Brucella spp. M5; Lane 6. Burkholderia pseudomallei; Lane 7.
DL2000 DNA Marker.

master mix, 80 pmol of primer FT-F, FT-R, BP-F, BP-R, BA-
1-F, BA-1-R, 100 pmol of primer BA-2-F, BA-2-R, YP-F, YP-
R, 120 pmol of primer Bru-F, Bru-R each, 2 µL of DNA
template. Thermal cycles included 1 cycle of 95◦C for 10 min,
32 cycles of 95◦C for 30 s, 58◦C for 30 s, and 72◦C for 30 s,
followed by a final extension of 7 min at 72◦C. Figure 2 shows
the gel electrophoresis the multiplex PCR products.

3.2. Array Sensitivity of Universal Primer PCR Array versus
Multiplex PCR Array. The limits of detection for each
bacterium were tested in universal primer PCR-based array
and multiplex PCR-based array. Figure 3 shows the limits
of detection for each set of primers when tested universal

primer PCR and multiplex PCR in individual species.
We observed that a semilogarithm dose-response curve
between the MFI and DNA concentration followed a
dynamic range. The universal primer PCR-coupled liquid
bead array was capable of detecting the specific target
sequence when a minimum amount of 0.8 pg Burkholderia
pseudomallei, 40 pg Brucella spp., 14 pg Bacillus anthracis,
0.2 pg Francisella tularensis, or 2.2 pg Yersinia pestis genomic
DNA template was present in the PCR amplification reac-
tions; the multiplex PCR-suspension array was sensitive
with a detection limit of 0.62 pg Burkholderia pseudoma-
llei, 22.5 pg Brucella spp., 70 pg Bacillus anthracis, 0.95 pg
Francisella tularensis, and 50 fg Yersinia pestis genomic
DNA template. A negative control was added as previously
described [9].

3.3. Array Specificity. Twenty-eight reference strains of cer-
tain bacterial species were tested for evaluation of the
specificity of the two arrays. Table 3 indicated there are
cross reactions existed among the same genus for universal
primer PCR-based array. Such as it was positive signals
for Bacillus thuringiensis, Bacillus cereus samples using the
probes specific to Bacillus anthracis. Whereas there is no
false-positive result or cross reactivity observed in multiplex
PCR-based assay. Figure 4 shows the specificity of multiplex
PCR array in a 3D axis with a matrix of each combination of
four bacteria species by each multiplex array bead. The high
MFI column indicated that each bead was only positive to its
corresponding bacterium but not the other four bacteria.

3.4. Detectability from Cultures and White Powder Mixture.
As shown in Figure 5, we identified B. anthracis spore, and
Yersinia pestis EV76 in simulated “white powder”, 10000
cells/0.1 g powder of B. anthracis spore and 500 cfu/0.1 g
powder of Yersinia pestis EV76 showed positive signals when
tested by both two assays, which are significantly below
the median lethal dose (LD50) of 8000∼10000 cfu Bacillus
anthracis [10] and 3000 cfu Yersinia pestis [11]. The results
suggested these two types of arrays have enough detective
ability to detect suspect bioterrorism agents from white
powders with high sensitivity and good dynamic detection
range.

4. Conclusion

Dozens of techniques have been developed for detecting
and identifying biothreat agents by cell culture, lateral
immunological flow, PCR, biosensor, solid- or liquid-based
biochip and analytical chemistry (GC and MS, etc.) methods
[9, 12, 13], biochemistry-based techniques, and analytical
chemistry method [14–17]. However, detecting potential
biological agents in environmental and clinical samples
requires assays that can recognize multiple analytes simul-
taneously to reduce the responding time and minimize the
impact of the bioattack. In this study, we have developed
a rapid high-throughput suspension array for simultaneous
detection of Bacillus anthracis, Yersinia pestis, Brucella spp.,
Francisella tularensis, and Burkholderia pseudomallei.
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Figure 3: Comparison of detection sensitivity of multiplex PCR-based and universal primers PCR-coupled assay, the inlet shows the cut-off
value of two assays. (a) Bacillus anthracis; (b) Yersinia pestis; (c) Francisella tularensis; (d) Brucella spp.; (e) Burkholderia pseudomallei.
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Figure 4: Specificity test of probes in multiplex primer PCR-coupled suspension array. For each tested agent (x-axis), the response of each
of six beads is shown (y-axis). Response is given as the median fluorescent intensity (MFI) at z-axis. Dotted bars indicate the probe of BA-
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tularensis and Bp is Burkholderia pseudomallei. The six bacterial coated beads are from species Bacillus anthracis, Yersinia pestis, Brucella
abortus, Francisella tularensis, and Burkholderia pseudomallei, respectively. Each sample yields an appropriate response from each of the six
beads present.

0

1000

2000

3000

4000

5000

6000

7000

M
FI

B S1 S2 S3 S4 S5 S6 S7 S8

B. anthracis (44)

(a)

0

1000

2000

3000

4000

5000

M
FI

B S1 S2 S3 S4 S5 S6 S7 S8

Y. pest (31)

(b)
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Table 3: Specificity test of universal primer PCR-coupled suspension array.

Species Strain Brucella Spp.
Bacillus

anthracis
Francisella
tularensis

Yersinia pestis
Burkholderia
pseudomallei

BSA

Bacillus anthracis 170044 − + − − − −
Bacillus subtilis 170314 − − − − − −
Bacillus cereus 170315 − + − − − −
Bacillus megaterium 1700201 − − − − − −
Bacillus thuringiensis 82–68 − + − − − −
Bacillus pumilus 63202 − − − − − −
Francisella tularensis 410101 − − + − − −
Burkholderia
pseudomallei

53001 − − − − + −
Brucella abortus 544A + − − − − −
Brucella suis 1330S + − − − − −
Curtobacterium
citreum

82-3 − − − − − −
Yersinia
pseudotuberculosis

12718 − − − + − −
Brucella abortus S19 + − − − − −
Brucella suis S2 + − − − − −
Brucella ovis M5 − − − − − −
Burkholderia mallei 58 − − − − + −
Bacillus anthracis sterne − + − − − −
Yersinia pestis Ev76 − − − + − −
Pseudomonas
aeruginosa

ATCC15442 − − − − − −
Staphylococcus aureus 189 − − − − − −
Escherichia coli 44104 − − − − − −
Escherichia coli O157 : H7 − − − − − −
Vibrio
Parahaemolyticus

239 − − − − − −
Yersinia kristensenii ATCC 33638 − − − − − −
Yersinia frederiksenii ATCC 33641 − − − + − −
Yersinia intermedia ATCC 29909 − − − − − −
Yersinia rohdei ATCC 43380 − − − − − −
Yersinia bercovieri ATCC 43970 − − − − − −
Yersinia mollaretii ATCC 43969 − − − − − −
Yersinia enterocolitica ATCC 9610 − − − − − −

The highly conserved 16S rRNA gene makes a remarkable
role in analysis of evolutionary distance and relatedness
of organisms and has a widespread use for bacterial iden-
tification and taxonomy determination. The results from
16 s rRNA universal primer PCR-based suspension array
suggested that this method could be used to detect almost all
of the bacterial. However, it should be noted that this method
could not identify bacterial species with highly conserved
16 s rDNA sequence. In our study, Bacillus anthracis, Bacillus
thuringiensis, and Bacillus cereus belong to same genus,
which has 99% identity of 16 s rDNA [18]. The results
also showed high positive signals for Bacillus thuringiensis,
Bacillus cereus samples using the probes specific to Bacil-
lus anthracis. The similar results were also observed for

Yersinia pestis and Brucella spp. It suggested that the universal
primer PCR-based suspension array could not be used to
determine different bacteria in the same genus. In an effort
to distinguish five bioterrorism bacteria specific to species
as list above, we conducted multiplex PCR to target on
unique genomic sequence of specific pathogen in a same
suspension array. Those signature primers target on different
genomic regions of the pathogen, increased the specificity
of an array, and reduced the risk of false-positive results.
Two detectable targets of B. anthracis, signature gene on the
bacteria genome and capB gene [19] located on plasmid
pXO2, were chosen, as the pXO2 plasmid is important to
the virulence of B. anthracis. Brucella spp. target in BCSP31
gene [20], Francisella tularensis target in fopA gene [21],
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the detection targets in chromosome of Y. pestis [22] and
Burkholderia pseudomallei [23] were both specific on the
genome. However, not as universal primer PCR-based array,
we could not continuously increase signature targets in the
multiplex PCR-based suspension array system due to the
increased complexity of multiplexed reaction.

Powders were one of the most common nonclinical
specimens submitted to designated laboratories. Artificially
contaminated samples were prepared as simulated field
samples to access the feasibility of the assay established above.
In this study, we developed two suspension array methods for
rapid detection of Bacillus anthracis, Yersinia pestis, Brucella
spp., Francisella tularensis, and Burkholderia pseudomallei.
with good sensitivity and specificity, which significantly
reduces the detection time due to simultaneous detection
of five pathogens. The results suggest the feasibility of using
suspension array system in biological weapons diagnosis for
environmental samples.
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