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We evaluated two commercial F1 antigen capture-based immunochromatographic dipsticks, Yersinia Pestis
(F1) Smart II and Plague BioThreat Alert test strips, in detecting plague bacilli by using whole-blood samples
from mice experimentally infected with Yersinia pestis CO92. To assess the specificities of these dipsticks, an
in-frame F1-deficient mutant of CO92 (�caf) was generated by homologous recombination and used as a
negative control. Based on genetic, antigenic/immunologic, and electron microscopic analyses, the �caf mutant
was devoid of a capsule. The growth rate of the �caf mutant generally was similar to that of the wild-type (WT)
bacterium at both 26 and 37°C, although the mutant’s growth dropped slightly during the late phase at 37°C.
The �caf mutant was as virulent as WT CO92 in the pneumonic plague mouse model; however, it was
attenuated in developing bubonic plague. Both dipsticks had similar sensitivities, requiring a minimum of 0.5
�g/ml of purified F1 antigen or 1 � 105 to 5 � 105 CFU/ml of WT CO92 for positive results, while the blood
samples were negative for up to 1 � 108 CFU/ml of the �caf mutant. Our studies demonstrated the diagnostic
potential of two plague dipsticks in detecting capsular-positive strains of Y. pestis in bubonic and pneumonic
plague.

Yersinia pestis is the causative agent of plague, occurring
primarily in rodents and their fleas. The organism is transmit-
ted to humans mainly through infected flea bites and close
contact with infected animals. The three major plague pan-
demics resulted in more than 200 million deaths worldwide
(13). Plague still is prevalent in many countries of the world
today and is categorized as a reemerging human disease by the
World Health Organization (10, 48).

There are three clinical forms of plague: bubonic, primary
septicemic, and pneumonic. In bubonic plague, the lymph
nodes in the region of the flea bite become swollen (the bubo)
because of bacterial invasion and multiplication. If untreated,
the disease has a mortality rate of 50% (37). In primary sep-
ticemic plague, the infected flea bites lead directly to the entry
of the organism into the bloodstream without the development
of a bubo, which is virtually always fatal due to poor diagnosis
and the rapid progression of the disease. Pneumonic plague
typically develops as a complication of bubonic plague, with
the spread of Y. pestis to the lungs (37). The production of
purulent sputum in the infected patient (or animal) can lead to
highly contagious aerosol droplet transmission, where the dis-

ease can be spread from person to person. This form of the
disease, termed primary pneumonic plague, is almost always
fatal if antibiotic treatment is not initiated within 24 h of the
onset of symptoms (9, 35).

The high fatality rate associated with pneumonic plague, the
worldwide distribution of the organism, the ease of aerosol
dissemination, and the potential use of the organism as a
biological weapon have raised concerns and necessitated the
development of rapid plague diagnostic tools (21). The prompt
diagnosis of this fulminant disease is of key importance in
reducing the mortality rate and effective control of its spread
during plague epidemics and/or under a bioterrorist attack (9).

Traditionally, the clinical diagnosis of plague relies on the
isolation of the organism from biological specimens and sero-
conversion, i.e., the development of F1-specific antibodies to Y.
pestis (51). However, the slow growth of the plague bacilli and
the time necessary for F1 antibodies to appear in serum at
significant titers (usually 1 week) limit the early detection of
the disease, because most human fatalities occur within a week
after infection (51).

To circumvent such time constraints, techniques such as
immunofluorescence (IF), enzyme-linked immunosorbent as-
say (ELISA), and immunochromatographic dipsticks have
been developed recently to rapidly detect the F1 antigen in
biological samples to expedite the diagnosis of plague in pa-
tients (8–10, 32, 44, 46, 51). The F1 antigen (Caf or fraction 1)
is a fimbrial protein that accumulates on the bacterial surface
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to form an amorphous capsule and is unique to Y. pestis (38).
Thus, the capsule represents a high-molecular-weight polymer
consisting of linear fibers of a single protein subunit, Caf1,
assembled on the surface of the bacterial cell (54). The assem-
bly of such fibrillar organelles is accomplished by a highly
conserved periplasmic chaperone/usher pathway in which caf1-
encoded F1 fimbrial subunits are translocated from bacterial
cytoplasm to periplasm, where they interact with Caf1M chap-
erone and dimerize prior to export onto the bacterial surface
by the outer-membrane usher protein Caf1A (28, 55). The
further addition of Caf1 dimers results in capsule formation,
and caf1 is one of the most highly expressed genes during
infection in mammals (38). The organism is surrounded by the
F1 capsule in vivo, and free F1 antigen can be detected in
tissues after being shed from the surface of bacteria (8, 9, 12,
36, 38, 39). Indeed, by using the above-mentioned technolo-
gies, the presence of the F1 antigen in patient specimens (i.e.,
blood, bubo, sputum, and urine) has been reported in several
studies (3, 4, 8–10), and the methods were deemed sensitive
and specific (8–10). However, information is lacking or inade-
quate regarding the application of such technologies among
rodents, the natural reservoir of plague. Further, the sensitivity
of such techniques in detecting Y. pestis strains, which either
have low levels of F1 antigen or are devoid of it, has not been
evaluated. Indeed, such strains exist in nature and have viru-
lence similar to that of the F1-positive Y. pestis strains (18, 38,
49, 50, 53).

In this study, two F1 antigen detection kits, the Yersinia
Pestis (F1) Smart II (New Horizons Diagnostics, Columbia,
MD) and Plague BioThreat Alert test strips (Tetracore, Inc.,
Rockville, MD), were investigated. These kits are commer-
cially available in the immunochromatographic dipstick format
for easy and rapid application. As an appropriate negative
control, we first generated and characterized an F1 antigen-
deficient mutant (�caf) of wild-type (WT) Y. pestis CO92.
Subsequently, mice were intranasally (i.n.) or subcutaneously
(s.c.) challenged with either the WT or its �caf mutant to
evoke pneumonic and bubonic plague, respectively. The mouse
whole-blood samples were analyzed after different infection
time points with the dipsticks for the presence of F1 antigen,
and the results were compared with the bacterial loads in the
corresponding blood samples. We also used purified F1 anti-
gen, a commercially available F1-LcrV fusion protein (Biode-
fense and Emerging Infections Research Resources Reposi-
tory [BEI Resources], Manassas, VA), as well as pure Y. pestis
cultures to determine the detection limit of the dipsticks in in
vitro assays. Our goal was to provide proof of concept with
regard to the possible use of such dipsticks in monitoring
plague bacilli among field rodents during epidemiological stud-
ies and/or under plague surveillance programs.

MATERIALS AND METHODS

Bacterial strains and reagents. The WT Y. pestis CO92 strain is highly virulent
and was first isolated in 1992 from a deceased pneumonic plague patient (14, 26,
40). It was acquired from the Centers for Disease Control and Prevention
(CDC), Atlanta, GA. Y. pseudotuberculosis YPIII was purchased from the Amer-
ican Type Culture Collection (ATCC), Manassas, VA, and also was used as a
negative control in this study in addition to the �caf mutant. Heart infusion broth
(HIB) medium and plates (Difco, Voigt Global Distribution Inc., Lawrence, KS)
were used to grow Y. pestis and Y. pseudotuberculosis YPIII either at 26 to 28°C
or at 37°C with 2.5 mM calcium chloride. We used Luria-Bertani (LB) medium

for the growth of other bacterial cultures (e.g., recombinant Escherichia coli) at
37°C with shaking (180 rpm). Molecular reagents, such as restriction endonu-
cleases and T4 DNA ligase, were obtained from Promega (Madison, WI). The
Advantage cDNA PCR kit was purchased from Clontech (Palo Alto, CA).
Digested plasmid DNA or DNA fragments from agarose gels were purified by
using QIAquick kits (Qiagen, Inc., Valencia, CA). All experiments involving live
Y. pestis were conducted in approved, restricted-entry biosafety level 2 (BSL-2)
or BSL-3 laboratory or in our animal biosafety level 3 (ABSL-3) facility located
in the Galveston National Laboratory.

Generation and characterization of the caf1 mutant (�caf) of Y. pestis CO92.
The �caf mutant of CO92 was generated with CDC approval by using the gene
deletion protocol adapted from the Lambda Red recombinase mutagenesis sys-
tem, in which the target genes first were replaced with an antibiotic resistance
marker located between the FRTs (flippase recombination sites) and subse-
quently removed with the FLP recombinase (11). The resulting deletion of
1,176 bp included a part of the caf1A and most of the caf1 gene encoding the
usher protein and F1 subunit of the capsule, respectively. The mutagenesis
was performed by using primers containing a prolonged 85-bp homology
region to target the gene to facilitate recombination. The following primers
were used: caf1A_lng_F, GCTAGGTAATAACTCAATAAATTCAAATTA
CCAAATGACATCAGATTCTCATGGTAACACTACCCATGAGGTAGG
TGTGTACGGTGTGTAGGCTGGAGCTGCTTCG; and caf1_lng_R, CGC
CTTTGGAACCAATTGAGCGAACAAAGAAATCCTGGCTGCCCGTAG
CCAAGACGACGTCATCCCCCACAAGGTTCTCACCGTTATGGGAA
TTAGCCATGGTCCAT. The size of the deletion was confirmed by PCR by
using primers flanking the removed region (caf1A_F, TCCTCTCAGTCGCT
GGCTAGGT; caf1_R, CTGCTGCAAGTTTACCGCCTTT), followed by the
sequencing of the corresponding fragments. All helper plasmids providing
Lambda Red and FLP recombinases were cured from the constructed mutants as
recommended elsewhere (11).

In addition, we analyzed the generated �caf mutant for the correct phe-
notype by performing genetic, antigenic/immunological, and electron micro-
scopic testing.

(i) PCR analysis. A PCR assay was performed to verify the deletion within the
coding region of the caf1 gene. The genomic DNA from both WT CO92 and its
�caf mutant was isolated and used as a template for PCR. We used specific
primers (cafF, 5� GCTAGCAAAAAAATCAGTTCCGTTATCGCC 3�; cafR, 5�
AGATCTGGATTATTGGTTAGATACGGTTACGG 3�) with the following
amplification program: 94°C for 2 min (denaturation), followed by 30 cycles of
94°C for 1 min and 68°C for 3 min. The final extension was performed at 68°C for
7 min. The PCR-amplified products were resolved on a 0.7% agarose gel, visu-
alized by ethidium bromide staining, and confirmed by DNA sequence analysis.

(ii) Antigenic/immunological analyses. Western blot analysis, flow cytometry
(FC), IF staining, and transmission electron microscopic (TEM) studies were
performed to examine the production of the F1 antigen by the Y. pestis strains.
The WT and �caf mutant of CO92 were grown in 3 ml of HIB medium at 37°C
overnight with constant shaking (180 rpm). The bacilli were harvested by cen-
trifugation (8,500 � g) and washed with phosphate-buffered saline (PBS). For
Western blot analysis, the bacterial cells were lysed in SDS-PAGE sample buffer
and probed with the primary anti-F1 antigen antibodies (generated in the labo-
ratory) at a dilution of 1:2,500, followed by horseradish peroxidase (HRP)-
labeled, goat anti-mouse secondary antibodies (Southern Biotech, Birmingham,
Alabama) at a dilution of 1:20,000. The blots were developed by using a Super-
Signal West Pico chemiluminescent substrate (Pierce, Rockford, IL) (40). Sim-
ilarly, the production of V antigen (LcrV), a component of the type III secretion
system (T3SS) (19), in the WT and �caf mutant of CO92 was analyzed by using
antibodies to LcrV (generated in the laboratory) at a dilution of 1:2,500.

For the fluorescent analysis of F1 production by IF and FC techniques, the
harvested bacteria were fixed with 4% formaldehyde (Polysciences Inc., War-
rington, PA). Following fixation, bacteria (106 CFU/sample) were washed with
PBS and incubated with a primary antibody to F1 antigen (Abcam, Cambridge,
MA) or an isotype-matched irrelevant antibody (Sigma-Aldrich, St. Louis, MO)
as a negative control. Cells were washed with PBS and further labeled with a
secondary antibody (goat anti-mouse IgG1) conjugated to Alexa Fluor 488.
Lastly, cells were washed and resuspended in 400 �l of 2% ultrapure formalde-
hyde (Polysciences Inc.) in PBS before analysis. To perform IF, a 10-�l aliquot
of labeled cells was adsorbed onto a poly-L-lysine-coated slide. The slides were
dried and mounted with a coverslip and viewed under a fluorescent microscope.

For FC, we acquired a total of 30,000 cells on a FACS Canto (BD Biosciences,
San Diego, CA), and compensation was performed using FACS DIVA software
(BD Biosciences). Analysis was conducted using FCS Express version 3 (De
Novo Software).
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(iii) TEM. For TEM, the cultures were fixed in a mixture of 2.5% formalde-
hyde and 0.1% glutaraldehyde in 0.05 M cacodylate buffer, pH 7.3, to which
0.03% trinitrophenol and 0.03% CaCl2 were added, postfixed in 1% OsO4 in 0.1
M cacodylate buffer, stained en bloc with 2% aqueous uranyl acetate, dehydrated
in ethanol, and embedded in Poly/Bed 812 epoxy resin (Polysciences). Ultrathin
sections were cut on a Reichert-Leica Ultracut S ultramicrotome, stained with
lead citrate, and examined in a Philips 201 electron microscope at 60 kV.

(iv) Growth curve studies. An aliquot (10 to 20 �l) of each of the Y. pestis
cultures (i.e., WT and �caf strains or Y. pseudotuberculosis) from �70°C stocks
were streaked onto 5% sheep blood agar (SBA) plates (Teknova, Hollister, CA)
and incubated at 28°C for 48 h. A single isolated colony from the blood agar plate
of each culture then was inoculated into 5 to 10 ml HIB medium in a 50-ml
HEPA filter TOP conical tube and grown at 28°C with constant shaking (180
rpm) overnight (12 to 16 h). Subsequently, the cultures grown overnight were
diluted at a ratio of 1:40 with 100 ml of fresh HIB medium into a 500-ml HEPA
filter TOP polycarbonate Erlenmeyer culture flask (Triforest Labware, Irvine,
CA). The optical density at 600 nm (OD600) of the culture dilutions then was
measured with the spectrophotometer (Jenway, Staffordshire, United Kingdom).
The dilution ratios were adjusted to ensure that the ODs were around 0.05 to 0.1
at this initial time point. The diluted Y. pestis or Y. pseudotuberculosis cultures in
500-ml flasks then were grown at either 26 or 37°C with constant shaking.
Samples from each flask were taken at 1-h intervals until the cultures reached
their plateau phase. The OD600s at different time points were recorded and the
CFU determined by plating, as we described previously (40).

Animal studies. Female 5- to 6-week-old BALB/c mice were purchased from
Jackson Laboratories (Bar Harbor, ME) and infected in the ABSL-3 facility
either by the i.n. or s.c. route under an approved UTMB IACUC protocol to
mimic pneumonic and bubonic plague, respectively (40). The animals were
infected with either WT CO92 or its �caf mutant and monitored for up to 30 to
35 days for mortality. We used 30 mice in each group, and 10 animals from each
group were assessed for morbidity or mortality during the duration of each
experiment. Blood samples were collected from mice at 24, 48, 72, and 96 h
postinfection, and 5 mice were used at each indicated time point.

Detection of the F1 antigen. Two commercially available plague detection kits,
the Yersinia Pestis (F1) Smart II (New Horizons Diagnostics) and Plague Bio-
Threat Alert test strips (Tetracore, Inc.), were used to detect the F1 antigen from
various sources. We spiked blood samples from naïve animals with a known
number of bacteria or concentration of purified F1 or F1-LcrV fusion protein
antigen (obtained from BEI Resources). Once the samples were spiked with
bacteria, we used WT CO92 and its �caf mutant or Y. pseudotuberculosis (also as
a negative control) grown at 37°C at log incremental doses of 1 � 103 to 1 � 108

CFU/ml. The purified F1 antigen or the F1-LcrV fusion protein, either spiked at
doses of 0.0625 to 21 �g/ml in blood samples or diluted in PBS, was used to
determine the detection limits of these kits.

Alternatively, we obtained infected blood samples at various time points (24,
48, 72, and 96 h) from mice that were challenged via the s.c. or the i.n. route with
the indicated doses of WT CO92 or its �caf mutant. Subsequently, an aliquot
(100 �l) of the blood sample was applied to the F1 antigen detection dipsticks.
These detection kit assays are lateral-flow based, and the results were interpreted
according to the manufacturer’s instructions. Each blood sample was analyzed
with both dipsticks at least in duplicate, and, where appropriate, the correspond-
ing blood samples were serially diluted in PBS and cultured on SBA plates to
determine the bacterial load (40).

Statistical analysis. The animal mortality data were evaluated by using the
Kaplan-Meier survival estimate between WT- and �caf mutant-infected mouse
groups, and P � 0.05 was considered significant.

RESULTS AND DISCUSSION

The �caf mutant of Y. pestis CO92 was devoid of F1 antigen
production. As shown in Fig. 1, the 513-bp caf1 gene and its
encoded protein F1 antigen (20 kDa) could be detected only in
the WT bacterium (Fig. 1A to C, lane 2), and it was missing
from the �caf mutant (Fig. 1A to C, lane 1) based on PCR
(Fig. 1A) and Western blot (Fig. 1B) analysis data, respec-
tively. Figure 1C is a Western blot showing that the �caf
mutant was not defective in the synthesis of the LcrV antigen,
as it produced amounts of it similar to that of the WT bacte-
rium (Fig. 1A to C, lanes 1 and 2; also see below). The surface-
localized F1 antigen was visualized by IF on the WT bacterium

but not on the �caf mutant (Fig. 1D). These data matched
those derived from the fluorescent-activated cell sorter
(FACS) analysis in which only the WT bacterium producing
the F1 antigen exhibited a strong fluorescent signal following
labeling with antibody to F1 and detection with a fluorescence-
labeled secondary antibody (Fig. 1E). In contrast, the signal
observed following the labeling of the �caf mutant with anti-
body to F1 and fluorescence-labeled secondary antibody was
not greater than the background fluorescence observed follow-
ing the labeling of both strains with an isotype-matched control
antibody.

These results indicated that the generated �caf mutant was
devoid of F1, which we further confirmed by performing TEM.
As can be noted from Fig. 2, the �caf mutant lacked the
capsule, as there was no capsular material surrounding the
bacteria, while a significant amount of the capsular material

FIG. 1. Genetic and antigenic/immunologic analyses of the �caf
mutant of Y. pestis CO92. (A) Genomic DNA from both the WT and
its �caf mutant was isolated, and the specific primers were used to
PCR amplify the coding region of the caf1 gene. (B and C) Western
blot analysis with specific antibodies to the F1 antigen (B) or the LcrV
antigen (C) were used for examining the production of corresponding
proteins in both the WT and its �caf mutant. (D) Both the WT (left)
and its �caf mutant (right) were subjected to staining with specific
anti-F1 antibody, followed by detection with Alexa-488-labeled (green)
secondary antibody using a fluorescent microscope. (E) The produc-
tion of F1 by the WT (green line) and the �caf mutant (black line) was
further evaluated by flow cytometry using antibody specific to F1 or an
isotype-matched control (red line), followed by detection with fluores-
cence-labeled (Alexa-488) secondary antibody.
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was noted around and between the WT bacteria when grown at
37°C (Fig. 2, arrow).

Production of LcrV antigen by WT Y. pestis CO92 and its
�caf mutant. The type 3 secretion system (T3SS) plays an
important role in the pathogenesis of yersiniae infections (24).
Therefore, we examined the expression of the gene encoding
the LcrV antigen in WT CO92 and its �caf mutant with the
goal of evaluating whether the T3SS was intact in the mutant
strain. Our Western blot analysis data with LcrV-specific an-
tibodies (Fig. 1C) indeed revealed similar amounts of V anti-
gen produced in both the WT (lane 2) and its �caf mutant
(lane 1). These data indicated that the T3SS was not affected
during the mutagenesis process used to delete the caf gene.

Growth curves for WT Y. pestis CO92 and its �caf mutant.
We then examined the growth of WT CO92 and its �caf
mutant at both 37 and 26°C. No significant differences in
growth patterns were observed between WT CO92 and its �caf
mutant at 37°C based on optical density measurements (Fig.
3A); however, the viability of the �caf mutant was reduced at
later growth stages (Fig. 3B). The �caf mutant displayed
growth and viability characteristics similar to those of the WT
bacterium at 26°C (data not shown). As the F1 antigen was
produced only at 37°C (38), it is plausible that the F1 capsular
antigen protected the WT strain from accumulated metabolic
wastes in the culture medium. The F1 antigen would not have
been produced at 26°C, and consequently no difference in
viability would have been observed, as was indeed found to be
the case (data not shown).

Virulence of the �caf mutant of Y. pestis CO92 in bubonic
and pneumonic plague mouse models. Several studies have
shown that the capsule acts in concert with the T3SS in making
Y. pestis highly resistant to phagocytosis (6, 12, 17, 52). How-
ever, contradictory results have been reported pertaining to
the overall attenuated virulence of naturally and/or experimen-
tally derived caf mutants compared to that of their correspond-
ing parental strains in animal models (5, 12, 15, 16, 18, 47, 50,
53). Therefore, to address this discrepancy, we tested WT
CO92 and its �caf mutant for virulence in bubonic and pneu-
monic plague mouse models.

As shown in Fig. 4, all of the animals infected with either the
WT or its �caf mutant died after subcutaneous (Fig. 4A) and
intranasal (Fig. 4B) challenge. The mice were infected at a
dose of 7.5 � 104 to 9.0 � 104 50% lethal doses (LD50) (10
bacteria represent 1 LD50 by the s.c. route) or 17.5 LD50 (100
CFU represents 1 LD50 by the i.n. route), respectively. We
initially chose high doses of bacteria for infection studies so
that the animals would die by day 4 due to bacteremia to better
gauge the sensitivity of the dipstick test. Interestingly, an in-
crease in mean time to death with the �caf mutant-infected
mice (12 days) was observed compared to that seen in animals
infected with the WT bacterium (5 days) when challenged by
the s.c. route (Fig. 4A). When the challenge dose of WT CO92
and its �caf mutant was reduced to 100 to 1,000 LD50, a
protective effect of the capsule (both in terms of mean time to
death and survival) was clearly seen in the bubonic plague
mouse model (Fig. 4C). However, virtually identical death

FIG. 2. Electron microscopic analysis showing the presence of capsular material in Y. pestis cultures. Both WT CO92 and its �caf mutant were
grown on SBA plates at 37°C for 48 h. The bacilli then were fixed and examined with a Philips 201 electron microscope at 60 kV. The arrow
indicates the shedding of the capsular material for the WT CO92, but no such capsular material was seen surrounding the �caf mutant.

FIG. 3. Growth curves of Y. pestis CO92 WT and its �caf mutant. The bacilli were grown at 37°C in HIB medium with 2.5 mM CaCl2. Samples
were taken at 1-h intervals until the cultures reached their saturation phases. The OD600s of the samples at different time points were recorded
(A), and their actual counts (in CFU) (B) were determined by plating (40).
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curves were observed when animals were infected via the i.n.
route, with all of the mice dying within 4 to 5 days (Fig. 4B).
Even lowering the infection dose to 5 LD50 showed no statis-
tically significant differences in mortality between the WT and
its �caf mutant by the i.n. route (data not shown). These data
suggested that the attenuation of the �caf mutant occurred
only in the bubonic plague model.

Earlier studies showed that some genetically undefined F1-
negative strains were less virulent (5, 15, 18, 47, 50, 53), while
several reports using genetically defined, caf-negative mutant
strains uniformly demonstrated that the lack of F1 antigen had
no effect on virulence in mouse and guinea pig models of
bubonic plague or in the African Green monkey model of
pneumonic plague (12, 16, 18). These contradictory data could
be due to some other virulence factors, in addition to the F1
antigen, that were affected in the genetically undefined F1-
negative strains.

In a recent study, Sebbane et al. reported that the caf-
negative Y. pestis 195/P mutant was not impaired in either flea
colonization or virulence in mice after intradermal inoculation
(38). However, the absence of the caf operon decreased bu-
bonic plague incidence after a flea bite, which eventually led to
a reduction in the transmissibility and the potential of plague
for epidemic spread (38). They suggested that transmission by
flea bite represents a more sensitive way to detect small dif-
ferences in the LD50, as the 50% lethal doses of Y. pestis for
subcutaneous and intradermal challenges are extremely low to
only a few bacilli, which is technically difficult to measure with
confidence during an experimental challenge (38).

Although the exact role of F1 in Y. pestis infections is not
fully understood, it has been reported to have an antiphago-
cytosis function (5–7, 17, 18, 33, 52). Further, the F1 antigen
may have immunomodulatory effects, as interactions between
F1 dimers bound to its chaperone Caf1M and interleukin-1
(IL-1) receptors on epithelial cells and macrophages have been
demonstrated (1, 2, 56). Further, proinflammatory cytokine
induction due to macrophage activation by F1 also has been
reported (41–43), although these results are contradictory to
other published reports (23, 25). The possibility exists that the
F1 capsule is shielding other Y. pestis surface antigens from the
immune system, and its role in depleting circulating F1 anti-
bodies also may contribute to the virulence of Y. pestis (27, 38).

Nonetheless, it is clear that the ability of F1-negative strains
to cause disease in both laboratory mice and humans is com-
patible with that of the F1-positive strains, and therefore there
is a need to develop diagnostic tools capable of detecting both
F1-positive and -negative strains of Y. pestis in biological sam-
ples in epidemiological settings. Currently, assay tools are
available only for detecting F1 antigen, and this is the basis of
the study described below.

Evaluation of F1 antigen capture-based dipsticks. Two com-
mercially available plague detection kits (Smart II and Bio-
Threat Alert test strips) were assessed for their abilities to
detect F1 antigen in various samples.

As shown in Table 1, the minimum amount of purified F1
and LcrV-F1 fusion protein required to demonstrate a positive
reaction in either PBS or naïve blood following the use of
either of the dipsticks was 0.5 �g/ml. It is worth mentioning
that although the detection limit for both F1 and F1-LcrV
fusion protein was the same, the actual amount of F1 antigen

FIG. 4. Virulence potential of the �caf mutant of Y. pestis CO92 in
both bubonic and pneumonic plague mouse models. The BALB/c mice
were challenged subcutaneously (A and C) or intranasally (B) with the
WT or �caf mutant of CO92 at the indicated doses. Mice were as-
sessed for mortality during the duration of each experiment, and their
percentages of survival were plotted. The Kaplan-Meier survival esti-
mate was used to statistically analyze survival rates between WT- and
�caf-infected mouse groups, and the corresponding P values are
presented.
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present in the fusion protein was lower. The increased sensi-
tivity in detecting F1 antigen in the fusion protein could have
been related to the better presentation of the F1 epitopes and
interaction with the antibodies on the dipsticks.

When PBS or blood samples were spiked with various doses
of WT CO92, the limit of detection for both of the kits was 1 �
105 to 5 � 105 CFU/ml (Table 1). Even at the dose of 1 � 108

CFU/ml, the �caf mutant of Y. pestis or WT Y. pseudotubercu-
losis (nonencapsulated) did not show any reaction, indicating
the specificity of the kits for the F1 antigen. Although the limits
of detection were similar for both kits, we observed reactions
to be quicker (resulting in stronger bands) with the Smart II
strip than with the BioThreat Alert test strip (Fig. 5). These
data indicated that the mouse blood did not interfere with the
dipstick reactions.

We initially chose the s.c. infection model (7.5 � 105 CFU
[75,000 LD50] of WT CO92) (Fig. 4A) to demonstrate the
sensitivity of the kits in detecting the minimal number of bac-
teria in the blood. Between 48 and 72 h (more often at 72 h),
we could detect more than 1 � 107 CFU/ml of plague bacilli in
the blood, and both kits exhibited a positive reaction. Although
all of the animals died by day 4, 60% of the mice were bac-
teremic between 48 and 72 h. These data indicate that even
without bacteremia, the animals could succumb to infection
due to serious damage to the regional lymph nodes where the
organisms first enter during bubonic plague. Alternatively, it is
plausible that the organisms enter different body organs via the

lymphatics, bypassing the blood. With the �caf mutant, only
25% of the animals were bacteremic between 48 and 72 h, with
1 � 104 to 5.5 � 104 CFU/ml detected in the blood, and as
expected, both kits were negative.

We then examined the number of bacteria in blood after the
i.n. infection of mice with WT CO92 and its �caf mutant (1,750
CFU [17.5 LD50]) (Fig. 4B). By 72 h, 70% of the animals were
bacteremic, with a bacterial load as high as 1 � 109 CFU/ml.
Likewise by 72 h, 75% of mice infected with the �caf mutant
were bacteremic, with the highest bacterial load of 2.2 � 108

CFU/ml exhibiting a negative dipstick test. The minimal num-
ber of WT CO92 that led to a positive dipstick reaction was in
the range of 1 � 105 to 5 � 105 CFU/ml. Thus, the sensitivity
of the dipstick tests were very similar when bacteria were
grown in vitro and spiked with PBS or naïve mouse blood or
when directly isolated from blood samples of infected mice
(Table 1). These data indicate that a similar amount of F1
antigen was displayed on the bacterial surface when grown in
vitro and in vivo, and the mouse blood did not interfere with the
dipstick’s reactions.

We tested these dipsticks with up to 190 �g/ml of purified F1
antigen and 1 � 108 CFU/ml of WT CO92 spiked with PBS or
naïve mouse whole blood; they all showed positive results
without a prozone effect. The absence of prozone phenomenon
is essential to avoid false-negative results (9). However, we did
notice that mouse blood samples obtained late in the course of
infection became more viscous, and some of them showed
false-negative results. This might be due to the blockage of
either the capillary flow or the antigen-antibody interactions
on the dipsticks. Consequently, we diluted all of the blood
samples 1:5 or 1:10 for optimal results.

Studies from other investigators reported much better sen-
sitivity with methods similar to those we used here for the
detection of the F1 antigen. For example, the F1 antigen could
be detected at a concentration of 0.5 ng/ml, while 3 � 103

CFU/ml of plague bacilli gave a positive reaction (9, 10, 13,
46). Specifically, a recent study with the same Plague Bio-
Threat Alert test strips from Tetracore reported a detection
limit of 37 ng/ml for the purified F1 antigen and 6 � 103

CFU/ml for the bacteria (46). These numbers are much lower
than what we have reported in Table 1. These sensitivity dif-
ferences could be related to the purity of the F1 antigen used
and the different strains of Y. pestis used, as the amount of the
F1 antigen on the bacterial surface may vary among various Y.
pestis strains. On the other hand, the different affinities of
anti-F1 antibodies coated on the strips tested may contribute
to the difference as well. Our studies are the first to use these

TABLE 1. Minimum detection limit of dipsticks in various samples tested

Dipstick name

Minimum detection limit for:

Infected mouse whole
blood (CFU/ml)

PBS spiked with purified
F1 antigen (�g/ml)

PBS spiked with LcrV-F1
fusion protein (�g/ml)

PBS or normal mouse blood
spiked with WT Y. pestis

CO92 grown in vitro
at 37°C (CFU/ml)

Plague BioThreat Alert
test strips

1 � 105–5 � 105 0.5 0.5 1 � 105–5 � 105

Yersinia Pestis (F1)
Smart II

1 � 105–5 � 105 0.5 0.5 1 � 105–5 � 105

FIG. 5. Immunochromatographic reactions of dipsticks. The
plague detection abilities of two dipsticks, Yersinia Pestis (F1) Smart
II and Plague BioThreat Alert test strips, were evaluated in various
biological samples. The diluted (1:10) whole-blood samples from naïve
mice spiked with 1 �107 CFU/ml of in vitro-grown (37°C) WT Y. pestis
CO92 (A) and the whole-blood samples from the WT Y. pestis CO92-
infected mice at 72 h postinfection and containing 1.05 � 109 CFU/ml
of the bacilli (B) were employed. Each testing had the same reaction
time of 2 min. The solid and open arrows indicated the control and
sample positive reactions, respectively.
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kits with a highly virulent CO92 Y. pestis strain and its authen-
tic F1 mutant.

The presence of the F1 antigen in plague patient sera has
been reported in several studies and ranged from as low as 4
ng/ml to as high as 50,000 ng/ml (8, 46, 51). However, antigen-
emia was not present in all patients with acute plague, and only
20% of their sera were positive for the Fl antigen (51). In our
study, regardless of the possibility of shedding F1 antigen from
the bacterial surface, the positive results with both of the dip-
sticks always corresponded to the development of bacteremia
in both bubonic and pneumonic plague mouse models. The
lack of uniformity in the presence of antigenemia or bacter-
emia during infection may be the limiting factor for using F1
antigen detection-based methods in the diagnosis of plague.
However, this issue can be circumvented by using other bio-
logical specimens, such as bubo aspirates, sputum, and urine,
instead of blood (9, 10, 44, 46). We chose blood specimens in
our study because blood is the most accessible and frequently
assayed body fluid, and the most dangerous clinical presenta-
tions of plague are primarily from pneumonic and septicemic
cases in which no bubos are present (44).

The data generated with the �caf mutant indicated that
these dipsticks were very specific for the F1 antigen, and there
are no cross-reactivities between the F1 antigen and other Y.
pestis components. However, with infected blood samples, one
of the dipsticks gave, on occasion, false-positive reactions after
10 min of incubation. Although the instructions for these kits
indicated that the reactions can be recorded between 15 and 30
min, we believe chances of error increase after 10 min of
incubation. Out of a total of 58 infected blood samples tested,
we noted that 5/58 (8.6%) showed false-positive results by
using the Smart II strips (New Horizons Diagnostics), while no
false-positive results were obtained by employing the Plague
BioThreat Alert test strips (Tetracore, Inc.).

Another caveat of using these dipsticks in the diagnosis of
plague is that they cannot detect F1-negative Y. pestis strains.
Such isolates do exist in nature and have virulence similar to
that of the F1-positive strains (18, 38, 49, 50, 53), which we also
demonstrated in this study. Studies have implicated the emer-
gence of F1-negative strains during climatic conditions that
favor a high flea burden, and such capsular-negative strains
were isolated from fatal plague patients, thus emphasizing the
importance of developing diagnostic tools for Y. pestis F1-
negative strains (38, 53).

In addition to immunochromatographic dipsticks, ELISA,
IF, and PCR techniques have been used for the detection of
the F1 antigen or its gene (9, 10, 20, 22, 29–32, 34, 44–46, 51).
Although ELISA is specific, it lacks sensitivity in all countries
in which plague is endemic (9), and PCR generally is less
sensitive than ELISA (34). The use of IF is somewhat limited
because it detects only the bacterial surface-bound antigen,
hence the quantification of the F1 antigen is difficult (51).
More importantly, all of these techniques require sophisticated
equipment and trained personnel. Therefore, most of these
methods are not applicable in the remote rural areas where
most of the world’s 3,000 to 4,000 annually reported plague
cases occur (13, 48). In this regard, the dipstick method could
be the most viable option.

The rapid diagnosis of a fulminating disease with a strong
epidemic potential, such as plague, improves the chances for

the recovery of the patient through the early use of appropriate
therapy and for the prevention of new cases by the timely
application of effective control measures (9, 51). This is par-
ticularly important in cases of bioterrorist attacks with plague
as a biological weapon (9, 21). Unfortunately, the current
plague diagnostic tools do not quite meet these requirements,
and therefore the development of simpler, quicker, and more
specific methods with the capability of detecting both F1-neg-
ative and -positive Y. pestis strains is crucial in dealing with the
challenges we face today.
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