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Bacillus anthracis is a spore-forming bacterium that causes anthrax. B. anthracis has three major virulence factors,
namely, lethal toxin, edema toxin, and a poly-�-D-glutamic acid capsule. The toxins modulate host immune
responses, and the capsule inhibits phagocytosis. With the goal of increasing safety, decreasing security concerns,
and taking advantage of mammalian genetic tools and reagents, mouse models of B. anthracis infection have been
developed using attenuated bacteria that produce toxins but no capsule. While these models have been useful in
studying both toxinogenic infections and antitoxin vaccine efficacy, we questioned whether eliminating the capsule
changed bacterial growth and dissemination characteristics. Thus, the progression of infection by toxinogenic
noncapsulated B. anthracis was analyzed and compared to that by previously reported nontoxinogenic capsulated
bacteria, using in vivo bioluminescence imaging. The influence of immunization with the toxin component protective
antigen (PA) on the development of infection was also examined. The toxinogenic noncapsulated bacteria were
initially confined to the cutaneous site of infection. Bacteria then progressed to the draining lymph nodes and,
finally, late in the infection, to the lungs, kidneys, and frequently the gastrointestinal tract. There was minimal
colonization of the spleen. PA immunization reduced bacterial growth from the outset and limited infection to the
site of inoculation. These in vivo observations show that dissemination by toxinogenic noncapsulated strains differs
markedly from that by nontoxinogenic capsulated strains. Additionally, PA immunization counters bacterial growth
and dissemination in vivo from the onset of infection.

Bacillus anthracis is a spore-forming gram-positive bacte-
rium that causes the disease anthrax. Dormant spores are the
infectious form of B. anthracis (27). The following three dis-
tinct forms of anthrax occur: cutaneous, inhalational, and gas-
trointestinal anthrax (3, 16, 27). Cutaneous anthrax is the most
common form in humans and results in a mortality rate of 20%
without antibiotic treatment (34). Virulent natural isolates
produce two toxins, lethal toxin (LT) and edema toxin (ET)
(12, 27), and a poly-�-D-glutamic acid capsule covalently linked
to bacterial cell wall peptidoglycan (7, 25). LT and ET consist
of the receptor-binding protective antigen (PA) bound to le-
thal factor and edema factor, respectively (8). Working in
concert, these toxins modulate the host’s immune response to
promote bacterial survival and can cause cellular death (10, 13,
26, 37). The capsule inhibits phagocytosis, is a nonimmuno-
genic surface, and is vital for full virulence (7, 9, 25, 33).

The currently approved cell-free human vaccine in the United
States, anthrax vaccine absorbed (AVA), predominantly targets
PA (23). Although AVA clearly induces the production of
anti-PA antibodies (29), the mechanisms by which AVA mediates
protection remain uncertain. Studies show that anti-PA antibod-
ies can directly neutralize toxins (29), which eliminates their del-
eterious effects on the host. Other studies also suggest that
anti-PA antibodies bind to the surfaces of spores, leading to both

opsonization and greater destruction by phagocytes (40) as well as
to inhibition of germination (41). Despite there observations, how
toxin neutralization and/or binding of antibodies to spores
changes the kinetics of bacterial growth and dissemination re-
mains poorly characterized.

With the goal of increasing safety, decreasing security con-
cerns, and gaining access to powerful mammalian genetic tools
and reagents, mouse models of B. anthracis infection have been
developed using noncapsulated bacteria and mouse strains that
are unusually sensitive to infection (19, 43, 44). These models
reflect some of the characteristics of wild-type B. anthracis
infection (19). The most frequently used toxinogenic noncap-
sulated strain of B. anthracis is the Sterne vaccine strain, and
the most commonly used sensitive mouse strain is A/J, al-
though DBA/2 mice are also considered sensitive (44). Mouse
sensitivity to infection with spores from toxinogenic noncapsu-
lated bacteria has been correlated with the absence of comple-
ment component C5 function (43). These complement-defi-
cient mouse models have been useful in both addressing basic
questions of toxin-based pathogenesis and the analysis of vac-
cines, primarily PA-based antitoxin vaccines, that protect
against toxinogenic B. anthracis infections (42). However, elim-
ination of toxin production while maintaining capsule synthesis
does not affect B. anthracis virulence in the mouse model of
infection (6, 45), despite the fact that the toxins are active at
the cellular level (38). This brings into question the relevance
of toxins in mouse infections with fully virulent toxinogenic
capsulated bacteria.

To date, complement-deficient mouse models of infection
have relied on determinations of CFU and mouse survival as
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their primary methods of analysis. These methods lack dy-
namic analysis of the entire mouse from the initiation of in-
fection to death and therefore provide an incomplete picture
of the infectious process. Recently, we described the successful
use of bioluminescent nontoxinogenic capsulated B. anthracis
in murine models of cutaneous, inhalational, and gastrointes-
tinal infections (16). This bioluminescent bacterium can be
monitored within the mouse in real time by a technology called
in vivo bioluminescence imaging (BLI) (11, 18). Results from
this study identified new portals of entry into the host and
showed that metabolically active B. anthracis is readily detect-
able and that bioluminescence intensity correlates with CFU
(16).

We thus sought to determine the differences in infection
dynamics between toxinogenic noncapsulated (referred to
hereafter as Tox�) and previously reported nontoxinogenic
capsulated (referred to hereafter as Cap�) B. anthracis strains.
Additionally, we wished to determine how PA immunization
affects bacterial growth and dissemination in vivo. To achieve
this goal, a bioluminescent Tox� B. anthracis strain was con-
structed, and infections were analyzed with BLI technology in
real time. We found that in contrast to infections with Cap�

strains, (i) Tox� growth is confined to the site of inoculation
for a long time, (ii) a minimal number of Tox� bacteria are
found in the spleen throughout infection, and (iii) the Tox�

strain infects the kidneys and, frequently, the gastrointestinal
tract. Furthermore, PA immunization allows sensitive strains
of mice to confine Tox� bacteria to the initial site of cutaneous
infection without completely eliminating spore germination.

MATERIALS AND METHODS

Bacterial strains, growth conditions, and reagents. Infections were performed
with a bioluminescent derivative of the previously described B. anthracis strain
9602R (36). 9602R is a derivative of the highly virulent natural human isolate
9602 (5) but has been cured of plasmid pX02 (36) and therefore does not
produce a capsule but maintains toxin production, i.e., it is a phenotypic equiv-
alent of the Sterne strain. Bacteria were grown on brain heart infusion (BHI)
agar (Difco) unless otherwise noted. Spores were produced and then purified on
Radioselectan (Renografin 76%; Schering), using previously described methods,
and were stored in sterile deionized water (35). Luminescent 9602R and Sterne
(7702) (36) bacteria were constructed as previously described (16). Briefly,
luxABCDE was inserted into the conjugative shuttle vector pAT113 (35) under
the control of the pagA promoter, which is highly expressed under in vivo
conditions. This vector was then introduced into 9602R by heterogramic conju-
gation, using previously described methods and the conjugative Escherichia coli
strain HB101(pRK212.1) (35), and selected on BHI agar containing 5 �g/ml
erythromycin, yielding strain 9602Rlux (BIG17).

Image acquisition and analysis. Images were acquired using an IVIS 100
system (Xenogen Corp., Alameda, CA) according to instructions from the man-
ufacturer. Analysis and acquisition were performed using Living Image 2.5 soft-
ware (Xenogen Corp.). Unless otherwise noted, mice were anesthetized using a
constant flow of 2.5% isoflurane mixed with oxygen, using an XGI-8 anesthesia
machine (Xenogen Corp.), which allows control of the intensity and duration of
anesthesia. Images were acquired with a binning number of 16. Luminescent
signals from the exterior of mice were acquired for 1 min, whereas the lumines-
cence of internal organs during dissection was integrated for 10 s. All other
photographic parameters were held constant. Quantifying the photons per s
emitted by each organ was performed by defining regions of interest correspond-
ing to the organ of interest while subtracting the background, as defined for a
noninfected animal in the same photograph.

Infections and immunization of mice. Six- to 10-week-old A/J (Harlan Labs,
England), DBA/2J, and BALB/cJ (Charles River Labs, L’Arbresle, France) mice
were maintained under specific-pathogen-free conditions at the Pasteur Institute
in compliance with European animal welfare regulations. Cutaneous infections
were performed under light isoflurane anesthesia by injecting 10 �l of spore
suspension in phosphate-buffered saline into the ear with a 0.5-ml insulin syringe

(Becton Dickinson, NJ) (4, 16). For CFU determination, organs were removed,
placed immediately in ice-cold saline solution, and then homogenized in a chilled
glass tube, and dilutions were plated on BHI plates. Lymph node locations and
nomenclature were based on previously defined standards (39).

Mice were immunized with PA as previously described (6). In brief, 10 �g of
recombinant PA (a kind gift from Les Baillie (Welsh School of Pharmacy, Cardiff
University, Cardiff, Wales, United Kingdom) with 0.3% aluminum hydroxide gel
(Eurobio, Les Ulis, France) or adjuvant only was injected two times subcutane-
ously on days 0 and 14. Mice were then infected cutaneously in the ear, as
described above, on day 35.

Software and statistical analysis. Standard deviations of CFU, represented by
error bars, and Student’s unpaired t test results, used to compare the luminescent
ears of mice with and without PA immunization, were calculated using GraphPad
Prism 4. Image analysis was performed with Living Image 2.5 software.

RESULTS

Biosafety level 2 Tox� strains of B. anthracis, such as the
Sterne strain, have been used to model anthrax in the mouse
(19, 43, 44), but the capsule is a major virulence factor that
contributes to virulence in all models of infection. We thus
questioned whether the establishment and dissemination of
Tox� strains differed markedly from those of previously de-
scribed capsulated strains (9, 16). A bioluminescent Tox�

strain (9602Rlux) was constructed and analyzed using in vivo
BLI (11, 16, 18). 9602Rlux spores injected cutaneously into the
ears of A/J mice gave rise to measurable bioluminescence at
the site of injection that disseminated to deeper tissues and
ultimately killed the mice (Fig. 1A). Luminescence was detect-
able 8 h after injection (Fig. 1B) and continued to intensify in
the ear until death. At approximately 48 h postinfection, light
became detectable in the superficial parotid lymph node (39),
draining the ear (Fig. 1A and C). After an increase of lumi-
nescence in the ear and lymph node, luminescence spread to
the lungs and, unexpectedly, the kidneys, and in 13 of 36 mice
(36%) it also spread to the intestines and/or the pyloric region
of the stomach as defined foci (Fig. 1C). No luminescence and
few CFU were observed in the spleen (Fig. 1C and D), in
contrast to observations of infections with luminescent Cap�

bacteria (16). Dissection late in the infection revealed that
both the jejunum and ileum were transparent and distended
with a watery liquid (Fig. 1C). By 48 h, edema was observed
adjacent to the ear, and by 72 h, it encompassed most of the
head and shoulder (data not shown). Similar results were ob-
tained using a luminescent Sterne strain (data not shown).

A comparable, though slower, progression of infection was
observed with another sensitive mouse strain (44), DBA/2,
where luminescence was confined to the ear for the first 113 h,
followed by dissemination to the superficial parotid lymph
node at 116 h and then to the lungs, kidneys, and defined foci
in the intestines and/or stomach (Fig. 2A to C). A similar
percentage of DBA/2 mice developed luminescence in the
abdomen (10 of 29 mice [34%]) compared to A/J mice. It
should be noted that the dark coloration of DBA/2 mice re-
duces the sensitivity of bacterial detection since their pigmen-
tation absorbs a greater proportion of emitted light. Similar to
the case with A/J mice, edema of the ear, shoulder, and head
was evident in DBA/2 mice (data not shown). In contrast, when
resistant BALB/c mice (44) were infected, maximal lumines-
cence at the site of injection was observed at 48 h, after which
luminescence decreased and was eliminated by 144 h postin-
fection. Doses of 9602Rlux spores as high as 2.4 � 107 were not
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FIG. 1. Dissemination of Tox� B. anthracis organisms in A/J mice. (A) 9602Rlux spores (1 � 104) were injected into the ears of A/J mice and
then analyzed for bioluminescence at the indicated times. Images in this figure and the following figures depict photographs overlaid with
false-color representations of luminescence intensity, measured in photons/s-cm2-sr and indicated on the scales, where red is most intense and blue
is least intense. (Top row) Dorsal views of a single mouse at the indicated times. (Bottom row) Ventral views of the same mouse, with the infected
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lethal to BALB/c mice. These BALB/c mice lacked obvious
edema yet had scars in the infected dermis after the bacteria
had been cleared (Fig. 3A and B).

PA-based vaccines protect from toxinogenic B. anthracis in-
fection (27, 42), but where and when adaptive immunity exerts
its protective function in vivo remain poorly defined. PA-im-
munized A/J mice or control mice treated with adjuvant only

were infected cutaneously with 9602Rlux spores (Fig. 4A to C).
Within 8 h, luminescence in the PA-immunized mice was de-
tected at the site of injection in the ear, remained at a plateau
until 32 h, and then diminished in intensity until it was no
longer detectable (Fig. 4B and C). Luminescence was not de-
tected beyond the ear in PA-immunized mice. There was sig-
nificantly more luminescence initiated by 8 h at the site of

ear hidden to allow greater sensitivity in detecting bacteria in the draining lymph node. A single representative region of interest (ROI) for the
ear is depicted as a red circle at 1 h. This image series is representative of 30 infected mice. (B) The luminescence of the ears of mice was quantified
at the indicated times by defining specific ROI encompassing the ear, as depicted in panel A. Five mice are represented individually in the graph
as differently colored bars. The limit of detection was 1 � 104 photons/s-ear. �, the corresponding mouse died. (C) A mouse infected for 72 h was
dissected to determine which organs were the sources of bioluminescence. (Top left) Exterior of the infected mouse. (Top center) Dissection with
displacement of the skin. (Top right) Open thorax and peritoneum. (Bottom) Uncoiled gastrointestinal tract with the strong luminescence from
the neck lymph nodes and thorax blocked. (Inset) Ex vivo analysis of the kidneys and spleen. Abbreviations: LN, lymph nodes; RL, right lung; LL,
left lung; St, stomach; LK, left kidney; RK, right kidney; Sp � spleen. (D) CFU were determined for the indicated organs (means plus standard
deviations; n � 4).

FIG. 2. Dissemination of Tox� B. anthracis organisms in DBA/2 mice. (A) 9602Rlux spores (1 � 105) were injected into the ears of DBA/2 mice and
then analyzed as described in the legend to Fig. 1. (Top row) Dorsal views of a single mouse at the indicated times. (Bottom row) Ventral views of the
same mouse. Note that the luminescent ear visible in the dorsal images was hidden by the head at 96, 113, and 120 h. The image series is representative
of 16 infected mice. (B) A mouse infected for 116 h was dissected to determine which organs were the sources of bioluminescence. (Left) Exterior of
the infected mouse. (Center) Opened thorax and peritoneum, with the highly luminescent neck lymph nodes hidden by the sternum. (Right) Ex vivo
analysis of the gastrointestinal tract. Abbreviations: H, heart; RL, right lung; LL, left lung; L, liver; St, stomach; Sp, spleen; C, cecum. (C) The
luminescence of the ears of mice was quantified at the indicated times by defining specific ROI encompassing the ear. Four individual mice are
represented in the graph as differently colored bars. The dotted line represents the detection limit of luminescence. �, the corresponding mouse died.
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infection in control mice than that in actively infected PA-
immunized mice (P � 0.033; n � 7) (Fig. 4C). Luminescence
in the ears of control mice intensified until death (Fig. 4C) and
spread to deeper tissues, similar to the case for naı̈ve mice
described above (Fig. 1 and data not shown). One exceptional
control mouse (number 4) showed no luminescence until 80 h
postinfection, which then became a fulminant infection that
killed the mouse, reminiscent of human and primate diseases
that occurred long after exposure to spores (1, 20). These data
imply that PA immunization limits bacterial growth to the
cutaneous site of injection, without detectable bacterial growth
in lymphoid tissues, and reduces bacterial growth from the
earliest stages of infection.

DISCUSSION

Analysis of Tox� B. anthracis infections in mice revealed im-
portant differences in the progression of infection from that of
previously reported Cap� bacteria (16). The Tox� strain
(9602Rlux) remained confined to the ear longer than the Cap�

strain, progressed to the draining lymph node, and finally was
found in the lungs, kidneys, and defined points in the intestines

and the pyloric region of the stomach. The most striking differ-
ence was observed in the spleen; at no point were there great
numbers of bacteria found in this organ, as measured by either
luminescence or CFU. In contrast, within 24 h Cap� bacteria
spread from the ear to the draining lymph node, and by 36 h, they
became detectable in the spleen before progressing to the lungs
and blood, with minimal involvement of other organs until septi-
cemia (16). It is unclear why such a marked difference exists in the
spleen, but one might hypothesize that the spleen, an organ com-
posed of a diverse collection of immune cells, can more efficiently
resist infection by noncapsulated strains than by capsulated
strains. Indeed, the capsule has been shown to reduce phagocy-
tosis (25), while eliminating B. anthracis toxin production does not
affect the virulence of capsulated strains in mice (6, 45). This
suggests that, because of their lack of capsule and despite the
production of toxins, Tox� 9602Rlux bacteria may be controlled
in the spleen through phagocytosis-dependent mechanisms.
Phagocytosis could both limit bacterial access to nutrients (2) and
expose bacteria to toxic defense mechanisms (21), thereby reduc-
ing bacterial growth and luminescence and potentially leading to
bacterial death.

Toxin production by Tox� bacteria may also influence dis-

FIG. 3. BALB/c mice resist and eventually eliminate Tox� B. anthracis from cutaneous infections. (A) 9602Rlux spores (2 � 106) were injected into
the ears of BALB/c mice and then analyzed as described in the legend to Fig. 1. Dorsal images of a single mouse are shown. The image series is
representative of 12 infected mice. (B) The luminescence of the ears of mice was quantified at the indicated times by defining specific ROI encompassing
the ear. Four individual mice are represented in the graph as differently colored bars. The dotted line represents the detection limit of luminescence.
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FIG. 4. Tox� spores germinate in PA-immunized A/J mice but are confined to the site of inoculation. (A) PA-immunized (top) or adjuvant-only
control (bottom) A/J mice were injected with 2 � 105 9602Rlux spores in the ear and then analyzed as described in the legend to Fig. 1. Dorsal
views of a single representative PA-immunized and a single control mouse are shown, using the same scale. Each series is representative of eight
immune or eight control mice. (B) Dorsal images of the head of the same PA-immunized mouse as that shown in panel A, using a lower
luminescence scale. (C) Luminescence was quantified for the ears of PA-immune (PA � Al2O3; green bars) and adjuvant-only control (Al2O3;
red bars) mice at the indicated times by defining specific ROI encompassing the ear. The dotted line represents the detection limit of luminescence.
�, the corresponding control mouse died. No PA-immune mice died.
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semination. Both LT and ET can cause cell death (10, 28) and
thus can compromise endothelial barriers to the blood system.
Indeed, hemorrhaging is often associated with anthrax (1). We
suggest a model where Tox� bacteria begin growth at the site
of inoculation and immediately begin secreting toxins. The
toxins inhibit the protective inflammatory response and phago-
cyte chemotaxis (31) (which is further reduced in the C5-
deficient sensitive mice) and thereby establish a relatively pro-
tected niche for multiplication. Bacteria continue to multiply
and secrete toxins, as evident through clinical edema, eventu-
ally breaking down the barrier to the blood and giving bacteria
access to the circulatory system. Additionally, once reaching
and colonizing the draining lymph node, the Tox� bacteria
could exit through the efferent lymphatics to the blood, as has
been observed with fully virulent strains (24, 30). Upon gaining
access to the blood, bacteria quickly traffic hematogenously
and are trapped in the lungs, which are the first fine capillary
bed encountered upon the return of blood from the periphery,
and kidneys, whose major function is to filter blood. In these
dissemination models, bacteria would also disseminate to the
spleen, but as noted above, the spleen contains a large endog-
enous population of immune cells that may be able to limit the
growth of the newly arrived uncapsulated bacteria.

An alternative, but not exclusive, hypothesis to explain the
differences in dissemination of Tox� bacteria versus Cap�

bacteria is based on a model of host cell-dependent transport.
Bacteria have been observed in both the spore and replicative
vegetative forms within phagocytes (32). Additionally, other
studies have proposed that B. anthracis can be transported
across epithelial barriers by macrophage chemotaxis to lym-
phoid organs (17, 30). However, LT has also been shown to
efficiently kill some macrophages (28), so Tox� strains would
rapidly kill the cells in which they are being transported, thus
releasing bacteria into the blood to disseminate as free bacte-
ria, similar to the scenario described above. Such a process
would not occur for the Cap� strains, since they do not pro-
duce toxins. Instead, nascent Cap� bacteria would be pre-
dicted not to immediately kill the host cell, thus allowing trans-
port within the phagocyte. Based on previously published
observations (16), the initial chemotactic destination of the
phagocyte would be predicted to be the draining lymph node,
followed later by the spleen.

Tox� 9602Rlux cutaneous infections frequently dissemi-
nated to the gastrointestinal tract and kidneys, whereas Cap�

bacteria did not (16). Furthermore, we observed the accumu-
lation of liquid within the intestines, as previously observed
through intravenous injection of purified ET (10), suggesting
that the gastrointestinal tract is intoxicated by Tox� bacteria.
Although gastrointestinal anthrax is connected with the con-
sumption of contaminated food (3), colonization of the diges-
tive tract is also linked to hematogenous spread of B. anthracis,
which can occur in both inhalational and cutaneous infections
(1). Thus, it remains unclear whether toxin activity prepares
the gastrointestinal tract for colonization or whether bacteria
first associate with the gastrointestinal tract, leading to local-
ized targeting of toxins by implanted bacteria.

Immunization with PA is an effective method of preventing
anthrax (42). Because anti-PA antibodies are protective and
capable of neutralizing B. anthracis toxins (29), the humoral
immune response is considered to be the primary effector of

PA-based antianthrax immunity (23). In this study, we found
that mice immunized with PA restricted Tox� 9602Rlux
growth to the site of infection within the ear and prevented
bacterial growth in other tissues, implying that immunity is
immediately functional in situ. This observation supports the
conclusion that preformed effectors, such as antibodies or PA-
reactive CD4 T lymphocytes (22), act to restrict early bacterial
growth. Anti-PA antibodies may neutralize the secreted toxins,
opsonize spores to increase killing, and/or inhibit germination
(40, 41). Concomitantly, CD4 T lymphocytes could augment
the inflammatory response (14), allowing more efficient clear-
ance of bacteria. Indeed, significantly less luminescence was
observed in the ears of PA-immunized mice from the earliest
times postinfection. This observation supports but does not
differentiate between the role of antibodies in reducing the
germination rate of spores in vivo, as previously shown in vitro
(41), and their role in augmenting bacterial clearance by
phagocytes (40).

Although toxinogenic noncapsulated strains of B. anthracis
have been used to model infection, one of their original uses
was as live vaccine strains (27). Indeed, these vaccines, admin-
istered by inoculation as live Tox� spores, are considered more
effective than cell-free vaccines at establishing protective im-
munity (42), yet the inherent risk of live vaccines has deemed
them inappropriate for human use (27). Accordingly, using
BLI, we found that resistant BALB/c mice developed robust
infections that lasted several days upon infection with Tox�

spores, but the mice eventually controlled and cleared the
infections. Through this multiday process, the adaptive im-
mune system can become sufficiently activated by the presence
of multiplying bacteria (15), toxin secretion, and a wide range
of antigens to establish a highly effective protective immunity,
perhaps explaining why these live vaccines are more efficacious
than cell-free vaccines.

Infections of A/J and DBA/2 mice with Tox� B. anthracis
strains, such as the Sterne strain, have been developed as
models for anthrax because these mouse strains are particu-
larly sensitive to B. anthracis infection. A/J and DBA/2 mouse
sensitivities have been correlated with their inability to pro-
duce functional C5 (19, 43). However, the lack of C5 increases
susceptibility only to noncapsulated bacterial strains (43), sug-
gesting that capsulation renders C5 ineffective at impeding
infection. This brought into question whether the differences in
the locations of disseminated bacteria between the Tox�

9602Rlux strain, observed in this study in sensitive mice, and a
Cap� strain in resistant mice reflect differences in mouse de-
fenses or the presence or absence of toxins or capsule. How-
ever, we found that Cap� bacteria localized identically in both
resistant BALB/c and sensitive A/J mice (data not shown),
suggesting that bacterial localization characteristics are depen-
dent on bacterial factors, not the mouse strain.

Real-time in vivo detection of bioluminescent B. anthracis
spread has allowed the detection of previously unidentified
differences between a toxin-producing noncapsulated strain
(Tox�) and a nontoxinogenic capsulated strain (Cap�). Con-
sidering these differences, our data suggest that when using
attenuated strains to model anthrax, each model must be
matched with the specific question being asked, i.e., Tox�

strains are appropriate for dissecting effects on the host caused
by toxin secretion, whereas Cap� strains are better suited for
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the examination of bacterial growth and dissemination.
Whether a fully virulent Tox� Cap� strain will display dissem-
ination characteristics reflecting a combination of those of the
individual Tox� and Cap� strains or whether the combined
virulence factors will synergize to yield a completely different
pattern of infection remains to be determined.
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