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Plague is a zoonosis transmitted by fleas and caused by the gram-negative bacterium Yersinia pestis. During
infection, the plasmidic cafIM1A1 operon that encodes the Y. pestis F1 protein capsule is highly expressed, and
anti-F1 antibodies are protective. Surprisingly, the capsule is not required for virulence after injection of
cultured bacteria, even though it is an antiphagocytic factor and capsule-deficient Y. pestis strains are rarely
isolated. We found that a caf-negative Y. pestis mutant was not impaired in either flea colonization or virulence
in mice after intradermal inoculation of cultured bacteria. In contrast, absence of the caf operon decreased
bubonic plague incidence after a flea bite. Successful development of plague in mice infected by flea bite with
the caf-negative mutant required a higher number of infective bites per challenge. In addition, the mutant
displayed a highly autoaggregative phenotype in infected liver and spleen. The results suggest that acquisition
of the caf locus via horizontal transfer by an ancestral Y. pestis strain increased transmissibility and the
potential for epidemic spread. In addition, our data support a model in which atypical caf-negative strains
could emerge during climatic conditions that favor a high flea burden. Human infection with such strains
would not be diagnosed by the standard clinical tests that detect F1 antibody or antigen, suggesting that more
comprehensive surveillance for atypical Y. pestis strains in plague foci may be necessary. The results also
highlight the importance of studying Y. pestis pathogenesis in the natural context of arthropod-borne

transmission.

Plague, caused by the gram-negative bacterium Yersinia pes-
tis, is a disease that primarily affects rodents and occasionally
humans (7). Bubonic plague, the most common form of the
disease, is usually transmitted by fleas. It is characterized by a
painful, hypertrophied, and swollen lymph node called a bubo.
Without early treatment, the disease evolves rapidly to a life-
threatening septicemia. Flea-borne transmission may also lead
to primary septicemic plague, which is characterized by a
deadly septicemia without bubo production (55). Occasionally,
the hematogenous dissemination of bacteria leads to a pulmo-
nary infection, which results in a fatal airborne disease, pneu-
monic plague.

Y. pestis strains usually contain three plasmids: the pesticin
plasmid (pPst), the Yersinia virulence plasmid (pYV), and the
fraction 1 (pFra) plasmid (49). All of these replicons harbor at
least one gene required for the propagation of plague. pPst
carries the plasminogen activator gene (pla), which encodes a
surface protease/adhesin that enables bacterial dissemination
from the flea bite site and therefore bubonic plague production
(59). pYV encodes a type III secretion system (T3SS) that
injects the Yersinia outer proteins (Yops) into host cells to
inhibit phagocytosis and cytokine production and to induce
apoptosis (13). pFra harbors the ymt gene that enhances bac-
terial survival in the flea gut (31) and also encodes a fimbrial
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protein (the Caf or fraction 1 [F1] antigen) that accumulates
on the bacterial surface to form an amorphous capsule (12, 45,
53).

F1 capsule synthesis requires the cafIM1A41 operon and the
cafIR transcriptional activator gene (24, 25, 38, 39). The caf
operon products constitute a fimbrial chaperone-usher system
that acts to assemble and export F1 subunits on the bacterial
surface. The cafl-encoded F1 fimbrial subunits are translo-
cated from the cytoplasm into the periplasm, where they in-
teract with the Caf1M chaperone and dimerize prior to expor-
tation to the surface of the bacteria by the outer-membrane
usher protein CaflA (46, 72). Further addition of Cafl dimers
results in capsule formation. F1 capsule production is strongly
influenced by temperature—little or no capsule is detected at
<35°C in vitro or in the flea vector, an ambient-temperature
environment (6, 8, 12, 19, 34). In contrast, the F1 subunit gene,
cafl, is one of the most highly expressed genes during infection
of the mammal; Y. pestis is surrounded by F1 capsule in vivo,
and free F1 antigen can also be detected in tissues, indicating
that it is shed in large amounts from the surface of the bacteria
(10, 11, 14, 53, 56). In addition, anti-F1 antibody provides
protection against plague, and F1 is a major component of
second-generation plague vaccines (64). The fact that F1 cap-
sule is produced in large amounts during infection suggests
that it is a virulence factor, which is corroborated by several
studies showing that the capsule acts in concert with the T3SS
to make Y. pestis highly resistant to uptake by phagocytes (6,
14, 19, 70). However, although some genetically undefined
F1-negative strains show decreased virulence (5, 16, 23, 66, 68,
71), studies using genetically defined caf-negative mutant
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strains have uniformly shown that lack of F1 capsule has no
effect on virulence in mouse and guinea pig models of bubonic
plague or in the African green monkey model of pneumonic
plague (14, 18, 23). The lack of correlation between F1 and
virulence is all the more striking because natural selection of
encapsulated strains seems to occur. Indeed, only one F1 an-
tigen-deficient Y. pestis strain has been isolated from humans,
and very few natural isolates of Y. pestis lack the caf operon
(47, 71). These inconsistencies prompted us to assess the role
of the caf operon in Y. pestis infectivity in the natural context of
the flea-borne transmission route.

MATERIALS AND METHODS

Mutant production. A caf-negative mutant of the fully virulent Y. pestis 195/P
strain in which a 3,848-bp DNA fragment encompassing 18 bp of the cafIM1A1
operon promoter and 3,830 bp of the 3,896-bp cafIM1A1 operon was replaced by
a kanamycin resistance cassette (aph). The mutant was produced by allelic
exchange using the plasmid pCVD442 (4) harboring the aph gene flanked by
~500 bp of Y. pestis sequence upstream and downstream of the intended dele-
tion. The mutation was verified by PCR analysis, and loss of capsule production
was verified by electron microscopy and immunofluorescence assay using anti-F1
antibody (data not shown). The effect of the F1 capsule on the ability to produce
a transmissible infection in fleas was assessed using a Caf-negative Y. pestis 195/P
variant lacking pFra (29) transformed with pCH16, a recombinant plasmid car-
rying the Y. pestis ymt gene (32).

Flea infections. Xenopsylla cheopis fleas were infected with Y. pestis using a
previously described artificial feeding system (30). The infection rates were
monitored at 0 and 28 days after the infectious blood meal by enumerating CFU
from dilutions of 20 individually triturated female fleas plated on brain heart
infusion containing 1 wg/ml Irgasan. Flea blockage was also monitored during
the 4-week period using a separate sample of 50 female and 50 male fleas.
Blockage was determined by microscopic examination of individual fleas imme-
diately after they fed. Blocked fleas were diagnosed by the presence of fresh
blood in the esophagus but not in the midgut (30).

Mouse infections. All experiments were performed using Rocky Mountain
Laboratories Swiss-Webster mice at biosafety level 3 and were approved by the
Rocky Mountain Laboratories, National Institute of Allergy and Infectious Dis-
eases, National Institutes of Health Biosafety and Animal Care and Use Com-
mittees in accordance with National Institutes of Health guidelines. Mouse
infections were done in conjunction with a previously reported study with a Y.
pestis pla mutant (55), and the data reported here for the wild-type 195/P strain
are from that study.

For 50% lethal dose (LDs,) determination, Y. pestis strains cultured in LB
overnight at 21°C without shaking were quantified using a Petroff-Hausser bac-
terial-counting chamber, and serial dilutions of bacterial suspensions in sterile
phosphate-buffered saline were inoculated intradermally (i.d.) (0.03 ml) into
groups of five 8-week-old female mice. The number of bacteria injected was
confirmed by the CFU count. Infected animals were observed three times daily
and euthanized upon signs of terminal plague (evidence of lethargy, hunched
posture, and reluctance to respond to external stimuli) for 3 weeks. Blood was
collected by cardiac puncture immediately after euthanasia and plated on Yer-
sinia selective agar (YSAB; Difco) to confirm infection. LDs,s were calculated
according to the Reed-Muench equation (52) and the Probit method (StatPlus
software; AnalystSoft, Vancouver, Canada).

A previously described (37, 55) flea-borne transmission model was used to
determine Y. pestis infectivity after challenge by flea bite. Briefly, infected fleas
were applied to a restrained mouse and allowed to feed for 60 min. The fleas
were then recovered and examined under a dissecting microscope to determine
how many had taken a normal blood meal (unblocked, or noninfective, fleas) and
how many were blocked (infective fleas). After challenge, the mice were eutha-
nized upon the appearance of signs of terminal illness. Mice that did not develop
any symptoms after 1 week following a challenge were rechallenged.

Bacteriology and histology. All tissue samples were collected immediately
after euthanasia. One-half of each spleen was completely triturated through
sterile wire mesh into phosphate-buffered saline, and dilutions of the triturate
were plated on Yersinia selective agar (YSAB) for CFU counts. Blood samples
were similarly diluted and plated for CFU counts. The remaining portion of the
spleens, the inguinal and axillary lymph nodes, and the livers were fixed in neutral
buffered 10% formalin and then embedded in paraffin, sectioned, and stained
with hematoxylin and eosin (H&E). Immunohistochemical (IHC) staining was
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FIG. 1. Infection of X. cheopis fleas with encapsulated and unen-
capsulated Y. pestis strain 195/P. The percentages of fleas blocked and
still infected 4 weeks after a single blood meal containing the Y. pestis
195/P wild-type (black bars) or pFra-negative (gray bars) strains are
shown. The averages and standard deviations were determined from
three independent experiments.

performed on additional paraffin-embedded sections using a Dako autostainer.
Anti-Y. pestis antiserum and the secondary antibody horseradish peroxidase-
conjugated goat-anti-rabbit immunoglobulin G (H+L) (Pierce Biotechnology,
Rockford, IL) were used to specifically detect bacteria (36).

Statistical analysis. Comparisons of death rates after flea bite challenge were
calculated by using a chi-square test. A P value of <0.05 was considered statis-
tically significant.

RESULTS

The cafIM1A41 operon is not required to produce a trans-
missible infection in fleas. Y. pestis ingested by fleas after a
blood meal replicate actively in the flea gut to produce a
bacterial mass that blocks the proventricular valve in the
foregut. Complete or partial blockage is critical for efficient
biological transmission of the plague bacillus to the mamma-
lian host (3, 50), as opposed to early-phase transmission, which
does not require colonization of the flea (20-22, 67). There-
fore, it was necessary to first evaluate the effect of the caf
operon on the ability of Y. pestis to block fleas prior to assessing
its role in Y. pestis infectivity by flea bite. For this, groups of X.
cheopis rat fleas were infected with caf-positive or caf-negative
Y. pestis 195/P. During the 4-week period after the infectious
blood meal, the fleas developed infection and blockage of the
proventriculus at similar rates regardless of the Y. pestis strain
used (Fig. 1). Hence, the caf operon is not required to produce
a transmissible infection in the flea.

The cafIM1A1 operon is required for full virulence after flea
bite. Prior to determining the role of the caf operon in the
virulence of Y. pestis in a flea-borne-transmission model, we
confirmed previous reports (18, 23) that the caf operon is not
required for virulence in mice needle inoculated i.d. with cul-
tured bacteria (Table 1). Next, we fed fleas with mouse blood
containing either the wild-type or the AcafiMI1AI-negative
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TABLE 1. Effects of transmission route on virulence of
caf-negative Y. pestis

INFECT. IMMUN.

TABLE 3. Incidence of plague in mice infected with the Y. pestis
195/P AcafIMI1A1I::aph strain after flea bite challenge

LD5, by transmission route®:

Y. pestis
strain iv. id. Flea bite
Wild type <10 (<10) 46 (66 *+ 21) 8/10
AcafIMIAI <12 (<12) 55 (86 + 48) 4/10

“ LDs, values measured using the Reed-Muench equation and (in parenthe-
ses) the Probit method (95% confidence interval) are given for intravenous (i.v.)
and i.d. injection, and disease incidence is given for fleabite transmission (num-
ber of mice that developed terminal disease/number of mice challenged).

strain. Beginning 10 days after their infectious blood meal (the
time required by Y. pestis to block X. cheopis), the fleas were
applied to mice and allowed to feed (37). Mice challenged with
fleas infected with the wild-type and the caf-negative mutant
received the same number of challenges on median and ap-
proximately the same number of infective and noninfective
bites (Tables 2 and 3). Plague developed in 8 of 10 mice
challenged by wild-type-infected fleas but in only 4 of 10 mice
challenged by the mutant-infected fleas. The time to terminal
disease was 2 to 4 days after flea challenge regardless of the
presence of the caf operon (Tables 2 and 3).

Consistent with a previous study (37), development of the
disease in mice infected with the wild-type strain was corre-
lated with the total number of infective (from blocked fleas)
flea bites per challenge (* = 0.95) and not with the total
number of noninfective bites (+* = 0.03). The same observation
was noted with mice infected with the caf-negative strain, but
a statistically significantly higher number of infective bites per
challenge was required to establish an infection (P = 0.01891)
(Fig. 2). With the wild-type strain, one infective bite in a single
challenge was sufficient to cause plague, whereas with the caf-
negative mutant, a minimum of four infective bites in a single
challenge was required for disease production. Altogether,
these observations suggest that the caf operon is required for
full virulence after transmission by flea bite.

Both bubonic and primary septicemic plague can result
from flea-borne transmission of caf-negative Y. pestis. A pre-
vious study indicated that blocked fleas attempting to obtain a
blood meal deposit bacteria either in the dermis or in a dermal

TABLE 2. Incidence of plague in mice infected with the wild-type
Y. pestis 195/P strain after flea bite challenge

Total no. of No. of Time to
Mouse No. of flea bites blocked flea onset of
challenges  (cumulative) bites disease Outcome*
no- (median, 3) (median, (cumulative) (days)
57.5) (median, 6) (median, 3)

1 1 4 1 2 B
2 1 13 2 3 B
3 1 20 2 3 B
4 3 87 10 3 B
5 3 70 6 4 B
6 4 68 9 4 B
7 1 17 3 3 S
8 3 51 10 3 S
9 3 64 6 -
10 4 69 7 -
“ B, bubonic plague; S, septicemic plague; —, no disease.

No. of

No. of Total no. of  blocked flea zrl:z g;
Mouse challc;,n cs flea bites bites di;ease Outcome®
no. i 8 3 (cumulative)  (cumulative) d: . U
(median, 3 (median, 49)  (median, (mgd?i;) 3)
7.5) ’

1 1 17 3 B
2 2 30 8 3 B
3 2 37 8 4 B
4 2 42 11 3 S
5 3 56 7 -
6 3 63 8 -
7 4 71 4 -
8 4 59 5 -
9 4 41 6 -
10 4 79 8 -

“ B, bubonic plague; S, septicemic plague; —, no disease.

blood vessel, which leads to bubonic or primary septicemic
plague, respectively (55). Development of bubonic plague de-
pends on the plasminogen activator Pla, whereas primary sep-
ticemic plague does not (55, 59). Like pla, the caf operon could
encode factors that are specifically required for the production
of bubonic plague. Therefore, we diagnosed the form of dis-
ease that developed in mice after challenge by flea bite. Three
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FIG. 2. Frequency distribution of plague incidence in mice that
experienced zero to seven bites in a single challenge by blocked fleas
infected with the Y. pestis wild-type (gray bars) or the AcafiMI1Al
(black bars) strain. The number of mice that were bitten by x blocked
fleas per challenge is indicated above each bar (x = 0 to 5 for wild-
type-infected flea bites and 0 to 5 or 7 for the caf mutant. None of the
mice received six infective bites, indicated by NA.).
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FIG. 3. Bacterial loads in the spleens and the blood of mice that
developed terminal plague after being bitten by fleas infected with the
wild-type (WT) or the AcafIM1AI1 (Acaf) Y. pestis strain.

of four sick mice infected with the caf mutant had bubonic
plague, evidenced by myriad bacteria in their draining lymph
nodes; the other mouse had primary septicemic plague, with no
bacteria in its lymph nodes and no sign of lymphadenitis (Table
3). Six of eight sick mice infected with wild-type Y. pestis had
bubonic plague and two had primary septicemic plague (Table
2). Regardless of the lymph node colonization, the blood,
spleens, and livers of all sick mice were heavily colonized (Fig.
3,4, 5, and 6). The equivalent incidence rates of the two forms
of flea-borne plague indicate that, unlike pla, the caf operon is
not essential for bubonic plague.

Lymph node

Wt Ty 41

- caf mutant
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The cafIM141 mutant autoaggregates in infected tissues.
The spleen, the liver, and the lymph node proximal to the
flea bite site showed overall similar histopathologies in mice
infected with the wild type or the caf-negative mutant (Fig.
4,5, and 6). In the lymph node, the normal nodal architec-
ture was severely obscured or completely effaced by larges
masses of bacteria admixed with abundant necrotic cellular
debris, which is typical of bubonic plague. In the spleen, the
red pulp was diffusely obscured by moderate hemorrhage,
numerous bacteria, and moderate amounts of cellular de-
bris. In the white pulp, moderate to severe lymphocytolysis
with loss of periarteriolar lymphoid sheaths was noted mul-
tifocally, with the affected architecture replaced by cellular
debris, fibrin, and numerous bacteria. Diffuse hepatocellular
degeneration was seen in the liver, with mildly swollen and
vacuolated hepatocytes. Variably sized bacterial colonies
expanding sinusoids or replacing lost hepatocytes were also
noted multifocally. Frequently, hepatocytes with increased
eosinophilia and pyknotic or fragmented nuclei were
present next to the bacterial colonies, which was interpreted
as hepatocellular necrosis. Many intravascular bacteria were
noted within medium-size veins, and blood vessels occasion-
ally contained fibrin thrombi.

Similar pathologies were noted in the lymph nodes, spleens,
and livers of mice infected with the wild type and the caf-
negative mutant, but the localizations and the morphologies of

uninfected

¢

FIG. 4. Differential histopathologies in the proximal lymph nodes of mice. Sections of infected (A to D, F to G, and I to J) and uninfected (E,
H, and K) lymph nodes were stained by IHC using Y. pestis-specific antibody (A and B) or by H&E (C and K). Masses of bacteria, indicated by
green arrowheads, strained brown by IHC and blue by H&E. Magnification, X40 (A to E), X100 (F to H), and X400 (I to K).
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the extracellular masses of bacteria differed. In the spleen, the
mutant formed large discrete colonies confined to the marginal
zone of the white pulp, whereas the myriad wild-type Y. pestis
organisms were more loosely and evenly distributed (Fig. 5). In
the liver, the mutant colonies appeared larger and more
numerous (Fig. 6). In the lymph node, the autoaggregative
phenotype was less obvious (Fig. 4).

DISCUSSION

A variety of functions that are related to virulence have been
proposed for the F1 capsule of Y. pestis. Early studies led to a
model in which the bacteria are subject to phagocytosis imme-
diately after transmission because the antiphagocytic systems
(T3SS or F1) are not produced in the flea. Bacteria ingested by
macrophages are not destroyed, however. Instead, they repli-
cate and produce the T3SS and F1 capsule, which allow Y.
pestis to multiply extracellularly once released from the phago-
cytic cell (5, 6, 8, 51). This model was supported by the dem-
onstration of antiphagocytic effects of F1 capsule (19, 23, 70).
More recently, evidence of possible immunomodulatory effects
of caf gene products has been reported. Interactions between
Cafl dimers bound to the Caf1M chaperone and interleukin 1
(IL-1) receptors on epithelial cells and macrophages, and be-
tween the CaflA outer-membrane usher protein and IL-1p3,
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FIG. 5. Differential histopathologies in the spleens of mice. Sections of infected (A to D, F to G, and I to J) and uninfected (E, H, and K)
spleens were stained by IHC using Y. pestis-specific antibody (A and B) or by H&E (C to K). Masses of brown (A and B)- and blue (C, F, and
I)-stained wild-type and AcafIM1A1 (D, G, and J) bacteria were widely dispersed in the infected tissue, but the AcafIM1A41 mutant tended to form
larger colonies and was more localized to the marginal zone of the periateriolar lymphoid sheath (P). The green arrowheads indicate examples of
bacteria. Magnification, X40 (A to E), X100 (F to H), and X400 (I to K).

have been demonstrated (1, 2, 73). Proinflammatory cytokine
induction due to macrophage activation by Cafl has also been
reported (57, 58, 60). However, these in vitro studies are in
conflict with others (40, 41). Shielding of other Y. pestis surface
antigens from the immune system by the F1 capsule and the
removal of circulating F1 antibody by the shed capsule may
also contribute to virulence (45).

Despite these proposed virulence functions, we replicated
previous studies showing that deletion of the caf operon does
not reduce the LDs, for mice following i.d. injection of cul-
tured bacteria. Because it seems unlikely that the caf operon,
and the associated energy costs of capsule synthesis, would be
maintained unless it conferred a selective advantage on Y.
pestis during its life cycle, we hypothesized that the F1 capsule
might be important in the natural context of flea-borne trans-
mission. In contrast to needle inoculation, deletion of the caf
operon resulted in reduced incidence of plague following flea
bite (Tables 2 and 3). Productive disease with the caf mutant
required a minimum of four infective flea bites in a single
challenge, whereas disease with the wild-type strain often re-
sulted after one to three infective flea bites per challenge (Fig.
2). These results could be due either to a defective ability of
the mutant to produce a transmissible infection in the flea
vector or to lower virulence in the host. We think the latter is
more likely, because F1 capsule is not detected in the flea (8,
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FIG. 6. Differential histopathologies in the livers of mice. Sections of infected (A to D, F to G, and I to J) and uninfected (E, H, and K) livers were stained
by IHC using Y. pestis-specific antibody (A and B) or by H&E (C to K). Wild-type (C, F, and I) and AcafIM1AI (D, G, and J) bacteria stained brown by IHC
(A and B) and blue by H&E (C, D, F, G, I, and J) were widely dispersed in the infected tissue, but the AcafIM1A41 mutant tended to form larger and more
numerous colonies. The green arrowheads indicate examples of bacteria. Magnification, X40 (A to E), X100 (F to H), and X400 (I to K).

34) and the caf mutant was able to infect and block fleas as well
as the wild-type strain (Fig. 1).

The requirement for the caf operon for maximum disease
transmission may reflect specific aspects of the Y. pestis phe-
notype in the flea and the microenvironment at the flea bite
site. F1 capsule is not detected either in the flea or in low-
temperature cultures, but the caf genes are transcribed in the
flea (R. Rebeil and B. J. Hinnebusch, unpublished results).
Small amounts of F1 subunits and the CaflA outer membrane
usher protein showed affinity to the IL-1 receptor on macro-
phages and epithelial cells and to IL-1B, respectively. This
adhesin or anti-immunity potential has been suggested to be
important early in infection (1, 2, 73). In addition, Y. pestis has
evolved to be transmitted along with flea saliva into the dermis,
which is not well mimicked by subcutaneous or i.d. injection by
needle. For example, the bite and components of the saliva of
blood-feeding arthropods may attract a heightened innate im-
mune response (15, 48, 54). Finally, transmission by flea bite
may simply represent a more sensitive way to detect small
differences in the LD, Blocked X. cheopis fleas often transmit
fewer than 10 bacteria, which corresponds to the LDs, of Y.
pestis (44). Less than a 10-fold increase in this very low LDy, is
technically difficult to measure with confidence, but even a
2-fold increase in the LDs, might explain the requirement for
the increased number of flea bites required to produce pro-
ductive infection by the caf mutant. Given the low efficiency of

transmission by fleas, such a small increase in the LDs, could
significantly affect the transmission cycle.

The role of the F1 capsule in virulence appears to be con-
fined to overcoming some bottleneck early after transmission.
Although the incidence of disease was lower following flea bite
transmission of the caf mutant, the time to disease onset and
the bacterial loads achieved in tissue and blood were not af-
fected (Tables 1 and 2 and Fig. 3). However, lack of F1 capsule
was correlated with an autoaggregative in vivo phenotype (Fig.
5 and 6). This has also been observed in the lungs of monkeys
infected with a caf mutant and has been suggested to be a
consequence of loss of the negatively charged capsule (14).

Accretion of genetic material via horizontal transfer accel-
erated the abilities of many bacteria to colonize diverse eco-
logical niches and to become pathogenic (26). For Y. pestis,
sequential plasmid transfers from unrelated bacteria were cru-
cial for its emergence (9). Acquisition of a plasmid encoding a
phospholipase D (Ymt) would have allowed the ancestral Y.
pestis strain to colonize fleas and to become an arthropod-
borne pathogen causing a disease with low incidence (31).
Later acquisition of pPst encoding a plasminogen activator
increased the invasiveness of the bacteria from the flea bite
site, enabling bubonic plague and increasing the potential for
epidemic spread (55, 59). Our results suggest that a Y. pestis
progenitor harboring a pYV, a pPst, and an ancestral pFra
plasmid containing ymt but not the caf operon could persist in
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nature. The mosaic structure of pFra supports the idea that ym¢
and caf could have been successively acquired by Y. pestis (42).
Addition of the caf locus by horizontal transfer may have
brought supplementary anti-immune properties (antiphagocy-
tosis and anti-IL-1) that would have increased plague inci-
dence in host populations.

The persistence of arthropod-borne disease depends on host
abundance and the vector density per host, which depend on
each other and are driven by environmental conditions. For
plague, an estimated minimum of five X. cheopis fleas per host
is required to maintain a wild-type Y. pestis strain in a rat
population (20, 44). The average number of X. cheopis fleas per
host (the flea index) typically ranges from 0 to 14 but varies
with climatic conditions, and flea indices of 20 to 80 have been
recorded (44, 61). A minimum of four fleas infected with Y.
pestis lacking the caf locus was required to produce plague,
whereas only one flea infected with a wild-type strain can lead
to disease. Hence, 20 (5 X 4) fleas per rat would be required to
maintain a caf-negative strain in a population. Our results
imply that Y. pestis lacking the caf locus could emerge and
persist in a rodent population only when unusual long-term
environmental conditions favor high flea populations. These
atypical strains should disappear when environmental condi-
tions return to normal. Such a model could explain why unen-
capsulated strains are rarely isolated.

Plague remains an international public health concern and is
classified as a reemerging disease (63). Two new concerns add
to the threat of Y. pestis plague epidemics: (i) the emergence of
Y. pestis strains resistant to antibiotics used as the first-line
treatment against plague and (ii) the potential use of Y. pestis
as a bioweapon (27, 35). In this context, many efforts have been
made to develop rapid diagnostic procedures. The caf! and pla
genes, as well as their products, are the most frequent targets
used to detect Y. pestis in many different kinds of samples (11,
17,28, 33, 43, 62, 65). Thus, even though diagnostic procedures
based on cafl and pla have been shown to have great value in
the field (11), our current work, and our previous results show-
ing that pla is not essential to establish an infection after flea
bite (54), suggests that supplementary diagnostic procedures
should be developed to detect atypical Y. pestis and that better
surveillance of atypical Y. pestis strains in plague foci is needed,
as was stressed more than 20 years ago (69).
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