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Yersinia pestis is transmitted by fleas and causes bubonic plague,
characterized by severe local lymphadenitis that progresses rapidly
to systemic infection and life-threatening septicemia. Here, we
show that although flea-borne transmission usually leads to bu-
bonic plague in mice, it can also lead to primary septicemic plague.
However, intradermal injection of Y. pestis, commonly used to
mimic transmission by fleabite, leads only to bubonic plague. A Y.
pestis strain lacking the plasmid-encoded cell-surface plasminogen
activator, which is avirulent by intradermal or s.c. injection, was
able to cause fatal primary septicemic plague at low incidence, but
not bubonic plague, when transmitted by fleas. The results clarify
a long-standing uncertainty about the etiology of primary septi-
cemic plague and support an evolutionary scenario in which plague
first emerged as a flea-borne septicemic disease of limited trans-
missibility. Subsequent acquisition of the plasminogen activator
gene by horizontal transfer enabled the bubonic form of disease
and increased the potential for epidemic spread.

vector-borne disease

The Gram-negative bacterial agent of plague, Yersinia pestis,
persists in many wild rodent populations throughout the

world and is transmitted by fleas. Susceptible rodent populations
are subject to periodic explosive epizootics of plague, and three
human plague pandemics have caused millions of deaths (1).
Population genetics and comparative genomics analyses indicate
that Y. pestis evolved from the closely related food- and water-
borne enteric pathogen Yersinia pseudotuberculosis within the
last 10,000 years (2, 3). Thus, both the arthropod-borne route of
transmission and the increased virulence that distinguish Y. pestis
are relatively recent phenomena.

Bubonic plague, the most common form of the disease in both
rodents and humans, results when Y. pestis disseminates from a
peripheral f leabite site via the lymphatic system to the regional
draining lymph nodes. The bacteria multiply and cause acute
lymphadenopathy, resulting in the formation of a pathogno-
monic bubo, an edematous, necrotic, swollen, and painful lymph
node (4, 5). Bubonic plague usually progresses rapidly to septi-
cemia, resulting in systemic spread and death caused by severe
sepsis. This stage of the disease is referred to as septicemic
plague. Whether septicemic plague is always secondary to
lymphadenitis is unclear, however. Humans with septicemic
plague sometimes have no history of a bubo, and this clinical
form has been termed primary septicemic plague (1, 6–8).
Hematogenous spread to the lungs leads to pneumonic plague in
�5% of human cases (9).

Development of disease from peripheral injection routes
depends on a plasminogen activator (Pla) encoded by the pla
gene located on the 10-kb pPst plasmid that is unique to Y. pestis
(10, 11). Typical Pla� Y. pestis strains have greatly reduced
virulence when inoculated s.c. but are fully virulent when
inoculated directly into the blood stream (12, 13). Pla is a
cell-surface protease that induces fibrinolysis and degrades
extracellular matrix and basement membranes (14–16). It has

been hypothesized that these activities disrupt the host’s ability
to contain the bacteria at peripheral infection sites and that Pla
is a required virulence factor for flea-borne plague. However,
Pla� Y. pestis are occasionally isolated from natural plague foci
(17, 18).

In this study, we examined the role of Pla in Y. pestis
invasiveness in the natural context of the arthropod-borne route
of transmission and determined that two distinct pathologies can
ensue from a fleabite: bubonic plague, which depends on Pla,
and primary septicemic plague, which does not.

Results
Bubonic or Primary Septicemic Plague Can Follow Transmission by
Fleas. We compared the infectivity and pathogenicity of the
wild-type Y. pestis 195�P strain and an isogenic Pla-negative
mutant after both artificial transmission by intradermal (ID)
needle inoculation and natural transmission by infected Xenop-
sylla cheopis f leas. Nine of 10 mice injected with �100 wild-type
Y. pestis developed fatal bubonic plague (Fig. 1). Before the
onset of terminal disease, mice developed a limp in the limb
closest to the injection site, a sign of localized pain characteristic
of bubonic plague lymphadenitis. Eight of 10 mice bitten by fleas
infected with wild-type Y. pestis also developed terminal plague
(Fig. 1), but unlike the artificial transmission route, f lea-borne
transmission led to two distinct pathologies. Six of the eight mice
developed the severe lymphadenopathy characteristic of bubonic
plague (Fig. 2 A and D). Two mice, however, developed primary
septicemic plague instead of bubonic plague; these mice did not
limp, and at the terminal stage of disease their proximal lymph
nodes were normal and contained only a few intravascular
bacteria (Fig. 2 B and E). Regardless of transmission route or
lymph node involvement, terminal disease occurred 2–5 days
after challenge, and the degree of sepsis was the same for all mice
infected with wild-type Y. pestis (Fig. 3).

Pla� Y. pestis Causes Primary Septicemic Plague, but Not Bubonic
Plague, After Transmission by Fleas. The results suggested a model
in which Y. pestis can disseminate by two distinct routes after
transmission by fleabite. One, the well established route via the
lymphatic system that leads to bubonic plague, occurred most
often (75% of mice); the other led directly to primary septicemic
plague (25% of mice). Key support for the model came from
results with a Y. pestis Pla� mutant. Consistent with previous
reports (12, 13, 19), the LD50 of our Pla� Y. pestis strain was �10
after i.v. inoculation, but �106 when injected ID (Table 1). Pla
is not required to produce a transmissible infection in X. cheopis
f leas, and an uncharacterized isolate of Y. pestis lacking the
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plasmid that encodes Pla was shown to be infectious by X. cheopis
f leabite (20, 21). Therefore, it was possible to evaluate the effect
of Pla on Y. pestis infectivity after flea-borne transmission. Three
of 10 mice challenged by fleas infected with Pla� Y. pestis
developed terminal plague (Fig. 1 and Table 1). The flea-bitten

mice received an inoculum well below the LD50 of Pla� Y. pestis
by ID inoculation because the transmission efficiency of X.
cheopis is low. Only about half of individual bites result in
successful transmission, with a median of �80 Y. pestis trans-
mitted per bite (22). Notably, none of the sick mice infected by
fleabite with the Pla� mutant had the bubonic form of the

Fig. 1. Effect of the Y. pestis Pla on transmission by fleas. Shown are the
incidence and time to terminal disease in mice bitten by fleas infected with Y.
pestis wild type (�), Pla� mutant (ƒ), or complemented mutant (�) and in mice
injected ID with �100 Y. pestis wild type ( ).

Fig. 2. Flea-borne transmission of Y. pestis leads to two distinct forms of plague. (A and D) Lymph nodes from mice infected with wild-type Y. pestis showing
the severe lymphadenopathy typical of bubonic plague, characterized by destruction of the normal tissue and its replacement with myriad Y. pestis. (B, C, E, and
F) Normal-appearing lymph nodes from mice with primary septicemic plague caused by wild-type Y. pestis (B and E) or Pla� Y. pestis (C and F). In primary
septicemic plague, extracellular bacteria (green arrowheads) were intravascular (E) or localized to small peripheral clusters and associated with neutrophilic
inflammation (F). (Scale bars: 0.5 mm; magnification: D and F, �600; E, �1,000.)

Fig. 3. Pla� Y. pestis produces systemic infection after flea-borne transmis-
sion. Bacterial loads in blood (A) and spleen (B) of individual mice infected
with wild-type (squares), Pla� (‚), or complemented Pla� (Œ) Y. pestis. Gray
symbols indicate Pla�-infected mice with primary septicemic plague. Horizon-
tal bars indicate the mean.
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disease. They did not limp, and the lymph nodes proximal to the
fleabite site were either uninfected or contained only small
discrete clumps of bacteria in the marginal sinus (Fig. 2 C and
F) at the terminal stage of the disease, when the peripheral
blood, spleen, and liver were all heavily infected (Figs. 3 and 4).
Thus, although the Pla� Y. pestis could disseminate to the
regional lymph nodes after fleabite transmission, as others have
observed after s.c. inoculation (13), the infection did not
progress to lymphadenitis and bubonic plague. Complementa-
tion of the Y. pestis Pla� mutant with a wild-type copy of the Y.
pestis pla gene restored full virulence after either ID inoculation
or fleabite (Figs. 1 and 3 and Table 1). Mice infected with the
complemented mutant or the wild-type strain also had the same
incidence of the bubonic (75%) and nonbubonic (25%) forms of
plague after equivalent fleabite challenge.

Although the incidence of primary septicemic plague was

similar after fleabite transmission regardless of the presence or
absence of Pla, certain Pla-related differences were observed in
pathogenesis. The time to terminal disease was significantly
longer for mice infected with Pla� Y. pestis (P � 0.0065 by log
rank test; Fig. 1). Pla activity, essential to overcome the lym-
phatic tissue barrier in bubonic plague, may also shorten the
retention time in the splenic filter in septicemic plague. Even
though the Pla� and Pla� strains achieved equivalent bacterial
loads in the spleen at the terminal stage of disease (Fig. 3), many
Pla� Y. pestis, unlike wild type, were contained within developing
granulomas (Fig. 4). In addition, the terminal bacteremia level
in two of the three mice infected with Pla� Y. pestis was lower
than in mice infected with the Pla� strain (Fig. 3).

Effect of Flea Salivary Gland Extract on Y. pestis Infectivity After ID
Injection. The saliva of blood-feeding arthropods contains phar-
macologically active compounds that interfere with normal
hemostatic and innate immune responses of the mammalian host
(23–25). For example, f lea saliva contains the anticoagulant
apyrase, an enzyme that inhibits platelet and neutrophil aggre-
gation (26). To investigate whether flea saliva enhances entry
into the peripheral vasculature, additional groups of 10 mice
were injected ID with Y. pestis in PBS with or without added flea
salivary gland extract. When the inocula contained salivary gland
extract, 8 of 9 mice infected with wild-type Y. pestis and 1 of 10
mice infected with the pla mutant developed bubonic plague.
With the same inocula suspended in PBS only, 9 of 10 mice
infected with wild-type Y. pestis and 2 of 10 mice infected with
the pla mutant mice developed bubonic plague. Thus, the
presence of salivary gland extract did not enhance the infectivity
or affect the dissemination route of ID-injected bacteria.

Discussion
Primary and Secondary Septicemic Plague. The etiology of human
septicemic plague has been a matter of controversy. Up to 30%
of human plague patients develop septicemia with no clinical
history of a bubo (6–8), but the pathophysiological relationship
between primary septicemic and bubonic plague has remained
uncertain. Most early workers distinguished only bubonic and
pneumonic forms of the disease, concluding that septicemic
plague was always a secondary sequela of frank or subclinical
bubonic plague (6, 7, 9, 27). Others recognized primary septi-
cemic plague, but assumed that the bacteria passed through the
lymph nodes before entering the blood (28). Our results provide
evidence that primary septicemic plague is a distinct clinical
entity and indicate that Y. pestis can disseminate from a fleabite
site and produce fatal sepsis by different routes: through the
lymphatic system, directly through the circulatory system, or
both.

ID injection of wild-type Y. pestis always led to bubonic plague,
characterized by acute lymphadenopathy and destruction of
normal lymph node tissue (Fig. 2). This picture was usually seen
after fleabite transmission also; however, 25% of mice developed
septicemic plague without lymphadenitis. At the terminal stage
of systemic sepsis, their lymph nodes were normal and contained
only intravascular bacteria, indicative of hematogenous rather
than lymphatic origin (5). Nevertheless, given the rapid dissem-
ination from the fleabite site and fulminant development of
sepsis, it is difficult to rule out the possibility that septicemia
sometimes develops by rapid transit through the draining lymph
nodes without lymphadenitis. It is not clear why this would
happen only after flea-borne transmission and not ID injection,
however. Perhaps the strongest evidence for primary septicemic
plague came from results with the Pla� Y. pestis strain. Like the
wild-type parent strain, this mutant could disseminate to the
draining lymph nodes after either ID injection or fleabite
transmission (Fig. 2). Whereas dissemination to the lymph node
regularly led to bubonic plague with wild-type Y. pestis, it never

Table 1. Effect of transmission route on virulence of Pla�

Y. pestis

Y. pestis strain

Transmission route

i.v. ID Fleabite

Wild type �10 46 8�10
�pla �10 1.7 � 106 3�10
�pla (complemented) �10 17 8�10

LD50 values are given for i.v. and ID injection and disease incidence for
fleabite transmission (no. of mice that developed terminal disease�no. of mice
challenged).

Fig. 4. Differential histopathology of primary septicemic plague produced
by Pla� and Pla� Y. pestis after fleabite transmission. Extracellular bacteria
(green arrowheads) are widely dispersed in spleen (A and C) and liver (E)
infected with wild-type Y. pestis, but are contained in granulomatous-like
lesions surrounded by degrading host cells (yellow arrowheads) in spleen (B
and D) and liver (F) infected with Pla� Y. pestis. (Magnification: A and B, �4;
C, �600; D–F, �400.)
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did so for the Pla� strain. On the other hand, primary septicemic
plague occurred in 25–30% of mice infected with either Pla� or
Pla� bacteria, but only after fleabite transmission. These find-
ings suggest that primary septicemic plague results from invasion
of blood vessels at the dermal infection site, because it seems
unlikely that the mode of transmission to the dermis would
determine systemic spread from the regional lymph nodes.

Importance of the Host–Vector Interface in Flea-Borne Plague. The
factors specific to the microenvironment of the fleabite that are
required to establish primary septicemic plague are unknown,
but underscore the importance of studying Y. pestis pathogenesis
in the natural context of arthropod-borne transmission. Fleas
initially deposit Y. pestis into dermal tissue, and not s.c., because
the infection that develops at the bite site is ID (Fig. 5A); at any
rate, the flea mouthparts are not long enough to penetrate
through the dermis (Fig. 5B). Fleas, like mosquitoes, are thought
to cannulate small blood vessels when they feed (29, 30).

However, normal blood feeding is blocked in fleas that transmit
plague, and blocked fleas repeatedly probe the dermis in their
futile attempts to obtain a blood meal. Low numbers of Y. pestis
are transmitted during these feeding attempts (22), and it is
possible that some bacteria are injected directly into the dermal
blood vessels as well as extravascularly. Some support for direct
i.v. transmission by fleas came from the fact that ID injection in
the presence of X. cheopis salivary gland extract did not result in
primary septicemic plague, suggesting that anticoagulant or
other components in flea saliva do not enhance indirect invasion
of the bloodstream from the extravascular dermal tissue.

The Possible Sequential Emergence of Primary Septicemic and Bubonic
Forms of Plague. Arthropod-borne transmission evolved relatively
recently in the genus Yersinia (2, 3). As for many bacterial
pathogens, genetic accretion by horizontal transfer from unre-
lated bacteria, selective gene loss, and changes in regulatory
pathways appear to have been critical to the evolution of Y. pestis
(31–33). Acquisition by the ancestral Y. pseudotuberculosis strain
of a new plasmid encoding a phospholipase D, which enhanced
survival in the flea gut, and adaptation of preexisting biofilm-
forming capability to block the flea foregut were likely precip-
itating events in the transition to flea-borne transmission (34,
35). Our results indicate that such an intermediate progenitor
clone could persist in rodent–flea transmission cycles, and Pla�

Y. pestis have been isolated from plague foci worldwide (17, 18).
Subsequent horizontal transfer of the plasmid encoding Pla
would have enabled the bubonic form of plague, substantially
increasing disease incidence after fleabite (Fig. 1 and Table 1).
The increased invasiveness brought by Pla may have also en-
hanced transmissibility to the vector, because unlike the Pla�

strain, Pla� Y. pestis produced bacteremia that was consistently
higher than the threshold level required to reliably infect f leas
(22) (Fig. 3). The basic reproductive rate of an arthropod-borne
agent, an estimate of epidemic potential, is directly related to
both the proportion of vector bites that lead to systemic infection
and the duration of a threshold bacteremia level (22, 36). Thus,
although not essential for flea-borne transmission or virulence,
Pla may have enabled the epidemic amplification and spread in
susceptible host populations that characterizes modern plague.

Methods
Bacterial Strains. A Pla� strain of the fully virulent Y. pestis 195�P
strain in which a 1,052-bp segment containing the pla promoter

Table 2. Summary of fleabite challenges

Mouse

Mice bitten by fleas infected with:

Wild type �pla �pla (complemented)

Infective
fleabites Outcome

Infective
fleabites Outcome

Infective
fleabites Outcome

1 1 B 6 S 3 B
2 2 B 6 S 5 B
3 2 B 3 S 7 B
4 6 B 3 — 8 B
5 9 B 4 — 8 B
6 10 B 5 — 12 B
7 3 S 5 — 6 S
8 10 S 6 — 11 S
9 6 — 8 — 8 —

10 7 — 9 — 9 —
Median 6 5.5 8

Shown is the cumulative number of bites from infective fleas, which had the characteristic bacterial blockage
of the proventricular valve in the flea foregut that is prerequisite for efficient transmission (see refs. 4 and 38).
The median number of infective bites received by each group was not significantly different (P � 0.6 by
Mann–Whitney test). B, bubonic plague; S, primary septicemic plague; —, no disease. Disease type and outcome
were significantly different for the �pla group compared with the other two (P � 0.05 by �2 test).

Fig. 5. Fleas transmit Y. pestis ID. (A) Skin section of a fleabite site 3 days after
infection with wild-type Y. pestis. A large bacterial mass (light purple area
surrounded by red arrowheads) extends from the middle of the dermis to the
hypodermal border. E, epidermis; D, dermis; H, hypodermis. (B) Apposition of
the head of an X. cheopis flea with its mouthparts centered over the infecting
mass of bacteria. (Magnification: �100.)
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and coding sequence was replaced with the aph kanamycin
resistance cassette was produced by mobilization of the suicide
plasmid pCVD442 (37) containing aph from pUC4K flanked by
500 bp of Y. pestis sequence upstream and downstream of the
intended deletion. Allelic exchange was verified by PCR analysis
and loss of fibrinolytic activity (20). The �pla strain was com-
plemented by electrotransformation with the high copy-number
pUC18 vector containing a wild-type copy of the pla gene cloned
from Y. pestis 195�P.

Infections. X. cheopis f leas were infected by allowing them to feed
on blood containing �5 � 108 Y. pestis per ml, using an artificial
feeding system, and maintained at 21°C and 75% relative
humidity as described (17). For flea transmission experiments, a
mesh-covered capsule containing 24–57 infected X. cheopis was
applied to a shaved area on the dorsolateral surface of restrained
8-to 10-wk-old female RML BALB�c mice. After 60 min, the
fleas were removed, and the number of infectious (blocked) fleas
that had bitten each mouse was determined (38). All mice
received 12 or fewer infectious fleabites in one to three sequen-
tial challenges (Table 2).

For ID or i.v. injections, Y. pestis strains were cultured in LB
at 28°C, quantified by direct count in a Petroff-Hausser bacterial

counting chamber, and diluted in PBS. LD50 values were calcu-
lated by the Reed-Muench equation (39), using mortality data
from groups of five mice injected with 10 to 107 bacteria in 30
�l (ID injection) or 100 �l (i.v. injection) of PBS. Other groups
of 10 mice were injected ID with �100 Y. pestis in 50 �l of PBS
or with 50 wild-type or 103 Pla� Y. pestis in the presence or
absence of a sonicate of dissected X. cheopis salivary glands in 50
�l of PBS (four gland equivalents per injection).

Bacteriology and Histopathology. Mice were killed upon signs of
terminal plague, and the quantity of Y. pestis in heart blood and
spleen was determined by colony-forming unit count (5). Ingui-
nal and axillary lymph nodes, a portion of the spleen and liver,
and skin biopsies were formalin-fixed. Hematoxylin�eosin-
stained sections of the paraffin-embedded tissues were examined
microscopically.
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