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early-phase transmission [49]. When the number of
available fleas was sufficient, a portion was segregated
and fed only on sterile blood to serve as an uninfected
control group.

Group l: Fleas infected using human blood and fed sterile
human blood daily starting from day 1-2 after infection
Because P. irritans reportedly take frequent blood
meals [26], this group would presumably be most rel-
evant to the human-to-human transmission scenario.
Two of these experiments involved small numbers of
fleas, and only early-phase transmission (the first feed-
ing opportunity after infection) was evaluated (Fig. 1A,
B). Infection rates varied, even in flea samples that were
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collected after the 1-h feeding period. This is likely due
to the fact that P irritans, as is typical of fleas, take
small blood meals (on average, only 0.32 pl for females;
Additional file 1: Table S2), and appear to excrete part
of it during or soon after feeding, as evidenced by the
presence of fresh fecal spots in the feeding capsule.
In addition, even within an hour of feeding, the blood
meal in the midgut was typically dark instead of bright
red, with some already present in the hindgut, indicat-
ing that P. irritans digest a blood meal rapidly. Nev-
ertheless, the majority of fleas (75 to 91%) were still
infected with large numbers of Y. pestis 5 to 7 days after
their infectious blood meal, when these experiments
were terminated (Fig. 1A, B). Early-phase transmission,
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Days after infection

Fig. 1 P.irritans eas infected using human blood and fed sterile human blood daily from day 1 2 to day 20 after infection. Survival rates, feeding
rates (percentage of eas that fed on a given day), infection rates, bacterial load per infected ea, transmission and proventricular blockage
dynamics are shown for four independent experiments (A D). A and B were short-term experiments in which only early-phase transmission was
assessed. The starting number of infected eas (n) is indicated on the survival graphs. The infection rates (%) at di erent times after infection and
the number of individual eas assayed (n) is indicated on the infection rate and bacterial load graphs, with the horizontal line marking the mean
CFU perinfected ea and the dashed line the level of detection for the CFU plate count assay. *, bacterial load per easigni cantly greater than the
day 0 count (p<0.05). Transmission tests were done on the days indicated; the numbers on the transmission graphs are the number of infected

eas that fed on the test blood before it was plated, and the dashed line marks the level of 1 CFU recovered per infected ea bite. X indicates that

eas were fed but scheduled transmission test was not done due to disruption of the feeding membrane during blood collection. No evidence of
partial or complete proventricular blockage was detected in any of the eas in this group of experiments
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1 to 2 days after the infectious blood meal, was detected
in only one of the two experiments.

In two other experiments, fleas were maintained and
monitored for 2 to 3 weeks (Fig. 1C, D). The average
number of Y. pestis per infected flea increased at least
tenfold during the course of the experiments, indicating
that Y. pestis can replicate and stably colonize this flea
species, but again the infection rates varied, with 31 to
75% of fleas still infected at the end of these experiments
(Fig. 1 C, D). There was no evidence of early-phase trans-
mission in the one experiment in this subgroup in which
it was assessed (Fig. 1D), but transmission was detected
on day 9 post-infection (Fig. 1C). No transmission was
ever detected in the other experiment in trials between
days 5 and 16 after infection (Fig. 1D).

In addition to infection rate, bacterial load per flea, and
transmission, we also monitored feeding rate, survival,
and any development of proventricular blockage. Daily
feeding rates ranged from 70 to 100%, and no evidence
of partial or complete blockage was ever detected. Sur-
vival rates in the two longer-term experiments were quite
different: in one case (Fig. 1C), 75% of the fleas had died
by day 16; in the other, only 40% by day 20 (Fig. 1D). In
the latter experiment, uninfected control fleas had lower
mortality (25%) than the infected cohort (40%), but this
difference was not statistically significant. Data for the
group I experiments are summarized in Table 1.

Group lI: Fleas infected using human blood

and subsequently fed sterile human blood every 2 days
Two experiments were conducted in which fleas were fed
every other day instead of daily after an infectious human
blood meal. In the first (Fig. 2A), 80% of the fleas retained
the infection after 8 days, and 50% were still infected at
the end of the experiment on day 26 post-infection, with
an approximately tenfold increase in average Y. pestis per
flea compared to day 0. Mortality of the infected fleas
(80% by 26 days) was significantly higher (» <0.001) than
mortality of the uninfected control fleas (46%). This sug-
gests that Y. pestis infection caused considerable mor-
bidity, even though no evidence of partial or complete
proventricular blockage was ever detected in any flea.
P irritans has been described as a frequent feeder but
feeding rates in this group were no higher than for fleas
that were allowed to feed daily. No early-phase transmis-
sion was detected upon the first blood meal after infec-
tion on day 2, even though approximately 95 infected
fleas fed. No transmission occurred at all except on day
24, when eight CFU were recovered from the reservoir
of blood fed upon by 25 fleas, none of which appeared
to be blocked or partially blocked. The second experi-
ment (Fig. 2B) involved small numbers of fleas and only
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proceeded through the early phase, and no transmission
was detected. Data are summarized in Table 2.

Group lll: Fleas infected using rat blood and fed sterile rat
blood daily starting from day 2 after infection

Although not their preferred hosts, P. irritans will feed on
small rodents, and it has been proposed that after feeding
on a bacteremic rodent, this flea could later transmit Y.
pestis to other hosts [12]. After P. irritans fed on highly
bacteremic rat blood, the infection rate was comparable
to that of fleas infected using human blood (Fig. 3). In this
experiment in which fleas infected using rat blood were
fed daily thereafter with sterile rat blood, 36% were still
infected 15 days later, with high bacterial loads per flea.
As with fleas infected using human blood, infected flea
mortality was high (53% at day 15). Early-phase trans-
mission was detected, with 12 CFU transmitted by the
77 fleas that fed on day 2. Later transmission occurred
on day 15 after infection, when 41 CFU were recovered
from the blood fed upon by 25 fleas, although these fleas
showed no obvious signs of partial or complete blockage
(Fig. 3). Data for the group III experiment is summarized
in Table 3.

Group IV: Fleas infected using rat blood and subsequently
fed sterile rat blood every 2 to 3 days

Mortality of infected fleas in this group was again high,
with most of the fleas dead by 10 to 13 days after infec-
tion, except in one experiment in which all surviving
fleas had cleared themselves of infection (Fig. 4). Mor-
tality of uninfected control fleas was also high within
only 3 weeks, and the mortality of infected fleas was
even higher. Feeding rates were variable and somewhat
lower than for other groups, even though the fleas had
the opportunity to feed only every other day, which may
account in part for the high mortality. Infection rates and
bacterial levels in infected fleas were similar to those of
the other three experimental groups.

Most notably, in contrast to the previous three exper-
imental groups, partially and/or completely blocked
fleas were observed in each of the five experiments
in this group (Fig. 4). Twelve fleas showed the clas-
sic blocked picture of fresh blood only in the esopha-
gus after attempting to feed, with none in the midgut
(Fig. 5), and 27 appeared to be partially blocked. Com-
plete blockage was not observed in one experiment in
which a majority of fleas eliminated the infection and
feeding rates varied widely, but one flea in this experi-
ment developed partial blockage (Fig. 4E). Early-phase
transmission was seen in two of the five experiments,
both of which were associated with the appearance of
partial blockage, 3 days after infection. In keeping with



