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Midgut of the Flea Vector 
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Transmission by flea bite is a relatively recent adaptation that distinguishes Yersinia 
pestis, the plague bacillus, from closely related enteric bacteria. Here, a plasmid- 
encoded phospholipase D (PLD), previously characterized as Yersinia murine toxin 
(Ymt), was shown to be required for survival of Y. pestis in the midgut of its 
principal vector, the rat flea Xenopsylla cheopis. Intracellular PLD activity appeared 
to protect Y. pestis from a cytotoxic digestion product of blood plasma in the flea 
gut. By enabling colonization of the flea midgut, acquisition of this PLD may have 
precipitated the transition of Y. pestis to obligate arthropod-borne transmission. 
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Y. pestis, the highly virulent flea-borne agent of 
bubonic plague, is a recently emerged clone of 
Yersinia pseudotuberculosis, which causes a rel- 
atively mild food- and water-borne enteric dis- 
ease (1). A major genetic difference between 
them is the presence of two Y. pestis-specific 
plasmids, one of which contains the gene for 
Ymt (2-5), a phospholipase D (PLD) (6). Mu- 
rine toxin was characterized as a protein fraction 
of Y. pestis in the 1950s (7) and later shown to 
have [3-adrenergic blocking ability (8). Toxicity 
is manifested by hypotension and vascular col- 
lapse when Ymt is released from lysing bacteria 
at the terminal stage of septicemic plague (9, 
10). Y. pestis Ymt has since been shown to 
belong to a family of PLD enzymes, character- 
ized by conserved HKD (HXKX4DX6GG/S; X, 
any amino acid) catalytic motifs, found in 
plants, animals, fungi, bacteria, and eukaryotic 
viruses (6, 11-13). Because Ymt is toxic to mice 
and rats but not to other animals (9, 10), it has 
been presumed that the high lethality of plague 
for mice is partly attributable to Ymt. However, 
the lethal dose of Y. pestis in mouse infection 
models is not changed significantly by deletion 
of ymt (14-16). This, and the fact that ymt 
expression is greater at 26?C than at 37?C (15), 
prompted us to investigate a role for Ymt in the 
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insect vector. We infected X. cheopis fleas with 
Ymt+ or isogenic Ymt- Y. pestis and monitored 
them for 4 weeks after the infectious blood meal 
(17). To produce a transmissible infection, wild- 
type Y. pestis multiplies in the flea midgut to 
form cohesive aggregates. In some fleas, bacte- 
ria eventually fill the proventriculus (a valve that 
connects the esophagus to the midgut) and block 
normal blood feeding. Blocked fleas transmit 
plague efficiently because during their persistent 
efforts to feed, plague bacilli are dislodged from 
the proventriculus into the bite site (18). Y. 
pestis ymtH188N, a strain that synthesizes a 
mutant form of Ymt in which a single amino 
acid change in one of the two HKD catalytic 
motifs reduces PLD activity by >99% (6), did 
not block any of 319 fleas examined (Table 1). 
In contrast, the isogenic parent Y. pestis KIM6+ 
blocked 24 to 38% of fleas and caused high 
mortality due to blockage-induced starvation. 
Complementation of the ymtH188N mutant by 
transformation with pCH16, a plasmid that con- 
tained a wild-type copy of ymt, restored the 
normal blockage rate. Similarly, a ymt deletion 
mutant of Y. pestis that blocked only 3 of 310 
fleas regained normal blockage capability when 
complemented with ymt. 

Because blockage depends on prior coloni- 
zation of the digestive tract, we assessed the 
infection rate and bacterial load of fleas at var- 
ious times after a single infectious blood meal 
(17) (Fig. 1). Y. pestis KIM6+ established 
chronic infection in 50 to 80% of fleas, the 
normal infection rate (19, 20), but the 
ymtH188N mutant was eliminated from 80 to 
95% of fleas within the first 24 hours, and the 
average number of viable bacteria per positive 
flea decreased from 4.7 X 104 to 250 during the 
first 24 hours. Similar results were obtained 
from fleas infected with the Y. pestis ymt dele- 
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Table 1. Flea blockage and mortality during a 4-week period after infection with Ymt+ or Ymt- Yersinia 
pestis. The results of three experiments with each bacterial strain are shown. The ymtH188N allele (6) 
was introduced into Y. pestis KIM6+ by allelic exchange (27) and confirmed by DNA sequence analysis. 
Y. pestis KIM5Aymt has a 1320-base pair in-frame deletion of ymt (14). Y. pestis KIM6+ymtH188N was 
complemented by transformation with pCH16, which contains a wild-type copy of ymt (14). Y. pestis 
KIM5Aymt was complemented by reinserting a full-length copy of ymt downstream of the deleted allele. 
Y. pestis KIM5 has a deletion of the chromosomal pigmentation locus that contains the hms genes 
previously shown to be required by Y. pestis to block fleas (19). Therefore, KIM5 strains were transformed 
with pHMS1, which contains hmsHFRS (28). All of the Y. pestis strains used lack the 70-kb virulence 
plasmid, which is not required to infect or block fleas (19). 

Fleas Excess 
Fleas infected with blocked mortality* Fe 

(%) (%) ( ) 

Y. pestis KIM6+ 24 39 100 
38 46 100 
34 30 103 

Y. pestis KIM6+ 0 0 109 
ymtH188N 0 3 103 

0 0 107 
Y. pestis KIM6+ 32 44 109 
ymtH188N(pCH16) 23 42 107 

29 38 109 
Y. pestis KIM5 (pHMS1) 27 50 106 

32 60 109 
36 44 108 

Y. pestis KIM5Aymt 3 0 109 
(pHMS1) 0 7 89 

0 0 112 
Y. pestis KIM54ymt::ymt 22 55 106 
(pHMS1) 29 37 109 

30 46 108 

*Percent mortality of infected fleas minus percent mortality of uninfected control fleas. 

tion mutant. Thus, the greatly reduced ability of 
Ymt- Y. pestis strains to initially colonize the 
flea digestive tract accounted for the subsequent 
low incidence of proventricular blockage. 

We also tested the effect of Ymt on the 
ability of Escherichia coli and Y. pseudotuber- 
culosis to colonize the flea gut (Fig. 1). One to 
4 weeks after an infectious blood meal contain- 
ing E. coli, only 9 to 20% of fleas remained 
infected, containing an average of 1.9 X 103 
bacteria. Transformation of the E. coli with ymt, 
however, resulted in an increase in the chronic 
infection rate to 50% (P < 0.01), and the 
average bacterial load increased over 100-fold 
to 2.1 X 105. These infection levels match those 
of Ymt+ Y. pestis, suggesting that Ymt may 
have a similar substrate and mechanism of 
action in both Y. pestis and E. coli. Y. pseudo- 
tuberculosis, which does not contain ymt, per- 
sisted in 54% of fleas for 4 weeks after an 
infectious blood meal. However, the number of 
bacteria per flea did not increase from the initial 
infectious dose during this period. Transforma- 
tion of Y. pseudotuberculosis with ymt in- 
creased the infection rate to 80% (P < 0.01), 
and the average number of bacteria per infected 
flea increased by a factor of 16. 

Examination of flea midgut contents by in- 
direct fluorescent antibody (IFA) (21) demon- 
strated that the Y. pestis ymtH188N mutant as- 
sumed a spherical shape within 24 hours after 
ingestion (Fig. 2). This aberrant spheroplast 
form presumably preceded lysis or elimination, 
because the mutant was not detected by IFA 

after 1 week in the midgut of any of 20 fleas 
dissected. In contrast, Ymt+ Y. pestis main- 
tained its normal bacillary shape and was detect- 
ed in 80% of fleas during the first week. Thus, 
PLD activity of Ymt was necessary for Y. pestis 
to survive in the flea midgut; however, up to 
10% of fleas were infected (Fig. 1), and 0.4% 
became blocked (Table 1), with Ymt- Y. pestis. 
Microscopic examination of digestive tracts dis- 
sected from the few fleas that were colonized by 
Ymt- Y. pestis indicated that the proventriculus, 
but not the midgut, was infected. In X. cheopis, 
the proventriculus is part of the foregut and is 
physically separated from the midgut except 
when the flea feeds. The proventriculus is usu- 
ally colonized secondarily by spread from the 
midgut, but it can sometimes be the primary site of 
infection (22). The Y. pestis hemin storage (hms) 
locus, which encodes outer-surface proteins re- 
sponsible for bacterial pigmentation and autoag- 
gregation phenotypes, is required for infection of 
the proventriculus, but not the midgut, ofX. cheo- 
pis (19). If, conversely, Ymt is required for infec- 
tion of the midgut but not the proventriculus, then 
a Y. pestis hms-ymt- double mutant should be 
unable to establish a chronic infection at ei- 
ther site and be eliminated from every flea. 
This was the observed result (Fig. 1). 

Ymt is not a conventional secreted exotoxin, 
but a cytoplasmic protein that is released upon 
bacterial lysis (10, 14). Y. pestis containing an 
in-frame translational fusion between full-length 
ymt and the gene for green fluorescent protein 
(gfp) was used to visualize Ymt localization in 
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Fig. 1. Infection of X. cheopis fleas with Ymt+/- 
Y. pestis, Y. pseudotuberculosis, and E. co/i. (A) 
Percentage of fleas infected, and (B) average 
number of bacteria per infected flea at different 
times after a single infectious blood meal con- 
taining Y. pestis strains KIM6+ (O), 
KIM6+ymtH 1 88N (0), KIM6+ymtH 1 88N 
(pCH16) (-), KIM5Aymt (A), KIM5Aymt(pHMS1) 
(V); Y. pseudotuberculosis strains 01:b (O), 01: 
b(pCH16) (.); or E. coli strains F470 (O), or 
F470(pCH16) (H). The results (mean + SEM) of 
three separate experiments with each strain are 
shown. The dashed line indicates the average 
number of bacteria taken up by the fleas in the 
infectious blood meal on day 0 of infection. 
pCH16 contains a wild-type copy ofymt (14), and 
pHMS1 contains the Y. pestis hms locus required 
for proventricular blockage (19). E. coli F470 has a 
defined mutation in the lipidA core:surface poly- 
mer ligase gene (waaL::aacC1) so that its outer- 
membrane lipopolysaccharide (LPS), like that of Y. 
pestis, lacks O-polysaccharide (29). The wild-type 
Y. pseudotuberculosis PB1 strain used expresses 
LPS O-polysaccharide of serotype 01:b. 

infected fleas. The Ymt-GFP chimeric protein 
retained normal PLD activity in vitro and tox- 
icity to mice; this Y. pestis strain also infected 
and blocked fleas at normal efficiency (23). Ymt 
was present in the cytoplasm of Y. pestis in all 
midgut preparations (Fig. 3). No evidence for 
extracellular Ymt was seen by this method, or 
by IFA (21). Nevertheless, to test whether Ymt 
released from wild-type bacteria could rescue a 
Ymt mutant, we fed fleas blood containing an 
equal mixture of Y. pestis KIM6+ and 
KIM6+ymtH188N(pGFP) (17). The Ymt- 
strain was eliminated from 19% of infected 
fleas, which contained only Y. pestis KIM6+ as 
indicated by the absence of GFP-fluorescent 
bacteria. In the remaining coinfected fleas, 
Ymt- bacteria were present in the proventricu- 
lus but not the midgut in 25%, in both proven- 
triculus and midgut in 51%, and only in the 
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Fig. 2. Ymt- Y. pestis changes rap- A 

idly to an aberrant spheroplast-like 
form in the flea mid- 
gut. Normal bacillus-shaped Ymt+ 
Y. pestis forming typical aggre- 
gates in the flea midgut 2 days 
(A) and 4 days (B) after infec- 
tion. Normal bacillus-shaped 
Ymt- Y. pestis ymtH188N from 
a flea dissected immediately af- 
ter infection (C), and aberrant 
spherical forms present 1 day af- 
ter infection (D). Bacteria were 
detected in individual triturated 
flea midguts by IFA assay with 
anti-Ymt antibody and by fluo- 
rescence microscopy. Bar, 5 .m 
(A, C, D); 25 (Im (B). 

Fig. 3. Localization of Ymt-GFP 
fusion protein in the cytoplasm of - 
Y. pestis infecting the flea midgut. 
(A) Cluster of bacteria in the intact 
midgut of a flea dissected 4 days 
after infection and examined di- 
rectly by fluorescence microscopy, 
and (B) higher magnification of an 
individual cell by fluorescence plus 
phase microscopy. Bar, 2.5 A.m. 

midgut in 5%. However, whereas the mutant Y. 
pestis was distributed evenly throughout the 
proventriculus of coinfected fleas, when present 
in the midgut it occurred only in weakly fluo- 
rescent clusters contained within larger mass- 
es of wild-type bacteria. The nonrandom pat- 
tern indicated that Ymt- Y. pestis did not 
tolerate direct exposure to the midgut envi- 
ronment, and further suggests that the protec- 
tive PLD activity occurs intracellularly, at the 
individual cell level. Consistent with this in- 
terpretation, exogenous purified Ymt protein 
added to the blood meal did not enhance the 
survival of Y. pestis ymtH188N in the flea gut 
(17). 

Thus, the flea midgut contains an agent that 
induces spheroplast formation and lysis of Y. 
pestis cells that lack intracellular Ymt. An intra- 
cellular PLD conceivably could protect Y. pestis 
in the flea gut either by modifying an endoge- 
nous membrane component to make the bacteria 
impervious to the cytotoxic agent (prophylaxis 
model), or by neutralizing the agent, directly or 
indirectly, after it interacts with the bacteria 
(antidote model). Although the protective mech- 
anism remains to be determined, the cytotoxic 
agent appeared to derive from plasma, because 
when bacteria added to filtered mouse plasma 
was used to infect fleas (17), the results 1 day 
after infection were the same as those for whole 
blood. However, when fleas were infected with 
lipid-free artificial plasma, or artificial plasma to 
which mouse red blood cells were added (17), 
theymtH1 88N mutant survived as well as Ymt+ 
Y. pestis. Because Ymt- Y. pestis grows well in 
plasma in vitro and produces septicemia in mice 
(14-16), and because fleas begin to digest their 
meals immediately after feeding (24), the results 

suggest that a digestion product of one or more 
plasma components in the flea gut is toxic to the 
mutant. 

Y. pestis is a clonal variant of Y. pseudotu- 
berculosis that emerged only 1500 to 20,000 
years ago (1). The close phylogenic relationship 
implies that relatively few genetic changes in Y. 
pestis are responsible for its radically different 
route of transmission and virulence. DNA se- 
quence analysis of ymt indicates that it was 
acquired by Y. pestis through horizontal transfer 
from an unrelated bacterium or eukaryote (4, 5, 
12), a mechanism by which many pathogenic 
bacteria have obtained virulence factors that en- 
hance survival in their hosts (25). Although 
originally discovered as a murine toxin, our 
results indicate that a major biological function 
of Ymt is to enable infection of the vector.. For 
the Y. pestis progenitor, therefore, an important 
effect of acquiring ymt was to extend host range 
to include the flea, a common ectoparasite of the 
usual rodent host. Introduction of this single 
gene into Y. pestis was likely a crucial step in the 
recent evolutionary process that led, uniquely 
among the enteric bacteria, to arthropod-borne 
transmission. Adapting to transmission by a 
blood-feeding insect may, in turn, have favored 
the selection of more virulent strains, capable of 
producing high-density septicemia, that were 
responsible for the emergence of plague. 
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