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Abstract. The cat flea, Ctenocephalides felis, is an inefficient vector of the plague bacterium (Yersinia pestis) and is
the predominant off-host flea species in human habitations in the West Nile region, an established plague focus in
northwest Uganda. To determine if C. felismight serve as a Y. pestis bridging vector in the West Nile region, we collected
on- and off-host fleas from human habitations and used a real-time polymerase chain reaction-based assay to estimate
the proportion of off-host C. felis that had fed on humans and the proportion that had fed on potentially infectious
rodents or shrews. Our findings indicate that cat fleas in human habitations in the West Nile region feed primarily on
domesticated species. We conclude that C. felis is unlikely to serve as a Y. pestis bridging vector in this region.

INTRODUCTION

Plague is a rare but highly virulent zoonotic disease.1 The
etiologic agent, Yersinia pestis, circulates primarily in enzootic
cycles between rodents or shrews and their fleas.2 Humans are
most susceptible to infection during epizootics; when a large
number of infected rodents die, their infectious fleas must
seek new hosts, and these fleas may act as “bridging vectors”
to humans.2 Control methods aimed at reducing the incidence
of human plague often target these vectors.3 To serve as a
bridging vector, a flea species must be capable of transmitting
Y. pestis, it must feed on potentially infected zoonotic hosts,
and it must feed on humans.
The West Nile region is an established plague focus in

northwest Uganda.4 More than 2,400 suspect human plague
cases were reported in this region between 1999 and 2011.5

Although research has not determined exactly where humans
are most likely to encounter infectious fleas in Uganda,
studies in other regions suggest that human exposure occurs
most often in the domestic or peridomestic environment.6,7

Researchers generally identify rat flea species, Xenopsylla
brasiliensis, Xenopsylla cheopis, and Dinopsyllus lypusus, as
the primary bridging vectors for Y. pestis in East Africa.8–10

Some studies, however, have implicated the human flea,
Pulex irritans, as a potentially important Y. pestis vector in
regions where it is the predominant host-seeking (off-host)
flea species in human habitations, although it is unclear to what
extent its postulated role in human plague outbreaks derives
from an ability to spread the bacterium from one person to
another versus an ability to serve as a bridging vector from
rodent hosts to humans.10–14 Recent investigations have found
that the cat flea, Ctenocephalides felis, comprises the majority
of off-host fleas captured in huts in the West Nile region,15,16

however relatively little is known about its potential role as a
Y. pestis vector in this plague focus.
Cat fleas in East Africa are most often identified as C. felis

strongylus based on morphological characteristics15,17,18;
recent molecular studies, however, have found no evidence

for the existence of C. felis subspecies.19,20 Ctenocephalides
felis strongylus may therefore share biological characteristics,
including feeding behavior and transmission efficiency, with
other C. felis subspecies, including Ctenocephalides felis felis.
Worldwide, C. felis is associated with a wide variety of hosts
including cats, dogs, livestock and wild mammals, including
rodents.21–27 The cat flea also feeds readily on humans.26,28–30

In the West Nile region, this species occasionally infests
rodents, including the black rat (Rattus rattus), which
is abundant in the domestic environment and susceptible to
Y. pestis infection.8,15,31 Further implicating the cat flea
as a potential bridging vector, Eisen and others15 recently
showed that C. felis is capable of early-phase transmission
of Y. pestis.
Here, we sought to investigate the potential for C. felis to

serve as a Y. pestis bridging vector in the West Nile region.
Specifically, we aimed to identify vertebrate blood meals in
off-host C. felis collected in huts in this region as a means to
determine the proportion of blood meals taken from humans
and the proportion taken from potential rodent or shrew
reservoirs of Y. pestis. We also sought to determine what flea
species infested small mammals captured in the same huts.

MATERIALS AND METHODS

Study area. We collected fleas and small mammals in
Vurra and Okoro, contiguous counties located along the
Democratic Republic of Congo (DRC) border in the West
Nile region of Uganda (Figure 1). The Rift Valley escarp-
ment roughly bisects these counties, and most human plague
cases are reported from villages located west of the escarp-
ment at elevations above 1,300 m.32 The western highlands
are characterized by lush vegetation, fertile soil, numerous
water sources, and highly fragmented land use associated
with subsistence farming.32,33 This sub-humid region experi-
ences heavy, reliable rains from lateAugust throughNovember
and a less reliable rainy season between March and June.32,33

We randomly selected 100 huts in each of 15 villages west of the
escarpment for flea and small mammal collections inNovember
2009. We conducted a second collection 22 days later in five of
the villages (Figure 1). Although most human plague cases are
reported from this region between September and January,5,32

our study occurred during an inter-epizootic period; there
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were no confirmed human plague cases in Vurra or Okoro
County between March 2009 and October 2011 (CDC,
unpublished data). We collected all fleas and rodents inside
homes typical of this area: square or round huts con-
structed of mud bricks and waddle with thatched grass
roofs. Residents had often smeared a mixture of mud and
bovine feces on their dirt floors and walls that had dried to
create a hard surface.33

Off-host flea collection. We set one modified Kilonzo light
trap34 to collect photosensitive fleas in each hut. The trap
consisted of a flashlight suspended over a metal pan (25.4 cm
diameter) containing 2% saline with a surfactant (1 drop/L
Tween 80 detergent) to force trapped fleas to sink. We put
fresh batteries in the flashlight for each night of collection. We
applied petroleum jelly to the rim of the pan to prevent fleas
from escaping. Residents turned the flashlights on at night and
left them on overnight. The following day, we collected the
fleas from each trap and stored them in 70% ethanol.

Small mammal and on-host flea collection. Small mammals
and their fleas were collected in the same huts on the same
nights we collected off-host fleas as part of a previously
described study.35 We placed two traps (48.3 + 17.1 + 17.1 cm,
Tomahawk Trap Co., Tomahawk, WI) against the inside wall
of each hut. The following day we sedated trapped animals by
halothane inhalation and identified captures to species based
on morphological measurements (e.g., length of body, tail,
right hind foot, and ear)36; we combed each animal to recover
on-host fleas and stored the fleas in 70% ethanol. Rodents
were then released at the point of capture.
We identified all fleas to species using published

keys,17,37,38 and we differentiated C. felis strongylus from the
morphologically similar C. felis felis based on the relative
lengths of the first two spines of the genal comb.26

Blood meal identification. Real-time polymerase chain
reaction (PCR) and sequencing. We used a SYBR-Green
I-based real-time PCR assay using a single primer set to

Figure 1. Study area within a plague-endemic region of Uganda. Points indicate village locations where fleas and rodents were collected from
huts in November 2009 (circles) or November and December 2009 (triangles) for this study.
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amplify vertebrate DNA for identification by sequencing. The
assay is described in detail elsewhere39; briefly, we used
primers targeting regions of the 12S mitochondrial RNA gene
that are conserved across vertebrate species but differ in
C. felis. The primers flank a variable region of ~100 nucleo-
tides (nt), and each includes an M13 tag to facilitate sequenc-
ing.40 We ran all reactions in an Mx3005P thermal cycler
(Stratagene, La Jolla, CA). A 5-minute initial denaturation was
followed by 38 amplification cycles, and the final amplification
cycle was immediately followed by a melting analysis cycle. We
stored all PCR products at 4°C or −20°C until purification.
Selected amplicons were purified using the QIAquick PCR
Purification Kit (Qiagen, Valencia, CA) and sequenced imme-
diately or stored at −20°C. We generated forward and reverse
sequences as previously described,39 and we used DNASTAR
Lasergene software (Madison, WI) to edit sequences and gen-
erate a single sequence for each sample. We manually removed
the primer sequences from either end of the sequence for
final analysis.
Analysis of DNA from known vertebrates. To test the

assay’s ability to detect and differentiate potential vertebrate
host species from the study area, we purchased citrated
human (Homo sapiens), cat (Felis catus), dog (Canis lupus

familiaris), goat (Capra hircus), and chicken (Gallus gallus)
whole blood from a commercial vendor (Bioreclamation,
Westbury, NY). These are all species previously observed
in or within 10 m of huts in the West Nile region (CDC,
unpublished data). We collected tail tissue or whole blood
from the four small mammal species that predominate in
domestic and peridomestic environments in our study area:
black rat, Nile rat (Arvicanthis niloticus), multimammatemouse
(Mastomys natalensis), and shrew (Crocidura species).15,31

Mammals were trapped in the West Nile region and identified
to genus or species based on morphological measurements.36

Tail tissue was stored in 70% ethanol. Whole blood was
absorbed on Nobuto strips (Advantec, Toyo Roshi Kaisha,
Ltd., Tokyo, Japan) made of cellulose paper. The absorbed
blood (~100mLper strip)was air dried and the stripswere stored
at ambient temperature. We extracted DNA from citrated
whole blood and tail tissue using the DNeasy Blood and Tissue
Kit and from dried blood samples using the QIAamp DNA
Micro Kit (Qiagen) per the manufacturer’s protocols. All DNA
was stored at −80°C until PCR analysis. We subjected each
sample to amplification and sequencing as described previously
and aligned the nine sequences to verify that no two sequences
were identical. We also used the basic local alignment search
tool (BLAST) to identify similar mitochondrial sequences in
the nucleotide database.
All procedures for animal handling were approved by the

Animal Care and Use Committee at the Division of Vector-
Borne Diseases, Centers for Disease Control and Prevention,
Fort Collins, CO. Voucher specimens for small mammals
were previously submitted to Makerere University (Kampala,
Uganda) for verification of species identification.
Blood meal identification in off-host fleas. We removed

surface contaminants from each Kilonzo-trapped flea, homo-
genized it in calcium- and magnesium-free Dulbecco’s phos-
phate buffered saline, and extracted DNA as previously
described.39 Each set of extractions included a teneral
(unfed), colony-reared C. felis (Heska Corporation, Loveland,
CO) as a negative control. We used 10 mL eluted DNA per
real-time PCR. Each real-time run included at least two no

template control wells (water in place of template DNA).
Rattus norvegicus DNA from a single stock stored −80 °C
in single-use aliquots served as a positive control and an inter-
run calibrator as previously described.39 We ran all samples
in duplicate.
To minimize the risk of cross-contamination, we conducted

DNA isolation, PCR setup, and amplicon processing in three
separate rooms. To limit human DNA contamination, we used
certified DNA-free pipet tips and tubes for DNA isolation
and PCR set-up. All surfaces and equipment were treated
with 0.62–0.99% sodium hypochlorite or DNA Away (Molec-
ular BioProducts, San Diego, CA) and rinsed with 70%
reagent alcohol (Ricca Chemical Company, Arlington, TX)
before and after use.
We considered a flea sample positive for vertebrate DNA

if both replicates crossed the threshold within 38 cycles and
had similar dissociation curves and a collective threshold
cycle (Ct) value less than or equal to our previously established
Ct cutoff of 36.39 We classified a sample as having no detect-
able vertebrate DNA if both replicates had Ct values greater
than 36 or if the sample generated similar replicates with a
collective Ct value greater than 36. We repeated any sample
with dissimilar replicates. If a sample repeatedly yielded dis-
similar replicates, we concluded that the assay could not
reliably detect a blood meal in that sample. We chose a
single replicate from each positive sample for sequencing
and used BLAST to identify the blood meal source.
Estimating the true number of human blood-fed fleas and

statistical analyses. Given that our assay previously detected
human DNA in 3 of 50 unfed fleas,39 we assumed that the
total number of fleas with detectable human DNA in our
study, h, included fleas that had actually consumed human
blood, x, and samples that contained no detectable blood
meal but had been contaminated with human DNA, c:

h = x + c: ð1Þ

We estimated that ~6% of fleas with no detectable blood
meal, n, tested positive for contaminating human DNA:

0:06n = c: ð2Þ

The total number of fleas tested, t, included those with no
detectable blood meal, those with a detectable human blood
meal, and those with a detectable blood meal from a non-
human vertebrate species, b:

t = n + x + b: ð3Þ

Combining Equations 1–3 and solving for x:

x = h + 0:06 b� t½ �ð Þ=0:94: ð4Þ

We solved Equation 4 to estimate the number of field-
collected fleas that had taken a human blood meal.
We used JMP software (SAS Institute Inc., Cary, NC) to

calculate a Wilson score confidence interval41 for the percent-
age of C. felis with detectable vertebrate blood meals that had
fed on wild rodents or shrews.
To determine if the distribution of fleas per hut and fleas per

rat was consistent with a Poisson distribution, we compared
actual and expected values for the number of rats and the
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number of huts infested with 0, 1, 2, 3, and 4 or more fleas and
conducted a c2 goodness-of-fit test.

RESULTS

Small mammal and flea collections. Rattus rattus (N = 944)
was the only small mammal species collected in the huts
during the 4,000 trap nights included in this study. We
trapped at least one R. rattus in 577 of the 1,500 huts sampled
in November and in 188 of the 500 huts sampled in December
for an overall capture rate of 38.3% per hut per sampling
occasion. We collected a total of 727 fleas from R. rattus, of
which the majority (91.1%) were X. cheopis or X. brasiliensis
(Table 1). By contrast, the majority (86.9%) of the 839 off-
host fleas collected from modified Kilonzo light traps were
C. felis (Table 1). All off-host C. felis were identified to
subspecies as C. felis strongylus. The number of fleas per
R. rattus ranged from 0 to 27, but more than 90% of the
captures were infested with two or fewer fleas (Figure 2A).
Among sampled huts that yielded off-host fleas (N = 455 of
2000), the number ranged from 1 to 23 fleas per hut per
sampling occasion, although most Kilonzo traps yielded no
more than 1 flea (Figure 2B). The c2 goodness-of-fit analy-
sis revealed that neither the distribution of fleas per rat
(N = 944, l = 0.77) nor the distribution of fleas per hut
(N = 2000, l = 0.42) was consistent with a Poisson distribu-
tion (P < 0.001). The number of rats and huts with zero fleas
and the number of rats and huts with more than four fleas
were higher than the expected Poisson values. The number
of rats and huts with one flea were lower than the expected
Poisson values.
DNA amplification and sequencing from known vertebrate

species.Using our real-time PCR-based assay, we successfully
amplified and sequenced the 12S rDNA molecular marker
from nine vertebrate species found within the domestic or
peridomestic environment in our study area. With the primer
sequences trimmed from either end of the amplicon, the
resulting sequence was 99–102 nt long. Using BLAST, we
confirmed that seven of the test sequences were identical to
mitochondrial sequences in GenBank from the expected
species (A. niloticus, AF141259.2:3–101; C. hircus, HM623880.
1:25–124; C. lupus familiaris, AB499817.1:513–611; F. catus,
D28892.1:3–103; G. gallus, GU261719.1:1760–1861; H. sapiens,
HQ700378.2:1097–1196;R. rattus, EU273707.1:514–613). GenBank
did not contain the target sequence from M. natalensis, which
was identified in our study using morphological charac-
ters found in taxonomic keys for this region of Africa.36

Our M. natalensis sequence (99 nt) shared 99% identity
with corresponding sequences from two species in the same
monophyletic group: Mastomys huberti (AF141282.2:3–101;

26C>T) and Mastomys erythroleucus (X85952.1:443–541;
465G>A).42 We isolated Crocidura sp. DNA from a shrew that
had not been identified to species. The target sequence (99 nt)
was not identical to any sequence in the GenBank database; it
differed by one nucleotide from the corresponding sequence
for Crocidura gueldenstaedtii (AF434825.1:447–545; 493A>T).
Aligning the sequences from the nine species we tested
revealed that each pair differed by at least seven nucleotides.
None of the BLAST results from these nine species indicated
that a different species from our study area had an identical
target sequence.
Blood meal identification in off-host fleas. Of the 729

C. felis collected inmodifiedKilonzo light traps, 694 undamaged
fleas were tested. We detected vertebrate DNA in 151

Table 1

Summary of on- and off-host flea captures, by species, in human habitations in Vurra and Okoro counties*
Number of fleas (% of all fleas collected from the same source)

Flea source Cf Xb/Xc Eg Dl Other† Unknown‡

Kilonzo traps (off-host) 729 (86.9%) 32 (3.8%) 68 (8.1%) 0 (0.0%) 10 (1.2%) 0 (0.0%)
Rattus rattus§ 2 (0.3%) 662 (91.1%) 0 (0.0%) 17 (2.3%) 23 (3.2%) 23 (3.2%)

*Fleas were collected using modified Kilonzo light traps (off-host) or by combing Rattus rattus trapped in huts.
†Other off-host flea species: Tunga penetrans, Ctenocephalides spp. too damaged to identify to species. Other flea species collected from R. rattus: Xenopsylla spp. too damaged to identify to

species, Ctenophthalmus calceatus cabirus, Afristivalius torvus Rothschild (syn. Stivalius torvus8).
‡“Unknown” includes fleas that were lost or too damaged to identify to genus.
§Flea species collected from R. rattus were previously reported as part of a larger data set.35

Cf = Ctenocephalides felis; Xb/Xc = Xenopsylla brasiliensis and Xenopsylla cheopis; Eg = Echidnophaga gallinacea; Dl = Dinopsyllus lypusus.

Figure 2. Distribution of fleas collected inside huts in Vurra and
Okoro counties per (A) Rattus rattus and (B) modified Kilonzo light
trap. The c2 goodness-of-fit analysis revealed that neither the dis-
tribution of fleas per rat (N = 944, l = 0.77) nor the distribution of
fleas per hut (N = 2000, l = 0.42) was consistent with a Poisson
distribution (P < 0.001).
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(21.8%). Three samples contained vertebrate DNA from mul-
tiple sources as indicated by multiple melting peaks and/or
sequence traces with overlapping fluorograms. In one case,
repeated attempts to obtain reverse sequence for a mixed
DNA sample failed, so we generated and analyzed a 75-nt
consensus sequence from two forward sequence reactions.
In the other two cases we were able to assemble 100-nt
sequences from overlapping forward and reverse sequences.
We aligned the mixed-sample sequences, including ambiguous
base calls where overlapping fluorograms resulted in double
peaks, with the target sequences from the Crocidura sp.
trapped in our study area and from the three predominant
domestic and peridomestic rodent species in our study area:
black rat, Nile rat and multimammate mouse.15,31 The mixed-
sample sequences differed from the rodent sequences by
³ 5 nt and from the Crocidura sp. sequence by ³ 3 nt. We then
used the PHASE algorithm in DnaSP43 to infer haplotypes for
each of the three mixed samples from the sequence data asso-
ciated with all 151 samples containing detectable vertebrate
DNA. The BLAST analysis of the inferred haplotypes sug-
gested that two of the samples contained a combination of
goat and human DNA, and the third sample contained DNA
from a combination of human and cow (Bos sp.). Because
these data indicated that these fleas had not fed on a rodent
or shrew host, we did not pursue positive identification of each

vertebrate DNA source. We did not include these three sam-
ples in our statistical analyses.
We identified a single vertebrate DNA source in 148 of the

off-host C. felis samples. The Ct values associated with these
samples ranged from 24.81 to 36.00, but samples tended to
yield Ct values closer to rather than farther from the limit of
detection (Figure 3). Seventy samples contained human
DNA. The remaining samples contained DNA from various
domesticated animals (Table 2). Using Equation 4 and the
values listed in Table 3, we estimated that ~35 of the 70 field-
collected C. felis samples in which our assay detected human
DNA had actually taken a blood meal from a human host.
We detected non-human vertebrate DNA in 78 samples.

None of them contained DNA from a rat or shrew species.
Thus, even if all of the samples testing positive for human
DNA contained contaminating DNA, the proportion of
detectable C. felis blood meals taken from rat species was
0/78. From this we estimate that no more than 4.7% (upper
95% confidence limit) of off-host C. felis infesting huts in
Vurra and Okoro counties during the collection period had
fed on rats or other wild rodent or shrew species.

DISCUSSION

Consistent with previous studies,15,16 we found that C. felis
is the predominant off-host flea species in human habitations
in the West Nile region of Uganda. Laboratory studies have
shown that this species is capable of transmitting Y. pestis,
but estimated transmission efficiency is very low (0.57%).15

To determine if C. felis might serve as a bridging vector in
this region, we investigated C. felis infestation of small mam-
mals trapped in human habitations in Vurra and Okoro
counties, and we estimated the proportion of off-host cat
fleas with a detectable blood meal that had fed on potentially
infectious wild hosts. Consistent with previous studies,15,31 we
observed very low C. felis infestation rates on rats trapped in
huts (< 0.5%). Results from our blood meal analysis indicate
that the off-host cat fleas had not fed on potentially infected
wild hosts; they had fed primarily on non-rodent domesti-
cated species.
We verified that our SYBR Green real-time PCR-based

assay allows detection and differentiation of vertebrate DNA
from at least nine different species found in or near huts in
the West Nile region. This includes black rats, Nile grass rats,
multimammate mice, and shrews, the predominant domestic
and peridomestic small mammal species in our study
area.15,31 Using this assay, we detected vertebrate DNA in
approximately one-fifth of off-host C. felis. We may have
observed this low proportion because many off-host fleas
had either not taken a blood meal or had not fed recently
and had only thoroughly-digested remnants of blood meals in

Table 2

Vertebrate DNA identified in off-host Ctenocephalides felis collected
inside huts in Vurra and Okoro counties

Vertebrate (species)
No. detected

(% of total with detectable vertebrate DNA)

Human (Homo sapiens) 70* (47%)
Goat (Capra hircus) 63 (43%)
Chicken (Gallus gallus) 9 (6%)
Sheep (Ovis aries) 4 (3%)
Guinea Pig (Cavia porcellus) 1 (< 1%)
Pig (Sus scrofa) 1 (< 1%)

*Our assay has a 6% false positive rate for human DNA.39 Using Equation 4 and the
values listed in Table 3, we estimated that ~35 of the samples with detectable human DNA
represent human blood-fed fleas.

Figure 3. Distribution of threshold cycle (Ct) values associated
with field-collected Ctenocephalides felis in which our real-time
PCR-based assay detected and identified vertebrate DNA (N = 148).

Table 3

Terms used in Equation 4 to estimate the number of fleas testing
positive for human DNA that had actually consumed human blood

Variable Definition Value*

h No. fleas testing positive for human DNA 70
b No. fleas containing detectable DNA from

non-human vertebrates
78

t Total number of fleas tested 691

*Values do not include three samples containing mixed DNA.
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their guts. Using microscopy, we sought to determine if field-
collected fleas had fed. However, the flea samples were
stored in ethanol and had developed cloudy, gray midguts,
which made it impossible to reliably distinguish blood-fed
from unfed specimens. In laboratory studies, our assay
detected human, rat, and goat DNA in artificially fed C. felis
held alive up to 72 hours post feeding, but detection
decreased as the time between blood feeding and collection
increased.39 A previous study found that the amount of blood
consumed was the principle limiting factor for amplification of
triatomine blood meal DNA by PCR,44 therefore it is also
possible that we failed to detect vertebrate DNA in smaller
fleas that had taken smaller blood meals. A study in Anopheles

gambiae found, however, that there was no significant
difference in blood meal detection in mosquitoes held for 0–
32 hours post feeding that had consumed blood meals catego-
rized as either small or large based on gravimetric analysis.45

Because we were unable to distinguish blood-fed from
unfed specimens by microscopy, we tested every off-host flea
for vertebrate DNA using our real-time PCR assay. Given
that our assay may fail to detect vertebrate DNA in some
blood-fed fleas, however, we cannot conclude that fleas with
no detectable vertebrate DNA were unfed. For future stud-
ies, it might be beneficial to adapt a catalytic assay like the
phenolphthalein (Kastle-Meyer) test to detect heme in
homogenized samples.46 Only samples that tested positive
for heme, indicating that they had consumed a blood meal,
would be subjected to real-time PCR analysis. Not only
would this reduce the number of real-time PCR reactions
required, it would reduce the number of false positives asso-
ciated with unfed fleas contaminated with human DNA. This
would, in turn, increase the probability that fleas testing pos-
itive for human DNA had actually consumed human blood.
Although we cannot make any conclusions about the pro-

portion of field-collected fleas that had actually taken a
blood meal, our assay was designed to minimize bias toward
detection of any one species. Others have reported that
amplicon size can affect the sensitivity of PCR-based blood
meal assays.47,48 By using a single primer set that targets
highly conserved regions of the 12S mitochondrial gene and
thus generates similar amplicons from all vertebrate species,
we hoped to achieve similar sensitivity to blood from differ-
ent hosts. There is evidence that fleas with catholic feeding
habits take similar sized blood meals from different verte-
brate species, even if they prefer one species over another49;
therefore, differences in blood meal size should not bias our
assay toward detection of any particular vertebrate, although
host species may affect the rate of blood digestion.50 Labora-
tory studies found no significant difference in our assay’s
sensitivity to human, rat and goat blood at any of seven time
points post feed.39 Therefore, we used data from those sam-
ples with detectable vertebrate DNA to estimate the propor-
tion of all off-host C. felis blood meals from each host.
A significant proportion of the off-host C. felis had fed on

domesticated animals, particularly goats and, to a lesser
extent, chickens. This is consistent with a 2006 observational
survey in the West Nile region, which found that these were
the two domesticated species most likely to be present inside
or within 10 m of human habitations (CDC, unpublished
data). Previous studies in other parts of East Africa have
found domesticated species including goats, pigs, sheep, cats,
dogs, and cows infested with C. felis.17,21 None of the non-

rodent domesticated species we detected is likely to serve
as a source of Y. pestis infection. To infect a feeding flea,
a host must generally develop an overwhelming bacteremia
(> 106 cfu/mL), which is often fatal.51,52 Chickens are resis-
tant to Y. pestis infection.53 Pigs are susceptible to infection
but do not show any obvious signs of disease54; they are
highly unlikely to develop the high bacteremia required to
infect feeding fleas. The German Plague Commission found
evidence of active infection in experimentally infected
sheep and goats, but the animals all recovered.55 Others
have found that sheep succumb to Y. pestis infection when
inoculated intravenously.56 There is limited evidence, how-
ever, of naturally acquired infection or plague-associated
deaths in domesticated sheep or goats. Based on serological
observations and flea infestation data from domesticated
animals in Tanzanian villages where plague was active,
Kilonzo25 concluded that goats and sheep were not involved
in plague epidemiology in that region. One report from
Libya suggested that a small number of human plague cases
may have been associated with killing or skinning sick goats
and sheep, but there was no indication of transmission from
these species by fleas. Even in this case the authors “Regard
the goat as a sentinel animal . . . not necessarily the imme-
diate cause of cases in humans.”57

Guinea pigs are highly susceptible to Y. pestis infection;
they have been used in laboratory studies of plague since
the early 20th century.58 Contact with infected guinea pigs
or their fleas has been cited as a potential source of human
Y. pestis infection at a zoo in India59 and in Ecuador.60,61

Guinea pigs were observed in < 2% of huts included in a
2006 survey of the West Nile region (CDC, unpublished
data). We did not collect data on the percentage of huts
included in our study that were raising guinea pigs, however,
so we cannot determine the extent to which guinea pig abun-
dance contributed to the low proportion of guinea pig blood
meals detected in off-host C. felis. Given the cat flea’s low
transmission efficiency, transmission by this species from an
infected guinea pig to a human is likely only if C. felis feed
frequently on guinea pigs in human habitations where this
domesticated species is abundant. In addition, guinea pigs
are unlikely to become a source of infection unless they are
also infested with flea species that feed regularly on rats and
could thus transmit Y. pestis from a wild host. Kilonzo21

observed that domesticated guinea pigs were poor hosts of
fleas in the Lushoto district of Tanzania and unlikely to play
a large role in plague epidemiology there. Liston59 noted,
however, that although X. cheopis rarely feeds on guinea
pigs, some guinea pigs kept at the zoological gardens of
Bombay were heavily infested with X. cheopis a few days
after dead rats were found near their cage. The infested
guinea pigs died of plague. Further study is needed to deter-
mine what role guinea pigs might play in plague epidemio-
logy in the West Nile region.
Our results indicate that C. felis in human habitations in the

West Nile region feed very infrequently on potentially infec-
tious wild hosts. Though we trapped at least one R. rattus in
38.3% of huts, we did not detect R. rattus DNA in any of the
off-host C. felis collected concurrently. Only 2 of the 727 fleas
collected from the rats were C. felis. Other studies have indi-
cated that other small mammals including Nile rats,
multimammate mice, and shrews inhabit the domestic and
peridomestic environments in this region,15,31 but we did not
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detect DNA from any of these species in off-host C. felis either.
We estimate that not more than 4.7% of off-host C. felis
infesting huts during the collection period had fed on R. rattus

or other wild hosts that could serve as a source of Y. pestis.
Using a modification of a plague model based on

Macdonald’s equation,51,62 Eisen and others15 estimated that
at least 20 cat fleas per host would be required for a focal
Y. pestis infection to give rise to a secondary infection. This
estimate assumes that all cat fleas are feeding on a single host.
To serve as a bridging vector, a flea must first feed on a
potentially infectious zoonotic host and then on a human host.
If not more than 4.7% of off-host C. felis infesting huts feed
on a potentially infectious wild host, the estimated number of
cat fleas required for a focal infection (in a rodent or shrew)
to give rise to a secondary infection increases more than
20-fold. Given that our assay detects contaminating human
DNA in ~6% of samples tested, we estimate that ~35 of the
off-host C. felis in which we detected human DNA had fed on
a human. Notably, this is less than the number of goat blood
meals we detected. Our data thus suggest that although cat
fleas may be feeding on humans in this region, they take the
majority of their blood meals from domesticated animals that
are unlikely to play a significant role in perpetuating trans-
mission of Y. pestis. This finding further increases the esti-
mated number of cat fleas required for a focal infection in a
zoonotic host to give rise to a secondary infection in a human.
We conclude that C. felis is highly unlikely to serve as a
bridging vector for Y. pestis in the West Nile region.
It should be noted that our study was conducted within a

single 2-month period, and flea prevalence may vary between
seasons. Amatre and others31 reported significant differences
between flea loads on some wild rodent species, including
R. rattus, trapped in the West Nile region during different
2-month collection periods between January and August of
2006. Regardless of season, however, a tiny proportion of
on-host fleas were C. felis.31 Although the number of C. felis
infesting huts might vary, we would not expect to find that a
significantly higher proportion of off-host C. felis had fed on
potentially infectious wild hosts during different seasons.
Our findings suggest that efforts to control C. felis are

unlikely to impact Y. pestis transmission to humans in Vurra
and Okoro counties. Efforts to prevent human plague cases in
this plague-endemic region should remain focused on control-
ling the fleas that feed on potential zoonotic hosts, particu-
larly X. cheopis and X. brasiliensis. During inter-epizootic
periods, such as the period during which we conducted this
study, these fleas are most likely to be found on rodent hosts,
so flea-control measures that target on-rodent fleas are more
likely to limit human exposure to Y. pestis than measures
targeting only off-host fleas.
Our study does suggest, however, that the off-host C. felis

found in huts in the West Nile region are biting humans. This
is consistent with previous reports that cat fleas readily feed
on people.26,28–30 This flea species may transmit pathogens
other than Y. pestis, including Rickettsia typhi, Rickettsia felis,
and Bartonella species.63–66 Further study is required to deter-
mine whether cat fleas are likely to transmit these pathogens
to humans in Uganda. In addition, insofar as C. felis is a
nuisance biter in this region, vector control efforts, including
those that target plague, may be more appealing to residents
of the West Nile region if they eliminate C. felis in addition
to those species most likely to transmit pathogens.
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