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Abstract. Plague is an often fatal, primarily flea-borne rodent-associated zoonosis caused by Yersinia pestis. We
sought to identify risk factors for plague by comparing villages with and without a history of human plague cases within
a model-defined plague focus in the West Nile Region of Uganda. Although rat (Rattus rattus) abundance was similar
inside huts within case and control villages, contact rates between rats and humans (as measured by reported rat bites)
and host-seeking flea loads were higher in case villages. In addition, compared with persons in control villages, persons in
case villages more often reported sleeping on reed or straw mats, storing food in huts where persons sleep, owning dogs
and allowing them into huts where persons sleep, storing garbage inside or near huts, and cooking in huts where persons
sleep. Compared with persons in case villages, persons in control villages more commonly reported replacing thatch
roofing, and growing coffee, tomatoes, onions, and melons in agricultural plots adjacent to their homesteads. Rodent and
flea control practices, knowledge of plague, distance to clinics, and most care-seeking practices were similar between
persons in case villages and persons in control villages. Our findings reinforce existing plague prevention recommen-
dations and point to potentially advantageous local interventions.

INTRODUCTION

Plague, which is caused by Yersinia pestis, is a primarily
flea-borne rodent-associated zoonosis that was the cause
of three major historical pandemics that claimed millions
of human lives.1 Although in modern times human plague
cases still occur sporadically, improved sanitation has lim-
ited the scale of epidemics to focal outbreaks.2 Furthermore,
advances in diagnostics and access to appropriate antibiotic
therapy have reduced case-fatality rates.3 Despite the decrease
in human plague cases, plague bacteria continue to circulate
in enzootic hosts and their fleas within plague-endemic
regions. Thus, the threat of human infections is still an appre-
ciable concern in disease-endemic countries because of the
high fatality rate of the pathogen for untreated cases and its
epidemic potential.4

Humans are most at risk for exposure to plague bacteria
during epizootics when rodent hosts die in large numbers,
forcing their potentially infectious fleas to abandon their
dying hosts.1 As rodent host numbers decrease with the pro-
gression of the epizootic, fleas will occasionally take a blood
meal from humans, thus increasing the risk of human plague
infections. Epizootics are most likely to occur when rodent
and flea numbers are increased;5–7 thus, plague prevention
strategies often focus on controlling flea vector and rodent
host populations. In addition to the use of insecticides to
reduce fleas on and off of hosts, prevention recommenda-
tions often include reducing food and harborage for rodents
in the home environment.4,8,9 Furthermore, because of the
rapid clinical progression of plague in humans, educating
the public and health care providers of signs of plague and
the need to seek care immediately is advised.9

In recent decades, most human plague cases have been
reported from east and central Africa and Madagascar.10

During 2004–2009, the Democratic Republic of Congo

accounted for 64% of the annual reported incidence of
plague from the African region. All cases were reported
from the Orientale Province, which borders the West Nile
Region of northwestern Uganda.10 To aid in better target-
ing plague prevention resources, recent research efforts in
Uganda have sought to define when and where humans
are most at risk for plague in the far eastern edge of this
plague focus.11–14

During August 1999–July 2011, a total of 2,409 suspect
plague cases were reported from the West Nile Region of
Uganda; most cases occurred during September–December,
a time period that corresponds with the primary rainy
season.13 Modeling of inter-annual variation showed that
annual plague case counts were negatively associated with
dry season rainfall (December–February) and positively
associated with rainfall immediately preceding the plague
season.13 Spatial risk modeling has demonstrated that in the
West Nile Region, plague risk is higher above 1,300 meters
above sea level than below this value. Furthermore, covariates
included in these models suggested that localities that are
generally wetter, but with discontinuous rainfall, pose an
increased risk for plague compared with drier areas.11,12,14

Although existing spatial models performed well in broadly
defining the plague focus, there were many villages within the
focus where human plague cases had not been reported by
clinics during approximately a decade of surveillance. Such an
observation raised the question of whether these disparities in
case counts among villages within the risk area were attribut-
able to differences in access to care, care-seeking behavior or
knowledge of plague, agricultural or food storage practices,
rodent and vector control strategies, or fine-scale ecologic dif-
ferences (e.g., differences in host and flea community struc-
ture). In this study, we sought to identify risk factors for
plague by comparing each of these categories between villages
of similar population size situated within the model-defined
risk area that had or had not reported human plague cases.

MATERIALS AND METHODS

Description of study site. Our study was conducted in
the plague-endemic counties of Vurra and Okorro, situated
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in Arua and Zombo Districts, respectively, within the West
Nile Region of northwestern Uganda (Figure 1). Throughout
the two districts, approximately 90% of the population resides
in rural areas, with close to 60% of those persons living in
Ugandan government–defined poverty; more than two-thirds
rely on subsistence farming (i.e., use of traditional seed
strains, livestock breeds, hand tools, and indigenous technical
knowledge) to make a living.15 Villagers typically reside in
homesteads comprised of extended families living in multiple
earthen structures (huts) with thatch roofs that are surrounded
by small agricultural plots or other vegetation.
Vurra and Okorro counties straddle the Rift Valley escarp-

ment, resulting in markedly different ecologic conditions
above and below the escarpment. Lower elevation sites are
typically warmer and drier and have sandier soils than sites

above the escarpment.11,13,16 Previous studies showed that
human plague cases are more common above the escarpment
than below.11,14 Correspondingly, flea species diversity is sig-
nificantly higher above the escarpment within the plague
focus, compared with lower elevation sites outside the focus,
and this has been hypothesized to be important for enzootic
maintenance of Y. pestis.17

Selection of case and control villages. Ten case villages
and five control villages were selected from within areas that
were classified by geographic information system–based sta-
tistical models as posing an increased risk for plague.11 In
other words, regardless of case or control status, based on
remotely sensed landscape level features, all villages enrolled
in the study were believed to be ecologically conducive for
plague activity. Ascertainment of village plague case histories

Figure 1. Locations of case (shaded) and control (unshaded) villages within Vurra and Okoro Counties, West Nile Region, Uganda. County
locations within Uganda are shown in the inset.
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has been described.11,14 In brief, a retrospective review of
clinic log books from 31 local health facilities was performed
to compile a list of suspect plague cases by village during
1999–2007. Beginning in 2000 in Okoro County, a separate
standardized reporting form was used and it captured more
detailed information about environmental data often associ-
ated with plague cases (e.g., reported rodent die-offs). Stan-
dard criteria for a plague diagnosis in Uganda are sudden
onset of fever, chills, malaise, headache, or prostration accom-
panied by painful regional lymphadenopathy (bubonic),
hematemesis or hematochezia (septicemic), or coughs with
hemoptysis (pneumonic). During the 2008–2009 plague
season, cases were laboratory confirmed based on Y. pestis

specific phage lysis of primary specimens or seroconver-
sion.18 From these retrospective record reviews, a single
database was compiled that contained suspect (diagnosed
with plague at a health center and treated), probable (diag-
nosed at health center with plague, treated and also
reported a rat fall in village of residence) and laboratory-
confirmed cases. For each case, onset date, village of resi-
dence, and health center were recorded. A database of
control villages was constructed as follows.11 To control for
access to care and minimize the likelihood that plague had
occurred in a particular village, we visited each of the seven
clinics from which laboratory-confirmed cases were reported.
From the clinic log books, we extracted the name of the
first village to appear before or after the plague case that
was not represented on the list of villages with a history of
plague. For each case and control village, perimeters were
mapped using handheld global positioning system units.
Nine of the ten case villages enrolled in our study

reported at least one laboratory-confirmed case in 2008
and also reported at least four probable or suspect cases
during 1999–2007. The one remaining case village that did
not report a laboratory-confirmed case reported 73 suspected
or probable cases during 1999–2007. None of the selected
villages reported plague cases in 2011, the year before ini-
tiation of this study. Cases and controls were selected to
have similar risk coverage and housing density. Specifically,
because the previous plague risk model was based on
gridded data and each village contained some gridded
cells that were not considered risk, we calculated the pro-
portion of gridded cells within each village that was classi-
fied as having increased risk.11 In addition, we digitized hut
locations using WorldView imagery to approximate popula-
tion size in each village. Before enrollment in the study,
similarities between case and control villages with respect
to the proportion of each village classified by the model
as posing an increased plague risk and with respect to the
number of huts in villages were confirmed by using Mann-
Whitney U tests.
Sampling sessions. Because previous work showed that

human plague cases occur seasonally and are often associ-
ated with rainfall, we selected our sampling periods to occur
within each of the four seasons.13 Session one (June 27–
July 11, 2012) was conducted during the interval season
that is generally cool with variable rainfall. Session two
(September 25–October 9, 2012) was conducted during the
cool, primary rainy season when most yearly rainfall occurs.
Session 3 (January 7–21, 2013) was conducted during the
hot, dry season. Session 4 (March 18–April 27, 2013) was
conducted during the secondary rainy season, which is

generally warm and rainy, but rainfall is typically less than
during the primary rainy season.
Permission to work in these villages was obtained from the

village chairman and individual homeowners before begin-
ning the study. All protocols were reviewed by the Science
and Ethics Committee of the Uganda Virus Research Insti-
tute, the Uganda National Council for Science and Technology,
and the Institutional Animal Care and Use Committee (Pro-
tocol no. 12-008) of the Division of Vector-Borne Diseases of
the U.S. Centers for Disease Control and Prevention. The
study was determined exempt from human studies research
by the Institutional Review Board of the U.S. Centers for
Disease Control and Prevention (Protocol no. 6246.0).
Description of questionnaire. A standardized question-

naire was administered in local languages at each house-
hold at the commencement of each trapping session by
research team members who were fluent in these languages.
Responses were provided by the self-identified head of
household. Topics addressed in the survey included house-
hold demographics, sleeping practices, crops grown in plots
adjacent to homesteads, home maintenance, livestock and
pet ownership, rodent and flea control strategies, access to
health care, and knowledge of plague.
Description of small mammal and flea collections. For

each trapping session and each village, Sherman (model 3310A;
H.B. Sherman Trap Company, Tallahassee, FL) and Tomahawk
(model TLT102; Tomahawk Live Trap Company, Tomahawk,
WI) traps were baited with equal portions of maize, ground
nuts, and dried fish and all traps were operable from
shortly before dusk to shortly after dawn for a single night
per session. Traps were set in four locations designated
as inside, peridomestic-compound, peridomestic-bush, and
sylvatic (Figure 2). The numbers and locations of traps set
per location and session are described below. Collectively,
over the four trapping sessions, the numbers of trap nights
for all villages combined were as follows: 4,800 inside,
3,600 each for peridomestic-compound and peridomestic-
bush, and 7,200 for sylvatic locations.
Within each village for each session, 10 homesteads were

randomly selected. Within each homestead, two Sherman
and two Tomahawk traps each were placed inside one
sleeping and one cooking hut. This yielded a total of 80 trap
nights inside huts per village per session. A sleeping hut was
defined as a hut lacking a fire pit or burning stove where
family members sleep. A cooking hut was defined by the
presence of a fire pit or burning stove used for cooking
foods; residents may or may not also use such huts for
sleeping. Also inside of each hut, two modified Kilonzo flea
traps were placed in each hut to capture host-seeking fleas.
The modified Kilonzo pan traps have been described.19 In
brief, the trap consists of a shallow pan containing water
and detergent with a flashlight suspended over the pan.
Six rodent traps (three Sherman and three Tomahawk

traps) were placed within five meters of the sleeping and
cooking huts, a setting referred to as peridomestic-compound
and that typically represents bare soil. An additional three
Sherman and three Tomahawk traps were placed just out-
side the homestead perimeter (within five meters of the
homestead edge). Such areas contained some form of vege-
tation, generally crops or uncultivated vegetation, and define
the peridomestic-bush setting. This arrangement yielded a
total of 60 trap nights per peridomestic subcategory per village
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per trap session. Orienting from the center of the village,
and defining the sylvatic region, one Tomahawk and one
Sherman trap were placed every 20 meters for 300 meters
from the edge of the village in each of the four cardinal
directions. This arrangement yielded a total of 120 trap nights
in sylvatic settings per village per session.
Upon collection, small mammals were anesthetized by

using halothane, combed for ectoparasites, and identified to
genus or species based on morphologic features (e.g., length
of body, tail, ear, and hind foot, and weight).20 For hosts
that could not be identified to species in the field based
on morphologic characteristics, only genus level identifica-
tion was provided. Finally, each individual received an ear
tag with a unique identification number. Upon recovery
from anesthesia, animals were released at the site of cap-
ture. Collected fleas were stored at ambient temperature
in 70% ethanol and later identified to species according to
published taxonomic keys.21–24

Statistical analysis. Responses to survey questions were
compared between cases and controls by using Fisher’s
exact tests. Because of the high number of households
that were repeated in session four, and because most ques-
tions referred to on-going practices and were not expected
to change among sessions, this session was not included
in the analysis of questionnaire data. Analyses of small
mammal and flea data included all four sessions because
the recapture rate was extremely low (only seven animals
were recaptured between sessions) and because seasonal
variation in small mammal abundance is known to occur.25

Host diversity was estimated by using Simpson’s index
of diversity26 for each site for all sessions combined. This

index is described as: 1 – (n n – 1ð Þ
N N – 1ð Þ where n is the total

number of hosts of a particular species or genus and N is

the total number of hosts of all species. The Simpson’s
index of diversity ranges from 0 to 1; a greater value indi-
cates greater diversity within the sample. Median numbers
of hosts captured per site (e.g., per village and trap location
within villages), total number of fleas collected, fleas per
host, and host diversity were compared between cases and
controls by using Wilcoxon rank-sum tests with chi-square
approximations. Host and flea abundances between cooking
and sleeping huts within the same homestead were com-
pared by using Wilcoxon signed-rank tests. All results were
considered significant if P < 0.05. All analyses were per-
formed using JMP version 10 (SAS Institute, Cary, NC).

RESULTS

Household demographics. Of 450 attempted interviews
(300 cases and 150 controls), 445 were completed (296 cases
and 149 controls); for the remainder of households, resi-
dents were unavailable to respond to surveys. Comparisons
of case and control villages did not show any statistically
significant differences with respect to household demographics
(i.e., numbers of household members by sex or age class) or
numbers of huts within homesteads. All respondents self-
identified as head of household and were comprised of 58%
females (n = 258) who ranged in age from 13 to 72 years
(median = 35 years) and 41% males (n = 183) who ranged
in age from 15 to 79 years (median = 35 years). In four
instances, the age and sex of the respondent was not indi-
cated. Homesteads included in the survey had a median of
3 huts (range = 1–12 huts), and the median number of persons
residing within homesteads was 6 (range = 1–30 persons).
Sleeping practices. Among 296 responses from case vil-

lages and 149 responses from control villages, all respon-
dents reported that a family member slept on at least one

Figure 2. Schematic of small mammal and flea trapping locations, West Nile Region, Uganda.
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of three substrates: reed or straw mat, foam mattress, or
stuffed mattress. Reed or straw mats were the most com-
monly reported sleeping substrate and such mats were used
more frequently in case villages (88%) compared with con-
trol villages (77%) (c2 = 10.18, P = 0.001, by Fisher’s exact
test). Cases and controls reported similar use of foam (47%
of cases, 54% of controls) or stuffed mattresses (14% of
cases, 19% of controls) (c2 £ 2.68, P ³ 0.10).
Crops grown in plots adjacent to homesteads and food

storage. Type of crops grown in plots adjacent to homesteads
is shown in Table 1. Maize, cassava, and beans were among
the most commonly reported crops grown near homesteads
and frequencies were similar between homesteads situated
in case or control villages. In contrast, compared with cases,
controls more frequently reported growing coffee, tomatoes,
onions, and melons (Table 1). Respondents from case vil-
lages more frequently reported storing crops or food in huts
where persons slept (96%) compared with those from control
villages (90%) (c2 = 5.99, P = 0.03). Although less common
than storing food in sleeping huts, householders from case
villages were more likely to cook in huts where persons
slept (11%) and to store food in a granary (22%) compared
with those from control villages (4% and 11%, respectively)
(c2 ³ 5.91–6.05, P < 0.02). Among the 71 respondents who
reported storing food in a granary, 89% of cases (56 of 63)
and 63% of controls (5 of 8) reported also storing food in
sleeping huts.
Livestock and pet ownership. Livestock ownership was

similar between households in case or control villages; 75%
(234 of 296) of households in case villages and 75% (112
of 149) of households in control villages reported that they
own livestock. Most households reported owning chickens and
goats. Pigs, sheep, cattle, and guinea pigs were less common
(Table 2). Comparing the types of livestock owned, we found
that homesteads in case villages were similar to those in con-
trol villages. Cat ownership was similarly uncommon among
households in case (3%) and control (6%) villages. However,
case village households (17%) more often reported owning
dogs than households in control villages (8%) (c2 = 6.05,

P = 0.018). In addition, 6 (12%) of 49 households in case
villages that reported owning a dog indicated that they
allowed the dog into huts at night where family members
were sleeping; none of the 12 households with dogs in
control villages reported practicing the same behavior.
Home maintenance. Smearing walls and floors of huts

with mud was equally common among households in case
and control villages (98% of households in case and control
villages). When asked the reasons for mud smearing, most
responses pertained to a sense of cleanliness and many speci-
fied that they believed it reduced fleas in huts. Significantly
more households in control villages reported replacing roof
thatch (75%) than those in case villages (63%) (c2 ³ 5.74,
P £ 0.01). In response to the question, “Do you keep gar-
bage (non-human waste) in or near your home,” 85% of
householders residing in case villages (251 of 296) answered
in the affirmative compared with 75% of controls (111 of
149) (c2 = 6.93, P = 0.01). Among villagers responding yes
to the previous question, most (66% of cases, 65% of con-
trols) reported keeping garbage outside sleeping huts. Resi-
dents of case villages were more likely to report keeping
garbage inside their sleeping huts (31% [77 of 251] com-
pared with controls (19% [21 of 111]) (c2 = 5.39, P = 0.02),
whereas residents of control villages more commonly reported
keeping garbage outside the homestead but within the village
(12% [13 of 111]) compared with residents of case villages
(5% [13 of 251]; c2 = 4.92, P = 0.04). When asked how

Table 1

Crops grown adjacent to case and control homesteads, West Nile Region, Uganda

Crop

Total (n = 432) Cases (n = 287) Controls (n = 14)

P*No. present % No. present % No. present %

Maize 327 75.69 217 75.61 110 75.86 1.00
Cassava 277 64.12 189 65.85 88 60.69 0.29
Beans 245 56.71 172 59.93 73 50.34 0.06
Sorghum 210 48.61 147 51.22 63 43.45 0.15
Potatoes 190 43.98 125 43.55 65 44.83 0.84
Ground nuts 161 37.27 109 37.98 52 35.86 0.75
Banana 163 37.73 108 37.63 55 37.93 1.00
Pumpkin 149 34.49 107 37.28 42 28.97 0.09
Coffee 112 25.93 63 21.95 49 33.79 0.01
Millet 100 23.15 69 24.04 31 21.38 0.63
Tomatoes 64 14.81 31 10.80 33 22.76 < 0.01
Onions 53 12.27 25 8.71 28 19.31 < 0.01
Sweet potato or yam 44 10.19 24 8.36 20 13.79 0.09
Squash 16 3.70 8 2.79 8 5.52 0.18
Sugar cane 11 2.55 7 2.44 4 2.76 1.00
Tobacco 7 1.62 7 2.44 0 0.00 0.10
Melons 5 1.16 0 0.00 5 3.45 < 0.01
Pineapples 2 0.46 1 0.35 1 0.69 1.00
Cotton 1 0.23 0 0.00 1 0.69 0.34

*By Fisher’s exact two-tailed tests.

Table 2

Livestock ownership in case and control homesteads, West Nile
Region, Uganda

Type % of cases (no.) % of controls (no.)

Goats 70 (207) 64 (96)
Sheep 21 (61) 21 (31)
Pigs 24 (72) 28 (42)
Cattle 15 (45) 17 (26)
Chickens 74 (218) 70 (104)
Guinea pigs 8 (23) 5 (7)

PLAGUE IN UGANDA 1051



garbage is maintained before disposal, responses were similar
between cases and controls. Most responses indicated that
garbage is stored in the open (78% of cases and 81% of
controls). Similar proportions of cases and controls reported
leaving the garbage to decompose (63% of 251 cases and
65% of 111 controls). However, a significantly higher propor-
tion of villagers in case villages reported burying garbage
(35% [88 of 251]) compared with controls (21% [23 of 111];
c2 = 7.82, P = 0.01). Relatively few reported burning garbage
(15% of cases [38 of 251], 16% of controls [18 of 111]).
Rodent and flea control strategies. Contact rates between

humans and rats appeared to be higher within households
situated in case villages compared with controls. In case vil-
lages, householders (24%) were more likely than controls
(13%) to report that a family member had been bitten by
a rat within the past three months (c2 = 7.36, P = 0.004). Of
the 89 households reporting rat bites, 84 (94%) reported that
the bite(s) occurred while the injured person was sleeping.
Despite differences in human–rat contact rates between

case and control villages, rodent and flea control strategies
appeared to be similar between these categories. Approxi-
mately 90% of respondents reported practicing some form of
rodent controls inside of their homes (88% of cases [n = 261],
89% of controls [n = 132]). Three-fourths (74% of cases
[n = 220], 76% of controls [n = 114]) reported using poison
(mostly indocid [indomethacin] or rat killer). Approximately
40% reported using traps (41% of cases [n = 120], 39% of
controls [n = 58]). Despite these efforts, responses indicated
that rodents remain a problem. In response to the question,
“What does your household do with live rodents found in
or around the house?” none of the respondents reported
that they did not have rodents in their homes. Few (7%
of cases, 6% of controls) reported doing nothing to control
rodents. Nearly two-thirds (65% of cases and 66% of con-
trols) reported killing rodents by using physical means.
Nearly half of respondents (43% cases and 39% of controls)
reported using chemical compounds to kill rodents. Fewer
(9% of cases and 15% of controls) reported some other
means of controlling rodents. Often these responses included
cats or dogs killing rodents. We note that there were incon-
sistencies in the reported proportions of respondents using
chemical versus physical means to control rodents in and
around homes between the two questions asked pertain-
ing to rodent control. Based on the two responses, we
estimate that between half to three-fourths of respondents
use poisons and approximately 40–65% use physical means
to control rodents.
When asked, “How do you or your family members

remove rodents, either dead or alive, when found in or
around the house?” more than three-fourths of respon-
dents reported using tools to remove rodents (82% of cases
[n = 244] and 89% of controls [n = 132]). In contrast, few
reported using bare hands (9% of cases [n = 26], 5% of con-
trols [n = 8]) or covered hands (10% of cases [n = 28], 6% of
controls [n = 9]) to remove rodents. Although households
in case villages trended towards removing rodents with their
hands, covered or not, more frequently than controls, the
differences were not statistically significant. Nearly half of
respondents reported disposing of carcasses by burial (48%
for cases and controls [n = 143 and 71], respectively), and
the remainder reported that they discard carcasses in the
bush (27% of cases [n = 79], 32% of controls [n = 47]) or

in pit latrines (25% of cases [n = 74], 22% of controls
[n = 33]). Fewer than 5% of respondents reported burn-
ing carcasses, feeding them to cats or dogs, or discarding in
a rubbish pit. Disposal methods between cases and controls
were statistically similar.
Approximately half of households, and at similar fre-

quencies between cases and controls, reported practicing
some form of insect control (58% of case households, 51%
of controls). When a method of insect control was indi-
cated, most cited smearing mud on floors as the method
practiced. Few households cited use of a commercial product
to control fleas (4% of cases, 8% of controls). When a
product was indicated, it was usually cypermethrin.
Health care-seeking and knowledge of plague. Villagers

in case and control categories reported similar access to
transportation (bicycles) (57% of cases [n = 169]; 60% of
controls [n = 90]) and reported similar distances from their
homes to the health center they are most likely to visit when
ill (median 3 km for cases [range = 1–10 km]; median 3 km
for controls [range = 1–12 km]). When asked, “If you or a
family member were ill and thought the illness was caused
by plague, where would you go for treatment first?” most
respondents reported seeking care at a health center (85%
of cases [n = 252], 89% of controls [n = 132]). Approximately
10% of respondents said they would visit a regional hospital
or visit a drug shop. Significantly more respondents from
case villages (3% [n = 9]) than control villages (0%) reported
seeking care first from a traditional healer (c2 = 5.67, P = 0.01)
(Table 3).
Responses to questions about knowledge of how persons

get sick with plague and the symptoms associated with
plague were similar between cases and controls. Approxi-
mately one-third of respondents cited fleas as the most
common way of catching plague (33% of cases [n = 98]; 34%
of controls [n = 51]). Approximately 15% responded that
plague was caught by being dirty (13% of cases [n = 29],
18% of controls [n = 27]). Fewer than 5% of respondents
cited mosquitoes, bad water, sick animals, or touching infected
pets as a means of transmission. Most householders responded
that they did not know (41% of cases [n = 121], 36% of
controls [n = 54]). Considerably fewer households responded
that they did not know the symptoms most suggestive of
plague (26% of cases and controls). Responses to the ques-
tion about symptoms most suggestive of plague were simi-
lar between cases and controls with painful swellings (63%
of cases [n = 187], 64% of controls [n = 95]) and fever
(43% of cases [n = 128] and 50% of controls [n = 75]) as
the most commonly cited symptoms. Responses regarding

Table 3

Health care–seeking behavior (“if you or a family member were ill
and thought the illness was caused by plague, where would you
go for treatment first?”), West Nile Region, Uganda

Response % of cases (no.) % of controls (no.)

Would not seek treatment/treat self 0.0 (0) 0.7 (1)
Regional hospital 8.1 (24) 12.1 (18)
Local drug shop 9.8 (29) 8.1 (12)
Local health center 85.1 (252) 88.6 (132)
Traditional healer 3.0 (9)* 0 (0)
Don’t know 2.0 (6) 2.0 (3)
Other 1.4 (4) 0.7 (1)

*Statistically significant difference between cases and controls (P = 0.05).
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plague treatment were similar between cases and controls;
approximately three-fourths of householders responded that
antibiotics could cure plague (77% of cases [n = 229] and
72% of controls [n = 107]).
Small mammals and fleas. During 19,200 trap nights

spanning each of the four trapping sessions (June 2012–
April 2013), a total of 1,792 small mammals comprised of
at least 15 species were captured (Table 4). Together, the
four most abundant hosts made up 90% of the total cap-
ture: Rattus rattus (48%), Crocidura spp. (28%), Mastomys

natalensis (9%), and Arvicanthis niloticus (6%). Collectively,
these four are referred to as key host species. Nearly half
(48%) of all hosts captured were captured inside huts.
Furthermore, small mammal abundance was significantly
higher inside cooking huts than in sleeping huts (Z = 10,666,
P < 0.001). Thirty-one percent of hosts were captured in the
sylvatic setting, and 18% and 3%, respectively, were captured
in the peridomestic setting outside or inside the compound.
Scaled per 100 trap nights, we found that small mammals were
most abundant inside huts (17.92 hosts per 100 trap nights),
followed by the peridomestic-bush (9.00 per 100 trap nights),
sylvatic setting (7.73 per 100 trap nights), and least abun-
dant in the peridomestic-compound setting (1.51 per 100 trap
nights). Host diversity was low inside huts; R. rattus accounted
for 95% of the total capture. In contrast, the four most
common hosts captured in the peridomestic-compound,
peridomestic-bush, and sylvatic settings accounted for only
93%, 87%, and 74% of captures, respectively. Host diver-
sity, as measured with the Simpson’s diversity index based on
the hosts listed in Table 5 for all trap sites within a village
combined, was similar between case (median = 0.67, range =
0.55–0.76) and control villages (median = 0.63, range =
0.50–0.70) (c2 = 1.50, degrees of freedom [df] = 1, P = 0.22).
In sylvatic areas, total abundance of hosts per session and

per trap site was significantly higher for case villages (median
7.1 per 100 trap nights (range = 0.8–20.0) than for controls
(5.8 per 100 trap nights (range = 1.7–11.7) (c2 = 5.03, df = 1,
P = 0.02). Marginally higher numbers of A. niloticus were
captured in case villages (median = 0.8 per 100 trap nights,

range = 0–3.3) than in control villages (median = 0 per
100 trap nights [range = 0–2.5] c2 = 4.05, df = 1, P = 0.04).
Abundances of Crocidura spp. (median = 1.7 per 100 trap
nights [range = 0–14.1]), M. natalensis (median = 0.83 [range =
0–9.1]), and R. rattus (median = 0 [range = 0–1.7]) were
similar between cases and controls. When host abundance
was compared within each of the four trap sessions, abun-
dance trended higher in case villages than in control villages,
but individual comparisons were not statistically significant.
Total host abundance and abundances of the four key

hosts inside of huts and in the peridomestic settings were
similar between case and control villages. Furthermore, we
compared small mammal abundance inside of huts between
those that did or did not report practices found to be sig-
nificantly different between cases and controls (i.e., sleeping
on reed or straw bedding, replacing roof thatch, owning
dogs, having been bitten by rats, storing garbage inside huts,
cooking inside huts where persons slept, storing food in
granaries, and growing various crops) and did not detect any
statistically significant differences.
A total of 1,469 fleas, comprised of at least 11 species

were obtained from 1,792 hosts (Table 5). The five most
commonly collected species (Xenopsylla cheopis, Dinopsyllus

lypusus, Ctenphthalmus cabirus, X. brasiliensis, and Stivalius
torvus) accounted for 95% of the total fleas collected from
hosts. The first four species and at least one other species of
Stivalius have been implicated as vectors of plague bacteria
elsewhere.27–33 Among the four most commonly collected
hosts, A. niloticus was the most heavily infested (average =
2.39 fleas per individual). Demonstrating the diversity of
fleas hosted by A. niloticus, we found that 9 of the 11 flea
species collected from all sources were recovered from this
host; five of these flea species had a flea index > 0.10 flea per
host. In contrast, overall flea indices for R. rattus, Crocidura
spp., and M. natalensis ranged from 0.52 to 1.31. However,
within any host species, the number of flea species for
which the flea index was > 0.10 fleas per host was only
1 for R. rattus and 2 for Crocidura spp. and M. natalensis.
Inside and outside huts, the proportion of hosts infested was

Table 4

Small mammals by capture location for sessions 1–4 combined, West Nile Region, Uganda

Host

Inside* Peridomestic compound† Peridomestic bush† Sylvatic‡

No. (% of total)
No. per

100 trap nights No. (% of total)
No. per

100 trap nights No. (% of total)
No. per

100 trap nights No. (% of total)
No. per

100 trap nights

Rattus rattus 814 (94.65) 16.96 13 (24.08) 0.36 16 (4.95) 0.44 12 (2.16) 0.17
Crocidura spp. 21 (2.44) 0.44 28 (51.85) 0.78 199 (61.61) 5.53 254 (45.77) 3.53
Mastomys natalensis 6 (0.70) 0.13 5 (9.26) 0.14 33 (10.22) 0.92 110 (19.82) 1.53
Arvicanthis niloticus 7 (0.81) 0.15 4 (7.41) 0.11 48 (14.86) 1.33 45 (8.11) 0.63
Aethomys kaiseri 0 (0.00) 0.00 0 (0.00) 0.00 11 (3.41) 0.31 26 (4.68) 0.36
Tatera valida 0 (0.00) 0.00 0 (0.00) 0.00 3 (0.94) 0.08 25 (4.50) 0.35
Lophuromys sikapusi 0 (0.00) 0.00 0 (0.00) 0.00 1 (0.31) 0.03 19 (3.42) 0.26
Unidentified 8 (0.93) 0.16 1 (1.85) 0.03 2 (0.61) 0.06 9 (1.62) 0.13
Aethomys hindei 0 (0.00) 0.00 1 (1.85) 0.03 2 (0.61) 0.06 11 (1.98) 0.15
Taterillus emini 0 (0.00) 0.00 1 (1.85) 0.03 1 (0.31) 0.03 10 (1.80) 0.14
Lophuromys flavopunctatus 0 (0.00) 0.00 0 (0.00) 0.00 1 (0.31) 0.03 9 (1.62) 0.13
Mus spp. 3 (0.35) 0.06 1 (1.85) 0.03 6 (1.86) 0.18 9 (1.62) 0.13
Praomys jacksoni 0 (0.00) 0.00 0 (0.00) 0.00 0 (0.00) 0.00 9 (1.62) 0.13
Cricetomys gambianus 1 (0.12) 0.02 0 (0.00) 0.00 0 (0.00) 0.00 3 (0.55) 0.04
Dasymys imcomtus 0 (0.00) 0.00 0 (0.00) 0.00 0 (0.00) 0.00 3 (0.55) 0.04
Lemniscomys striatus 0 (0.00) 0.00 0 (0.00) 0.00 0 (0.00) 0.00 1 (0.18) 0.01
Total 860 (100.00) 17.92 54 (100.00) 1.51 323 (100.00) 9.00 555 (100.00) 7.73

*Based on 4,800 trap nights.
†Based on 3,600 trap nights.
‡Based on 7,200 trap nights.
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similar between cases and controls. Likewise, when compar-
ing flea loads of each of the four key vectors (X. cheopis
and X. brasiliensis combined, Ctenophthalmus spp., and
Dinopsyllus spp.) and each of the four key hosts (R. rattus,
A. niloticus, Crocidura spp., and M. natalensis) inside and
outside huts, infestation levels were similar between case
and control villages. When we compared X. cheopis and
X. brasiliensis infestation of R. rattus inside or outside homes,
we found that flea loads were similar on this host between
case and control villages. The same result was true for each
pairwise combination of key vector and key host. Further-
more, no differences were observed between cases and con-
trols for any of the four sessions compared individually.
During 2,400 pan trap nights spanning each of the four ses-

sions, 1,064 fleas comprised of at least eight species were
recovered from 1,200 huts, yielding an average of 0.89 fleas
collected per hut. Ctenocephalides felis, a species rarely col-
lected from small mammals (Table 5), accounted for 80% of
the fleas collected in pan traps. In contrast, one of the fleas
most commonly collected from hosts, X. cheopis, accounted
for only 4.5% of pan trap collections.
Xenopsylla cheopis were more abundant in pan traps set

in case homesteads (median = 0, range = 0–3 fleas per
homestead) than in control homesteads (median = 0, range =
0–1 fleas per homestead) (c2 = 5.76, df = 1, P = 0.02). Simi-
larly, C. felis were more abundant in pan traps set in case
homesteads (median = 0, range = 0–3) than in control home-
steads (median = 0, range = 0–12) (c2 = 7.06, df = 1, P = 0.01).
Both species were more abundant in cooking huts than in
sleeping huts (Z ³ 219, P < 0.0001). Furthermore, both spe-
cies were more abundant in pan traps in households that
reported sleeping on reed or straw bedding (c2 ³ 3.94, df = 1,
P £ 0.05). Abundance of host-seeking C. felis was signifi-
cantly higher in households that did not report owning a
dog than in those that reported dog ownership (c2 = 15.87,
df = 1, P < 0.0001); abundance of host-seeking X. cheopis

did not differ between these categories.

DISCUSSION

Owing largely to the low incidence and sporadic occur-
rence of human plague cases, there have been few case–
control studies that identified risk factors for plague.34–38 We
identified presumptive risk factors by comparing villages with
and without a history of human plague cases within a model-
defined plague focus.11 Several variables were found to differ
between these villages, and we believe that these variables
are worthy of further investigation within the context of
plague epizootics or human plague cases. Specifically, we
found that although rat abundance was similar inside huts
within case and control villages, contact rates between rats
and humans (as measured by reported rat bites) was higher
in case villages. Furthermore, host-seeking flea loads were
higher in case villages than in control villages. These findings
are suggestive of microhabitat or human behavioral differ-
ences between case and control households that may be
conducive to flea survival or breeding or to increased contact
rates between humans and rats. Together, these findings sup-
port the prevailing assumption that most human plague cases
in the West Nile Region are acquired in the home environ-
ment.38,39 Our study did not address explicitly why, despite
similar numbers of rats per hut, rat bites and abundance of
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host-seeking rat fleas were higher in case villages than in con-
trol villages. Nonetheless, several potential risk factors were
identified in our study that are well aligned with existing
plague prevention recommendations.
In agreement with previous studies in east Africa that

compared host abundance and flea loads on hosts in com-
munities with or without a history of plague,37,38 we showed
that host and on-host flea communities were generally simi-
lar between case and control locations. As in a previous
study from the West Nile Region,38 host diversity was low
in human habitations; the dominant host was R. rattus, a
host that is commonly implicated in plague epizootics. We
showed also that in case and control locations, host diversity
increased with increasing distance from the home, but in case
villages only, there was a trend toward increased host abun-
dance in sylvatic areas. Increased host abundance has often
been positively associated with rates of Y. pestis transmis-
sion.5,40 Thus, our observation of increased host abundances
in sylvatic trap sites within case villages is consistent with the
dominant hypothesis in east Africa that plague bacteria are
maintained in enzootic cycles in sylvatic areas and occasion-
ally spill over into commensal rat populations.33,38,41,42 The
finding of similar host abundance inside of huts regardless
of plague history could suggest that abundance is generally
high enough within homes to pose a risk to inhabitants and
that human behavior may significantly impact the risk of
plague infection in this setting.43

In general, poor housing construction or maintenance,
storage of food inside homes, and availability of harborage
for rodents (e.g., thatch roofing, dense vegetation, or gar-
bage around homes) promote rodent survival in the home
environment.43–45 Thus, in an effort to reduce contact between
rodents, their fleas, and humans, plague prevention strategies
often focus on reducing food and harborage for rodents in
this setting.4,8,9,35 Providing support for this recommendation,
our study showed that homesteads in case villages more fre-
quently reported storing food, and garbage (largely food
scraps) inside huts where persons sleep, or cooking inside huts
where persons sleep. Furthermore, roof thatch was replaced
more commonly in control villages than in case villages. Rats
commonly nest in the roof thatch. Thus, frequent replace-
ment of roofing material may reduce rat abundance. Fre-
quency of roof replacement was weakly and negatively
correlated with rodent abundance in homes in Mozambique.44

Comparing small mammal abundance within homesteads that
did or did not store food, garbage, or cook in huts where
persons sleep, or those that did or did not replace roof thatch
did not identify any significant differences. However, our
questionnaire asked villagers if they commonly engage in
these practices, but the responses given did not necessarily
reflect practices at the time of our small mammal collections.
Use of granaries to store food is often recommended as

a means of reducing rodents in huts and to prevent plague.
However, their use has decreased considerably largely
because of the risk of food theft.39,46 Interestingly, although
granary usage was reportedly low, our study showed that
it was more common in case villages than in control villages.
It is unclear whether case villages simply have more stored
food than control villages, thus justifying granary use, or if
granaries, which are constructed of locally available materials
and often are not rodent proof, may concentrate rodents
in the home environment and contribute to plague risk.47

Although our study did not address the quantities of foods
grown or stored, we did seek to identify the types of crops
grown in fields adjacent to homesteads. Consistent with a
previous study in the West Nile Region that focused on
different villages than those included in the present study,36

we also showed that compared with cases, controls were
more likely to grow coffee and melons. Future studies are
needed to assess whether these crops are serving as a bar-
rier that may disrupt contacts between sylvatic and com-
mensal rodents, have some repellent qualities, or simply
correlate with other protective behaviors that were not
measured in this study.
Mirroring results reported from a previous survey in

other villages in the West Nile Region,46 our study showed
that most villagers recognize rodents in their homes to
be a concern and are using available methods to reduce
their abundances. However, based on survey responses
and the abundance of rats trapped within homes, the exist-
ing methods are clearly inadequate for eliminating rodents
entirely or, perhaps, even for reducing numbers in any
significant way. In the absence of environmental modifica-
tions, such as improved home construction, better food
storage methods, or implementation of an intensive rodent
control program,4,8,44,46 significant reduction of rodent bur-
dens inside of homes is unlikely. Given the limited economic
resources available in these subsistence farming villages,
such improvements are unlikely to become widespread in the
foreseeable future.
In the interest of reducing plague incidence, effective

strategies exist to control fleas in the home environment.
Although flea control efforts directed specifically at reducing
flea loads on rats are likely to be helpful in reducing human
plague risk, these efforts might not result in widespread sup-
port among local residents because rat fleas (X. cheopis and
X. brasiliensis) typically remain on their rat hosts or in the
nests of these animals and, therefore, rarely infest persons
living in these areas except during periods when plague
epizootics occur or perhaps when large numbers of rats have
been poisoned, either of which could cause rat fleas to seek
new hosts. In general, residents are more likely to remain
enthusiastic about flea control programs that reduce not only
largely unnoticed rat fleas but the numbers of other biting
or venomous arthropods, such as cat fleas, mosquitoes, or
spiders, which are generally perceived as a problem in homes.
For example, indoor residual spraying was shown to signifi-
cantly reduce flea loads and infestation rates on rats for at
least 100 days in the West Nile Region. In addition, the
treatment is effective at reducing other biting insects and
therefore has the benefit of reducing risk of other vector-
borne diseases.19 Our study identified an interest by vil-
lagers in controlling fleas in the home environment;
approximately half of respondents reported that they do
something to control fleas. Most reported smearing mud
on floors to control fleas. However, a study in Tanzania
showed no association between mud plastering and plague
occurrence or flea abundance.48

As suggested, sleeping on floors may put persons at
greater risk of exposure to fleas, thus increasing plague
risk.43 Similar to an earlier study in the West Nile Region,36

our study found that sleeping substrate could indirectly
affect contact rates between humans and fleas. Specifically,
we showed that persons in case villages were more likely
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to sleep on reed or straw mats compared with their counter-
parts in control villages. It is unclear if this relates simply to
this substrate putting persons in closer contact with the
ground than other substrates, or if these mats may be more
likely than alternatives (e.g., foam or other stuffed mattresses)
to harbor fleas because the organic content or dust in the
mats could provide a suitable substrate for breeding of
fleas.22,43 Although not mutually exclusive, the latter sugges-
tion was supported by our observation that X. cheopis and
C. felis were more abundant in households that reported
sleeping on reed or straw bedding than in those that did not
sleep on this material.
Previous studies have implicated dogs in the home envi-

ronment to pose a risk for human exposure to plague bac-
teria because of their potential to carry infectious fleas into
close contact with humans.32,34,35 In our study, compared
with control villages, householders in case villages more
frequently reported owning dogs. Perhaps seemingly counter-
intuitive to our finding, we showed that abundance of host-
seeking C. felis was significantly lower in homesteads that
reported dog ownership. However, this is likely because dogs
are a preferred host for C. felis,49 thus, presence of this host
may reduce the abundance of host-seeking fleas inside huts.
However, C. felis is an inefficient vector of Y. pestis and is
an unlikely bridging vector from zoonotic hosts to humans
because of its infrequent feeding on rodents.50,51 We did
not find any significant differences in the abundance of
X. cheopis, an efficient vector of Y. pestis that readily bites
rodents and humans,30 between homesteads reporting dog
ownership and those that did not report dog ownership.
However, relative to C. felis, numbers of X. cheopis were
low and are likely to increase during plague epizootics
when rodent hosts die in large numbers, forcing their fleas
to search for alternative hosts.
Our selection of control villages aimed to reduce the likeli-

hood of finding differences between cases and controls in
access to health clinics. Although control villages were
selected because at least one person from each control
village was seen in clinics, we had no prior knowledge of
the frequency of care-seeking at clinics within case or con-
trol villages. Thus, we sought to rule out the possibility that
plague cases were occurring at similar rates within these
categories, but that controls were less likely to visit health
clinics and might therefore be captured at lower rates within
our surveillance system. Here, we showed that knowledge
about plague, care-seeking behavior, distance to clinics, and
most care-seeking practices were similar between cases and
controls. However, in case villages compared with control
villages, respondents more frequently reported they would
go to a traditional healer first if they believed that their
illness was caused by plague, although the proportion was
still quite low (< 3%). Nonetheless, local involvement by
traditional healers in referring plague cases to clinics could
reduce the time from recognition of illness to treatment,
which is likely to improve outcomes of infection. Although
most those interviewed were knowledgeable of signs and
symptoms of plague and how persons become infected,
the finding that approximately 40% of respondents did
not know how persons were likely to become infected
and approximately 25% did not know the signs and symp-
toms of plague shows room for improvement in community
education efforts.

Although we identified several variables that differed sig-
nificantly between cases and controls, the magnitude of the
differences were generally quite small. This finding there-
fore begs the question of whether any of these variables
alone significantly increases plague risk. Our findings sug-
gest that several factors likely need to be optimal for human
risk of exposure to plague bacteria to increase substantially.
Future studies are needed to determine if any of the risk
factors identified in our study directly relate to rodent abun-
dance or flea loads and to examine whether these strategies
could be modified to reduce plague risk (e.g., replacing roof
thatch, modifying food and garbage storage practices, insti-
tuting better practices to reduce fleas on and off hosts in
the home setting). Furthermore, longitudinal monitoring of
host and flea communities could identify changes that occur
before epizootics that could ultimately be used as an early-
warning to initiate more intensive prevention and control
efforts. Finally, improved health education could reduce
plague cases and fatality rates associated with plague cases.
Our study finds support for existing plague recommenda-
tions, including reduction of food and harborage for rodents
in the home environment, use of flea control for pets and
inside of homes, continued efforts to educate the public and
health care providers about plague signs and the importance
of prompt treatment with appropriate antibiotic therapy.
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