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ARTICLE INFO ABSTRACT

Keywords: Objectives: Plague has been a threat to human health in Tanzania since 1886. This zoonotic disease has established
Plague several endemic foci in the country, posing a risk of outbreaks. This study was conducted to investigate the
Yersinia pestis presence of Yersinia pestis in small mammals in five districts. These districts were selected because of recent
ELISA (Mbulu), past (40-18 years ago: Lushoto) and historic (>100 years ago: Iringa and Kilolo) human cases of plague.
Small mammals os . .
Rodents In addition, one region that has not had any reported human cases of plague was included (Morogoro-Mvomero).
Tanzania Methods: Blood from 645 captured small mammals was screened for antibodies against the fraction 1 (F1) antigen
of Y. pestis using indirect enzyme-linked immunosorbent assay (ELISA) and competitive-blocking ELISA.
Results: Specific antibodies against Y. pestis F1 antigens were detected in six (0.93%) animals belonging to Masto-
mys natalensis. Of these, four animals were captured in the active focus in Mbulu, and two animals were captured
from an area with no history of human plague (Morogoro-Mvomero).
Conclusion: These results provide evidence of the circulation of Y. pestis in small mammals in Tanzania. Fur-
thermore, evidence of the circulation of Y. pestis in Morogoro-Mvomero highlights the importance of carrying
out plague surveillance in areas with no history of human plague, which can help to predict areas where future
outbreaks may occur.
Introduction tries, Tanzania is among the handful of countries in Africa where human

plague still persists. For more than a century, wave after wave of plague

Plague is an ancient disease caused by the Gram-negative bacterium
Yersinia pestis which is transmitted by flea vectors. It is primarily a dis-
ease of rodents, but secondarily affects humans resulting in large epi-
demics. Y. pestis is responsible for causing some of the world’s worst
pandemics, and its societal impacts have been compared with the ongo-
ing coronavirus disease 2019 (COVID-19) pandemic (Glatter and Finkel-
man, 2021). In addition to being classified as a re-emerging infectious
disease with biowarfare potential (Byard, 2020), plague is also ranked
amongst emerging infectious diseases in Africa in the 21st Century
(Fenollar and Mediannikov, 2018). Although eradicated in most coun-

swept through Tanzania wreaking havoc where natural foci exist in the
country (Kilonzo and Mhina, 1982; Makundi et al., 2008; Spinage, 2012;
Ziwa et al., 2013a). Of particular note are the recurrent plague epi-
demics that occurred between 1980 and 2011 in Lushoto (Kilonzo and
Mhina, 1982), Mbulu (Makundi et al., 2008), Karatu (Kilonzo et al.,
2006) and Singida (Temu, 1991), with nearly 9000 reported cases and
over 700 deaths. Available evidence indicates that the disease persists
in sylvatic enzootic cycles involving rodents and their fleas and envi-
ronmental factors that are poorly understood, making it more difficult
to eradicate (Kilonzo et al., 2005; Makundi et al., 2008).
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The emergence and epidemic spread of plague in Tanzania has been
linked to wild mammals, specifically rodents (Kilonzo et al., 2005),
but despite more than a century of research, it remains unknown
how Y. pestis persists in endemic foci between epidemics (Koch, 1898;
Msangi, 1969; Ziwa et al., 2013b). Plague follows a pattern of seasonal
outbreaks separated by periods of quiescence, giving the misleading im-
pression that it has disappeared completely. Hence, its presence in small
mammal populations often goes unnoticed until outbreaks occur in hu-
man populations, specifically in zoonotic foci. Given the public health
significance of plague and the risk of its re-emergence, it is crucial to
maintain constant epidemiological surveillance of small mammal popu-
lations in endemic foci in the country. Plague surveillance and monitor-
ing is not only essential in identifying cases and epizootics as quickly as
possible, but also ensures that steps can be taken to control and avoid
spillover into human populations. Several natural foci of plague exist in
the country, and persistence of these zoonotic foci increases the risk of
re-emergence as people living in these areas are increasingly in contact
with rodents and fleas.

The recent COVID-19 pandemic has sharpened focus on the impor-
tance of zoonotic disease surveillance in wild animals. In Tanzania,
much of the current plague surveillance apparatus has developed in
a somewhat ad-hoc way, in most cases only done when human cases
are reported, thus indicating the gap in effectiveness and the need to
improve this. In Mbuluy, for instance, available data indicate few re-
ports (Makundi et al., 2008; Haule, 2013; Ziwa et al., 2013b) of wildlife
surveillance since the last major outbreak in 2007 that claimed six lives.
Despite these reports pointing out the need for ongoing epidemiologi-
cal surveillance in this area, minimal research has been undertaken to
identify factors exacerbating outbreaks in this focus. This defeats the
purpose of rodent and vector surveillance, as this should be performed
continuously even during periods when no human cases are reported.
The Dongobesh plague focus in Mbulu is the most recently established
focus (Makundi et al., 2008), and is the only current active plague fo-
cus in the country, with sporadic cases of human plague still being
reported from time to time. Thus, the insufficient surveillance efforts
not only contrast with the recommendations of the World Health Orga-
nization (Dennis et al., 1999), but could have dire consequences. The
Lushoto plague focus, on the other hand, has a well-documented record
of surveillance data on wildlife reservoirs of the disease since the first
outbreak in 1980 to 2015 (Kilonzo and Mhina, 1982; Njunwa et al.,
1989; Laudisoit, 2009; Laudisoit et al., 2009; Lutege et al., 2015). How-
ever, there have been no reports on small mammal plague serosurveys
in the last decade, suggesting that surveillance has been discontinued.

It is well known that plague can re-emerge even after decades of
silence. Among the most conspicuous examples is the case of Oran, Al-
geria where plague disappeared for five decades (Bertherat et al., 2007).
The most ancient plague focus in Tanzania is Iringa, where plague was
authenticated for the first time in 1886 (Koch, 1898). As no human cases
of plague have been reported in Iringa for a number of decades, this fo-
cus is poorly monitored, or not monitored at all, to establish whether
plague has been eradicated completely or whether it is still circulating
in reservoir hosts and flea vectors.

Indeed, the establishment of plague foci in Tanzania has been based
on outbreaks of the disease among human populations, rather than on
substantiation of the disease among natural reservoirs in the particular
area (Kilonzo et al., 2005). Most small mammal surveillance for plague
has been restricted to endemic foci. In order to address the historic bias
of surveillance efforts, which have inadequately covered areas without
any reported human cases of plague, the authors undertook a small
mammal plague serosurvey in an area (Morogoro-Mvomero) with no
history of human plague. This is essential to identify potential plague
foci, and to predict areas where the threat of new emergence lurks and
understand the distribution of the disease in the country. In addition, the
authors conducted a small mammal plague serosurvey in the most an-
cient foci in the country (Iringa and Kilolo), an 18-year quiescent plague
focus (Lushoto), and a currently active plague focus (Mbulu) to deter-
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mine the presence and persistence of the disease in these areas, and to
better understand the distribution of Y. pestis in Tanzania. The data pri-
marily focus on rodents and shrews, as they are the main sentinels of Y.
pestis transmission in the country.

Materials and methods
Study areas

This study was conducted during the hot and rainy season
(November—April) and during the dry season (May-October) from 2020
to 2021. The study sites were divided into three categories: active plague
foci, quiescent plague foci and plague-free area. The plague-free area
category constituted an area (Mgeta division in Mvomero district) in Mo-
rogoro region where there has been no record of human plague. Mgeta
was chosen because of its similar climatic and ecological conditions to
the plague-endemic foci in Tanzania. Quiescent foci comprised areas
where human plague has not resurged for years, ranging from 18 years
(Lushoto district) to 135 years (Iringa rural and Kilolo districts) since
the last recorded outbreaks. In the active focus (Mbulu), sporadic cases
of human plague are still being reported. Three different ecotopes — do-
mestic (houses) peridomestic (crop fields) and sylvatic (forest biome) —
were explored. In Tanzania, plague outbreaks occur in some villages
but not in others in the same vicinity with similar environmental and
climatic factors and the same composition of rodent and flea species
(Laudisoit, 2009). To this end, villages with a history of human plague
and villages with no known history of human plague (plague-free) were
sampled in Lushoto, Mbulu and Kilolo districts. Sampling sites are shown
in Figure 1.

Animal trapping, handling and detection of Y. pestis infection

Sylvatic and commensal rodents were live trapped using Sherman
traps (8 x 9 x 23 cm, H.B. ShermanTraps Inc., Tallahassee, FL, USA)
and locally made box traps baited with peanut butter and maize meal.
The Sherman traps were used in forests and crop fields, while the box
traps were used to trap in houses. Traps were inspected in the morn-
ing, and captures were removed and taken to a central field processing
location. Live captured animals were anaesthetized with diethyl ether,
and each animal was bled from the heart using a disposable syringe and
needle or from the orbital vein using capillary tubes and capped micro-
tubes; serum separation was done thereafter. The separated serum was
collected into sterile vials and preserved at —20°C until use.

Detection of anti-fraction 1 (F1) immunoglobulin G was conducted
by indirect enzyme-linked immunosorbent assay (ELISA), as described
previously (Dromigny et al., 1998) with modifications. The mean optical
density (OD) obtained against the coating buffer alone was subtracted
from the OD against F1 antigen (delta OD). In each plate, negative (n=3)
and positive sera from wild rodents were included as controls, and sera
were scattered at random on the ELISA plates. For result interpretation,
the ratio system was used, calculated as the ratio of the delta OD of the
sample (OD of plate with serum sample — OD of plate with buffer alone)
to the mean delta OD of three negative sera + standard deviations. Sam-
ples with OD >0.100 were considered positive, but for Rattus and Mus
spp., OD >0.150 was considered positive. The OD thresholds were de-
termined according to the best specificity and sensitivity (Youden’s in-
dex) from the receiver operating characteristic curve, and the conjugate
used (rat or mouse) for each small mammal species, as described by
Dromigny et al. (1998).

Samples that reacted positively to the indirect ELISA were subjected
to the competitive blocking ELISA to determine the specificity of the
antibodies detected, as described by Chu (2000). The protocol involves
inhibiting the antibody present in each positive sample with a diluted
F1 antigen. The specificity of the reaction is demonstrated by a decrease
in OD value according to the amount of F1 antigen added. In contrast,
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Figure 1. Localities of the small mammals surveyed for plague in this study. The black lines in the central Tanzania map delineate regions. The green shaded areas
are the four regions where samples were collected, and the light blue areas show the districts. The regions and districts are as follows: Manyara region (Mbulu
district), Iringa region (Iringa district and Kilolo district), and Morogoro (Mvomero district). The four inserts show the location (within the districts) of the plague

foci and the non-plague villages sampled.

the reaction is considered to be non-specific if the OD value remains the
same regardless of the quantity of F1 antigen added prior to the test.

Results

In total, 645 small mammals belonging to 20 species were captured
from five districts (Iringa rural, Kilolo, Lushoto, Mbulu and Mvomero)
in Tanzania. The small mammals captured included Mastomys natalen-
sis, Praomys delectorum, Lophuromys machangui, Lophuromys makundii,
Lophuromys kilonzoi, Grammomy surdaster, Grammomys macmillani, Cro-
cidura hirta, Aethomys kaiseri, Aethomys chrysophilus, Mus minutoides, Mus
gratus, Dasymys incomptus, Rattus rattus, Lemniscomys striatus, Lemnis-
comys zebra, Graphiurus raptor, Arvicanthis neumanni, Arvicanthis nairobae
and Steatomys pratensis (Table 1). M. natalensis comprised 50% of the
total captures. Of the 645 small mammals, 43 (6.7%) were positive for
antibodies to F1 antigen of Y. pestis using indirect ELISA. These 43 sam-
ples were further subjected to competitive blocking ELISA to confirm
the specificity of the detected antibodies. Only six of the 43 seroposi-
tive samples (14.0%) were confirmed to be carrying specific anti-F1 Y.
pestis antibodies (Table 2), representing 0.93% of the entire population
of small mammals captured in this study. All six samples belonged to
M. natalensis, of which four were collected from Mbulu [4/194 (2.1%)]
and two were collected from Mgeta-Mvomero [2/71 (2.8%)]. Antibody
titres ranged from 1:100 to 1:6400. All confirmed seropositive samples
were collected during the rainy season (October—April).

Discussion
Based on the ELISA results, it is clear that plague is far from eradi-

cated in Tanzania, hence supporting the long-standing hypothesis that
plague circulates in wildlife reservoirs during interepizootic periods

(Fedorov, 1944; Quan and Kartman, 1962). The presence of specific
antibodies in rodent sera against the Y. pestis F1 antigen in 0.93% of
the samples suggests current or recent exposure to Y. pestis. Rodents
carrying antibodies for Y. pestis appeared healthy and showed no ob-
servable clinical manifestation of plague. This observation supports the
hypothesis of the presence of an enzootic cycle involving relatively re-
sistant host populations and flea vectors. Similar observations have been
made in Mbulu and Lushoto (Kilonzo et al., 2005; Makundi et al., 2008;
Ziwa et al., 2013b). According to the enzootic host model, susceptible
hosts are decimated during an epizootic, while resistant hosts survive
and develop antibodies to plague (Graham et al., 2014). It is indeed re-
sistant reservoir hosts and their fleas that maintain plague circulation
in endemic foci between epizootics (Quan and Kartman, 1962). Exper-
imental infections have shown that M. natalensis is resistant to plague
infections (Isadcson et al., 1983; Shepherd et al., 1986). Rattus norvegi-
cus and R. rattus have also been found to be resistant to plague infections
(Rahalison et al., 2003; Andrianaivoarimanana et al., 2018), although
none of the R. rattus in the current study showed evidence of Y. pestis
infection.

All rodent sera that tested positive for specific anti-F1 plague anti-
bodies to Y. pestis F1 antigen were collected during the hot rainy sea-
son (October-April), which is consistent with previous observations that
plague is indeed a seasonal disease in Tanzania (Njunwa et al., 1989;
Kilonzo et al., 1992; Makundi and Kilonzo, 1994; Davis et al., 2006).
Rodent abundance coupled with species richness and high flea index are
important predictors for plague outbreaks in endemic foci (Samia et al.,
2011; Sun et al., 2019). However, outbreaks can still happen when there
is low abundance of rodents (Davis et al., 2004). The captures in the
peridomestic biotopes were dominated by M. natalensis, whereas the for-
est biotope was dominated by Lophuromys spp. (L. kilonzoi, L. makundii
and L. machangui) and P. delectorum.
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Table 1

Indirect enzyme-linked immunosorbent assay results for detection of antibodies against the fraction 1 antigen of Yersinia pestis in the sera of small

mammals
Species Number of animals tested for antibodies and % of positive samples in each district

Mbulu Lushoto Iringa and Kilolo Mvomero Total

Praomys delectorum 59 (1.7) 17 (5.9) 0 3 79
Rattus rattus 19 43 1 11 74
Mastomys natalensis 61 (16.4) 157 (3.2) 72 (13.9) 33(18.2) 323
Lophuromys Kilonzoi 0 43 0 15 58
Lophuromys makundii 24 (4.2) 0 0 0 24
Lophuromys machangui 0 0 1 0 1
Grammomys surdaster 0 17 (5.9) 1 0 18
Grammomys macmillani 3 0 0 0 3
Crocidura hirta 1 5 1 5 (60) 12
Steatomys pratensis 0 0 1 0 1
Graphiurus raptor 2 0 2 0 4
Aethomys chrysophilus 0 0 7 0 7
Aethomys kaiseri 19 (21.1) 0 0 0 19
Dasymys incomptus 0 0 0 2 2
Lemniscomys striatus 3 0 2 0 5
Lemnisconys zebra 2 0 0 0 2
Mus minutoides 0 0 5(20.0) 2 7
Mus gratus 1 0 0 0 1
Arvicanthis neumanni 0 0 4 0 4
Arvicanthis nairobae 0 1 0 0 1
Total 194 (7.7) 283 (2.5) 97 (11.3) 71 (12.7) 645

Table 2
Competitive blocking enzyme-linked immunosorbent assay (cELISA) results of
all seropositive indirect ELISA samples

Number of cELISA

Animal species Number tested positive 95% CI?

Praomys delectorum 2 0

Rattus rattus 0 0
Mastomys natalensis 6 (19.3%)
Lophuromys Kilonzoi 0
Lophuromys makundii
Lophuromys machangui
Grammomys surdaster
Grammomys macmillani
Crocidura hirta
Steatomys pratensis
Graphiurus raptor
Aethomys chrysophilus
Aethomys kaiseri
Dasymys incomptus
Lemniscomys striatus
Lemniscomys zebra
Mus minutoides

Mus gratus

Arvicanthis neumanni
Arvicanthis nairobae
Total

w
oy

0.07-0.37

COHOOO0OOHMODOOWOHKOO

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
6

N
w

(14%)

CI, confidence interval.
@ Clopper-Pearson exact CI method was used.

None of the rodent sera samples collected from the most ancient
plague focus (Iringa) in Tanzania were confirmed to be positive for
plague. One of the areas sampled was Image ward (Iringa region), where
the disease was first authenticated in Tanzania in 1886. These findings
raise the important question of whether this is a case of inadequate
sampling or did the disease disappear completely from the area? As no
follow-up studies or wildlife surveillance have been carried out in this
particular focus since the disease was authenticated, it is difficult to as-
certain which scenario is correct, although the latter is more probable.
However, the probability of the disease resurfacing even after a century
of quiescence cannot be ruled out. Moreover, there are no documented
records of the reservoirs or species involved in the 1886 outbreak.

Contrary to Iringa, Lushoto is the most extensively studied focus with
a well-documented history of plague. With no reported human cases
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since 2004, Lushoto is no exception to areas where the possibility of
re-emergence still lurks. In the current study, no rodent sera from this
quiescent focus tested positive for plague infection. These findings are
consistent with previous observations reported by Laudisoit (2009) in
a study carried out in Lushoto between 2005 and 2008. This par-
ticular focus was the hardest hit by plague, accounting for 95% of
plague deaths between 1980 and 2011 (Ziwa et al., 2013a). The dy-
namics of plague in Lushoto have been researched extensively but are
still not well understood. Monitoring and surveillance of plague reser-
voirs and their fleas has been well documented since the first outbreak
(Kilonzo and Mhina, 1982; Njunwa et al., 1989). Moreover, factors af-
fecting the persistence of plague in the area have also been identified
(Njunwa et al., 1989; Makundi and Kilonzo, 1994; Davis et al., 2006;
Kamugisha et al., 2007; Hieronimo et al., 2014). Perhaps the appar-
ent disappearance of plague in this focus can be attributed to hous-
ing improvements (i.e. replacement of thatched roofs with iron sheets),
coupled with effective control strategies. Control strategies for fleas
and rodents include flea killing, chemotherapy, chemoprophylaxis, san-
itary improvement and health education (Kilonzo et al., 1992). Fur-
thermore, a permanent plague control team, formed in 1987, ensured
that control measures were implemented effectively and cases were re-
ported and treated early, which reduced deaths in 1988 (Kilonzo et al.,
1992). In an effort to understand the factors responsible for the per-
sistence of plague in the Lushoto focus, it was observed that plague
is associated with high altitudes (Neerinckx, 2006). This was fur-
ther supported by Kamugisha et al. (2007) and Laudisoit (2009). Vil-
lages located at high altitudes (i.e. Magamba, Gologolo, Kiranga, Ny-
welo and Manolo) were included in the current study, although no
samples from these villages were confirmed to be positive; however,
this does not mean that surveillance should be discontinued. Compla-
cency regarding small mammal and flea surveillance may breed signif-
icant consequences, as was the case in Madagascar (Duplantier et al.,
2005). Despite the progress in research in Lushoto, some limitations
still exist. For example, no studies have investigated the relation-
ship between the genetic structure of reservoir hosts and plague,
which could shed more light on plague circulation and maintenance in
the area.

The findings of this study indicate that four of the rodents that were
Y. pestis seropositive were captured in the villages of Arri and Mon-
gahay in Mbulu. The potential host M. natalensis has been implicated
previously in Mbulu (Makundi et al., 2008; Ziwa et al., 2013b). It was
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demonstrated by Williams and Cavanaugh (1979) that an antibody titre
of 1:128 confers protection in rats against Y. pestis. In the current study,
an antibody titre ranging from 1:100 to 1:6400 was observed, which
could suggest some level of immunity to the infection. The Dongob-
esh focus in Mbulu is the most recent plague foci in Tanzania, and al-
though it is still active, it is poorly monitored. The first record of human
plague in Mbulu was in 1917, although it is speculated that the disease
was prevalent in the area from 1904 (Kilonzo and Mtoi, 1983). Since
then, numerous outbreaks have occurred in the area; the most recent
was an outbreak in 2007, which occurred after 30 years of quiescence
(Makundi et al., 2008).

An interesting phenomenon observed in plague foci in Mbulu and
Lushoto is that plague outbreaks occur in some villages and not others
in the same vicinity with similar environmental and climatic factors,
and the same composition of rodent and flea species (Laudisoit, 2009).
In the current study, one of the Y. pestis seropositive samples was col-
lected from Mongahay, a village where no human cases of plague have
been reported even though this village is <3 km from Endesh village
where sporadic human cases of plague have been being reported to
date. This suggests that plague is circulating in the area among the en-
zootic wildlife reservoirs, even though no human cases have been re-
ported to date in Mongahay. The study undertaken in Lushoto found
no significant difference in host density and flea abundance or di-
versity between plague-endemic and plague-free villages in Lushoto
(Laudisoit, 2009). However, it is worth noting that the plague sta-
tus (plague-free or plague-endemic) in Lushoto and Mbulu was dic-
tated by human plague records rather than data from plague wildlife
reservoirs.

Interestingly, two of the sera samples that tested positive for spe-
cific anti-F1 Y. pestis antibodies were collected from Morogoro (Mgeta
division), a region with no history of plague. This suggests that Mgeta
is a potential plague focus, although no human cases of plague have
been reported in the area to date. Positive samples from Mgeta were
collected from Langali village. It is probable that the rodents contracted
the disease locally, so the existence of an endemic focus in Mgeta di-
vision cannot be ruled out. A small mammal serosurvey carried out in
other areas (Monduli, Chunya and Masasi district) in Tanzania with no
records of human plague showed that the distribution of the disease
goes beyond the borders of the known foci (Kilonzo et al., 2005). It re-
mains unknown whether these cases were imported from other districts
or there are endemic foci in these districts. It is worth noting that the
potential reservoirs of plague in Tanzania have been identified based on
their seropositivity status. However, they may not be the true reservoirs.
Since the true reservoirs of plague are yet to be identified, it is plausible
that other wildlife species could contribute to the maintenance of plague
in Tanzania. It is therefore worth noting that the danger of plague out-
breaks is not limited to the known natural foci.

Conclusion

These results show that plague remains a threat to human health in
Tanzania. To better understand the dynamics of sylvatic plague in Tan-
zania, surveillance should be undertaken continuously, and not only in
endemic foci but also in areas with no historical record of human plague.
This is essential in identifying new foci, thus improving the predictions
of new outbreaks and enabling early warnings. Further, this study found
ongoing quiescence in Iringa and Lushoto; however, it should be noted
that long-dormant foci can re-emerge. Although this study shed more
light on the potential reservoirs of plague, this analysis alone cannot
explain the maintenance of plague in any of the foci studied; therefore,
experimental infections are recommended to evaluate the sensitivity of
these hosts to plague infection.
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