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Abstract

The Asian malaria mosquito, Anopheles stephensi, is a well-known and important vector of Plasmodium falciparum and P, vivax.
Until 2013, its geographical distribution was confined to central and southern Asia including the Arabian Peninsula. In the Horn of
Africa (HoA) Region, An. stephensi was first recorded from Djibouti in 2012, when it was linked geographically and temporally
with an unusual outbreak of urban P, falciparum malaria. In 2016, An. stephensi was detected in the neighbouring Somali Region of
Ethiopia. In order to determine whether An. stephensi populations have become established in Djibouti and contributed to the
unusual rise in local malaria cases there, we carried out continuous vector surveillance from January 2013 to December 2017,
investigated seasonal changes in An. stephensi population densities and bionomics, analysed available literature describing malaria
in Djibouti since 2013, and investigated whether An. stephensi may have contributed to local malaria transmission by detecting
circumsporozoite antigen of P, falciparum and P, vivax in female anophelines. From 2013 to 2016, seasonal activity of An. stephensi
in urban Djibouti City primarily occurred during the colder, wetter season between September and May, with either no or rare trap
catches from June to August. Unlike past years, this species was detected year-round, including the extremely hot summer months
of June to August 2017. This change in seasonal occurrence may indicate that An. stephensi populations are adapting to their new
environment in sub-Saharan Africa, facilitating their spread within Djibouti City. Among the 96 female An. stephensi investigated
for malaria infectivity, three (3.1%) were positive for P, falciparum circumsporozoite antigen, including one P. falciparum/P. vivax
VK 210 double infection. Subsequent to the unusual resurgence of local malaria in 2013, with 1684 confirmed cased reported for
that year, malaria case numbers increased continuously, peaking at 14,810 in 2017. Prior to 2016, only P. falciparum malaria cases
had been reported, but in 2016, autochthonously acquired P, vivax malaria cases occurred for the first time at a rate of 16.7% among
all malaria cases recorded that year. This number increased to 36.7% in 2017. Our data indicate that the dynamics of malaria species
in Djibouti is currently changing rapidly, and that An. stephensi can be involved in the transmission of both P, falciparum and
P, vivax, simultaneously. Considering the extremely high potential impact of urban malaria on public health, the timely deployment
of optimal multinational vector surveillance and control programs against An. stephensi is strongly recommended, not only for the
HoA Region, but for the entire African continent.
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Introduction

To date, the World Health Organization (WHO) has identified
11 major global vector-borne human diseases causing 700,000
deaths annually, or approximately 17% of the estimated total
burden of infectious diseases worldwide (WHO 2017a).
Among mosquito-borne diseases, 60% are attributable to ma-
laria, which together account for almost 96% of deaths (WHO
2017a). With an estimated 447,860 fatal cases annually, malaria
is still the deadliest mosquito-borne disease on earth (WHO
2017a). Especially in sub-Saharan Africa, endemic
anthropophilic and endophagic anopheline mosquitoes are cur-
rently the greatest vector-borne disease threat (WHO 2014a).

Despite the promising results of the WHO Roll Back
Malaria Programme (WHO 2017a), multiple factors, includ-
ing climatic and environmental changes, migrations of human
malaria reservoirs, and/or the global spread of invasive anoph-
eline vector species, are likely to negatively influence future
malaria elimination efforts. One recent worrying event was the
introduction of the primary Asian malaria vector Anopheles
stephensi (Liston) into Africa, where this species was reported
in Djibouti, near the Somalian border, for the first time in
2012, followed by its appearance in Djibouti City in early
2013 (Faulde et al. 2014) and in the nearby Somali Region
of Ethiopia in 2016 (Carter et al. 2018).

Located at a latitude of 43° 00" E and a longitude of 11° 30’
N in the Gulf of Aden Region on the Horn of Africa (HoA),
Djibouti is a small, arid country with a rugged, volcanic to-
pography, hypersaline soils, and an estimated population of
865,000 (World Factbook 2018). More than 70% of the
country’s people live in Djibouti City, which is densely
urbanised. Historically, increases in the number of malaria
cases in Djibouti City were observed during the 1970s and
1980s due to increased human settlement and expanded irri-
gation (Rodier et al. 1995). Anopheles arabiensis (Patton) had
previously been identified as the primary malaria vector, and
almost all cases were due to Plasmodium falciparum, with
only sporadic cases of Plasmodium vivax (de Pécoulas et al.
1998), although a 2002 study revealed considerable human
reservoir activity of P. vivax, with a mean seroprevalence rate
of 17.5% (Khaireh et al. 2012). Since most African popula-
tions do not express the Duffy blood group antigen, as yet the
only known P. vivax parasite receptor, the low clinical inci-
dence rate in sub-Saharan Africa resulted in the perception
that this type of malaria occurs there only sporadically or is
completely absent (Howes et al. 2015). However, a recent
study provided conclusive evidence of P. vivax transmission
in this region, with a focus in Ethiopia (Howes et al. 2015).

Malaria in Djibouti has been categorised as meso- to hypo-
endemic, with unstable transmission. The country’s last ma-
laria epidemic occurred between March and June 1999, fol-
lowing an intense rainy season that caused severe floods
(Rogier et al. 2005). Thereafter, the malaria incidence rate
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dropped to < 1/1000 persons/year (Ollivier et al. 2011). At
that time, 100% of all registered malaria cases were caused
by P. falciparum and vectored by An. arabiensis (WHO
2012), and favourable conditions for malaria eradication had
been established for Djibouti, with the goal of entering the
malaria pre-elimination phase (Khaireh et al. 2013).
Continuous vector surveillance, carried out since 2008 primar-
ily at military sites and on embassy-owned properties in
Djibouti City, revealed almost no anopheline vector activity
year-round (Faulde and Ahmed 2010).

In September 2012, An. stephensi, an important and effec-
tive vector of urban malaria in India and the Persian Gulf area,
was recorded for the first time on the African continent (Faulde
et al. 2014). Following its initial detection at the Djibouti ani-
mal export and quarantine station, located approximately
14 km from Djibouti City and 4 km from the Somalian border,
An. stephensi specimens were trapped in February 2013 in
areas of Djibouti City (Faulde et al. 2014). Beginning in late
February 2013, autochthonous P. falciparum malaria cases
were reported in increasing frequency from urban quarters of
Djibouti City. Cases there peaked in April, and the outbreak
ended in late May 2013 (United Nations 2013). Mosquito sur-
veillance carried out at that time revealed that (a) An. stephensi
had expanded its range within the urban areas of Djibouti City
between 2013 and early 2014, and (b) P. falciparum
circumsporozoite antigen was present in five of 36 An.
stephensi females which were trapped near the living places
of malaria patients (Faulde et al. 2014). These data strongly
suggested that An. stephensi had become involved in malaria
transmission in Djibouti.

The current malaria situation in Djibouti remains unclear, and
published data describing the evolution and characteristics of
malaria there are very sparse for the period after 2013. The
purposes of this study are to (a) determine whether An. stephensi
is still present and has further spread in Djibouti; (b) investigate
seasonal changes in An. stephensi population densities and bio-
nomics; (c) identify which indigenous anopheline species other
than An. stephensi are abundant at surveillance locations and
possibly contribute to malaria transmission; (d) analyse available
literature describing malaria in Djibouti since 2013; and (e) de-
termine whether An. stephensi may have contributed to local
malaria transmission by detecting circumsporozoite antigen of
P, falciparum and P. vivax in female anophelines.

Materials and methods

Mosquito surveillance and sampling locations
Mosquito vector surveillance was carried out continuously for
3 days each week from January 2012 to December 2017 at

defined urban locations in Djibouti City employing standard
miniature CDC light traps (model 1012; John W. Hook Co.,
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Gainesville, FL, USA) and BG sentinel traps (BioGents AG,
Regensburg, Germany) baited with BG-Lure® mosquito at-
tractant. Trap catches were harvested following each 3-day
trap run. In Djibouti City, six surveillance locations (SL) at
military compounds and at the German Embassy were
established as follows: SL 1, Plateau du Héron (43° 09’ 01"
E; 11°37" 17" N); SL 2, vicinity of the Sheraton Hotel (43° 09’
29" E; 11°36' 09" N); SL 3, military airport area I (43° 08’ 54"
E; 11° 33’ 07" N); SL 4, military/civil airport area II (43° 09’
13" E; 11° 33" 11" N); SL 5, military/civil airport area I1I (43°
09’ 01" E; 11° 33" 23" N); SL 6, German Embassy (43° 09’
51" E; 11° 33’ 53" N) (Fig. 1).

Identification of anopheline mosquito species

Morphological identification of mosquitoes was carried out
using dissecting microscopes at x 10-100 magnification as
well as mosquito identification keys for the HoA Region
(Gillies and Coetzee 1987; Das et al. 1990; Glick 1992), in-
cluding the Walter Reed Biosystematics Unit’s (WRBU 2012)
online database. Final confirmation of An. stephensi was
achieved by comparing new catches with voucher specimens
trapped in 2013 (Faulde et al. 2014).

Sample preparation and detection of Plasmodium
falciparum and P. vivax circumsporozoite proteins
(CSPs)

Freshly trapped female anopheline mosquitoes, labelled with
trap date and location, were stored dry in a refrigerator at —
20 °C, subsequently transferred individually to 70% aqueous
ethanol in Eppendorf screw vials until further processing and
identified morphologically to species prior to malaria CSP
testing. The VectorTest® Malaria Sporozoite Antigen Panel
Assay, a dipstick ELISA (Vector Test Systems, Inc., Thousand
Oaks, CA, USA), was used to detect the specific CSP of
P, falciparum as well as the P. vivax polymorphs VK 210
and VK 247 (Bangs et al. 2002). All female anopheline mos-
quitoes trapped were investigated individually.

Literature search

Electronic databases, including PubMed, Web of Science,
Scopus, the Literature Retrieval System of the US Armed
Forces Pest Management Board, Google Scholar, and
MEDLINE were searched from 2011 to 2018 using the terms
“Djibouti & malaria”, “Djibouti & paludisme”, and “military
& Djibouti & malaria”.

Additionally, WHO World Malaria Reports 2011 to 2017
were analysed for Djibouti country malaria reports and pro-
files (WHO 2012, 2013, 2014b, 2015, 2016, 2017b). Annual
malaria data listed in the “presumed and confirmed” columns
were extracted. The Medical Surveillance Monthly Reports of

the US Armed Forces Health Surveillance Center/Branch,
published between 2011 and 2017, were analysed for reports
on malaria in US Armed Forces autochthonously acquired in
Djibouti (AFHSC 2012, 2013, 2014; AFHSB 2015, 2016,
2017, 2018). In the HoA Region, US Forces are primarily
stationed at Camp Lemonnier, Djibouti City, close to
Ambouli International Airport. Malaria data reported for
2017 are exclusively from the Department of Health
Information, Ministry of Health, Republic of Djibouti.

Statistical analyses

Values were reported as mean + standard deviation (SD).
Differences in annual trap indices for An. stephensi were com-
puted and compared by a two-sided ¢ test at the fifth percentile
of significance using the SPSS 8.0 program (SPSS Software
GmbH, Munich, Germany).

Results

Between 2013 and 2017, An. stephensi was the only anopheline
species detected at sentinel sites SL 1 to 6. Anopheles stephensi
was detected regularly, but at very low densities, between the
years 2013 and 2015, but its population density increased
starting in 2016 (Fig. 2a). While 30, 11, and 8 specimens were
trapped during 2013, 2014, and 2015, constituting mean spe-
cies trap indices (male and female An. stephensi mosquitoes per
trap night) of 0.14+0.078, 0.13 £0.097, and 0.06 +0.027, re-
spectively (Fig. 2b), 46 specimens (trap index 0.47 = 0.22) were
detected in 2016, and 185 (trap index 0.57+0.41) in 2017.
Mean trap indices were very low and not significantly different
between the years 2013 and 2014 (p =0.841), and 2014 and
2015 (p =0.145), but were significantly different between 2013
and 2015 (»p=0.0019). However, a definite increase in An.
stephensi population density was observed in 2016, and this
increase was significant when compared with 2015
(p<0.0001), as was the difference between 2015 and 2017
(p<0.0001), but not between 2016 and 2017 (p =0.091) (Fig.
2a and b). The mean annual female:male ratio of An. stephensi
was 2.751in 2013, 1.75in 2014, 0.33 in 2015, 1.42 in 2016, and
0.52in 2017. Our data show that An. stephensi population, after
their establishment in urban areas of Djibouti City and first
detection in 2013, has become endemic in the HoA Region at
a continually rising population density since 2016.

The annual seasonal activity of An. stephensi in urban
Djibouti City is depicted in Fig. 3a. While anopheline mos-
quitoes were detected between 2013 and 2016 primarily dur-
ing the colder, wetter seasons between September and May,
with no or rare trap catches in between, An. stephensi could be
detected year-round by 2017 (Fig. 3b). Our results reveal a
changing seasonal and annual occurrence of An. stephensi at
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the different SLs, and an increasing population density at cer-  acquired cases until 2012, when only 27 cases were reported
tain surveillance locations, especially in the vicinity of SL 2. and Djibouti was thought to have entered the malaria pre-

Malaria data from Djibouti, as gleaned from the limited  elimination phase (Fig. 4). However, concurrent with the
literature, indicate meso- to hypo-endemic P. falciparum ma- 2013 introduction and discovery of An. stephensi in Djibouti
laria associated with a continuous decrease of autochthonously ~ City, malaria resurged alongside a changing ecology of
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autochthonous transmission, and the disease is now prevalent
in densely populated urban environments. Annual malaria
cases reported by WHO and the Ministry of Health, Republic
of Djibouti, rose continuously from 1684 in 2013 to 9439 in
2014, 9557 in 2015, 13,804 in 2016, and 14,810 in 2017.
Together, with a change in autochthonously acquired malaria
case numbers, a change in the distribution of malaria parasites
has recently been observed. Until 2015, only P. falciparum
malaria was reported to occur in Djibouti City. However, in
2016, P, vivax malaria transmission was reported for the first
time, and at a remarkably high rate, constituting 16.7% (2041
cases) of all malaria cases, and increasing rapidly to 36.7%
(5441 cases) in 2017. According to published reports, autoch-
thonously acquired malaria cases in deployed US military per-
sonnel rose from zero during the years 2010 to 2014 to three
each year between 2015 and 2017 (AFHSB 2016, 2017, 2018).
Plasmodium vivax malaria cases have been diagnosed since
2016, with 2 cases that year, and two more cases in 2017.

Of the 96 female An. stephensi trapped at SL 1 to SL 6
between 2015 and 2017, three (3.1%) were positive for ma-
laria CSP. Among the positives, one female trapped in
February 2017 at SL 3 was P. falciparum CSP-positive, a
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Fig. 4 Annual confirmed malaria cases in Djibouti, according to country
reports provided by WHO (published data) and the Ministry of Health,
Republic of Djibouti (unpublished data), 2010-2017

second caught in March 2017 at SL 5 was also P. falciparum
CSP-positive, and a third collected in December 2017 at SL 4
was doubly infected with P. falciparum and P. vivax VK 210
sporozoites. All three CSP-positive An. stephensi specimens
were trapped in the vicinity of Ambouli Airport.

Discussion

Mosquito surveillance has been carried out in Djibouti City
since August 2008, primarily at sites occupied by deployed
German Armed Forces (Faulde and Ahmed 2010; Faulde et al.
2012). Before January 2013, no anopheline mosquitoes were
detected, with the exception of two female specimens of An.
sergentii found in 2009 at an airport location corresponding to
SL 3 of our study. Anopheles arabiensis, the chief local ma-
laria vector, which favours ecological niches such as wadi-like
drying streams and rivers, open puddles, and artificial irriga-
tion channels (Dida et al. 2018), was not detected at any of the
surveillance sites in this study.

Within the greater Djibouti City area, suitable conditions
for endemic anopheline species like An. arabiensis have been
identified in the past only along the Ambouli River and its
delta area in the City’s periurban and rural outskirts, but not
in the urban quarters where this study’s SLs were situated
(Ollivier et al. 2011). Ecological conditions in the vicinity of
the Ambouli River include vegetation that may positively in-
fluence selection of mosquito oviposition sites and strengthen
larval fitness during development (Asmare et al. 2017).
Consequently, autochthonous malaria transmission and malar-
ia foci were primarily confined to this area (Ollivier et al.
2011). Urban malaria transmission, especially in the
privileged quarters chiefly addressed in this study, was not
recorded until the appearance of An. stephensi in February
2013 (United Nations 2013; Faulde et al. 2014). Unlike An.
arabiensis, An. stephensi typically breeds in a wide variety of
artificial containers, such as domestic wells with cemented
walls (Faulde et al. 2014; Carter et al. 2018).
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Anopheles stephensi is known as an important
synanthropic vector of urban malaria in India and the
Persian Gulf area and transmits both P. vivax and urban
P, falciparum in different parts of India (Wilson et al. 2015).
When compared with An. gambiae, one of three principal
African vectors of P. falciparum, An. stephensi shows similar
high infection prevalence and susceptibility rates (Hume et al.
2007). Nevertheless, species-specific susceptibility has been
shown to be variable among both species, depending on the
geographical origin of both the parasite and the mosquito
(Hume et al. 2007). The first infectious, P. falciparum CSP-
positive An. stephensi were detected during a survey carried
out in Djibouti between 2013 and 2014, demonstrating au-
tochthonous transmission (Faulde et al. 2014). New data orig-
inating from our study confirm the involvement of An.
stephensi in local urban P. falciparum transmission.
Additionally, it should be borne in mind that infected An.
stephensi introduced and released by non-disinsected aircraft
may contribute to local malaria transmission.

In a malaria-endemic region of western India, high infec-
tion rates for P. vivax were detected in wild-caught An.
stephensi (Nina et al. 2017). Djiboutian CSP-ELISA and ep-
idemiological data from this study provide strong evidence
that in Djibouti City, An. stephensi transmits both
P. falciparum and urban P. vivax malaria simultaneously.
The extent to which vector-parasite adaption processes and
ecological and/or climatic changes enhance malaria transmis-
sion rates remains to be investigated. But the high vector po-
tential of An. stephensi in urban malaria outbreaks, as experi-
enced in India, led to increased prevention measures and erad-
ication efforts following reintroduction of this species in Sri
Lanka (Dharmasiri et al. 2017).

In 2016, P. vivax cases were reported for the first time
from Djibouti, at a remarkably high infection rate of 16.7%
of all malaria cases reported by WHO (2017b) and the
Djiboutian Ministry of Health (unpublished data).
Although a study revealed a P. vivax seroprevalence rate
of 17.5% within the Djiboutian population as early as 2002
(Khaireh et al. 2012), thus indicating that human P. vivax
malaria reservoirs had long been present, P. vivax transmis-
sion by the presumed chief malaria vector, An. arabiensis,
obviously did not play a significant role. Nevertheless, An.
arabiensis, the recently documented primary vector of
P. falciparum in the lowlands of neighbouring Ethiopia
(Daygena et al. 2017), has also been shown to be suscep-
tible to P. vivax, especially in the highlands of central
Ethiopia (Abduselam et al. 2016). In the past, malaria in
sub-Saharan Africa has been attributed almost exclusively
to P. falciparum (Howes et al. 2015). The argument for this
view was that the Duffy blood group antigen, the only
known receptor for P. vivax infection, is not present in most
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of the sub-Saharan human population. However, new data
provide strong evidence that P. vivax transmission regular-
ly occurs in Djibouti and neighbouring Ethiopia and
Eritrea, all sub-Saharan states (Howes et al. 2015). There
is increasing evidence that An. stephensi-associated
P vivax transmission has occurred in the Djiboutian low-
lands since 2016, especially following the detection of a
P. falciparum/P. vivax double-infected female mosquito
trapped in Djibouti City in 2017. This abrupt rise in malar-
ia cases and the sudden change in the composition of ma-
laria species has been confirmed by data from US military
personnel stationed at Camp Lemonnier, Djibouti City
(AFHSB 2016, 2017, 2018).

Although grouped into two different, phylogenetically
close clades according to their COI sequence bootstrap values,
both the recently detected Ethiopian and the Djiboutian An.
stephensi strains obviously originated from Pakistani strains
(Carter et al. 2018). To date, it remains unclear whether these
slightly different strains of An. stephensi had entered the HoA
Region via a single route or whether they were introduced on
different occasions. Because susceptibility to different
P, falciparum and P, vivax strains can vary markedly among
different An. stephensi strains (Hume et al. 2007), further re-
search on transmission efficacy in the HoA Region is needed,
with the goal of understanding this species’ vector potential
for pathogenic Plasmodium species and strains pathogenic to
humans in Africa.

Following the December 2016 reappearance of An.
stephensi in Sri Lanka, a country that had been certified as
malaria-free, vigorous surveillance and eradication campaigns
against this species, including measures designed to prevent
malaria reintroduction, were implemented immediately in the
affected areas (Dharmasiri et al. 2017). Considering the ex-
tremely high potential public health effects of endemized, rap-
idly spreading, urban An. stephensi populations capable of
transmitting P, falciparum and P. vivax, the timely deployment
of optimal multinational vector surveillance and control
programmes is strongly recommended for both the HoA
Region and the entire African continent.
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