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Abstract

Anaopheles stephensi, a malaria vector species previously only known from Asia, was first detected
in Africa in Djibouti in 2012, has been subsequently collected in Ethiopia, Sudan, and Somalia,
and may be spreading further. Countries may wish to implement mosquito surveys to determine
if An. stephensiis present, or to determine the extent of its distribution, if present. Furthermore,
mosquito surveys can provide data on the bionomics of An. stephensiand its adaptation to the
local environment that can help plan and implement control activities. The present strategies
provide suggestions on surveillance approaches for monitoring An. stephensi. The first step is to
determine the aim of the study, as this will determine the specific activities conducted in each
location. Challenges related to identification and detection of resistance and sporozoites are also
discussed. Results should be communicated to relevant stakeholders in a timely manner, both in
country and internationally, to help understand the introduction, distribution, and bionomics of
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An. stephensiin a given country and work towards cross-border and coordinated international
response.
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1. Anopheles stephensi is spreading in Africa. Why is this important?

In its native range, An. stephensi predominantly breeds in urban settings with a preference
for human-made water storage containers (Surendran et al. 2019) (Fig. 1). Recent reports
indicate that An. stephensiis becoming more wide-spread, not only in Asia (Dharmasiri,
Perera et al. 2017, Surendran et al. 2019) but in recent years also in the Horn of Africa,
where it is an invasive species. In Africa, An. stephensiwas first detected in Djibouti in
2012 (Faulde et al. 2014). In 2016, An. stephensiwas detected in eastern Ethiopia (Carter et
al. 2018) and the Republic of Sudan (Ahmed et al. 2021a). It was also detected in Somalia
in 2019 (WHO 2022). Subsequent studies have found An. stephensito be widespread
throughout Ethiopia (Balkew et al. 2020; Balkew et al. 2021; Tadesse et al. 2021) and Sudan
(Ahmed et al. 2021b; Abubakr et al. 2022) (Fig. 2). The recently growing reporting of the
presence of An. stephensiin new areas in Africa indicates that An. stephensi may have been
present for longer than previously thought (Ahmed et al. 2021c). In addition to its endemic
existence in Asia, invasive spread of An. stephensiis increasingly growing globally, with
reports from Sri Lanka in 2017 and Yemen in 2022 (Dharmasiri et al. 2017, WHO 2022).

Anopheles stephensi is an efficient and dominant vector for both Plasmodium vivax and

P, falciparum in its native range (Sinka et al. 2011). Researchers at the Armauer Hansen
Research Institute (AHRI) in Ethiopia demonstrated that the invading mosquito populations
are more permissive to local Plasmodium strains than the native primary malaria vector, An.
arabiensis (Tadesse et al. 2021). Anopheles stephensi emergence has been epidemiologically
linked to an unusual resurgence in local malaria cases in Djibouti city (Seyfarth et al. 2019).
Likewise, associated with the expansion of An. stephensi, increasing indigenous cases were
also reported in Sri Lanka (Dharmasiri et al. 2017, Surendran et al. 2018, Surendran et

al. 2019), a country that eliminated malaria in 2013 (Wijesundere and Ramasamy 2017).
Malaria may therefore become an increasing problem in urban and heavily populated
settings, particularly in non-endemic areas including Africa (Takken and Lindsay, 2019).

Malaria control programs in Africa traditionally focus on rural settings, which are where
most infections occur due to the bionomics of native malaria vectors. Although malaria
transmission is a health concern in some urban settings (Dash et al. 2008, Wilson et al.
2015), urban cases are often imported from (rural) areas of intense transmission due to
mfovement of people at the urban-rural interface (Gémez et al. 2017, Fillinger & Lindsay
2011); as such, urban settings can be sinks of malaria transmission. With the adaptation

of existing vectors to urban environments (Azrag & Mohammed 2018) and emergence of
invasive vectors such as An. stephensi (Seyfarth et al. 2019), sustained malaria transmission
in urban settings may be becoming more likely when An. stephensiis present. Urban
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areas can thereby form foci of active malaria transmission, challenging malaria control and
elimination efforts (Chaparro et al. 2017).

A technical consultative meeting convened in 2019 at the World Health Organization
(WHO) identified that there is potential for spread of An. stephensiacross Africa (World
Health Organization 2019). Anopheles stephensi is estimated to be capable of spreading in
African towns and cities, putting approximately 126 million people at greater risk of malaria
(Sinka et al. 2020). If An. stephensi spreads to all suitable areas in Ethiopia, it is estimated
that 2. falciparum malaria cases could increase by 50% (95% CI 14-90%), resulting in

the need for substantial increases in financial investments just to maintain current levels of
malaria cases (Hamlet et al. 2022). To draw attention to this situation, the WHO published

a vector alert calling for active An. stephensi surveillance in the region and in response
countries in the Horn of Africa intensified surveillance (WHO 2019). Data is particularly
limited from other parts of the continent so the extent of invasive An. stephensi and therefore
appropriate response strategies remain unclear. Surveillance of An. stephensi should be
initiated to support immediate and appropriate action against this invasive vector before it
spreads widely through the non-endemic areas worldwide, particularly in Africa, which has
the highest malaria morbidity and mortality in the world.

2. Types of surveys

The first step in any survey is to determine the aim of the study (ECDC 2012). The aims will
determine the activities that will be conducted as part of the survey. These aims may be to
detect An. stephensi, determine its distribution, or to learn more about its bionomics.

There are four main types of surveys that can be conducted to detect and monitor An.
stephensi. These include (1) exploratory surveys when An. stephensi has not yet been
detected in a country, (2) post-detection surveys, (3) rapid surveys to further determine the
distribution at finer scales, and (4) bionomic surveys to better understand biological and
behavioral aspects of An. stephensito inform future surveillance and control approaches.
The logistical and financial needs must also be considered when organizing a study.

2.1. Exploratory surveys

When An. stephensihas not been detected in a country, but when there is concern that it
may be present, an exploratory survey can be conducted. The aim of this survey should be to
find An. stephensiif it is present. The survey should focus on the most likely locations An.
stephensi might be detected. These may include:

. Urban areas in regions neighboring countries where An. stephensi has been
found
. International and national points of entry including seaports, airports, dry ports,

or other areas where movement of goods, animals, or people might permit the
movement of An. stephensi adults or larvae

. Urban areas along major transportation axes

Acta Trop. Author manuscript; available in PMC 2024 April 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ahmed et al.

Page 4

. Districts, cities, or other localities where increased malaria cases have been
noted, particularly if there are no other explanations for the increase or if
increased cases are occurring during the dry season

Once the locations to be sampled have been determined, a sampling protocol can be
developed. Larvae are often more readily collected, and so the larval sites where An.
stephensilarvae are often found, such as “wells, overhead or ground-level water tanks,
cisterns, coolers, roof gutters, or other artificial containers” (Nagpal and Sharma, 1995),
should be targeted and monitored. It should be noted that larvae can be found in other types
of habitats (see Fig. 1), which can also be investigated. Adult female An. stephensi are
primarily, but not exclusively, zoophilic, so monitoring larval sites around animal shelters/
pens may be particularly productive. If Anopheles mosquitoes have been collected as part of
other malaria entomological monitoring, these might also be examined with greater attention
to ensure that no An. stephensi have been missed. Anopheles stephensi may be easily
misidentified as An. gambiae s.1. if the morphological key being used does not include Ar.
Sstephensi.

Teams of collectors (generally as teams of two) can examine the study area, and sample the
potential larval sites as described below (Section 3.1). Each time a larval site is sampled,
GPS coordinates should be recorded, along with other information about the habitat (habitat
type, distance from human/animal habitation, source of water, shade, vegetation, presence
of predators, depth, volume, presence of other larvae, etc). Data should be recorded for

all sites sampled, including sites where no larvae were collected (negative sites), as this

will provide information about the geographic extent of the survey and the total number

of sites sampled. Whenever possible, information about the existence of other arthropods,
particularly mosquito species, should be recorded.

As a general approximation, exploratory surveys should aim to investigate a minimum of
100 larval sites per urban area, and 20 larval sites per rural area. If the survey is at a national
level, 10 localities might be investigated, and if at a sub-national level 5-10 localities may be
investigated. If possible, a survey should be done during the dry season and during the rainy
season. These are only strategies, and the number may vary considerably by the country,
survey locality, resources available, and epidemiological change in malaria cases. Even if
small numbers of localities or larval sites are sampled, this can provide essential information
if An. stephensiis found, or valuable baseline data if it is not found.

2.2. Post-detection surveys

Once An. stephensi has been found in a country, the aim of the surveys shifts to determining
the distribution of An. stephensi within the country. The distribution of An. stephensiin the
country can be determined by conducting a post-detection survey in one or two localities
per region (variable depending on size/population/geography of the region), followed by
collections in increasing numbers of localities in regions where An. stephensi was detected.
In some cases, An. stephensi may not be found in a region, but due to other factors, those
organizing the survey may find it useful to conduct further sampling there. For example,

if no An. stephensiwere found in a region, but An. stephensiwere found in all of the
surrounding regions, it may be worth conducting further monitoring there. Those organizing
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the survey should engage local stakeholders and use their knowledge of the regions to guide
them in the development of the post-detection survey.

The conduct of the post-detection survey can be quite similar to the sampling conducted in
the exploratory survey. Teams can be organized to conduct larval sampling in urban or rural
areas, targeting the most likely sites. Again, it is essential to record positive and negative
sites using GPS coordinates and descriptions of the sites.

2.3. Rapid local distribution surveys

Rapid local distribution surveys can be conducted to quickly determine the distribution of
An. stephensi within a region. These surveys can be conducted to determine where control
interventions should be implemented. For these surveys, the primary question is whether An.
Stephensi is present or absent in a community. Teams of technicians should aim to conduct
surveys in several villages every day, sampling a set number of larval sites in each village
(i.e., 20), or sampling each village for a limited amount of time (i.e., one hour) before
moving on to the next community. The number of dips taken in each larval site need not be
recorded as the aim of this survey is not to assess larval density, rather to determine presence
or absence. The principle behind this method of sampling is that even if some positive sites
are missed, the rapid sampling will allow a higher number of sites to be sampled, and a
better picture of the distribution of An. stephensiin an area.

The other benefit of this type of study is the reduced cost of sampling. Many localities can
be sampled in a few days, providing information to health authorities in a short timeframe.
This style of sampling can also be used in exploratory or post-detection surveys if costs or
time are concerns.

2.4. Bionomic surveys

The aforementioned surveys focus on determining the presence, absence, and distribution of
An. stephensi at different geographic scales. However, there is a severe lack of information
about the bionomics of An. stephensiin Africa, which is needed to guide further surveillance
and control activities. Bionomic surveys may assess the most common larval sites, determine
the preferred hosts, evaluate the role of An. stephensiin malaria transmission, and determine
insecticide susceptibility.

2.4.1. Determining the most common larval sites—Human activities such as
construction, brick manufacturing, domestic water reservation, and well-digging play a
major role in creating suitable larval habitats for An. stephensi mosquitoes. Anopheles
stephensi larvae are typically found in containers or cisterns with clean water (including
cryptic habitats such as deep wells) (World Health Organization 2019), overhead tanks
(Thomas et al. 2016), curing water in construction sites, groundwater tanks, tires, barrels,
jerrycans, and tins (Abubakr et al. 2022; Balkew et al. 2020; Kumar & Thavaselvam, 1992).
Determining the most productive larval sites allows for better identification of potential
larval sites in future surveys, as well as better targeting of the most productive larval sites
for targeted vector control. This type of survey has been used for Aedes aegypti, and more
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information can be found in the Operational guide for assessing the productivity of Aedes
aeqypti breeding sites (WHO 2011).

2.4.2. Determining preferred hosts—Studies in Ethiopia confirmed that An.
stephensi prefers to rest in animal shelters (>90% caught in animal shelters) and feed on
animals (>50%) with a substantial proportion fed on multiple sources including humans
(Tadesse et al. 2021). This is similar to findings in Asia that found most An. stephensiblood
meals were taken from cattle (Mehravaran et al. 2012, Thomas et al 2017). In line with
these findings, aspirator collections from animal shelters were the most efficient, followed
by outdoor human landing-catches (HLC) (Tadesse et al. 2021). Centers for Disease Control
(CDC) light traps and pyrethrum spray catches (PSC) caught low numbers of An. stephensi
indoors (Balkew et al. 2020). It should be noted that collecting mosquitoes from animal
shelters or human houses may result in a biased collection and this should be considered
when making judgements about host preferences (WHO 1975).

2.4.3. Determining whether An. stephensi is involved in local malaria
transmission—Collecting mosquitoes to identify infection status is challenging,
especially in low transmission settings (Filler et al. 2006). Different adult mosquito-
collection methods, including aspiration from resting sites, host-baited traps, or other
methods, may be deployed in survey areas. Samples can be preserved in tubes with silica
gel or with 70% ethanol to be transferred from the field to the laboratory (Faulde et al.
2014). The collected mosquitoes can then be analyzed in the laboratory using molecular and
immunological methods described below (Sections 3.5, 3.7).

2.4.4. Determining insecticide susceptibility of An. stephensi—Estimates
suggested that insecticide-based vector control interventions had contributed more than 75%
to the reduction of £ falciparum malaria in Africa between 2000 and 2015 (Bhatt et al.,
2015). Continued use of insecticides results in the development of resistance in vectors and
threatens the effectiveness of insecticide-based interventions, which led the WHO to launch
the Global plan for insecticide resistance management in malaria vectors (GPIRM) (WHO,
2012). An important component of this resistance management approach is the monitoring
of resistance in vector populations. This is generally done through a collection of larvae in
the field (preferably from a variety of larval habitats), which are then reared in the laboratory
before testing as adults. The methods for testing are further described below (Section 3.8).

3. Methods

3.1. Collection methods

Collection of larvae and pupae of An. stephensi can be made through dipping, netting
or pipetting from aquatic habitats. The use of each sampling method depends on the
nature, type, and volume of the aquatic site (O’Malley 1995). If the larval density is to
be calculated, the number of dips and the number of larvae collected can be counted to
determine the average number of larvae per dip. Larvae can be collected and stored in a
well-labelled container and returned to the laboratory for preservation or rearing.
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Anopheles stephensi are commonly found in water storage containers (particularly birka and
construction water reservoirs), wells, stream margins, and can also be found in a variety of
other water bodies (puddles, tires, plastic containers, barrels, etc). For rapid local distribution
surveys, the most common sites can be targeted, whereas for the bionomics studies, a wide
variety of potential sites should be sampled. Whenever possible, GPS points and larval site
characteristics should be recorded for all sites sampled including the ones negative for the
presence of An. stephensiaquatic stages.

The sampling of adult An. stephensiis more challenging (Balkew et al. 2020), with the most
successful methods being aspiration of adult mosquitoes from animal shelters (Balkew et al.
2021). While standard methods such as HLC and trapping with CDC light traps have been
only moderately successful in collecting An. stephensi, there is a need for a better method
for collecting adult An. stephensi.

3.2. Data collection

3.3.

3.4.

When thinking about what data to record when conducting an An. stephensi survey, it

can be valuable to develop a preliminary version of data recording tools (Appendix). This
will ensure that the data categories and tools correspond to field conditions and changes

to the data collection midway through the collection can be avoided. Furthermore, the
standardization of data collection tools across different surveys in different areas can help in
the collection of comparable data.

Another important aspect of data recording is the recording of negative sites. For example,

in Fig. 3, only the positive sites (blue stars) were recorded. One might interpret from this
display of the data that An. stephensiis widespread in the town. However, when positive

and negative sites (white circles) are shown, as in Fig. 4, the interpretation of the data is
more complete as the focal nature of the positive sites is much clearer. This can help to focus
surveys on the positive area to understand why An. stephensiis present only in that area and
target control measures.

Identification of An. stephensi eggs

There are three proposed ecological variants of An. stephensi. type form, mysorensis, and
and intermediate form (Subbarao et al. 1987). The ridges on the floats of An. stephensi eggs
can be used to determine the form of An. stephensi present, however, it is unclear exactly
how this may affect malaria transmission, particularly in the African context.

Identification of An. stephensi larvae

Currently, there is no morphological identification key for African Anopheles larvae that
includes An. stephensi. To examine any dead larvae to determine whether they are An.
stephensi, reference can be made to both African identification keys (Gillies & De Meillon
1968; Gillies & Coetzee 1987) and Asian identification keys (Christophers 1933, Tyagi et
al., 2015). But please note that use of any of these identification keys in isolation will not be
sufficient to identify An. stephensi. If possible, rear the larvae to the adult stage to conduct
the morphological identification.
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3.5. Identification of An. stephensi adults

The identification of An. stephensiadult females is now possible as An. stephensi was
included in the most recent African Anopheles identification key (Coetzee 2020). The key
morphological characteristics of An. stephensithat distinguish it from An. gambiae are
shown in the WHO vector alert (WHO 2019).

3.6. Molecular confirmation of An. stephensi

To confirm a morphological identification of An. stephensi, molecular laboratory analysis
is needed. There is no species-specific PCR that can identify An. stephensi (as is available
for other African Anopheles), so Sanger sequencing, most commonly of the ITS2 and COI
regions, is required to confirm the identification. More information on the methods for
sequencing is provided in the MR4 manual (MR4 2014).

3.7. Recording Aedes aegypti

One finding from surveys conducted in the Horn of Africa was the coexistence of Ae.
aeqgyptilarvae in the same larval sites as An. Stephensi (Balkew et al. 2021; Tadesse et al.
2021), as has been noted in India (Thomas et al. 2016). Aedes aegyptiis a primary vector
of dengue, chikungunya, Yellow fever, and other arboviruses. This sympatry provides an
opportunity for integrated vector surveillance and control.

3.8. Detection of sporozoites in adult female An. stephensi

To determine whether An. stephensiis involved in local malaria transmission, sporozoite
stages of Plasmodium parasites can be detected in field-collected An. stephensithrough
several methods. The primary method is detecting the circumsporozoite protein (CSPs) by
enzyme linked immunosorbent assays-ELISA (Wirtz et al. 1987), or bead-based assays
(Sutcliffe et al. 2021). The head and thorax are separated from the abdomen and are then
processed according to published protocols (MR4 2014). As there is a risk of false positive
results, particularly when mosquitoes have fed on animal blood (Durnez et al. 2011), any
positive samples should be retested after boiling at 100°C for 10 minutes. Confirmation
may also be conducted through PCR methods to detect Plasmodium DNA using a generic
(Echeverry et al. 2017) or species-specific PCR (Singh et al. 1999) in settings where
multiple Plasmodium species circulate.

3.9. Determination of insecticide susceptibility

There are two main test protocols for assessing mosquito susceptibility to insecticides: the
WHO susceptibility (“tube”) test (WHO, 2016) and the CDC bottle bioassay (Brogdon &
Chan 2010). Either or both tests may be used, but because of different methodologies and
outcome measures, the results of the two test procedures are not directly comparable. Both
protocols include procedures to measure intensity of resistance, which may be useful for
detecting changes in resistance over time and for detecting metabolic-based mechanisms,
through the use of synergists.

Larvae can be collected as described above, and reared to adults in laboratories or field
insectaries (Khan, et al. 2013). Bioassays should be performed using 3-5 day-old female
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adult mosquitoes reared from field-collected larvae following the standard protocols (WHO,
2016).

As identification of An. stephensilarvae prior to testing is a challenge, all mosquitoes should
be identified at the end of the test. Mosquitoes that are dead at the end of the test should be
kept separately from those that survived, so that if there are a mix of species in the tests, the
results for An. stephensi can still be tabulated.

3.10. Presenting results

After a survey is complete, it is important to present the results to the National Malaria
Control Program and its stakeholders (research institutes, funding agencies, etc.) that are
involved in vector control. As integrated control of An. stephensi may require collaboration
with other ministries (Urban Affairs, Environment, Transportation, Veterinary Services), a
whole government approach should be considered.

The key findings that can be shared with partners include GPS coordinates of all sites
sampled, presence/absence status of each larval site, any larval site characteristics collected,
and other bionomic findings (such as blood meal analysis, sporozoite rates, insecticide
resistance, etc). These data can also be compared with other data from routine entomological
monitoring to put the results into context.

The WHO maintains a map of the locations of endemic and invasive records of An.
stephensi worldwide (https://apps.who.int/malaria/maps/threats/) and any confirmed positive
sites should be shared with the WHO promptly to improve global understanding of the
spread of this vector.

4. Concluding remarks

The spread of An. stephensiposes a threat to malaria control in non-endemic areas,
particularly in Africa where malaria is a serious public health issue. Entomological surveys
can determine the new introductions, current distributions, extent of spread over time, along
with detecting the most common larval sites in a particular country context, and aid in
understanding the overall bionomics of this invasive species in a given country context, in
order to implement effective control measures. The sooner these surveys are initiated and
conducted; the sooner countries can prepare and act with an appropriate prevention and
control response.
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Outstanding questions
What is the best way to collect host-seeking adult An. stephensi?

How might malaria transmitted by An. stephensibe detected through
epidemiological surveillance?

How long has An. stephensibeen present in Africa, and how quickly is it
spreading?

What vector control tools (existing or in development) are most effective in
controlling An. stephensi?

How often are An. stephensilarvae found in the same larval sites as Ae.
aegypti, and what might this mean for integrated vector control? What habitat
characteristics are associated with co-habitation by both vectors?

Can An. stephensi widely inhabit rural settings? If so, how does An. stephensi
compete with native rural Angpheles human malaria vectors?

Upon initial detection, how quickly should action be taken to implement
interventions and should the control target be containment, elimination, or
mitigation?

What are the routes of An. stephensi introductions and spread? Is this invasion
facilitated by human or animal dynamics?

What is the role of climate change and anthropogenic factors in the invasion,
spread, and establishment of An. stephensiinto new environments?

What are the mechanisms of insecticide resistance in An. stephensi?
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Fig. 1.

A%aphe/es stephensilarval habitats

Anopheles stephensi generally inhabits containers such as wells, drums, and other water
storage containers (Photos a, b, d, €) (Thomas et al. 2016, Balkew et al. 2020). But An.
stephensilarvae can also be found in less “typical sites” such as ponds along rivers, sewage
overflows, or flooded areas (Photo c, f). When conducting a rapid survey, typical larvae sites
can be targeted, but for more thorough surveys, all sites should be inspected.
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Fig. 2.
Sites where An. stephensi has been found (red diamonds) and sampled but not found (white
circles) in the Republic of the Sudan, Ethiopia, and Djibouti, 2022.
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Fig. 3.
Survey results showing only positive larval sites (blue stars).
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Fig. 4.
Survey results showing positive larval sites (blue stars) and negative larval sites (white
circles).
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