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The scientific community recognizes that molecular xenomonitoring (MX)
can allow infected mosquitoes to serve as a proxy for human infection in
vector-borne disease surveillance, but developing reliable MX systems for
programmatic use has been challenging. The primary aim of this article is
to examine the available evidence to recommend how MX can best be
used for various purposes. Although much of the literature published
within the last 20 years focuses on using MX for lymphatic filariasis elimin-
ation, a growing body of evidence supports its use in early warning systems
for emerging infectious diseases (EIDs). An MX system design must consider
the goal and target (e.g. diseases targeted for elimination versus EIDs),
mosquito and pathogen characteristics, and context (e.g. setting and health
system). MX is currently used as a ‘supplement’ to human surveillance
and will not be considered as a ‘replacement’ until the correlation between
pathogen-infection rates in human and mosquito populations is better
understood. Establishing such relationships may not be feasible in elimin-
ation scenarios, due to increasingly dwindling human infection prevalence
after successful control, but may still be possible for EIDs and in integrated
disease surveillance systems.

This article is part of the theme issue ‘Novel control strategies for
mosquito-borne diseases’.
1. Introduction
Xenomonitoring, defined broadly as the detection of human pathogens in arthro-
pod vectors, has been practised by medical entomologists to estimate the risk of
human exposure to transmission of different vector-borne diseases (VBDs) for
many decades. For example, the Onchocerciasis Control Programme in West
Africa began using the annual transmission potential (total number of infective
larvae divided by number of blackflies dissected multiplied by number of bites/
person/year) in the late 1970s; their strategy was later adapted for use in
lymphatic filariasis (LF) surveillance. Similarly, the malaria surveillance commu-
nity has used the entomological inoculation rate (a product of the human biting
rate and the proportion of vector mosquitoes that are infective per unit time) for
decades. Scientists have long believed that the ability to monitor vectors as a
proxy for human infection could be extremely useful, particularly given the
numerous challenges (e.g. logistical, cost, ethical) related to pathogenmonitoring
in human populations. However, developing accurate, reliable, responsive and
cost-effective xenomonitoring systems has been extremely complex, given the
vector, pathogen and human factors involved.

Until relatively recently, the terms ‘xenomonitoring’ and ‘xenosurveillance’
were, confusingly, used synonymously and defined by the World Health
Organization (WHO) as a ‘method in which the infection rate in the mosquito
population is used to determine whether transmission is still occurring in the
human population’ [1]. Now, ‘xenosurveillance’ (XS) is generally used when
pathogens are screened in bloodmeals of mosquitoes where no replication
occurs, and defined as ‘a surveillance technique that makes use of the
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haematophagous behaviour of some arthropods to survey
vertebrates for the presence of pathogens’ [2,3].

Molecular xenomonitoring (MX), the detection of patho-
gen DNA/RNA in a vector as a proxy of human infection,
was developed after significant advances in laboratory
methods over the past two decades and has the ability to
transform VBD surveillance. The focus of the present article
is to review where MX for mosquito-borne diseases has been
performed in order to recommend if, when, where and how
MX can best be used for maximum public health and VBD
surveillance benefit. Although historically the term MX has
primarily been associated with LF, there is great potential for
MX in the surveillance of multiple mosquito-borne diseases,
such as malaria and arboviral diseases (e.g. dengue, DENV;
chikungunya, CHIKV; and Zika, ZIKV) as well as for other
VBDs not vectored by mosquitoes.

This article details the challenges involved inMX, describes
its evolution as a field, including using LF as a case study, and
provides examples of MX for other pathogens and diseases. It
examines MX in elimination and control contexts, as well as
for detecting emerging infectious diseases (EIDs). Finally, it
explores scientific, practical, logistical, political and economic
considerations for MX systems and offers recommendations
for future research, development and scaling-up for program-
matic use. It also encourages using consistent terminology,
sharing researcher experiences across VBDs/EIDs and finding
common ground in order to facilitate the development of MX
frameworks for integrated disease surveillance.
2. Molecular xenomonitoring for lymphatic
filariasis

(a) Historical development of molecular
xenomonitoring for lymphatic filariasis elimination,
2000–2012

In 2000, theWHO launched the world’s largest public–private
partnership and disease elimination programme using mass
drug administration (MDA): the Global Programme to
Eliminate Lymphatic Filariasis (GPELF) [4]. The national pro-
grammes for the elimination of LF (NPELFs) of 83ministries of
health, supported by private, non- and extra-governmental
partners, pledged to eliminate the world’s leading cause of
disability due to infectious disease, and the second leading
cause of long-term disability [5]. Even then, the GPELF rea-
lized that if it succeeded in reducing infection and disease, it
would need robust methods to detect if transmission was
truly interrupted and continuallymonitor to prevent recrudes-
cence. The development of the immunochromatographic test
(ICT) to detect parasite antigen was extremely important for
ease of use, rapidity of results and ability to test at any time
of day thereby averting issues with nocturnal periodicity of
the principal LF parasite. Still, the GPELF knew there would
come a point towards the ‘endgame’ when supplementary
measures would be needed to ensure that LF was truly elimi-
nated. This ignited an interest to use vector, not just human,
endpoints for monitoring LF elimination.

Shortly after GPELF inception, scientists developed a pro-
tocol for polymerase chain reaction (PCR) to detectWuchereria
bancrofti DNA in mosquitoes [6]. They recommended using
blood-fed mosquitoes to screen for infection and validating
positive results against human blood surveys, usually ICT of
circulating filarial antigen (CFA) or night-drawn thick blood
films (TBFs) of parasitic microfilariae (mf) [7]. Before this, a
standardized PCR protocol for detecting W. bancrofti, Brugia
malayi or B. timori DNA in mosquitoes had not been finalized
nor evaluated for GPELF xenomonitoring in parallel with
human CFA or mf prevalence [7]. While this seminal labora-
tory-based study provided the first molecular tools and
protocols for MX, it did not offer a direct assessment of
field-caught mosquitoes. However, it helped give rise to the
concept that adding MX of mosquitoes to LF surveillance
could be a more sensitive approach than solely relying upon
diagnostic techniques focused on human infection.

Almost concurrently, researchers in Trinidad, West Indies,
developed a field protocol for collecting resting, blood-fed
Culex quinquefasciatusmosquitoes in households for subsequent
screening for W. bancrofti DNA [8]. This consisted of five steps:
(1) household notification and consent, (2) residential mapping
(to enable spatial and temporal monitoring), (3) equipment
preparation (e.g. U.S. Centers for Disease Control and Preven-
tion—CDC—backpack aspirators, mouth aspirators and hand
nets), (4) mosquito collection (early morning to obtain greater
than 3000 freshly blood-fed females), and (5) laboratory proces-
sing and storage (at 4°C for dried, pooled blood-fed females)
until PCR analysis using Poolscreen software to calculate
mosquito infection prevalence [8]. Although this formative
field-based study did not include PCR testing, it provided a
helpful field protocol for mosquito collection and storage that
could be applied globally provided that vector and parasite
dynamics in different epidemiological settings were taken
into account.

The earliest comprehensive study of MX, combining field
collection and molecular screening, demonstrated clearance
of W. bancrofti DNA in Cx. pipiens after five annual rounds of
MDAvia the EgyptianNPELF [9].While the authors concluded
that MXwas a powerful tool for measuring MDA impact, they
highlighted limitations of the labour-intensive and sometimes
inefficient methods used. First, manual aspiration yielded low
numbers of blood-fed or gravid female mosquitoes for PCR
analysis. Second, the PCR method tested was suboptimal, so
the development of a real-time PCR with better sensitivity
and higher throughput was recommended as a research pri-
ority. Data analysis and interpretation was also a major
challenge. Later, NPELF researchers comparing gravid traps
(GTs) with manual aspirators with the aim of yielding more
mosquitoes to detect infection found that GTs caught six
timesmoremosquitoes, andmore infectedmosquitoes, per col-
lection than aspirators [10]. They developed a field protocol
using 50 GTs placed for two nights in 44 of 183 formerly ende-
mic localities that had undergone five rounds of MDA. Next,
they delineated provisional elimination criteria: CFA rate less
than 2%, mf rate (by 50 μl TBF) less than 0.5%, antibody rate
in first-year primary school children less than 2% andmosquito
infection rate by Poolscreen less than 0.25% [11]. After testing
200 pools of 15 gravid Cx. pipiens females/pool/village by
ligase detection reaction-qPCR, Poolscreen infection rates
ranged from 0.03% to 0.37% and CFA rates ranged from 0.2%
to 3.6%, but only one mf carrier was identified in the village
with the highest CFA rate. They concluded that CFA testing
using ICT and MX is more sensitive than mf [11].

Before the first decade of MX for LF concluded, studies
on comparisons of microscopy versus PCR for estimating
prevalence rates [12], the distribution of filarial parasites
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and their DNA in mosquitoes [13], and the development of
multiplex qPCR assays for W. bancrofti and/or B. malayi DNA
in different vectors [14,15] demonstrated how PCR provided
a sensitive, high-throughput method for routine surveillance.
In 2009, researchers published a review on available tools for
quantifying mosquito infection and provided evidence on
potential thresholds of infected mosquitoes to indicate inter-
ruption of LF transmission [16]. Using modelling, the authors
concluded that accurate, high-throughput mosquito screening
could detect low infection thresholds (0.65% for any stage
and 0.085% for L3 larval infection) if 450–3500 mosquitoes
were examined [16]. This led to additional research on simple
DNA extraction methods, including a Tris-EDTA boiling
method, for more cost-effective, high-throughput screening
of different human (W. bancrofti, B. malayi, B. pahangi) and
animal (Dirofilaria immitis) filarial DNA in mosquitoes (Cx.
quinquefasciatus, Aedes aegypti and Anopheles stephensi) [17,18],
which were later tested in the field [19].

By 2013, theWHO proposed that MX, in combination with
human-focused LF endpoints, could play a role in post-MDA
surveillance. Transmission Assessment Surveys (TAS) were
developed to determine whether MDA reduced LF prevalence
(measured via CFA or mf) in primary school children to levels
equal or below critical cut-off thresholds for specific vector
species: for Bancroftian LF this was defined as less than 2%
(if vectored by Culex or Anopheles mosquitoes) or less than
1% (if vectored by Aedes mosquitoes) and less than 2% for
Brugian LF [1]. If TAS results exceed these levels, then WHO
recommend that MDA should be continued/resumed.
A multi-centre TAS supported the use of complementary
tools such as MX for longer-term post-MDA surveillance, so
MX was included in subsequent WHO GPELF guidelines
[20]. However, it must be reinforced that from development,
inclusion in TAS and to present day, MX has never been
recommended as a replacement for human-focused LF
surveillance methods (e.g. ICT, TBF) but has only been
recommended as a supplement to enhanced LF surveillance.
This is likely due to current MX limitations, including that a
standard protocol for sampling mosquitoes at sentinel sites
representative of human infection heterogeneity is still not
available and that collecting several thousand mosquitoes (as
are required to detect low infection rates,with even larger num-
bers for infective rates) may exceed logistical constraints and
technical capacity [1].

(b) Molecular xenomonitoring in lymphatic filariasis
elimination programmatic use, 2013–2020

A fairly recent review suggested that MX for LF surveillance
would benefit from technological advances and standardiz-
ation, identified operational gaps and proposed MX prospects
for the future [21]. Since then, an escalation in MX research
for LF elimination programmatic use has followed and is
described below.

In the past decade, MX has been tested in all six WHO
regions, covering a variety of LF-endemic settings with differ-
ent vector–parasite dynamics. The principal field studies in
the five WHO regions where human LF is endemic are
summarized in table 1; field studies performed in Europe,
which focus on filarial parasites of veterinary importance,
are not included in this article. From table 1, it is evident
that MX has been used for different purposes, most impor-
tantly as a tool not only for monitoring MDA impact,
defining elimination endpoints and mapping LF occurrence
but also for comparing different methods for mosquito
sampling and/or filarial DNA or RNA detection (table 1).
(i) Molecular xenomonitoring for Cx. quinquefasciatus-vectored
lymphatic filariasis

In Tanzania, MXwas usedwithin research contexts albeit with
important insights for programmatic use. A mosquito collec-
tion method (MCM) comparison demonstrated that CDC
GTs collected the highest number of Cx. quinquefasciatus
females, and the highest proportion of gravid females,
compared with three other types of GTs [38]. However, in a
subsequent comparison of CDC GTs versus CDC light traps
(LTs), CDC LTs collected more mosquitoes with W. bancrofti
DNA [23]. Since GTs were placed outdoors they should have
trapped mosquitoes exiting multiple houses after having
bitten many different people; thus MX of GT-collected
PCR-positive pools was likely representative of community
LF prevalence [23].

In Sri Lanka, the NPELF conducted MX using CDC GTs
for post-MDA surveillance at varying periods to verify pro-
gress towards elimination. Six years after MDA cessation,
TAS for filarial antigenemia (via ICT) in primary school chil-
dren and MX were performed in eight LF-endemic districts
[27]. The filarial DNA rates in mosquitoes exceeded the
WHO-mandated 0.25% target in 10 of the 19 Public Health
Inspector (PHI) areas, and authors concluded that MX was
more sensitive than TAS for detecting low levels of LF persist-
ence, but the two methods were complementary [27]. Next,
revised endpoint targets for NPELFs taking upper confidence
intervals of fixed-point measurement into consideration were
suggested as follows: CFA less than 2%; antibody prevalence
in primary school children less than 5%; and filarial DNA
prevalence in gravid, semigravid or blood-fed Culex mosqui-
toes less than 1% [27]. Subsequently, MX was conducted in
two elimination units (EUs) in Galle District, where mosquito
prevalence rates were 0.65% and 0.06% in the high- and
low-risk EUs, respectively [28]. Comprehensive post-MDA
surveillance included assessing community CFA and mf
prevalence, CFA and anti-filarial antibody in 6–8-year-old
school children and MX in 6 of 19 PHI areas [29]. NPELF
authors suggested that MX may be a better predictor of LF
persistence because human diagnostic tools rely on human
compliance, and it was likely that infected people who were
non-complaint with MDA were unlikely to participate in
community surveys [29]. In 2016, the WHO certified that
Sri Lanka had eliminated LF as a public health problem,
but recommended continued surveillance and intervention
in areas with persistent foci to clear residual infections [30].
After MDA in 2014 and 2015 and MX surveys in 2015 and
2016, community surveys detected infection (measured via
CFA and mf) in humans, particularly aged over 40 years and
male, and mosquitoes (W. bancrofti DNA). Since school-based
TAS would miss infection in older age groups, additional
interventions and surveillance tools, including MX, were
recommended in transmission hotspots [30]. Subsequently,
adult-TAS was performed in two EUs in Galle District and
was found to be more sensitive than school-TAS; thus, adult-
TAS together with MX was recommended for detecting
residual LF infections [39].

In India, similarly, a study in Primary Health Centre
(PHC) areas of Tamil Nadu found higher mosquito pool
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positivity in a hotspot than in the overall PHC area, prompting
authors to suggest that MX can complement TAS, particularly
in areas that have either passed TAS twice or passed the first
TAS, but in subsequent surveys found antigen positivity
rates close to the critical thresholds [31]. A separate study of
nine previously LF-endemic districts with hotspot sites in the
states of Maharashtra and Karnataka incorporated MX into
post-MDA surveillance [32]. Night-drawn TBFs detected mf
in 51/916 (5.56%) people, including new LF cases that had
not been previously recorded, and PCR using specific Ssp1
primers detected the L3 gene in infective mosquitoes in 6/9
districts, indicating active transmission [32]. Most recently,
a standard protocol using MX to complement TAS for
post-MDA surveillance was validated in Tamil Nadu [40].

In Bangladesh, MX was used to complement identifying
active LF transmission areas and determining whether W.
bancrofti infection rates in mosquitoes were below the 0.25%
threshold from one previously endemic and one non-endemic
district after 12 rounds of MDA [33]. While none of the 594
pools tested positive for W. bancrofti DNA, in accordance
with TAS in the previously endemic district, authors raised
concerns about the feasibility of obtaining sufficiently large
numbers of mosquitoes to estimate positivity thresholds of
less than 0.25% [33]. Despite using the same number of trap
sites recommended by a previous Sri Lankan study [28],
authors could only collect and analyse just over 10 000
females of a 13 500 target [33].

Until this point, MX studies were mainly restricted to rural
sites. However, a field trial was conducted in two sites of the
Recife Metropolitan Region (RMR), Brazil, to optimize an MX
sampling strategy for collecting adult females for Brazil’s
NPELF [25]. It compared two operationally feasible tools,
large handheld battery-operated aspirators (Horst armadilhas)
andCDCLTs, to determinewhichmethodwas better at captur-
ing female mosquitoes and performed a mosquito mark-
release-recapture study to determine how far mosquitoes dis-
persed [25]. Aspirators were significantly better at collecting
blood-fed, semigravid and gravid Cx. quinquefasciatus, with
more than 10 000 Cx. quinquefasciatus and 910 Ae. aegypti
females captured in mornings over one month. NoW. bancrofti
DNAwas detected by PCR in 182 pools of Cx. quinquefasciatus,
whichwas consistent with the result that no antigenwas found
among study area residents who underwent concurrent ICT
screening. The finding that the furthest distance
Cx. quinquefasciatus was recaptured was at 85 m helped
inform future grid-based MX surveillance systems [25].
(ii) Molecular xenomonitoring for Anopheles spp.-vectored
lymphatic filariasis

In Ghana, an MX study captured Anopheles mosquitoes, the
principal local LF vectors, using pyrethrum spray collections
(PSC) and Culex mosquitoes using GTs [22]. The trial was
conducted in six countries to compare the effectiveness of
seven diagnostic tests for detecting evidence of human
W. bancrofti infection where infection prevalence was likely
to be low following successive MDA rounds [41]. In Ghana,
ICT was found to be the second most sensitive human diag-
nostic test and the most conducive for use in the field; authors
also recommended incorporating MX into routine LF surveil-
lance, particularly where mf prevalence is lower than 1%, to
help decide when to stop MDA because low or no filarial
infection in mosquitoes indicates transmission may have
been interrupted [22]. Given that people are becoming more
reluctant to provide blood and urine samples in LF elimin-
ation programmes, particularly after successive screening
and as evident disease declines, the possibility that MX
could prove to be a better non-invasive tool than human
diagnostic tests for defining LF elimination endpoints is an
important development [22].

InTogo,anMXstudycapturedAn.gambiae, thepredominant
local LF vector, using PSC and exit traps to investigate whether
the absence of filarial infection inmosquitoesmay indicate inter-
ruption of LF transmission [24]. Previously, MDA concluded in
2009 and subsequent human-focused surveillance of parasite
(nocturnal TBFs) and antigen (Og4C3) was conducted during
and after MDA (2006–2015). Two post-MDA TAS were con-
ducted between 2012 and 2015, and MX revealed that none of
the 9191mosquito pools tested positive forW. bancrofti, confirm-
ing LF interruption [24]. Valuably, the NPELF MX strategy
demonstrated that community volunteers, rather than entomol-
ogists, could be trained formosquito collections. After detecting
no human and mosquito infection several years post-MDA,
Togo became the first country in sub-Saharan Africa to receive
WHO certification of LF elimination.
(iii) Molecular xenomonitoring for Aedes spp.-vectored lymphatic
filariasis

In American Samoa, MX studies used BG Sentinel (BGS) traps
baited with BG Lure (Biogents AG, Regensburg, Germany) to
preferentially collect host-seeking Aedes females, including
Ae. polynesiensis, the most abundant local vector of W. bancrofti,
to map LF infection [34]. Authors reiterated important points
about MX interpretation: a PCR method that does not specifi-
cally target the infective L3 stage cannot provide a direct
measurement of ongoing transmission, only the occurrence of
parasite DNA, and parasite DNA can be found in any blood-
fed arthropod (vector and non-vector species) [34]. They
concluded that MX will only have programmatic value for
decisionmaking if betterMCMsare developed, and the relation-
ship betweenhumanandmosquito infection is fullyunderstood.
Another field trial, similar to the Ghana study [22] above, sup-
ported MX for post-MDA surveillance by demonstrating
significant relationships between high PCR-positive mosquito
prevalence and human seropositivity (Og4C3 Ag and Wb123
Ab but not BM14), including that no PCR-positive pools were
found in areas where there were no seropositive people [42,43].

In Papua New Guinea, an MX study used human-landing
catches to collect mosquitoes to compare pre- and post-MDA
mosquito infection rates in two villages considered as high
transmission zones, and one village considered a moderate
transmission zone [37]. Following one round of MDA, mos-
quito infection rates decreased significantly in both high
and moderate zones corresponding with decreased human
infection rates as estimated by light microscopy [37].

The above-presented work is broadly representative of the
overall body of literature on MX. It reflects the intense focus of
the LF community, largelymotivated by theGPELFand its elim-
ination framework, as well as the desire to have a vector-driven
elimination metric analogous and supplementary to TAS.
Further, unlike the research communities of other pathogens
and diseases, the LF community has opted to use consistent
language (i.e. MX), which has helped coalesce movement
towards developing unified MX tools, protocols and research
as well as programmatically deployable methodologies.
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3. Molecular xenomonitoring for active and
passive surveillance of other mosquito-borne
diseases, multiple pathogens and integrated
disease surveillance

(a) Active surveillance and sympatric mosquito vectors
In addition to diseases under elimination, there is great poten-
tial to use MX to screen for emerging infections (e.g. ZIKV
and CHIKV) including those that cause explosive epidemics
(e.g. DENV and yellow fever virus, YFV). Further, since differ-
ent species of mosquitoes with overlapping distributions may
vector one or more pathogens, such as Anopheles spp. transmit-
ting LF and malaria parasites [44] or Aedes ssp. transmitting LF
parasites and DENV,MX can be used to indicatewhether trans-
mission of multiple pathogens may be occurring in a particular
area. Additionally, while mostMXprogrammes focus on one or
two principal diseases or pathogens (which often means they
will target one or two principal putative vectors), it is often
the case that non-target mosquito species will be incidental
captures, or ‘by-products’, of the primary vector(s) targeted in
mosquito collections. As these additional vectors are collected,
they present tremendous opportunities for complemen-
tary screening in enhanced integrated surveillance systems
incorporating EIDs, thereby maximizing use of resources.

For example, while the aim of an MX study in Bangladesh
was to collect vectors of W. bancrofti for LF surveillance,
potential vectors of malaria (An. barbirostris, An. vagus and
An. umbrosus) and Japanese encephalitis virus (Cx. gelidus,
Cx. pseudovishnui, Cx. vishnui and Cx. tritaeniorhynchus) were
also captured [33]. Similarly, an MX study in the RMR, Brazil,
initially aimed to collect Cx. quinquefasciatus forW. bancrofti sur-
veillance, but also planned to test the by-product Ae. aegypti for
DENV (the only arbovirus known to be circulating locally at the
time of MX commencement in early 2015) so mosquitoes were
stored at −80°C for subsequent RNA virus analysis [25]. Since
the site was the epicentre of the 2015 ZIKV epidemic at a time
when the vector had not been incriminated, and concurrent
microcephaly cases were detected in the MX collection area, a
subsample of 1556 Cx. quinquefasciatus (roughly 10% captured)
and all 939 Ae. aegypti were pooled in up to 10 mosquitoes/
house/week and screened for ZIKV RNA via real-time PCR.
The Ae. aegypti pools were also screened for DENV and
CHIKV RNA, given that the RMR typically had explosive
DENV outbreaks and was experiencing its first CHIKV epi-
demic successive but seemingly concurrent to that of ZIKV.
None of the 156 Ae. aegypti and 182 Cx. quinquefasciatus pools
tested were positive for arboviral RNA [45].

(b) Passive surveillance, mosquito non-vectors and
non-mosquito vectors

The idea that mosquitoes may be perceived as ‘biological syr-
inges’ [46] gave rise to research investigating the potential role
of MX as a passive surveillance tool for indicating whether a
given pathogen is circulating in the human population. This
involves screening mosquitoes that have recently blood-fed on
humans for pathogens that are not necessarily vectored by the
mosquitoes sampled. This approach can be used to screen for
animal aswell humanpathogens in aOneHealth context [47,48].

In two rural villages in northern Liberia, blood-fed
An. gambiae were collected indoors, using aspirators, and
stored on 96-well format Flinders Technology Associates
(Whatman FTA®) classic cards (FTA cards) cards at −80°C
prior to RNA extraction. Real-time PCR detected Epstein–Barr
virus and canine distemper virus. Using mosquito rather than
human samples could be used to detect and predict outbreaks
earlier for better management [3]. A subsequent laboratory-
based study demonstrated that RNA from Trypanosoma brucei
gambiense,Bacillus anthracis,Middle East Respiratory Syndrome
Coronavirus and ZIKV could be detected from An. gambiae
mosquitoes in the laboratory up to 24 h post blood-feeding of
clinically relevant pathogen levels [2].

In a peri-urban area of Manaus, Brazilian Amazon, blood-
fed non-vector culicine mosquitoes and Anopheles vectors
were collected indoors using either large, battery-powered
aspirators or BGS traps baited with BG lure for Plasmodium
DNA screening [49]. Indeed, the vast majority of mosquitoes
collected were Culex spp. (96.6%), with Cx. quinquefasciatus
the dominant species. BGS traps captured significantly
more Cx. quinquefasciatus than aspirators and significantly
more blood-fed females, despite aspirators capturing propor-
tionally more blood-fed females. There was no significant
difference between Plasmodium DNA positivity rates from
BGS traps and aspirators (2.7% versus 3.2%, respectively).
Given the spatial correlation between Plasmodium DNA posi-
tivity rates in culicine mosquitoes and Plasmodium infection
rates in humans, XS was recommended as a complementary
strategy for estimating malaria prevalence [49].

A proof-of-concept high-throughput method for collecting
excreta/faeces from large numbers of mosquitoes in a super-
hydrophobic cone, then screening samples for filarial and
malarial DNA, was developed [50] and tested in two rural
communities of Ghana [51]. Mosquitoes (greater than 95%
Anophleles spp., mostly An. gambiae s.l.) were collected indoors
byaspirators and outdoors by boxGTs andBGS traps. The new
method was compared with traditional MX, using insect car-
casses, with mosquito samples screened for W. bancrofti,
P. falciparum and Mansonella perstans DNA despite Culicoides
midges (not mosquitoes) being vectors of M. perstans [51].
Human blood samples, finger prick Filariasis Test Strip and
ICT to detect CFA and night-drawn venous blood for the
acetic acid fixation and counting chamber method to detect
mf were also examined for all three pathogens. Both the new
method and traditional MX detected all pathogens and were
considered highly sensitive when compared to human-based
antigen and mf diagnostic methods [51].

(c) Integrated disease surveillance
Enhanced vector surveillance and monitoring is one of the four
pillars identified by the WHO’s 2017–2030 Global Vector
Control Response, but must be integrated with health infor-
mation systems and include targets for protection of at-risk
populations [52]. In practice, vector surveillance is often a
weak component of national VBD control programmes, and
clear guidelines with entomological indicators are required
to strengthen capacity. Moreover, appropriate vector control
cannot be designed, let alone deployed and evaluated correctly,
without an understanding of the spatio-temporal infection
dynamics that can only be defined from a fully operational
VBD surveillance system.

Thepotential of integratedMXsystems for the surveillance of
multiple VBDs has not been fully explored. This is especially
important given that multiple VBDs often exist in the same
space and time, and that a routinely functional MX system that
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has been developed for one VBD can easily be leveraged for
other/multiple VBDs if the appropriate factors are considered.
Thus, the inability to consider designing systems for more than
one vector and pathogen combination at a time could lead to
hugemissedopportunities. It is promising that some surveillance
systems, such as ArboNET coordinated by the CDC in the US
have built upon surveillance systems created for one pathogen
(e.g. West Nile virus) and now also incorporate monitoring for
others (e.g. ZIKV and Eastern equine encephalitis) [53].
4. Considerations for molecular xenomonitoring
system development

In disease elimination contexts, many national and global pro-
grammes have successfully reduced the prevalence of several
VBDs. However, there still exist enormous challenges to have
appropriate, sensitive and cost-effective surveillance systems
in place in order to measure whether programmes have met
their target elimination thresholds, which in turn allow them
to sustain success and critically guard against recrudescence.
As human infection prevalence declines, the number of
human volunteers needed for pathogen screening rises, so
active case surveillance is no longer cost-effective. In such situ-
ations, vector-based pathogen surveillance via MX may serve
as a useful alternative to monitoring human infection and
thereby residual transmission. Moreover, MX may improve
the evaluation of interventions such as MDA and integrated
vector management by serving as a proxy for predicting
impacts on clinical outcomes when cluster-randomized trials
are no longer a feasible option. This means that MX could
prove not only extremely useful, but also cost-effective.

In EID and early warning contexts, MX could aid in several
ways by supplementing or in some cases pre-empting detec-
tion via existing surveillance systems (e.g. routine passive
surveillance of suspected and laboratory-confirmed patho-
gens). For instance, in early warning contexts, MX systems
that have been built for multiple vectors and pathogens may
be able to provide the first information on new pathogens
that are entering a given area; this is especially relevant if
such systems use routine screening (e.g. via virus panels) for
various likely novel pathogens that may have been reported
elsewhere in relatively near regions. In terms of hotspot detec-
tion or situations where better data are needed, MX systems
may be able to provide more information, including more
refined and consistent estimates of spatio-temporal trans-
mission dynamics. Routine surveillance of immature stages
such as house, container and Breteau indices could use the
vast human capacity and resources already being exerted
and incorporate collection and rearing to adult stage stages
for screening of transovarial transmitted arboviruses if the
levels of transovarial transmission justify these efforts and
the laboratories have the required levels of security [ 54,55].
By leveraging routine surveillance resources, MX could
provide extremely cost-effective for ongoing EID surveillance.

Given that MX can enhance surveillance systems for mul-
tiple diseases under elimination (e.g. LF, malaria) as well as
contribute to early warning systems of newly emerging and
cyclical infections (e.g. arboviruses), factors that require con-
sideration when designing MX systems are discussed below.
Broadly, these relate to the overall goal and target of the MX
system defined by the programme, biological factors (e.g. the
mosquito and pathogen under surveillance) and the context
(e.g. setting, human population) and are represented in figure 1.
(a) Goal: diseases that are under elimination, emerging
or both

Prior to MX system development, it is advantageous to take
an assessment of the local vector/pathogen landscape and
decide if the MX system will target one or multiple vector/
pathogens. An MX system designed for disease elimination
could have very different constraints than one for detecting
EIDs. For instance, in the former, there may be a necessity
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to adhere to global elimination programme design, endpoints
and outputs, while in the latter MX systems may vary greatly
based on local priorities and politics around EIDs. Although
it may be possible to design flexible MX systems capable of
shifting priorities and resources according to demand, at
minimum MX systems require significant upstream planning
to ensure robust data over time and appropriate curation of
data and samples (e.g. a biorepository).

(b) Biological factors
(i) Vector and pathogen characteristics
One of the most important challenges in MX system develop-
ment relates to the target vector(s) and pathogen(s). Species
within each of the three principal genera of mosquitoes vector-
ing human diseases, Culex, Aedes and Anopheles, differ in their
behaviours (host-seeking, resting and oviposition) and pre-
ferred habitats (domestic, peri-domestic or sylvatic), which
influence the ideal tool and method of collection. Their flight
ranges influence how far to space geographically linked senti-
nel surveillance sites (which may be affected by their infection
status, the type of pathogen and pathogen load). MX systems
for chronic parasitic infections (e.g. LF) that persist over years
in human and vector populations may be more flexible in
terms of temporal collection than those for the more typically
explosive epidemic viruses. Since many arboviruses circulate
in discrete seasonal patterns, MX systems must consider
seasonal characteristics and be particularly sensitive to new
introductions (e.g. new serotypes, viruses).

(ii) Mosquito collection tools and methods
Table 1 illustrates different mosquito collection methods used
in previous MX systems. It is well established that each pre-
ferentially selects mosquitoes displaying different types of
behaviour and yields vary between species and trap place-
ment/collection site. Furthermore, utilization often depends
on local preferences of different field teams [1,56].

For Cx. quinquefasciatus, in general, CDC GTs baited with
odorous infusions exploiting oviposition behaviour are
placed outside of houses and are the preferred method for
collecting adult females. If the purpose of MX is to detect
whether LF transmission is taking place within a community,
thenmosquito infection prevalence in females with undigested
bloodmeals collected using CDCLTs placed inside housesmay
be useful, particularly since placing the traps indoors is more
likely to select anthropophilic mosquitoes and W. bancrofti is
anthroponotic. However, placing LTs in houses of individuals,
who may or may not be infective to mosquitoes, may not pro-
vide representative estimates of LF prevalence in an entire
community [23]. By contrast, an MCM comparison in the
RMR of Brazil found that large battery-powered aspirators
exploiting host-seeking behaviour collected significantly
more Cx. quinquefasciatus females (38 times more blood-fed
and 5 times more gravid females, as well as 2.6 times the
total population of mosquitoes) than CDC LTs placed inside
houses [25]. Moreover, residents preferred aspirators over
fixed battery or AC-powered traps (e.g. CDC light or BGS)
due to lower risk of battery theft, power cuts and the nuisance
of light and noise in the bedroom at night.

For Ae. polynesiensis, methods exploiting host-seeking
behaviour were preferred in Samoa for collecting outdoor
biting adult female mosquitoes. A study comparing BGS
traps, human-baited collections (HBCs) and UV LED CDC
LTs found that baited BGS traps collected more mosquitoes
than CDC LTs or HBCs, but there was no difference in the
prevalent filarial infection rate between them. In addition,
given that they are more ethically acceptable than HBCs, BGS
traps were recommended [35]. For Anopheles mosquitoes,
MCMs exploiting indoor resting behaviour such as PSCs
inside houses are generally used in MX [ 22,24], but CDC LTs
exploiting host-seeking behaviour (e.g. baited with CO2 or
placed next to people sleeping under impregnated bed nets)
have also been used in other studies [56].

It is crucial that the MX investigator or programme officer
understands the likely targets of each MCM in order to capture
the mosquito population that is most relevant to the work’s
objectives. For example, most post-MDA MX surveys for LF
detect parasite DNA from any stage in the mosquito, but in
order to verify when transmission has been interrupted, it is
important to detect the L3 infective stage. MX sensitivity will
be influenced by theMCMadopted: in the absence of transovar-
ial transmission, nulliparous females that have never taken a
bloodmeal will not contain any human pathogen DNA. If the
MCM preferentially targets host-seeking females, it may catch
a significant proportion of nulliparous females, as well as
parous females, somay result in lower infection rates. However,
anMCM that preferentially selects gravid females should result
in a higher proportion of parous females and higher estimates
of infection (containing any stage of parasite) and infective-
ness (containing the infective stage to humans). Collecting
mosquitoes resting indoors should result in a higher proportion
of previously blood-fed females (possibly either infected or
infective), but not all mosquito species are endophilic [23].

Similarly, for arbovirus surveillance, selection of an optimal
trapping method is crucial in order to maximize the sensitivity
of virus detection and improve cost-effectiveness [57]. A review
focusing on MCMs specifically for arbovirus surveillance
provided guidance on advantages and disadvantages of each
method [58]. MCMs predominantly exploiting host-seeking be-
haviour (e.g. CDC light and BGS traps) may provide larger
collections, particularly when CO2 is used as an attractant, than
thoseexploiting restingorovipositionbehaviour,but they require
batteries or AC power [58]. Furthermore, obtaining supplies of
baits such as CO2 is a constraint. Collecting resting mosquitoes
using battery-powered aspirators provides proportionally more
blood-fed females [59], but the total number of mosquitoes cap-
tured tends to be lower and the method also relies upon battery
procurement. Ovitraps and GTs exploiting oviposition behav-
iour increase the likelihood of detecting positive pools, but
collections tend to be smaller than the other MCMs [58].

(iii) Sample size
Establishing the appropriate sample size for a given MX
system depends on the goal of the MX system. In an elimin-
ation context, the system must operate under strict criteria
to establish if elimination is nearing, has been achieved, or
has been sustained. However, the system may be more
exploratory for many EID surveillance systems. Sample size
calculations depend on estimates from previously existing lit-
erature on vector abundance and infection prevalence (ideally
from the same, nearby or characteristically similar sites).
Thus, they are also dependent on the vector–pathogen combi-
nations to be monitored. Nevertheless, in general, some
common assumptions apply. For areas where infection preva-
lence in the human population is high, it can be assumed that
infection in the vector will be analogously high, thereby
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requiring fewer mosquitoes than if the human infection pre-
valences were low. By contrast, in areas where elimination
activities are underway and human and mosquito infection
prevalences have or can be assumed to have decreased, sig-
nificantly more mosquitoes will be required to detect low
infection levels than if infection levels were high.

A preliminary MX protocol for collecting resting, blood-
fed Cx. quinquefasciatus mosquitoes recommended a sample
size of greater than 3000 freshly blood-fed females [8]. This
falls within the range for detecting low infection thresholds
suggested through later modelling work [16]. However, the
numbers of mosquitoes required to obtain accurate filarial
prevalence rates in different geographical settings post-MDA
depend on vector efficiency and may be as high as 5000–7500
Cx. quinquefasciatus, 2500 Anopheles and 22 000 Aedes females
[31]. The sample size required to estimate an infection rate of
1% with a power of 0.80 was calculated as 2000 Anopheles
females per implementation unit in Togo [24]. Other studies
have set higher targets, but collecting and analysing over
10 000 mosquito females has proved challenging [33].

If, however, an MX system is being designed for EIDs,
especially where this is little pre-existing data apart from per-
haps vector abundance, then sample size considerations are
entirely different and in such cases may not even apply in the
traditional sense of needing a particular sample size to detect
a difference in means. However, some important consider-
ations may still apply related to adequate samples of
mosquitoes needed to detect infection; these may relate to the
likelihood of a given pathogen to be detected in a given
vector species. For example, studies have estimated that it is
extremely difficult to detect arboviruses in mosquitoes, even
if greater than 1600 mosquitoes are collected [60,61]. It is not
as simple as collecting more mosquitoes, MX systems must
also consider how these mosquitoes are pooled for screening;
in general, the larger themosquito collection andmoremosqui-
toes tested (including potentially varying the pool sizes),
the greater the likelihood of detecting infection [62,63].

It should be noted that the effort required to obtain the
desired sample size depends on several factors such as
the season and time of day, e.g. it may be easier to collect
high numbers after rainy season when mosquitoes are most
abundant. Furthermore, some locations are more productive
than others, and this may relate to factors such as sanitation.
However, collecting higher numbers does not guarantee the
ability to detect infection for diseases such as arboviruses
or parasitic diseases in areas of low prevalence, and a
cost–benefit evaluation should always be considered.
(iv) Timing: seasonality and time of collection
It is crucial that MX systems consider logistical and practical
factors about the best time to optimize collections. This
includes taking into account the seasonality of vector human
biting for optimum yield, and the best strategy for trap place-
ment in order to account for the large variation in household
densities between clusters/villages in EUs [33] as well as the
time of day when collections should occur.

Densities of awide range of vectors and pathogens vary by
season and time of year. Rainy and dry seasons may fluctuate
not only by month but also geographically within the same
country. Furthermore, vector densities often peak just after
the rainy season, while pathogen densities may vary based
on other factors more closely related to human characteristics
(e.g. immunity) and behaviours. For parasitic diseases such as
LF, there does not appear to be any discordance between
detecting pathogen in themosquito and human as the parasite
may theoretically be detected at any point. For arboviruses,
however, there appear to be patterns of arbovirus circulation
in the human population (as evidenced by reported clinical
disease and human laboratory-confirmed infection) and
these do not always correspond to periods of peak vector
abundance. For example, in the RMR, Brazil, peak mosquito
abundance is usually just after the rainy season in the
months of July–September; however, peak arboviral infection
in humans has typically been detected November–March over
the past five years (ZIKV, CHIKV) to decades (DENV) [25].

In addition to seasonality, optimal ‘time’ of the day for col-
lections is an extremely important consideration since it relates
closely to the behaviours of each mosquito species being tar-
geted. For example, Cx. quinquefasciatus tend to bite at night,
and blood-fed engorged females tend to rest on the walls so
are ideally collected in the mornings. By contrast, Ae. aegypti
bite during the day and are notoriously difficult to catch.
Finally, many Anopheles spp. seek hosts at roughly dawn and
dusk. Thus, an integrated MX system targeting more than one
vector may need to be flexible and shift ideal collection periods
per day towards a compromise between those time periods that
mayoverlap and capture a greater varietyof species (e.g. later in
themorning than ideal forCx. quinquefasciatus, and earlier in the
day than ideal for Ae. aegypti).

(v) Scale and method of deployment
Accurate information concerning the spatial and temporal
distribution of infected vectors could permit stakeholders to
roll out pre-emptive public health interventions [64]. Maximiz-
ing trap number and placement to obtain accurate spatial
information are paramount, with the former more related to
vector and pathogen characteristics such as likely infection
prevalence and the latter ideally guided by unique vector
and environmental factors such as flight range and oviposition
site availability. The scale and method of deployment depend
on the purpose of the MX system.

For elimination contexts, particularly related to detecting
elimination or recrudescence, it is best to design a system that
covers an area as geographically wide and heterogeneous as
possible. In such cases, the next consideration becomes the
method of deployment; whereas rural sites depended on
large-scale approaches such as random village sampling
across districts or similar, urban sites have employedmore gran-
ular approaches, leveraging city blocks or developing fixed
geospatial grids.

In an MX study in two Sri Lankan EUs to investigate
whether the number of trap sites where CDC GTs were
placed affected the mosquito infection prevalence estimates
obtained, mosquito infection rates did not significantly differ
according to whether 75, 150 or 300 trap sites were used [28].
Onmainland India, CDCGTswere placed at different densities
using a sampling interval proportional to the number of house-
holds in PHCs versus a hotspot site within one PHC to
determine optimum household-based MX sampling strategy
for post-MDA surveillance [31]. Considering the spatial scale
and transmission dynamics is also crucial when designing
grid-based MX systems [25]. A recent systematic review on
the use of mapping and monitoring for LF elimination
concluded that MX could play a major role in monitoring
and evaluation for LF, and that MX surveys could be of
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great value for integrated mapping of several VBDs with
overlapping distributions [65].

For EID-focused MX systems, the approaches may vary
widely, particularly when unidentified reservoir hosts are
involved in transmission. Similar to MX for elimination, and if
unconstrained by resources, such systems would ideally cover
as wide a geographic area as possible and incorporate a wide
variety of different types of sampling points (e.g. based on
land-use, altitude, etc.). This should enable the detection of zoo-
notic aswell as anthroponotic transmission [ 47,48].However, in
resource-limited situations, other options exist such as using
index casemethods andhumanhotspots (as detected by clinical
disease or laboratory-confirmed infections) to guide where MX
sampling points should be placed. Of course, an ideal MX
system for EIDs would incorporate both a wide geographic
area as well as hotspots into a complete MX platform offering
basic (e.g. based on a grid) as well as enhanced (e.g. based on
hotspots) VBD/EID surveillance.

(vi) Molecular tools and analysis
Molecular tools have improved significantly since the develop-
ment of a simple DNA extraction method for high-throughput
detection of W. bancrofti in mosquitoes [17]. For example, a
backpack PCR system was developed in an attempt to provide
a novel, simple field-based diagnostic platform for the detec-
tion of B. malayi DNA in pools of mosquitoes for MX [66]. It
coupled a rapid and inexpensive DNA extractionmethodology
with an amplification platform and test-strip-based detection
assay to replace the need for more expensive instrumentation
and laboratory-based infrastructure increasing the feasibility
of MX for LF surveillance, particularly in resource-constrained
settings. The system may be adapted to allow for a parallel
detection of W. bancrofti [66].

The high-throughput method for collecting excreta from a
large numbers of mosquitoes then screening samples for arbo-
viral, filarial and malarial DNA is promising even if it requires
the development of new strategies for sample collection
[50,67]. Techniques for testing mosquito saliva using honey-
baited nucleic acid preservation cards or sugar bait stations
for arboviruses provide evidence of pathogen transmission,
not possible by processing pools, and are an alternate and
sensitive method to mitigate against the problems of low
prevalence of infection in mosquitoes, expensive labour costs
and the need for specialized equipment [64,68]. A similar
approach was used to detect malaria sporozoites in Anopheles
[69]. An alternative cost-effective high-throughput method to
replace ELISA and PCR for detecting Plasmodium in Anopheles
used near-infrared spectroscopy [70]. Validation of these tools
is ongoing, but the prospect of next-generation sequencing to
analyse the virome of mosquito excreta for virus discovery as
well as for arbovirus surveillance shows great promise [71].

(c) Context-driven factors
(i) Setting
The setting and geographic characteristics of where the MX
system will be deployed is one of the most important factors
to consider, including type of setting (urban, rural or mixed
setting), continuous area or focal, human population density,
residential layout, household structure (low, medium or high
rise), elevation (flat, elevated, or mixed elevation), land-use
and water (e.g. flooding risk, mosquito seasonality in relation
to water availability for oviposition). One factor that cannot
be underestimated is the issue of security, including if the
study area is suitably safe for field teams to access and
deploy tools, such as mosquito traps and geo-referencing
devices, that use precious resources such as batteries
(a target for theft for repurposing in many settings).

(ii) Local human population and health system
The local population must be considered when it comes to
designing, deploying and successfully running MX systems.
Local preferences and acceptability of MX systems are largely
driven by experience with and education on VBDs, including
the tremendous physical toll and dangers posed. Willingness
to participate and acceptability of various MX tools and
methods (included repeated visits and sustained contact with
health officials conducting MX) often depend on buy-in from
local health authorities, community leaders and cultural
norms. For instance, many Latin American countries tend to
favour a ‘bottom-up’ approach with participatory methods for
vector control. However, the majority of Southeast Asian
countries tend to operate with a ‘top-down’ approach where
governments direct andmanage vector control and surveillance
without participation from the local populations (indeed, some
countries accomplish this via social pressure and fines). It is cru-
cial to understand the local population, cultural norms,
acceptability of various MX tools and methods, and how local
publichealthofficials operate andexistwith the local population
in order to design appropriate MX systems for a given context.
Other issues to consider include population migration, inte-
grated vector management practices (e.g. water storage, use of
bed nets, use of biological or chemical control) and socio-econ-
omic factors (e.g. seasonalworkers or thosewho are never home
duringMX teamwork hours are not ideal targets for longitudi-
nal MX systems that must use domestic space).

(iii) Cost
Since the realization that MX can serve as an effective non-
invasive, sensitive monitoring and evaluation tool of VBDs
in low prevalence settings [31], a few studies have looked at
its cost-effectiveness in providing additional supplemental
data for disease surveillance, but data are limited. In general,
the most cost-effective sampling strategy will be site-specific,
and will differ between countries [24]. In Togo, the financial
resource factors taken into account when designing an MX
sampling strategy were (i) budget, (ii) transport costs,
(iii) daily allowances for personnel (entomologists, commu-
nity volunteers and supervisors), and (iv) procurement of
consumables and materials. The total estimated cost of the
survey was $35 910 USD. Most of the outlay involved costs
for training personnel, field mosquito collections and
sample processing, but other costs included administration
and vehicle maintenance. Taking into account additional
donated reagents (∼$3000.00 USD), the mean approximated
cost spent per village was $1051 USD (including personnel
and sample processing) [24]. In Ghana, where the feasibility
of using trained community vector collectors with minimal
supervision to provide a low-cost, scaled-up MX was
assessed, the total estimated annual cost in four districts
was $30 042 USD. The majority (79.8%) was spent on person-
nel costs. Of the remaining capital costs, 88.7% was spent on
transport and 11.3% on equipment [72]. In India, the cost
components of MX surveys and TAS per EU were estimated
and compared: $14 104 USD and $14 259 USD, respectively
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[40]. Similar to the above studies, the major cost component
was personnel (63.6%), followed by transportation (17.1%).
By contrast, the major cost component for TAS was supplies
(60.5%, mostly for ICT), followed by personnel (37.5%) and
transportation (2%) [40].

Costs for MX vary greatly, depending on factors such as
local infrastructure and human capacity (e.g. the need for
reference laboratories with trained staff) and the ability to
procure tools and materials at concessionary prices. They
also vary depending on specific laboratory costs associated
with some types of MX (e.g. detecting RNA arboviruses via
RT-PCR, requiring −80°C freezers) versus others (e.g. detect-
ing W. bancrofti DNA via PCR, requiring −20°C freezers).

There is little information on the potential cost-effectiveness
or cost benefit of MX as a supplementary tool to human
infection surveillance. This is an area that needs much con-
sideration and dialogue. For instance, it is possible that if
research demonstrates the relative impact of MX for a much
lower relative cost than human-focused surveillance, such evi-
dence would be extremely influential in the policy space to
further recommend MX (including, perhaps, the direct pro-
vision for its funding). This is especially important for
diseases under elimination, including those heading towards
the ‘endgame’ where human surveillance alone will become
unfeasible at some point in the not too distant future.

(iv) Infrastructure
Local infrastructure (including continuity of funding for
maintenance and improvement) is extremely important for
considering long-term MX systems, especially those depen-
dent on sample processing and storage. Field collection of
mosquitoes may not vary by site, but the ability to conduct
molecular surveillance is entirely dependent on adequate lab-
oratories. For example, while a marker for infection, detection
of Plasmodium spp. by dissection of Anopheles spp. is not tech-
nically MX if DNA or RNA is not being detected. Adequate
laboratory facilities with appropriate equipment are crucial
for long-term, standardized MX systems, and these include
everything from freezers for sample storage to processing
tools for maceration to PCR and sequencing machines;
generators are essential. If insufficient laboratory capacity
exists, including due to lack of a consistent electrical source,
MX can still be conducted by using reference laboratories
provided there are means to store and send samples in appro-
priate conditions to conserve genetic material (e.g. dry ice,
FTA cards or solvents such as RNA later).

(v) Human capacity
Sufficient numbers of trained staff are required in order to carry
outMX. This includes experienced entomologists, insect collec-
tors and community volunteers who, when required for
fieldwork, would need training on the best practices for mos-
quito collection and sample handing as well as supervision
during the actual collections. Logistical considerations also
need to be taken into account such as security and safety and
venues for training workshops, meals and transportation
allowances [24]. In addition to technical expertise in mosquito
identification (especially for integrated disease surveillance
andMX systems focused on EIDs), trainedmolecular biologists
and laboratory facilities are required for processing the samples
in the health system. Capacity building of human personnel,
particularly for laboratory strengthening, is also essential [40].
5. Implications, future prospects and
recommendations for molecular
xenomonitoring

MX as a field has come a long way from its theoretical begin-
nings to the real-life applications employed for a variety of
vectors and pathogens today. The implications of using MX
for VBD surveillance are enormous. On the one hand, it
can and is being used in elimination programmes to monitor
progress and infection resurgence, thereby averting recrudes-
cence. On the other, it can and is being used (albeit not by the
name ‘MX’) in EID programmes focused on VBDs. In some
sites, it is being developed for use in integrated programmes,
thereby saving costs by leveraging tools, methods, staff, and
laboratory space and capacity across multiple diseases at
the same time. Currently, zoonoses are being monitored in
various animals such as birds, bats and primates with signifi-
cant investment by governments that have been particularly
impacted (e.g. Latin America after multiple YFV outbreaks).
Similarly, there is great potential for mosquito surveillance
via MX systems to become standard, necessary investments
to safeguard public health across the world, at once helping
guarantee elimination of debilitating and fatal diseases (e.g.
LF, malaria) as well as averting explosive epidemics (e.g.
DENV, YFV) and EIDs (e.g. CHIKV, ZIKV).

Ideally, the programmatic community could move away
from thinking of MX simply as a supplement to considering
it as a possible replacement for human surveillance. However,
for that to happen, a better understanding of the relationship
between pathogen-infection rates in human and mosquito
populations is required. Those data may no longer be obtain-
able due to the success of disease interventions for which MX
is being used. For example, for both LF and malaria, large-
scale and consistent elimination programmes deploying
highly effective tools have effectively pushed human infec-
tion prevalence below thresholds to where it is infeasible to
conduct large-scale, longitudinal human studies simply to
establish corresponding relationships with mosquito infec-
tion prevalence. Nevertheless, there is an opportunity for
these relationships to be established for certain EIDs (e.g.
CHIKV, ZIKV).

Additionally, the research community still needs consensus
on consistent terminology, as well as more information sharing
to expand our knowledge, to continue to push towards
new frontiers of tool and methodological development and
deployment. Two broader concepts should be considered:
(1) while several malaria and arboviral researchers have con-
ducted MX in its basic forms, few have used terms related to
MX, XS, or even included the words ‘monitoring’ or ‘surveil-
lance’ when describing their overall pathogen screening
approaches that incorporate mosquitoes as a proxy for
human infection or disease; and (2) although not the focus of
this article, it is important to recognize that many other
non-mosquito arthropods, e.g. triatomine bugs, tsetse flies
and sandflies, have been used for pathogen screening and
have contributed greatly to a better understanding of VBDs
such as Chagas disease, human African trypanosomiasis
and leishmaniasis. Thus, there is great potential not only for
mosquito-focused researchers to share knowledge and have
some common consensus on MX (from tools and methods to
terminology) but also to consider consultation on MX with
the wider VBD community.
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In conclusion, mosquito infection surveillance as a proxy
for human disease has been occurring for nearly half a cen-
tury via dissection methods to visualize the parasites of
malaria and LF. Dramatic advances in molecular methods
over the past two decades have provided researchers and
programmers working on vector-borne parasitic diseases, as
well as their arboviral disease counterparts, access to highly
sensitive, high-throughput resources. Indeed, the increasing
focus on arboviruses and emerging pathogens, often trans-
lated into massive infusions of rapid funding that has more
recently eluded classical parasitological diseases, has allowed
some researchers and programmatic officers focusing on MX
to leverage the resources from one class of diseases towards
another. Whether in relation to diseases under elimination
or those that are emerging, there are multiple indications
that the vector-borne disease community is entering a new
phase of MX. In that case, it is hoped that some of the
concepts and recommendations presented above may help
researchers and programme managers alike to develop or
optimize MX systems for the larger vector-borne disease
community and, as always, for the benefit of public health.
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