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Abstract: Mosquitoes are vectors of many pathogens, including viruses, protozoans, and helminths,
spreading these pathogens to humans as well as to wild and domestic animals. As the identification
of species and the biological characterization of mosquito vectors are cornerstones for understanding
patterns of disease transmission, and the design of control strategies, we conducted a literature
review on the current use of noninvasive and nondestructive techniques for pathogen detection in
mosquitoes, highlighting the importance of their taxonomic status and systematics, and some gaps
in the knowledge of their vectorial capacity. Here, we summarized the alternative techniques for
pathogen detection in mosquitoes based on both laboratory and field studies. Parasite infection and
dissemination by mosquitoes can also be obtained via analyses of saliva- and excreta-based techniques
or of the whole mosquito body, using a near-infrared spectrometry (NIRS) approach. Further
research should be encouraged to seek strategies for detecting target pathogens while preserving
mosquito morphology, especially in biodiversity hotspot regions, thus enabling the discovery of
cryptic or new species, and the determination of more accurate taxonomic, parasitological, and
epidemiological patterns.

Keywords: DENV; Plasmodium; vector-borne diseases; entomological surveillance; pathogen
detection; routine techniques; artificial membrane assay; feeding substrate; mosquito excreta;
integrated taxonomy

1. Introduction

Mosquitoes, together with hard ticks, are the main arthropods responsible for the
transmission of emerging vector-borne diseases (VBDs), chiefly caused by RNA viruses
and Rickettsiaceae bacteria, respectively [1,2]. VBDs are also disseminated by sand flies,
kissing bugs, fleas, flies, mites, lice, and snails, and account for around 17% of the estimated
global burden of infectious diseases. Around 80% of the world’s population are at risk of
contracting one or more vector-borne diseases, while more than 50% are at risk from two or
more VBDs [3]. The name “mosquito” was established worldwide for dipteran insects of
the family Culicidae. It is derived from Spanish or Portuguese, most likely on the American
continent, and means “little fly” [4].
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In addition to a wide variety of viruses, mosquitoes have been incriminated as
vectors of malaria protozoans (Plasmodium spp.) and filarial worms (Brugia spp. and
Wuchereria bancrofti). Approximately 300 viruses have been recorded in mosquitoes, of
which about 100 can be transmitted to humans [5,6]. Many mosquito species of the Culici-
dae family significantly impact human health, such as members of the genus Aedes, which
are the vectors of dengue (DENV), chikungunya (CHIKV), and Zika (ZIKV) viruses, and
Anopheles, the main malaria vectors [5,6].

Due to the health emergencies that some vector-borne diseases have caused, medical
and veterinary entomology has become an increasingly important area of knowledge [7].
Despite its relevance worldwide, it faces many bottlenecks due to the disparity of time and
resources invested in training professionals in the field, and insufficient and/or intermittent
funding, resulting in a shortage of taxonomists and medical entomologists [8,9]. These are
highly skilled professionals who require intensive training to be able to perform several
methods of vector identification, monitoring, and research.

Entomological and parasitological surveillance is mainly based on concomitant field
and laboratory investigations on vector density, biting activity, host preference, vector
competence, and vectorial capacity [7,10]. In turn, the detection of pathogens in the vectors
also requires other technical skills, and usually employs destructive sampling procedures
with whole mosquitoes or their body parts, such as the head, thorax, salivary glands, and
guts, as a basis for inferring pathogen infection, dissemination, and transmission [7,10].

Some alternative surveillance programs for mosquitoes have been proposed, including
citizen science [11–13] and the metabarcoding of bulk samples [14–16], for assessing and
monitoring vector density at a given location, time, or season. Mosquito metabarcoding
faces challenges regarding the cost per sample, as well as an absence of sequences for
known taxa, or sequences recorded for unknown taxa, in addition to the standardization
of datasets [17,18]. In spite of these shortcomings, multiple citizen science initiatives have
been integrated, resulting in the creation of the Global Mosquito Observations Dashboard
(GMOD) platform, to provide rapid and integrative information on mosquito populations
and/or distribution [13]. VectorBase (https://vectorbase.org/; accessed on 18 March 2023),
another integrative platform, combines vector arthropod and pathogen databases, including
their genomes, genetic variation, and functional genomic approaches. Several tools, such as
interactive graphs and maps, allow for data visualization, search, and analysis [19].

Thus, even with the advances obtained through integrated taxonomy using molecular
tools and markers, such as the COI gene (cytochrome c oxidase subunit I) [20–23], classical
taxonomy based on morphology is still considered the golden standard for vector incrimi-
nation and control, which ultimately leads to the interruption of disease transmission. In
this sense, the specimen value is enhanced, mainly if deposited in scientific entomological
collections, where its additional records can be assessed, supporting research on Culicidae
diversity or providing information on introduced and invasive species [24,25]. Here, we
performed a brief literature review to explore the importance of mosquito taxonomy and
systematics, some examples of viruses, bacteria, protozoa, and helminths transmitted by
these insects, and noninvasive and nondestructive techniques for pathogen surveillance
and identification.

The purpose of our study was to compile alternative strategies for detecting pathogens
while preserving mosquito morphology, which can allow for further research on cryptic
or new species, mainly in biodiversity hotspots, such as the Amazon biome [20,26–30],
where there are scant reports on these insects [31,32]. These nondestructive techniques may
now, or in the future, contribute to maintaining the basic requirements of taxonomic and
parasitological studies, both to correctly identify vector species and to gather data on the
natural rate of infection or the transmission of target pathogens.

2. Why Do Mosquito Systematics Matter?

Taxonomy and systematics are scientific fields that aim at the classification and or-
ganization of living organisms. Taxonomy classifies organisms based on different mor-
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phological and physiological characteristics to create a nomenclature that allows for their
identification [33]. Systematics establish the phylogenetic relationships between extant
organisms and their ancestors [34]. The construction of phylogenetic trees illustrates the
evolutionary history of living beings and the characteristics shared between species [35].
The term “species” corresponds to biological entities based on a taxonomic reference system,
with scientific names used for their identification [36–38].

Medical and veterinary entomology plays a fundamental role in the identification of
arthropods, as (i) the correct identification of species that transmit pathogens facilitates the
adequate understanding of patterns of transmission and the distribution of diseases, and
(ii) they provide baseline information for programs of entomological and epidemiological
control [39]. If incorrect entomological identification occurs, it may result in high costs
and consequences to public health [40]. A debate has been ongoing for several decades
regarding the need for and the call to fill the gap in insect taxonomy and systematics [41],
especially with insect vectors [42].

2.1. Mosquito Systematics and Taxonomy

The quality of taxonomic data is an issue that has recently been raised. Data of
unknown quality are frequently used, resulting in a cascade of inaccurate information. It
has therefore been recommended that uncertainties encountered in taxonomic identification
are documented and reported [43–45].

In addition to morphological identification, molecular methodologies, such as PCR
coupled with DNA sequencing, proteomics, and isoenzyme analysis, have been used to
identify mosquito species [46,47]. Molecular tools and analyses are especially important
to distinguish morphologically similar species. The banding pattern of chromosomes,
isoenzyme profiles, DNA probes, the analysis of DNA restriction fragments, cytogenetic
physical methods, the analysis of nucleotide sequences of target genes, and barcoding and
metabarcoding have been employed as routine molecular methods [6,15,17].

More recently, barcoding and metabarcoding have been demonstrated as successful
tools in mosquito taxonomy tasks. In Brazil, the D2 extension segment of the 28S ribosomal
DNA (D2 rDNA) was found to be a reliable marker for species identification within
mosquito assemblages based on mock genomic DNA pools [14]. Immature and adult
Culicidae were classified into species using this marker. For adult mosquitoes, the D2 rDNA
approach was comparable to morphological diagnosis. However, several immature forms
of specimens of the genus Mansonia could not be classified into species [15]. Researchers in
Canada, using DNA metabarcoding based on the COI gene, were able to identify and also
estimate the number of captured mosquitoes. While 33 species of mosquitoes were classified
using the metabarcoding approach, only 24 species were identified using morphological
keys [16].

However, morphological identification remains the preferred method for both scientific
research and surveillance since it can easily be implemented in the field and requires little
technical equipment, in addition to being less expensive when there is a large number of
mosquitoes to be identified [48].

Identification based on morphological characteristics has three main limitations: (I) the
dependence on experienced entomologists, (II) reliance on the intactness of the specimen,
since loss of body parts can make identification impossible, and (III) cryptic and morpho-
logically similar species, whose identification is based on more than one developmental
stage, which is often not easily obtained [48].

2.2. Classical Taxonomy x Integrated Approaches

Classical taxonomy is based on the use of morphological characteristics such as size,
color, and specific body structures to classify organisms [49]. This taxonomic method has
been widely used in the past and is still essential in species identification.



Pathogens 2023, 12, 816 4 of 18

Different authors have used the term “integrative taxonomy” independently [49,50].
Although divergent opinions exist, this method works by analyzing several insect charac-
teristics, including target sequences from their nuclear and/or mitochondrial DNA [51,52].

Due to the speciation process, some morphological alterations go unnoticed during
identification [53], and the use of classical taxonomy in combination with other integrative
methodologies, such as cytospecies characterization (chromosomal analysis), isoenzyme
profiles (biochemical analysis), gas chromatography (cuticular hydrocarbons analysis),
scanning microscopy, morphometry, and molecular biology, has been used to assist in the
differentiation of cryptic species [5,10,54]. Molecular tools comprise a variety of techniques,
such as DNA hybridization assays and polymerase chain reaction (targeted PCR and RAPD)
coupled, or not, with DNA sequencing. With these complementary techniques, it is possible
not only to identify and differentiate species but also to study their genetic variability and
infer their phylogeny [5,10,54].

The use of Integrative tools, combined with the morphological characterization of
mosquitoes from all developmental stages, could represent a breakthrough in the compre-
hension of phylogenetic relationships between similar species, as observed for infrageneric
groups of Aedini mosquitoes [55]. In addition to assisting in the identification of species
complexes, as well as understanding the evolutionary processes in the Culicidae taxa,
molecular tools can also be applied to studies of speciation events, resistance to insecticides,
pathogen identification, and genetic engineering for vector control purposes [10,56].

2.3. Culicidae as a Biodiversity Component

The family Culicidae currently has more than 3,500 species worldwide, classified into
two subfamilies (Anophelinae and Culicinae), that play key roles in terrestrial, freshwater,
and marine ecoregions [6,57,58]. These insects occupy all available niches due to their im-
mense morphological variation and adaptability, characterizing them as the most successful
beings on the planet [59], and are remarkably diverse in tropical forests [60,61].

There has been a growing interest in these insects due to their ability to transmit
arboviruses and protozoa responsible for causing diseases to both humans and animals [62].

3. Pathogens Transmitted by Mosquitoes

Recent findings expand the list of mosquito species associated with main VBDs, but
the gap in knowledge about their vectorial capacity in the field persists [3,63] (Table 1).

Table 1. Mosquito species naturally carrying pathogens and their primary arthropod vectors.

Group Pathogen
Species

Main Vector
Species 1 Vector Mosquito Species 2 Country or

Continent 3 References 4

Virus

DENV Ae. aegypti,
Ae. albopictus

Cx. quinquefasciatus, Cx. bidens,
Cx. interfor, Psorophora spp., Ps. varipes,

Ps. albigenu, Sa. chloropterus
Brazil [64,65]

ZIKV Ae. aegypti,
Ae. albopictus Cx. quinquefasciatus, Hg. leucocelaenus Brazil [64,66,67]

CHIKV Ae. aegypti,
Ae. albopictus

Cx. quinquefasciatus, Ps. ferox,
Ps. albigenu Brazil [66]

YFV Haemagogus spp.,
Sabethes spp., Aedes spp.

Ae. albopictus, Ae. aureolineatus,
Sa. identicus, Sh. fluviatilis Colombia [67,68]

MAYV Haemagogus spp. Ae. aegypti, Ae. albopictus,
Cx. quinquefasciatus Brazil [66,69]

OROV Culicoides paraensis
(biting midge)

Cx. quinquefasciatus, Cq. venezuelensis,
Oc. serratus, Ps. cingulata, Hg. tropicalis Brazil [70–72]

VEEV Cx. (Melanoconion) spp.

Ae. scapularis, Ae. aegypti, Ae. albopictus,
Culex spp., De. atlanticus, Ma. titillans,

Ps. confinnis
Haemagogus spp., Sabethes spp.,
Deinocerites spp., Anopheles spp.

Brazil,
Colombia [70,73]
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Table 1. Cont.

Group Pathogen
Species

Main Vector
Species 1 Vector Mosquito Species 2 Country or

Continent 3 References 4

Virus

SLEV

Cx. quinquefasciatus,
Cx. pipiens s.l.,
Cx. nigripalpus,

Cx. tarsalis

Culex spp., Ma. Titillans Colombia [73,74]

WNV Cx. pipiens s.l.,
Cx. univittatus

Culex spp., Cx. perexiguus, An. Crucians,
An. Quadrimaculatus, Cq. Perturbans,

Cx. coronator, Cx. erraticus,
Cx. nigripalpus, Cx. quinquefasciatus,

Ma. Titillans, Ae. sollicitans,
Ps. Columbiae, Ur. Lowii

Colombia, Spain,
Algeria, USA [73,75–77]

JEV Culex tritaeniorhynchus,
Culex annulirostris

Aedes spp., Anopheles spp.,
Ar. Subalbatus, Cq. Ochracea, Culex spp.,

Mansonia spp.

Australia/Oceania,
Europe, Asia [78]

USUV Cx. pipiens
complex

Ae. albopictus, Cx. neavei,
Cx. quinquefasciatus, Ae. japonicus,

Ae. vexans, An. Maculipennis,
An. Plumbeus, Cq. Richiardii,

Cs. annulate, Ochlerotatus spp.

Europe [79]

Bacteria
Rickettsia felis Ctenocephalides felis

(flea)
An. Sinensis, Cx. pipiens s.l.,
Ae. albopictus, Ar. Subalbatus China [80]

Borrelia burgdorferi
complex

Ixodes spp.
(tick)

Aedes spp., Culiseta spp., Culex spp.,
Ochlerotatus spp. Germany [81]

DENV: dengue virus, ZIKV: Zika virus, CHIKV: chikungunya virus, YFV: yellow fever virus, MAYV: Mayaro
virus, OROV: Oropouche virus, VEEV: Venezuelan equine encephalitis virus, SLEV: Saint Louis encephalitis virus,
WNV: West Nile virus, JEV: Japanese encephalitis virus, USUV: Usutu virus. 1 Main arthropod vector detailed by
Foster and Walker [6] and Marcondes [70]. Abbreviation of mosquito genera following Reinert [82]. 2 Mosquito
species found naturally carrying pathogens, but with no evidence of their transmission ability in nature and/or
laboratory. 3 Country or Continent: geographic region where the mosquito species carrying a pathogen have been
recorded. 4 Report of field mosquito carriers but without evidence of transmission competence.

Life Cycle of Parasites and Viruses in the Mosquito

Many pathogens, such as malaria parasites and some viruses, spread to humans and
other animals through the “mosquito bridge”. After a blood meal on an infected vertebrate
host, the pathogen must pass through several physical and immunological barriers in the
mosquito midgut, hemocoel, and salivary glands to reach the proboscis and be expelled
with saliva, sustaining the pathogen transmission cycle [83,84].

For a virus, the first tissue it contacts after blood ingestion by a mosquito is in the
midgut. The virus then passes through the basal lamina of the midgut epithelium and
migrates to its cells, where it disseminates throughout the insect tissues. Depending on the
type of virus, it can reach fatty, nervous, and muscle tissues, as well as hemocytes. Finally,
the virus reaches the salivary glands (the last barrier before transmission of the pathogen),
where it replicates. After replication in the apical cavities of the acinar cells, virus particles
are then expelled with saliva upon mosquito feeding on another vertebrate host [83,84].

The extrinsic incubation period refers to the time required for the virus to reach the
salivary glands after it is ingested in a blood meal. It lasts 8 to 12 days in the case of DENV,
a time that varies for other virus species [84,85].

Concerning protozoan pathogens, such as Plasmodium spp., they need their inver-
tebrate host for development, with reproduction occurring during the sporogonic cycle
(10 to 18 days) in the mosquito. This cycle begins when a mosquito ingests gametocytes in
a blood meal. The gametocytes mature into female and male gametes, giving rise to the
fertilization process (sexual reproduction), forming a zygote, which further differentiates
into an ookinete. The latter crosses the peritrophic matrix, traverses the midgut wall, and
develops into oocysts, which, upon maturation, release sporozoites. At this stage, the
parasite migrates to the hemocoel and infects the salivary glands. Then, it is eventually
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released during hematophagy, thereby restarting the parasite life cycle in the new vertebrate
host [83,86].

It Is worth mentioning that the microscopical observation of a pathogen or the detec-
tion of its DNA/RNA within a mosquito sample does not necessarily mean that the carrying
species is the vector transmitting the pathogen. Evidence for vector competence is still
required, since not all mosquitoes with an ingested pathogen are suitable for pathogen repli-
cation, dissemination, and transmission, or survive long enough for the full developmental
cycle of the pathogen to occur [7].

4. Nondestructive Approaches to Pathogen Detection in Mosquitoes

In order to control and reduce the impacts of VBDs, several indexes have been pro-
posed for monitoring disease transmission and its geographical and temporal extent.
Research and surveillance programs have yielded and included some metrics based on
environmental, entomological, or epidemiological variables. The pathogen prevalence and
incidence in humans and animals are the standard metrics employed in most surveillance
programs. However, some more robust approaches have also been performed in mosquito
sampling and analysis of its infective status [10].

Current gold-standard techniques for pathogen detection and vector incrimination
in mosquitoes result in damage to the insect body. For instance, the analysis of malaria
sporozoites in the salivary gland is performed via microscopic dissection or PCR, both
resulting in the destruction of insect body and precluding its identification through many
of the standard taxonomical procedures.

Nondestructive techniques for pathogen detection are summarized below, based on
the recovery and detection of pathogen genetic material, in mosquitoes collected from the
field or in laboratory assays. In these alternative techniques, basic aspects of mosquito
biology are considered. In nature, adult forms of Culicidae, of both sexes, first feed on
sugary solutions (plant nectar or honeydew) for obtaining energy for sexual maturation,
flight dispersion, mating, and finally, host finding. In the latter, only female insects feed on
vertebrate blood for egg development and maturation, and offspring establishment [5,6].

Three main nondestructive techniques for pathogen detection, taking into account
mosquito biology, are described: (1) saliva analysis of an infected mosquito during its blood
feeding, when it is already capable of transmitting a pathogen; (2) mosquitoes refractory
to infection, but expelling parasites in their feces; (3) whole-body analysis of mosquitoes
via near-infrared spectrometry, for evaluation of pathogen infection and dissemination
(Figure 1).

4.1. Saliva-Based Technique—Feeding Substrate
4.1.1. FTA Cards

Flinders Technology Associates (FTA) cards developed by Whatman plc (GE Health-
Care Technologies Inc., Chicago, IL, USA) are widely used for sample preservation and
purification, enabling the analysis of genetic material from various types of biological
sample, such as blood and other fluids, tissues and cells. This card is made up of filter
paper containing chemicals to lyse cells, denature proteins, and prevent bacteria growth.
The nucleic acids are immobilized and preserved on the card matrix and can be extracted
using various purification methods [87–89].

Aside from stabilizing biological samples from various sources, the card can be kept at
room temperature for a few weeks without requiring any special storage conditions. This
sampling alternative has been shown to be promising for virological surveillance, due to its
low-cost, long-term storage in the field, and stabilization of viral RNA for several days and
at different temperatures, which are all necessary for maintaining the integrity and stability
of samples of interest [88–90].
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Several research groups have used this card with sugar as bait, to detect arboviruses
in the mosquito saliva released during sugar-based feeding. FTA cards inactivate any
expectorated virus during mosquito feeding and can be used with sugar bait, which is
usually made of a diluted honey solution [66,90–95]. In addition to being simple and
effective, FTA cards can also be applied to field traps, minimizing the cost of field collection
and storage, and the processing of the large number of mosquitoes that is necessary in such
surveillance [90,91,96–98].

Several arboviruses have already been detected in field mosquitoes using this ap-
proach. Ross River (RRV) and Barmah alphaviruses were detected in two locations in
Australia [90], and CHIKV in French Guiana [98]. Natural DENV infection in Ae. aegypti
saliva was recently demonstrated in the Brazilian Amazon in infected female mosquitoes
fed on honey-soaked FTA cards [66]. ZIKV released in the saliva by Cx. quinquefasciatus
and Ae. aegypti was also detected, even with low viral loads [94]. The FTA card strategy has
been successfully implemented for screening other pathogen taxa, e.g., malaria sporozoites
expelled by female Anopheles infected with Plasmodium berghei during feeding on FTA cards
soaked with glucose solution [99].

In the laboratory, standard filter paper soaked with honey solution (50%) has also
been used for detecting pathogens in mosquito saliva, allowing for the molecular detection
of RNA from several arboviruses. After oral infection of Ae. aegypti and Ae. albopictus
with CHIKV, viral RNA was detected after up to 7 days on the filter paper [100]. WNV
was also efficiently recovered on filter paper strips after experimental infection assays
of Culex tarsalis [101]. Similarly, nucleic acids of protozoan samples can be obtained from
saliva ejected onto standard filter paper. The saliva deposited by infected Anopheles stephensi
on honey-soaked filter paper contained Plasmodium falciparum DNA [102].

A refined honey-soaked filter paper method was developed by including red food
dye, and was used to detect RRV and WNV expectorated in the saliva of Aedes vigilax
and Cx. annulirostris, respectively [103]. Food dye has also been used to record whether
mosquitoes have been fed the sugary solution on paper or cotton substrates, by analyzing
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their crop and excreta [66,94,102]. This dyeing procedure also allowed for the estimation of
ingested solution volume, both with the naked eye and via spectral absorbance [104].

4.1.2. Q-Paper

The cationic Q-paper (Q-paper) is a substrate with a cationic surface composed of
cellulose containing quaternary ammonium groups, developed primarily to absorb poi-
sonous compounds from wastewater [105]. It can be used to collect, preserve, and store
nucleic acids from different biological samples containing, for instance, viruses, and nucleic
acid then binds electrostatically to this substrate [106]. The amount of genetic material
recovered from the Q-paper may vary depending on its binding capacity, and depending
on the paper composition [107].

The Q-paper method has been used to assess the ability of some mosquito species
to transmit arboviruses. The potential for the transmission of MAYV by Ae. aegypti and
Ae. albopictus was demonstrated through their expectorated saliva on Q-paper treated
with a 20% sucrose solution [108]. DENV-2, CHIKV, and ZIKV have also been detected
on Q-paper with a honey solution and blue dye exposed to experimentally infected
Ae. aegypti [107,109].

4.1.3. Cotton Substrates

Saliva-pathogen ejection during mosquito feeding has also been explored using
a simpler and less expensive cotton-wool wick soaked in sugary solution. It was used to
collect saliva from Cx. tarsalis previously infected with three strains of WNV. The procedure
was compared to the methods of using filter paper strips and capillary tubes, the latter of
which is a standard technique in which a mosquito proboscis is inserted into a glass or
plastic microcapillary, and is also known as the forced salivation technique. There was no
statistical difference in virus recovery between cotton and the capillary tube, while more
virus RNA was recovered from the cotton wick than the filter paper, demonstrating that the
cotton wick can also be an efficient alternative for verifying virus transmission [101,110].

In addition to viruses, cotton wicks were also used to detect Plasmodium falciparum in
infected mosquito saliva from five Anopheles species (An. gambiae, An. coluzzii, An. arabiensis,
An. stephensi, and hybrids of An. gambiae/An. coluzzi). The infected mosquitoes were fed on
small pieces of cotton soaked in a sugar solution. Parasite DNA from sporozoites expelled
with the saliva was detected via qPCR. Sensitivity was high but less than 100%, which
could be because infectious females either expelled undetectable levels of sporozoites on
the cotton, especially in the initial days after infection, or had not fed on the sugar solution,
a fact already observed in other methods [111].

4.1.4. Hanging Drop Method

In general, this method consists of feeding one or several droplets of about 0.025 mL
of blood solution to mosquitoes experimentally infected with arbovirus. The blood solution
is usually prepared with defibrinated blood plus sucrose, or erythrocyte and serum, or
erythrocyte plus fetal calf serum (FCS) and sucrose suspensions. After mosquito feeding
and/or probing, the drops are mixed with phosphate-buffered saline and FCS, and assayed
for virus detection, in order to evaluate mosquito transmission ability [112–115].

This technique, although simple and inexpensive, has been proven to be less effi-
cient in comparative studies due to the lack of host stimuli for probing and feeding, and
hence, underestimates the potential for virus transmission by a mosquito species [114–116].
Nevertheless, this method has been proven successful in other studies involving vector
competence. In one study, ten mosquito species were infected with WNV, and, using
the abovementioned technique, the researchers were able to observe differences in trans-
mission rates between the mosquito species [117]. WNV infection was also detected in
42% of Cx. annulirostris mosquitoes using the hanging drop method in the experimental
assays [103].



Pathogens 2023, 12, 816 9 of 18

Future studies could improve this technique with the inclusion of chemical compounds
in the blood suspension, which stimulate mosquito probing, feeding, and full engorgement.

4.2. Saliva-Based Technique—Artificial Membrane Feeding (AMF)

Mosquito rearing in laboratory conditions has several applications in entomological
and epidemiological research on their basic biology, vector competence, control strategies,
and resistance to insecticides. However, a challenge for mosquito colony maintenance is
female egg production, which depends on blood for insect development [118, and references
herein]. An artificial membrane feeding (AMF) system, as an alternative to feeding on
vertebrate hosts, has been developed to provide blood meals for mosquitoes reared in the
laboratory for colony maintenance and experimental infections. An AMF system consists of
a mosquito cage connected to a container (of glass, plastic, or paper materials) with human
and/or animal blood and covered with a natural or artificial membrane. Several mosquito-
feeding devices have been developed and modified according to different purposes. The
efficiency rate of AMF depends on the components adopted, often related to the cost
and availability of materials and blood from a given host, as well as the enrichment with
phagostimulants [118].

4.2.1. AMF—Blood-Feeding

The blood-feeding salivation test is performed by exposing infected mosquitoes to
uninfected blood through AMF. Subsequently, the blood sample containing mosquito
saliva is analyzed for detecting specific pathogens. Recently, this approach was used
to detect DNA of Plasmodium vivax from the saliva of experimentally infected Anopheles
mosquitoes. Sporozoite DNA was successfully traceable to all six species: An. triannulatus,
An. nuneztovari, An. benarrochi, An. evansae, An. aquasalis, and An. darlingi; the highest
infection rate was recorded for the latter species, the primary mosquito vector in the
Amazon region [119]. On the other hand, viral RNA was rarely detected in AMF blood
samples used to feed Ae. aegypti, previously infected with ZIKV and CHIKV, although both
viruses were detected in saliva using a capillary tube method [120].

4.2.2. AMF—Non-Blood-Feeding

An alternative allure to blood for collecting saliva from mosquitoes was used that
consisted of a solution of phosphate-buffered saline (PBS) and adenosine triphosphate
(ATP). It was successfully used to collect saliva from Aedes mosquitoes infected with
DENV-2. This solution in AMF apparatus allowed for the collection of saliva from multiple
mosquitoes at the same time, in addition to the detection of viruses at low concentrations
as early as the 7th day after infection [121].

4.3. Mosquito Excreta

An alternative nondestructive approach, recently used in molecular parasite surveil-
lance of pathogens is the analysis of mosquito excreta/feces, which sample volumes are
usually larger than those of saliva [103]. This method makes it possible to detect and re-
cover pathogens or their genetic material, both from competent and non-competent vector
species. For instance, non-developed parasites (Brugia malayi) were found in the feces of
non-competent mosquitoes, with implications in the design and interpretation of molecular
diagnostic of pathogens in arthropod vectors [122]. Likewise, with viruses, experimental
infection studies showed, in addition to higher sensitivity, a greater proportion of viral
RNA detection in excreta samples than in saliva samples [103,123].

A method using a superhydrophobic cone (SHC) made of A4 printer paper, and coated
with a hydrophobic water repellent (NeverWet®, NeverWet, LLC), has been developed to
collect mosquito excreta/feces (EF) for further analysis of pathogen DNA/RNA. The SHC
is inserted into a paper cup, so the feces are deposited on an FTA card or in a 1.5 mL tube
at the bottom of the cup. The feces are then recovered via direct washing or wet swab-
bing. The mosquitoes were experimentally infected with P. falciparum, Brugia malayi, and
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Trypanosoma brucei brucei. The collection methods enabled DNA detection for all three par-
asite species in the EF [124]. B. malayi was detected in the vector (Ae. aegypti), as well as
in the EF of a non-vector mosquito (Cx. pipiens s.l.), when exposed to the parasite [122]. It
is worth noting that the SHC combined with a microcentrifuge tube was the method that
gave the highest number of positive samples.

Three parasites, W. bancrofti, P. falciparum, and Mansonella perstans, were detected in
field mosquito excreta using the combined SHC+tube method [125]. This promising method
has shown great potential for the surveillance of other circulating pathogens. Recent
findings of xenosurveillance demonstrated the presence of Loa loa filaria (the causative agent
of loiasis) in three EF samples obtained from wild mosquitoes, in addition to W. bancrofti,
M. perstans, and P. falciparum [126].

The analysis of mosquito excreta has also been widely used for arbovirus detection
and surveillance. After 15 days, viral RNA was successfully detected in excreta deposited
on filter paper by female Ae. aegypti infected with DENV [123]. WNV was detected in
the excreta of infected Cx. annulirostris, deposited on two substrates: an FTA card and
a polycarbonate disk. Viral RNA was recovered for up to 2 weeks, even under high
temperatures and humidity [127]. Continuous positivity from the 2nd day to the 15th
after infectious feeding was obtained in the excreta of Cx. annulirostris and Ae. vigilax.
Specimens of these species were infected with WNV and RRV, respectively. Mosquito
excreta was then deposited on a parafilm M disk and removed with moistened cotton
swabs [103]. Using this method, WNV was also detected in the excreta of naturally infected
field mosquitoes. Samples were obtained from captured mosquitoes on filter paper inserted
in a BG Sentinel trap. This strategy of pathogen xenomonitoring is considered simple,
effective, and economical, enabling inferences about the circulation of arboviruses, the
density of insect vectors, and potential vertebrate hosts [128].

This alternative strategy has some limitations, however. DNA integrity might be lost
due to the mosquito digestion process and due to environmental exposure. Additionally,
exogenous DNA contamination is a possibility, especially with field mosquitoes or the use
of contaminated materials and devices. In the case of a parasite, its life stage cannot be deter-
mined. Application in the field also requires the initial grouping of mosquitoes by species
to allow for better inferences regarding vector, host, and pathogen relationships [102,128].

4.4. Near-Infrared Spectroscopy (NIRS)

NIRS is a high-throughput automated analytical technique that measures tissue light
absorption at various wavelengths in the spectral region between 750 and 2500 nanometers
(nm). The emitted waves interact with biological samples and are absorbed by bonds of
specific chemical molecules (e.g., CH, NH, SH, or OH). The absorption is measured using
a spectrometer from which, after data analysis, a sample spectrum can be obtained [129,130].
Near-infrared spectrometry is currently applied in studies investigating the age structure
of mosquito populations, as a complementary method [131,132], as well as in comparisons
between mosquitoes exposed to insecticides [133] and different diets [134], in addition to
estimating the parity status of females [135].

The NIRS technique has recently been used to detect pathogens in experimentally
infected mosquitoes. The results with DENV, ZIKV, and CHIKV have revealed satisfactory
accuracy generally above 90% [136–138]. The inclusion of more robust computational
analysis has improved the accuracy of the technique. The use of computational genetic
algorithms (GA) and linear discriminant analysis (LDA) improved to 100% sensitivity and
specificity in DENV detection in Ae. aegypti with recent infection [139].

A malaria parasite (P. falciparum) experimentally infecting An. gambiae was detected
with an accuracy of 88% for oocysts and 95% for sporozoites [140], while an efficiency lower
than 75% was found in laboratory-reared An. coluzzii infected with the parasite. NIRS
models based on experimental assays were not able to predict the natural infection of field
mosquitoes [141]. Variations in the age of field mosquitoes may be the primary explanation
for the inability to detect infection. Predicting age parameters for field mosquitoes is
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a previously reported challenge [142]. The findings obtained by Da et al. [141] corroborate
another previous study where An. stephensi mosquitoes were infected with P. berghei [143].

NIRS seems very promising and has several advantages, such as a non-invasive pro-
cedure, minimal requirements for prior sample preparation, fast results, no necessity for
reagents or multifunctional devices that require long-term experience and training, and
being less expensive than the currently used methods in pathogen investigation [130]. How-
ever, NIRS still needs adaptation and improvements, both in chemometric approaches and
computational analysis, to allow for its application in entomological and pathogen research.

5. Scientific Horizons Expanded: Museums, Biorepositories, and Nondestructive
DNA Extraction

Voucher specimens are crucial for repeatability and extension in epidemiological re-
search since they permanently preserve records and samples from pathogens, hosts, and vec-
tors (as well their cells and tissues), which can be further reached and reanalyzed [144,145].
Undeniably, museums and biorepositories are valuable sources of sample materials and
their associated databases, with direct application in ecological and epidemiological studies,
shedding light on patterns in the transmission of infectious diseases, emerging or novel
zoonotic pathogens, and their reservoir hosts and vectors [146,147].

However, molecular analysis of pinned and dried mosquitoes from museums and
collections are not an easy task. Maintaining their taxonomic identity requires the integrity
of their external morphology, arranged in detail with scales and bristles, while molecular
methodologies require DNA with adequate quantity and quality [148,149].

Electronic vouchering and genome sequencing pipelines have been tested for mosquitoes
and triatomines [150]. The same DNA extraction protocol was employed for these two vector
groups, which was nondestructive for kissing bugs, which are usually larger than mosquitoes
and without scales. For mosquitoes, damage was inevitable and specimen selection criteria
were established. Thus, studies that have museums and collections as a source of material
must consider the balance between the need to apply molecular tools and the preservation
of the specimen integrity [150]. Alternatively, the destructive extraction of genomic DNA
from mosquito eggshells and larval and pupal exuvium, which were reared to adulthood
in a laboratory, helped to identify Culicidae species via PCR profiling [151].

“Mild-Vectolysis” [148] was the first nondestructive DNA extraction protocol estab-
lished for mosquitoes and sand flies, allowing for DNA barcoding while vouchering the
specimens. To obtain sufficient mosquito DNA, some steps in the protocol were adjusted,
such as the concentration of lysis buffer, incubation time, post-lysis freezing stage, and
avoidance of ethanol, before starting the lysing step. Using the adjusted method, DNA
recovered from all mosquito samples was enough for amplifying a fragment from their
COI gene. There was no damage to the mosquito’s exoskeleton and appendages, except
some loss of scales and tegument color [148]. To date, no attempts have been registered
to optimize this promising methodology, which may further advance taxonomical and
parasitological studies of mosquito vectors.

6. Conclusions

This review highlights the need of alternative strategies for the surveillance of vector-
borne pathogens that preserve insect integrity, which is critical for the discovery of vectorial
capacity in cryptic or new insect species, especially in biodiversity hotspot areas. Alterna-
tive methods have produced contrasting results, and the need for the standardization of
techniques, as well as the materials used within a method, is apparent. Few studies have
been performed on the use of these alternative methods on a larger set of vector species and
their application in the field while taking into account broader temporal and geographic
scales. Further research should focus on method comparisons regarding their efficiency,
sensibility, reliability, and reproducibility in parasite detection, prioritizing feasible and less
expensive nondestructive techniques.



Pathogens 2023, 12, 816 12 of 18

Author Contributions: Conceptualization, G.R.J.; writing and original draft preparation, G.R.J.,
A.C.A.M., F.G.F.R., L.H.M.F. and L.R.d.S.; supervision, project administration, and funding acquisi-
tion, G.R.J.; writing—review editing, A.C.A.M. and G.R.J. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by a grant from MCTI/CNPq/CAPES/FAPERO-INCT
EpiAmO—National Institute of Science and Technology of Epidemiology of the Western Amazon,
grant #465657/2014-1, and Fiocruz Rondônia Research Excellence Program—PROEP, grant VPG-DI-
008-FIO-21-2-21. ACAM, FGFR, and LRS are PhD fellows from Coordenação de Aperfeiçoa-mento de
Pessoal de Nível Superior—Brasil—CAPES (grants #88887.624113/2021-00, #88887.61393/2021-00,
#88887.643734/2021-00, Finance Code 001). L.H.M.F. is a PhD fellow from Conselho Nacional de
Desenvolvimento Científico e Tecnológico—CNPq (grant #163268/2021-5).

Data Availability Statement: Not applicable.

Acknowledgments: We thank the editor and two anonymous reviewers for their careful and helpful
comments, which greatly improved the manuscript. The NIRS photo (Graphical Abstract) was kindly
provided by G. A. Garcia (LATHEMA/IOC). We would also like to thank Fiocruz Rondônia for
providing the facilities and logistical support.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Gubler, D.J. Resurgent vector-borne diseases as a global health problem. Emerg. Infect. Dis. 1998, 4, 442. [CrossRef] [PubMed]
2. Swei, A.; Couper, L.I.; Coffey, L.L.; Kapan, D.; Bennett, S. Patterns, drivers, and challenges of vector-borne disease emergence.

Vector Borne Zoonotic Dis. 2020, 20, 159–170. [CrossRef] [PubMed]
3. World Health Organization. Global Vector Control Response 2017–2030; World Health Organization: Geneva, Switzerland, 2017.
4. Christophers, S. Aedes aegypti (L.) the Yellow Fever Mosquito: Its Life History, Bionomics and Structure; Cambridge University Press:

London, UK, 1960.
5. Lehane, M.J. The Biology of Blood-Sucking in Insects, 2nd ed.; Cambridge University Press: Cambridge, UK, 2005.
6. Foster, W.A.; Walker, E.D. Mosquitoes (Culicidae). In Medical and Veterinary Entomology, 3rd ed.; Mullen, G.R., Durden, L.A., Eds.;

Elsevier: London, UK, 2019; Chapter 15; pp. 261–325.
7. Barker, C.M.; Reisen, W.K. Epidemiology of vector-borne diseases. In Medical and Veterinary Entomology, 3rd ed.; Mullen, G.R.,

Durden, L.A., Eds.; Elsevier: London, UK, 2019; Chapter 4; pp. 33–49.
8. Almeida, A.P.G.; Fouque, F.; Launois, P.; Sousa, C.A.; Silveira, H. From the laboratory to the field: Updating capacity building in

medical entomology. Trends Parasitol. 2017, 33, 664–668. [CrossRef] [PubMed]
9. Connelly, R. Highlights of medical entomology 2018: The importance of sustainable surveillance of vectors and vector-borne

pathogens. J. Med. Entomol. 2019, 56, 1183–1187. [CrossRef]
10. Eldridge, B.F.; Edman, J.D. Medical Entomology: A Textbook on Public Health and Veterinary Problems Caused by Arthropods, Revised ed.;

Science+Business Media: Dordrecht, The Netherlands, 2004.
11. Braz Sousa, L.; Fricker, S.; Webb, C.E.; Baldock, K.L.; Williams, C.R. Citizen Science Mosquito Surveillance by Ad Hoc Observation

Using the iNaturalist Platform. Int. J. Environ. Res. Public Health 2022, 19, 6337. [CrossRef]
12. Sousa, L.B.; Fricker, S.R.; Doherty, S.S.; Webb, C.E.; Baldock, K.L.; Williams, C.R. Citizen science and smartphone e-entomology

enables low-cost upscaling of mosquito surveillance. Sci. Total Environ. 2020, 704, 135349. [CrossRef]
13. Carney, R.M.; Mapes, C.; Low, R.D.; Long, A.; Bowser, A.; Durieux, D.; Rivera, K.; Dekramanjian, B.; Bartumeus, F.;

Guerrero, D.; et al. Integrating global citizen science platforms to enable next-generation surveillance of invasive and vector
mosquitoes. Insects 2022, 13, 675. [CrossRef]

14. Pedro, P.M.; Amorim, A.; Rojas, M.V.R.; Luizi Sá, I.; Ribeiro Galardo, A.K.; Santos Neto, N.F.; Pires de Carvalho, D.; Nabas Ribeiro,
K.A.; Pepe Razzolini, M.T.; Sallum, M.A.M. Culicidae-centric metabarcoding through targeted use of D2 ribosomal DNA primers.
PeerJ 2020, 8, e9057. [CrossRef]

15. Pedro, P.M.; Rodrigues de Sá, I.L.; Rojas, M.V.R.; Amorim, J.A.; Ribeiro Galardo, A.K.; Santos Neto, N.F.; Furtado, N.V.R.;
Pires de Carvalho, D.; Nabas Ribeiro, K.A.; de Paiva, M.; et al. Efficient Monitoring of Adult and Immature Mosquitoes
through Metabarcoding of Bulk Samples: A Case Study for Non-Model Culicids With Unique Ecologies. J. Med. Entomol. 2021,
58, 1210–1218. [CrossRef]

16. Mechai, S.; Bilodeau, G.; Lung, O.; Roy, M.; Steeves, R.; Gagne, N.; Baird, D.; Lapen, D.R.; Ludwig, A.; Ogden, N.H. Mosquito
identification from bulk samples using DNA metabarcoding: A protocol to support mosquito-borne disease surveillance in
Canada. J. Med. Entomol. 2021, 58, 1686–1700. [CrossRef]

17. Piper, A.M.; Batovska, J.; Cogan, N.O.; Weiss, J.; Cunningham, J.P.; Rodoni, B.C.; Blacket, M.J. Prospects and challenges of
implementing DNA metabarcoding for high-throughput insect surveillance. GigaScience 2019, 8, giz092. [CrossRef]

18. Batovska, J.; Lynch, S.E.; Cogan, N.O.I.; Brown, K.; Darbro, J.M.; Kho, E.A.; Blacket, M.J. Effective mosquito and arbovirus
surveillance using metabarcoding. Mol. Ecol. Resour. 2018, 18, 32–40. [CrossRef]

https://doi.org/10.3201/eid0403.980326
https://www.ncbi.nlm.nih.gov/pubmed/9716967
https://doi.org/10.1089/vbz.2018.2432
https://www.ncbi.nlm.nih.gov/pubmed/31800374
https://doi.org/10.1016/j.pt.2017.05.011
https://www.ncbi.nlm.nih.gov/pubmed/28624159
https://doi.org/10.1093/jme/tjz134
https://doi.org/10.3390/ijerph19106337
https://doi.org/10.1016/j.scitotenv.2019.135349
https://doi.org/10.3390/insects13080675
https://doi.org/10.7717/peerj.9057
https://doi.org/10.1093/jme/tjaa267
https://doi.org/10.1093/jme/tjab046
https://doi.org/10.1093/gigascience/giz092
https://doi.org/10.1111/1755-0998.12682


Pathogens 2023, 12, 816 13 of 18

19. Giraldo-Calderón, G.I.; Harb, O.S.; Kelly, S.A.; Rund, S.S.; Roos, D.S.; McDowell, M.A. VectorBase. org updates: Bioinformatic
resources for invertebrate vectors of human pathogens and related organisms. Curr. Opin. Insect. Sci. 2022, 50, 100860. [CrossRef]

20. Scarpassa, V.M.; Batista, E.T.; da Costa Ferreira, V.; dos Santos Neto, V.A.; Roque, R.A.; Tadei, W.P.; Ferreira, F.A.D.; da Costa,
F.M. DNA barcoding suggests new species for the Mansonia subgenus (Mansonia, Mansoniini, Culicidae, Diptera) in the area
surrounding the Jirau hydroelectric dam, Porto Velho municipality, Rondônia state, Brazil. Acta Trop. 2022, 233, 106574. [CrossRef]

21. Do Nascimento, B.L.S.; da Silva, F.S.; Nunes-Neto, J.P.; de Almeida Medeiros, D.B.; Cruz, A.C.R.; da Silva, S.P.; Silva, L.H.S.;
Monteiro, H.A.O.; Dias, D.D.; Vieira, D.B.R.; et al. First description of the mitogenome and phylogeny of Culicinae species from
the Amazon region. Genes 2021, 12, 1983. [CrossRef]

22. Muñoz-Gamba, A.S.; Laiton-Donato, K.; Perdomo-Balaguera, E.; Castro, L.R.; Usme-Ciro, J.A.; Parra-Henao, G. Molecular
characterization of mosquitoes (Diptera: Culicidae) from the Colombian rainforest. Rev. Inst. Med. Trop. Sao Paulo 2021, 63, e24.
[CrossRef]

23. Silva-do-Nascimento, T.F.; Sánchez-Ribas, J.; Oliveira, T.M.; Bourke, B.P.; Oliveira-Ferreira, J.; Rosa-Freitas, M.G.; Lourenço-de-
Oliveira, R.; Marinho-e-Silva, M.; Sallum, M.A.M. Molecular Analysis Reveals a High Diversity of Anopheline Mosquitoes in
Yanomami Lands and the Pantanal Region of Brazil. Genes 2021, 12, 1995. [CrossRef]

24. Suarez, A.V.; Tsutsui, N.D. The value of museum collections for research and society. BioScience. 2004, 54, 66–74. [CrossRef]
25. Sá, M.R. Scientific collections, tropical medicine and the development of Entomology in Brazil: The contribution of Instituto

Oswaldo Cruz. Parassitologia 2008, 50, 187–197.
26. Talaga, S.; Duchemin, J.B.; Girod, R.; Dusfour, I. The Culex mosquitoes (Diptera: Culicidae) of French Guiana: A comprehensive

review with the description of three new species. J. Med. Entomol. 2021, 58, 182–221. [CrossRef]
27. Saraiva, J.F.; Scarpassa, V.M. Anopheles (Nyssorhynchus) tadei: A new species of the Oswaldoi-konderi complex (Diptera, Anopheli-

nae) and its morphological and molecular distinctions from An. konderi sensu stricto. Acta Trop. 2021, 221, 106004. [CrossRef]
[PubMed]

28. Talaga, S.; Gendrin, M. Three new species of Culex (Melanoconion) (Diptera: Culicidae) from French Guiana based on morpholog-
ical and molecular data. Zootaxa 2022, 5205, 177–189. [CrossRef] [PubMed]

29. Sant’Ana, D.C.; Sallum, M.A.M. A new species of the Nuneztovari Complex of Nyssorhynchus (Diptera: Culicidae) from the
western Brazilian Amazon. Zootaxa 2022, 5134, 275–285. [CrossRef] [PubMed]

30. Sant’ana, D.C.; Sallum, M.A.M. A new species of the Arthuri Complex of the Strodei Subgroup of Nyssorhynchus (Diptera:
Culicidae). Zootaxa 2022, 5175, 559–569. [CrossRef] [PubMed]

31. Hutchings, R.S.G.; Hutchings, R.W.; Menezes, I.S.; Sallum, M.A.M. Mosquitoes (Diptera: Culicidae) from the southwestern
Brazilian Amazon: Liberdade and Gregório Rivers. J. Med. Entomol. 2020, 57, 1793–1811. [CrossRef]

32. Morales Viteri, D.; Herrera-Varela, M.; Albuja, M.; Quiroga, C.; Diaz, G.; del Aguila Morante, C.; Ramirez, D.; Vinetz, J.M.;
Bickersmith, S.A.; Conn, J.E. New records of Anopheles benarrochi B (Diptera: Culicidae) in malaria hotspots in the Amazon regions
of Ecuador and Peru. J. Med. Entomol. 2021, 58, 1234–1240. [CrossRef]

33. Simpson, G.G. Principles of animal taxonomy. In Principles of Animal Taxonomy; Columbia University Press: New York, NY,
USA, 1961.

34. Hennig, W. Phylogenetic Systematics; University of Illinois Press: Champaign, IL, USA, 1999.
35. Felsenstein, J. Phylogenies and the comparative method. Am. Nat. 1985, 125, 1–15. [CrossRef]
36. Mayr, E. The Growth of Biological Thought: Diversity, Evolution, and Inheritance; Harvard University Press: Cambridge, MA,

USA, 1982.
37. De Queiroz, K. The general lineage concept of species, species criteria, and the process of speciation. In Endless Forms: Species and

Speciation; Oxford University Press: Oxford, UK, 1998.
38. Frankham, R.; Ballou, J.D.; Dudash, M.R.; Eldridge, M.D.; Fenster, C.B.; Lacy, R.C.; Mendelson, J.R.; Porton, I.J.; Ralls, K.; Ryder,

O.A. Implications of different species concepts for conserving biodiversity. Biol. Conserv. 2012, 153, 25–31. [CrossRef]
39. Failloux, A.B.; Bouattour, A.; Faraj, C.; Gunay, F.; Haddad, N.; Harrat, Z.; Jancheska, E.; Kanani, K.; Kenawy, M.A.; Kota, M.; et al.

Surveillance of viruses transmitted by arthropods and their vectors in the Mediterranean and Black Sea regions within the
MediLabSecure network. Curr. Trop. Med. Rep. 2017, 4, 27–39. [CrossRef]

40. Erlank, E.; Koekemoer, L.L.; Coetzee, M. The importance of morphological identification of African anopheline mosquitoes
(Diptera: Culicidae) for malaria control programmes. Malar. J. 2018, 17, 1–7. [CrossRef]

41. Daly, H.V. Endangered species: Doctoral students in systematic entomology. Am. Entomol. 1995, 41, 55–59. [CrossRef]
42. Cuisance, D.; Rioux, J.A. Current status of medical and veterinary entomology in France: Endangered discipline or promising

science? Comp. Immun. Microbiol. Infect. Dis. 2004, 27, 377–392. [CrossRef]
43. Stribling, J.B.; Moulton, S.R., II; Lester, G.T. Determining the quality of taxonomic data. J. N. Am. Benthol. Soc. 2003, 22, 621–631.

[CrossRef]
44. Stribling, J.B.; Pavlik, K.L.; Holdsworth, S.M.; Leppo, E.W. Data quality, performance, and uncertainty in taxonomic identification

for biological assessments. J. N. Am. Benthol. Soc. 2008, 27, 906–919. [CrossRef]
45. Stribling, J.B. Partitioning error sources for quality control and comparability analysis in biological monitoring and assessment.

In Modern Approaches to Quality Control; InTech: Rijeka, Croatia, 2011; pp. 59–84.
46. Fontenille, D.; Almeras, L.; Garros, C. Concepts et méthodes d’identification des espèces d’arthropodes. In Entomologie Médicale et

Vétérinaire; IRD Editions & Quae Editions: Marseille, France, 2017; pp. 61–78.

https://doi.org/10.1016/j.cois.2021.11.008
https://doi.org/10.1016/j.actatropica.2022.106574
https://doi.org/10.3390/genes12121983
https://doi.org/10.1590/s1678-9946202163024
https://doi.org/10.3390/genes12121995
https://doi.org/10.1641/0006-3568(2004)054[0066:TVOMCF]2.0.CO;2
https://doi.org/10.1093/jme/tjaa205
https://doi.org/10.1016/j.actatropica.2021.106004
https://www.ncbi.nlm.nih.gov/pubmed/34119461
https://doi.org/10.11646/zootaxa.5205.2.5
https://www.ncbi.nlm.nih.gov/pubmed/37045438
https://doi.org/10.11646/zootaxa.5134.2.6
https://www.ncbi.nlm.nih.gov/pubmed/36101065
https://doi.org/10.11646/zootaxa.5175.5.5
https://www.ncbi.nlm.nih.gov/pubmed/36095342
https://doi.org/10.1093/jme/tjaa100
https://doi.org/10.1093/jme/tjaa293
https://doi.org/10.1086/284325
https://doi.org/10.1016/j.biocon.2012.04.034
https://doi.org/10.1007/s40475-017-0101-y
https://doi.org/10.1186/s12936-018-2189-5
https://doi.org/10.1093/ae/41.1.55
https://doi.org/10.1016/j.cimid.2004.03.007
https://doi.org/10.2307/1468357
https://doi.org/10.1899/07-175.1


Pathogens 2023, 12, 816 14 of 18

47. Nayduch, D.; Fryxell, R.T.; Olafson, P.U. Molecular tools used in medical and veterinary entomology. In Medical and Veterinary
Entomology, 3rd ed.; Mullen, G.R., Durden, L.A., Eds.; Elsevier: London, UK, 2019; Chapter 28; pp. 673–694.

48. Jourdain, F.; Picard, M.; Sulesco, T.; Haddad, N.; Harrat, Z.; Sawalha, S.S.; Günay, F.; Kanani, K.; Shaibi, T.; Akhramenko, D.; et al.
Identification of mosquitoes (Diptera: Culicidae): An external quality assessment of medical entomology laboratories in the
MediLabSecure Network. Parasite Vectors 2018, 11, 43. [CrossRef]

49. Dayrat, B. Towards integrative taxonomy. Biol. J. Linn. Soc. 2005, 85, 407–417. [CrossRef]
50. Will, K.W.; Mishler, B.D.; Wheeler, Q.D. The perils of DNA barcoding and the need for integrative taxonomy. Syst. Biol. 2005,

54, 844–851. [CrossRef]
51. Padial, J.M.; De La Riva, I. A response to recent proposals for integrative taxonomy. Biol. J. Linn. Soc. 2010, 101, 747–756.

[CrossRef]
52. Yeates, D.K.; Seago, A.; Nelson, L.; Cameron, S.L.; Joseph, L.E.O.; Trueman, J.W. Integrative taxonomy, or iterative taxonomy?

Syst. Entomol. 2011, 36, 209–217. [CrossRef]
53. De Queiroz, K. Species concepts and species delimitation. Syst. Biol. 2007, 56, 879–886. [CrossRef]
54. Forattini, O.P. Culicidologia Médica, 1st ed.; EDUSP: São Paulo, Brazil, 1996.
55. Reinert, J.F.; Harbach, R.E.; Kitching, I.A.N.J. Phylogeny and classification of Ochlerotatus and allied taxa (Diptera: Culicidae:

Aedini) based on morphological data from all life stages. Zool. J. Linn. Soc. 2008, 153, 29–114. [CrossRef]
56. Coetzee, M.; Koekemoer, L.L. Molecular systematics and insecticide resistance in the major African malaria vector Anopheles

funestus. Annu. Rev. Entomol. 2013, 58, 393–412. [CrossRef] [PubMed]
57. Harbach, R.E.; Kitching, I.J. Phylogeny and classification of the Culicidae (Diptera). Syst. Entomol. 1998, 23, 327–370. [CrossRef]
58. Harbach, R.E. Mosquito Taxonomic Inventory. 2023. Available online: https://mosquito-taxonomic-inventory.myspecies.info/

(accessed on 3 February 2023).
59. Suesdek, L. Microevolution of medically important mosquitoes—A review. Acta Trop. 2019, 191, 162–171. [CrossRef]
60. Hutchings, R.S.G.; Sallum, M.A.M.; Ferreira, R.L.M.; Hutchings, R.W. Mosquitoes of the Jaú National Park and their potential

importance in Brazilian Amazonia. Med. Vet. Entomol. 2005, 19, 428–441. [CrossRef]
61. Hutchings, R.S.G.; Sallum, M.A.M.; Hutchings, R.W. Mosquito (Diptera: Culicidae) diversity of a forest-fragment mosaic in the

Amazon rain forest. J. Med. Entomol. 2011, 48, 173–187. [CrossRef]
62. World Health Organization. A Global Brief on Vector-Borne Diseases; WHO: Geneve, Switzerland, 2014.
63. McMillan, J.R.; Blakney, R.A.; Mead, D.G.; Koval, W.T.; Coker, S.M.; Waller, L.A.; Kitron, U.; Vazquez-Prokopec, G.M. Linking

the vectorial capacity of multiple vectors to observed patterns of West Nile virus transmission. J. Appl. Ecol. 2019, 56, 956–965.
[CrossRef]

64. Rios, F.G.F.; do Nascimento, V.A.; Naveca, F.G.; Vieira, D.S.; Julião, G.R. Arbovirus detection in synanthropic mosquitoes from the
Brazilian Amazon and in mosquito saliva using Flinders Technology Associates cards. Microbes Infect. 2023, 25, 105046. [CrossRef]

65. Serra, O.P.; Cardoso, B.F.; Ribeiro, A.L.M.; Santos, F.A.L.D.; Slhessarenko, R.D. Mayaro virus and dengue virus 1 and 4 natural
infection in culicids from Cuiabá, state of Mato Grosso, Brazil. Mem. Inst. Oswaldo Cruz 2016, 111, 20–29. [CrossRef]

66. Da Silva Neves, N.A.; Da Silva Ferreira, R.; Morais, D.O.; Pavon, J.A.R.; de Pinho, J.B.; Slhessarenko, R.D. Chikungunya, Zika,
Mayaro, and Equine Encephalitis virus detection in adult Culicinae from South Central Mato Grosso, Brazil, during the rainy
season of 2018. Braz. J. Microbiol. 2022, 53, 63–70. [CrossRef]

67. Alencar, J.; Ferreira de Mello, C.; Brisola Marcondes, C.; Érico Guimarães, A.; Toma, H.K.; Queiroz Bastos, A.; Freitas Silva,
S.O.; Lisboa Machado, S. Natural infection and vertical transmission of Zika virus in sylvatic mosquitoes Aedes albopictus and
Haemagogus leucocelaenus from Rio de Janeiro, Brazil. Infect. Dis. Trop. Med. 2021, 6, 99. [CrossRef]

68. Stanzani, L.M.D.A.; Motta, M.D.A.; Erbisti, R.S.; Abreu, F.V.S.D.; Nascimento-Pereira, A.C.; Ferreira-de-Brito, A.; Neves, M.S.A.S.;
Pereira, G.R.; Pereira, G.R.; dos Santos, C.B.; et al. Back to Where It Was First Described: Vectors of Sylvatic Yellow Fever
Transmission in the 2017 Outbreak in Espírito Santo, Brazil. Viruses 2022, 14, 2805. [CrossRef]

69. De Curcio, J.S.; Salem-Izacc, S.M.; Neto, L.M.P.; Nunes, E.B.; Anunciação, C.E.; de Paula Silveira-Lacerda, E. Detection of Mayaro
virus in Aedes aegypti mosquitoes circulating in Goiania-Goias-Brazil. Microbes Infect. 2022, 24, 104948. [CrossRef]

70. Marcondes, C.B. Arthropod Borne Diseases; Springer International Publishing: Cham, Switzerland, 2017.
71. Cardoso, B.F.; Serra, O.P.; Heinen, L.B.D.S.; Zuchi, N.; Souza, V.C.D.; Naveca, F.G.; dos Santos, A.M.M.; Slhessarenko, R.D.

Detection of Oropouche virus segment S in patients and in Culex quinquefasciatus in the state of Mato Grosso, Brazil. Mem. Inst.
Oswaldo Cruz 2015, 110, 745–754. [CrossRef]

72. Pereira-Silva, J.W.; Ríos-Velásquez, C.M.; Lima, G.R.D.; Marialva dos Santos, E.F.; Belchior, H.C.M.; Luz, S.L.B.; Naveca, F.G.;
Pessoa, F.A.C. Distribution and diversity of mosquitoes and Oropouche-like virus infection rates in an Amazonian rural settlement.
PLoS ONE 2021, 16, e0246932. [CrossRef]

73. Hoyos-López, R.; Suaza-Vasco, J.; Rúa-Uribe, G.; Uribe, S.; Gallego-Gómez, J.C. Molecular detection of flaviviruses and al-
phaviruses in mosquitoes (Diptera: Culicidae) from coastal ecosystems in the Colombian Caribbean. Mem. Inst. Oswaldo Cruz
2016, 111, 625–634. [CrossRef]

74. Beranek, M.D.; Gallardo, R.; Almiron, W.R.; Contigiani, M.S. First detection of Mansonia titillans (Diptera: Culicidae) infected
with St. Louis encephalitis virus (Flaviviridae: Flavivirus) and Bunyamwera serogroup (Peribunyaviridae: Orthobunyavirus) in
Argentina. J. Vector Ecol. 2018, 43, 340–343. [CrossRef]

https://doi.org/10.1186/s13071-018-3127-7
https://doi.org/10.1111/j.1095-8312.2005.00503.x
https://doi.org/10.1080/10635150500354878
https://doi.org/10.1111/j.1095-8312.2010.01528.x
https://doi.org/10.1111/j.1365-3113.2010.00558.x
https://doi.org/10.1080/10635150701701083
https://doi.org/10.1111/j.1096-3642.2008.00382.x
https://doi.org/10.1146/annurev-ento-120811-153628
https://www.ncbi.nlm.nih.gov/pubmed/23317045
https://doi.org/10.1046/j.1365-3113.1998.00072.x
https://mosquito-taxonomic-inventory.myspecies.info/
https://doi.org/10.1016/j.actatropica.2018.12.013
https://doi.org/10.1111/j.1365-2915.2005.00587.x
https://doi.org/10.1603/ME10061
https://doi.org/10.1111/1365-2664.13322
https://doi.org/10.1016/j.micinf.2022.105046
https://doi.org/10.1590/0074-02760150270
https://doi.org/10.1007/s42770-021-00646-5
https://doi.org/10.3390/tropicalmed6020099
https://doi.org/10.3390/v14122805
https://doi.org/10.1016/j.micinf.2022.104948
https://doi.org/10.1590/0074-02760150123
https://doi.org/10.1371/journal.pone.0246932
https://doi.org/10.1590/0074-02760160096
https://doi.org/10.1111/jvec.12320


Pathogens 2023, 12, 816 15 of 18

75. Vázquez, A.; Ruiz, S.; Herrero, L.; Moreno, J.; Molero, F.; Magallanes, A.; Sánchez-Seco, M.P.; Figuerola, J.; Tenorio, A. West Nile
and Usutu viruses in mosquitoes in Spain, 2008–2009. Am. J. Trop. Med. Hyg. 2011, 85, 178. [CrossRef]

76. Benbetka, S.; Hachid, A.; Benallal, K.E.; Benbetka, C.; Khaldi, A.; Bitam, I.; Harrat, Z. First field evidence infection of Culex
perexiguus by West Nile virus in Sahara Oasis of Algeria. J. Vector Borne Dis. 2018, 55, 305. [CrossRef]

77. Unlu, I.; Kramer, W.L.; Roy, A.F.; Foil, L.D. Detection of West Nile virus RNA in mosquitoes and identification of mosquito blood
meals collected at alligator farms in Louisiana. J. Med. Entomol. 2010, 47, 625–633. [CrossRef]

78. Van den Eynde, C.; Sohier, C.; Matthijs, S.; De Regge, N. Japanese encephalitis virus interaction with mosquitoes: A review of
vector competence, vector capacity and mosquito immunity. Pathogens 2022, 11, 317. [CrossRef] [PubMed]

79. Roesch, F.; Fajardo, A.; Moratorio, G.; Vignuzzi, M. Usutu virus: An arbovirus on the rise. Viruses 2019, 11, 640. [CrossRef]
[PubMed]

80. Zhang, J.; Lu, G.; Li, J.; Kelly, P.; Li, M.; Wang, J.; Zhang, Y.; Wu, H.; Wang, C. Molecular Detection of Rickettsia felis and Rickettsia
bellii in Mosquitoes. Vector Borne Dis. 2019, 19, 802–809. [CrossRef] [PubMed]

81. Melaun, C.; Zotzmann, S.; Santaella, V.G.; Werblow, A.; Zumkowski-Xylander, H.; Kraiczy, P.; Klimpel, S. Occurrence of Borrelia
burgdorferi sl in different genera of mosquitoes (Culicidae) in Central Europe. Ticks Tick Borne Dis. 2016, 7, 256–263. [CrossRef]

82. Reinert, J.F. List of abbreviations for currently valid generic-level taxa in family Culicidae (Diptera). Eur. Mosq. Bull. 2009,
27, 68–76.

83. Simões, M.L.; Caragata, E.P.; Dimopoulos, G. Diverse host and restriction factors regulate mosquito–pathogen interactions.
Trends Parasitol. 2018, 34, 603–616. [CrossRef]

84. Rückert, C.; Ebel, G.D. How do virus–mosquito interactions lead to viral emergence? Trends Parasitol. 2018, 34, 310–321. [CrossRef]
85. Chan, M.; Johansson, M.A. The incubation periods of dengue viruses. PLoS ONE 2012, 7, e50972. [CrossRef]
86. CDC—Centers for Disease Control and Prevention. Malaria, Biology, Lifecycle. 2018. Available online: https://www.cdc.gov/

malaria/about/biology/index.html (accessed on 28 January 2023).
87. Rajendram, D.; Ayenza, R.; Holder, F.M.; Moran, B.; Long, T.; Shah, H.N. Long-term storage and safe retrieval of DNA from

microorganisms for molecular analysis using FTA matrix cards. J. Microbiol. Methods 2006, 67, 582–592. [CrossRef]
88. Smith, L.M.; Burgoyne, L.A. Collecting, archiving and processing DNA from wildlife samples using FTA® databasing paper.

BMC Ecol. 2004, 4, 4. [CrossRef]
89. Cardona-Ospina, J.A.; Villalba-Miranda, M.F.; Palechor-Ocampo, L.A.; Mancilla, L.I.; Sepúlveda-Arias, J.C. A systematic review

of FTA cards® as a tool for viral RNA preservation in fieldwork: Are they safe and effective? Prev. Vet. Med. 2019, 172, 104772.
[CrossRef]

90. Hall-Mendelin, S.; Ritchie, S.A.; Johansen, C.A.; Zborowski, P.; Cortis, G.; Dandridge, S.; Hall, R.A.; Van den Hurk, A.F. Exploiting
mosquito sugar feeding to detect mosquito-borne pathogens. Proc. Natl. Acad. Sci. USA 2010, 107, 11255–11259. [CrossRef]

91. Van den Hurk, A.F.; Hall-Mendelin, S.; Johansen, C.A.; Warrilow, D.; Ritchie, S.A. Evolution of mosquito-based arbovirus
surveillance systems in Australia. J. Biotechnol. Biomed. 2012, 2012, 325659. [CrossRef]

92. Wipf, N.C.; Guidi, V.; Tonolla, M.; Ruinelli, M.; Müller, P.; Engler, O. Evaluation of honey-baited FTA cards in combination with
different mosquito traps in an area of low arbovirus prevalence. Parasite Vectors 2019, 12, 554. [CrossRef]

93. Van den Hurk, A.F.; Hall-Mendelin, S.; Townsend, M.; Kurucz, N.; Edwards, J.; Ehlers, G.; Chris Rodwell, C.; Moore, F.A.;
Mcmahon, J.L.; Northill, J.A.; et al. Applications of a sugar-based surveillance system to track arboviruses in wild mosquito
populations. Vector-Borne Zoonotic Dis. 2014, 14, 66–73. [CrossRef]

94. Guedes, D.R.; Paiva, M.H.; Donato, M.M.; Barbosa, P.P.; Krokovsky, L.; Rocha, S.W.D.S.; Saraiva, K.L.A.; Crespo, M.M.; Rezende,
T.M.T.; Wallau, G.L.; et al. Zika virus replication in the mosquito Culex quinquefasciatus in Brazil. Emerg. Microbes Infect. 2017,
6, e69. [CrossRef]

95. Ramírez, A.L.; van den Hurk, A.F.; Meyer, D.B.; Ritchie, S.A. Searching for the proverbial needle in a haystack: Advances in
mosquito-borne arbovirus surveillance. Parasite Vectors 2018, 11, 320. [CrossRef]

96. Johnson, B.J.; Kerlin, T.; Hall-Mendelin, S.; Van Den Hurk, A.F.; Cortis, G.; Doggett, S.L.; Toi, C.; Fall, K.; Mcmahon, J.L.;
Townsend, M.; et al. Development and field evaluation of the sentinel mosquito arbovirus capture kit (SMACK). Parasite Vectors
2015, 8, 509. [CrossRef]

97. Flies, E.J.; Toi, C.; Weinstein, P.; Doggett, S.L.; Williams, C.R. Converting mosquito surveillance to arbovirus surveillance with
honey-baited nucleic acid preservation cards. Vector-Borne Zoonotic Dis. 2015, 15, 397–403. [CrossRef]

98. Girod, R.; Guidez, A.; Carinci, R.; Issaly, J.; Gaborit, P.; Ferrero, E.; Ardillon, V.; Fontaine, A.; Dusfour, I.; Briolant, S. Detection of
Chikungunya virus circulation using sugar-baited traps during a major outbreak in French Guiana. PLoS Negl. Trop. Dis. 2016,
10, e0004876. [CrossRef]

99. Brugman, V.A.; Kristan, M.; Gibbins, M.P.; Angrisano, F.; Sala, K.A.; Dessens, J.T.; Blagborough, A.M.; Walker, T. Detection of
malaria sporozoites expelled during mosquito sugar feeding. Sci. Rep. 2018, 8, 7545. [CrossRef] [PubMed]

100. Fourniol, L.; Madec, Y.; Mousson, L.; Vazeille, M.; Failloux, A.B. A laboratory-based study to explore the use of honey-impregnated
cards to detect chikungunya virus in mosquito saliva. PLoS ONE 2021, 16, e0249471. [CrossRef] [PubMed]

101. Lothrop, H.D.; Wheeler, S.S.; Fang, Y.; Reisen, W.K. Use of scented sugar bait stations to track mosquito-borne arbovirus
transmission in California. J. Med. Entomol. 2014, 49, 1466–1472. [CrossRef]

https://doi.org/10.4269/ajtmh.2011.11-0042
https://doi.org/10.4103/0972-9062.256566
https://doi.org/10.1093/jmedent/47.4.625
https://doi.org/10.3390/pathogens11030317
https://www.ncbi.nlm.nih.gov/pubmed/35335641
https://doi.org/10.3390/v11070640
https://www.ncbi.nlm.nih.gov/pubmed/31336826
https://doi.org/10.1089/vbz.2019.2456
https://www.ncbi.nlm.nih.gov/pubmed/31306085
https://doi.org/10.1016/j.ttbdis.2015.10.018
https://doi.org/10.1016/j.pt.2018.04.011
https://doi.org/10.1016/j.pt.2017.12.004
https://doi.org/10.1371/journal.pone.0050972
https://www.cdc.gov/malaria/about/biology/index.html
https://www.cdc.gov/malaria/about/biology/index.html
https://doi.org/10.1016/j.mimet.2006.05.010
https://doi.org/10.1186/1472-6785-4-4
https://doi.org/10.1016/j.prevetmed.2019.104772
https://doi.org/10.1073/pnas.1002040107
https://doi.org/10.1155/2012/325659
https://doi.org/10.1186/s13071-019-3798-8
https://doi.org/10.1089/vbz.2013.1373
https://doi.org/10.1038/emi.2017.59
https://doi.org/10.1186/s13071-018-2901-x
https://doi.org/10.1186/s13071-015-1114-9
https://doi.org/10.1089/vbz.2014.1759
https://doi.org/10.1371/journal.pntd.0004876
https://doi.org/10.1038/s41598-018-26010-6
https://www.ncbi.nlm.nih.gov/pubmed/29765136
https://doi.org/10.1371/journal.pone.0249471
https://www.ncbi.nlm.nih.gov/pubmed/33793656
https://doi.org/10.1603/ME12117


Pathogens 2023, 12, 816 16 of 18

102. Ramírez, A.L.; Van Den Hurk, A.F.; Mackay, I.M.; Yang, A.S.; Hewitson, G.R.; McMahon, J.L.; Boddey, J.A.; Ritchie, S.A.; Erickson,
S.M. Malaria surveillance from both ends: Concurrent detection of Plasmodium falciparum in saliva and excreta harvested from
Anopheles mosquitoes. Parasite Vectors 2019, 12, 355. [CrossRef] [PubMed]

103. Ramírez, A.L.; Hall-Mendelin, S.; Doggett, S.L.; Hewitson, G.R.; Mcmahon, J.L.; Ritchie, S.A.; Van Den Hurk, A.F. Mosquito
excreta: A sample type with many potential applications for the investigation of Ross River virus and West Nile virus ecology.
PLoS Negl. Trop. Dis. 2018, 12, e0006771. [CrossRef]

104. Sakuma, C.; Kanuka, H. A simple and affordable method for estimating the fluid volume a mosquito sucks using food dyes.
Trop. Med. Health 2021, 49, 13. [CrossRef]

105. Yang, F.; Song, X.; Yan, L. Preparation of cationic waste paper and its application in poisonous dye removal. Water Sci. Technol.
2013, 67, 2560–2567. [CrossRef]

106. Glushakova, L.G.; Alto, B.W.; Kim, M.S.; Bradley, A.; Yaren, O.; Benner, S.A. Detection of chikungunya viral RNA in mosquito
bodies on cationic (Q) paper based on innovations in synthetic biology. J. Virol. Methods 2017, 246, 104–111. [CrossRef]

107. Glushakova, L.G.; Alto, B.W.; Kim, M.-S.; Wiggins, K.; Eastmond, B.; Moussatche, P.; Burkett-Cadena, N.D.; Benner, S.A.
Optimization of cationic (Q)-paper for detection of arboviruses in infected mosquitoes. J. Virol. Methods. 2018, 261, 71–79.
[CrossRef]

108. Wiggins, K.; Eastmond, B.; Alto, B.W. Transmission potential of Mayaro virus in Florida Aedes aegypti and Aedes albopictus
mosquitoes. Med. Vet. Entomol. 2018, 32, 436–442. [CrossRef]

109. Glushakova, L.G.; Alto, B.W.; Kim, M.S.; Hutter, D.; Bradley, A.; Bradley, K.M.; Burkett-Cadena, N.D.; Benner, S.A. Multiplexed
kit based on Luminex technology and achievements in synthetic biology discriminates Zika, chikungunya, and dengue viruses in
mosquitoes. BMC Infec. Dis. 2019, 19, 418. [CrossRef]

110. Danforth, M.E.; Reisen, W.K.; Barker, C.M. Detection of arbovirus transmission via sugar feeding in a laboratory setting.
J. Med. Entomol. 2018, 55, 1575–1579. [CrossRef]

111. Guissou, E.; Waite, J.L.; Jones, M.; Bell, A.S.; Suh, E.; Yameogo, K.B.; Djègbè, N.; Da, D.F.; Hien, F.D.S.D.; Yerbanga, R.S.; et al.
A non-destructive sugar-feeding assay for parasite detection and estimating the extrinsic incubation period of Plasmodium
falciparum in individual mosquito vectors. Sci. Rep. 2021, 11, 9344. [CrossRef]

112. Gubler, D.J.; Rosen, L. A simple technique for demonstrating transmission of dengue virus by mosquitoes without the use of
vertebrate hosts. Am. J. Trop. Med. Hyg. 1976, 25, 146–150. [CrossRef]

113. Gubler, D.J.; Novak, R.J.; Vergne, E.; Colon, N.A.; Velez, M.; Fowler, J. Aedes (Gymnometopa) mediovittatus (Diptera: Culicidae), a
potential maintenance vector of dengue viruses in Puerto Rico. J. Med. Entomol. 1985, 22, 469–475. [CrossRef]

114. Styer, L.M.; Bernard, K.A.; Kramer, L.D. Enhanced early West Nile virus infection in young chickens infected by mosquito bite:
Effect of viral dose. Am. J. Trop. Med. Hyg. 2006, 75, 337–345. [CrossRef]

115. Styer, L.M.; Meola, M.A.; Kramer, L.D. West Nile virus infection decreases fecundity of Culex tarsalis females. J. Med. Entomol.
2007, 44, 1074–1085. [CrossRef]

116. Mahmood, F.; Chiles, R.E.; Fang, Y.I.N.G.; Reisen, W.K. Methods for studying the vector competence of Culex tarsalis for western
equine encephalomyelitis virus. J. Am. Mosq. Control Assoc. 2004, 20, 277–282.

117. Goddard, L.B.; Roth, A.E.; Reisen, W.K.; Scott, T.W. Vector competence of California mosquitoes for West Nile virus.
Emerg. Infect. Dis. 2002, 8, 1385. [CrossRef]

118. Romano, D.; Stefanini, C.; Canale, A.; Benelli, G. Artificial blood feeders for mosquitoes and ticks—Where from, where to?
Acta Trop. 2018, 183, 43–56. [CrossRef]

119. Pereira-Silva, J.W.; Martins-Campos, K.M.; Ferreira-Neto, J.V.; Lacerda, M.V.G.; Pessoa, F.A.C.; Ríos-Velásquez, C.M. Amazonian
Anopheles with low numbers of oocysts transmit Plasmodium vivax sporozoites during a blood meal. Sci. Rep. 2022, 12, 19442.
[CrossRef] [PubMed]

120. Miller, M.R.; Sorensen, M.R.; Markle, E.D.; Clarkson, T.C.; Knight, A.L.; Savran, M.J.; Foy, B.D. Characterizing and quantifying
arbovirus transmission by Aedes aegypti using forced salivation and analysis of bloodmeals. Insects 2021, 12, 304. [CrossRef]
[PubMed]

121. Sri-In, C.; Weng, S.C.; Shiao, S.H.; Tu, W.C. A simplified method for blood feeding, oral infection, and saliva collection of the
dengue vector mosquitoes. PLoS ONE 2020, 15, e0233618. [CrossRef] [PubMed]

122. Erickson, S.M.; Fischer, K.; Weil, G.J.; Christensen, B.M.; Fischer, P.U. Distribution of Brugia malayi larvae and DNA in vector and
non-vector mosquitoes: Implications for molecular diagnostics. Parasite Vectors 2009, 2, 56. [CrossRef]

123. Fontaine, A.; Jiolle, D.; Moltini-Conclois, I.; Lequime, S.; Lambrechts, L. Excretion of dengue virus RNA by Aedes aegypti allows
non-destructive monitoring of viral dissemination in individual mosquitoes. Sci. Rep. 2016, 6, 24885. [CrossRef]

124. Cook, D.A.; Pilotte, N.; Minetti, C.; Williams, S.A.; Reimer, L.J. A superhydrophobic cone to facilitate the xenomonitoring of
filarial parasites, malaria, and trypanosomes using mosquito excreta/feces. Gates Open Res. 2018, 1, 7. [CrossRef]

125. Minetti, C.; Pilotte, N.; Zulch, M.; Canelas, T.; Tettevi, E.J.; Veriegh, F.B.; Osei-Atweneboana, M.Y.; Williams, S.A.; Reimer, L.J.
Field evaluation of DNA detection of human filarial and malaria parasites using mosquito excreta/feces. PLoS Negl. Trop. Dis.
2020, 14, e0008175. [CrossRef]

126. Pryce, J.; Pilotte, N.; Menze, B.; Sirois, A.R.; Zulch, M.; Agbor, J.P.; Williams, S.A.; Wondji, C.S.; Reimer, L. Integrated xenosurveil-
lance of Loa loa, Wuchereria bancrofti, Mansonella perstans and Plasmodium falciparum using mosquito carcasses and faeces: A pilot
study in Cameroon. PLoS Negl. Trop. Dis. 2022, 16, e0010868. [CrossRef]

https://doi.org/10.1186/s13071-019-3610-9
https://www.ncbi.nlm.nih.gov/pubmed/31319880
https://doi.org/10.1371/journal.pntd.0006771
https://doi.org/10.1186/s41182-021-00302-6
https://doi.org/10.2166/wst.2013.140
https://doi.org/10.1016/j.jviromet.2017.04.013
https://doi.org/10.1016/j.jviromet.2018.08.004
https://doi.org/10.1111/mve.12322
https://doi.org/10.1186/s12879-019-3998-z
https://doi.org/10.1093/jme/tjy089
https://doi.org/10.1038/s41598-021-88659-w
https://doi.org/10.4269/ajtmh.1976.25.146
https://doi.org/10.1093/jmedent/22.5.469
https://doi.org/10.4269/ajtmh.2006.75.337
https://doi.org/10.1093/jmedent/44.6.1074
https://doi.org/10.3201/eid0812.020536
https://doi.org/10.1016/j.actatropica.2018.04.009
https://doi.org/10.1038/s41598-022-24058-z
https://www.ncbi.nlm.nih.gov/pubmed/36376491
https://doi.org/10.3390/insects12040304
https://www.ncbi.nlm.nih.gov/pubmed/33808172
https://doi.org/10.1371/journal.pone.0233618
https://www.ncbi.nlm.nih.gov/pubmed/32469954
https://doi.org/10.1186/1756-3305-2-56
https://doi.org/10.1038/srep24885
https://doi.org/10.12688/gatesopenres.12749.2
https://doi.org/10.1371/journal.pntd.0008175
https://doi.org/10.1371/journal.pntd.0010868


Pathogens 2023, 12, 816 17 of 18

127. Ramírez, A.L.; Hall-Mendelin, S.; Hewitson, G.R.; Mcmahon, J.L.; Staunton, K.M.; Ritchie, S.A.; Van Den Hurk, A.F. Stability of
West Nile Virus (Flaviviridae: Flavivirus) RNA in Mosquito Excreta. J. Med. Entomol. 2019, 56, 1135–1138. [CrossRef]

128. L’ambert, G.; Gendrot, M.; Briolant, S.; Nguyen, A.; Pages, S.; Bosio, L.; Palomo, V.; Gomez, N.; Benoit, N.; Savini, H.; et al.
Analysis of trapped mosquito excreta as a noninvasive method to reveal biodiversity and arbovirus circulation. Mol. Ecol. Resour.
2023, 23, 410–423. [CrossRef]

129. Pasquini, C. Near Infrared Spectroscopy: Fundamentals, Practical Aspects and Analytical Applications. J. Braz. Chem. Soc. 2003,
14, 198–219. [CrossRef]

130. Johnson, J.B.; Naiker, M. Seeing red: A review of the use of near-infrared spectroscopy (NIRS) in entomology. Appl. Spectrosc. Rev.
2020, 55, 810–839. [CrossRef]

131. Lambert, B.; Sikulu-Lord, M.T.; Mayagaya, V.S.; Devine, G.; Dowell, F.; Churcher, T.S. Monitoring the age of mosquito populations
using near-infrared spectroscopy. Sci. Rep. 2018, 8, 5274. [CrossRef]

132. Joy, T.; Chen, M.; Arnbrister, J.; Williamson, D.; Li, S.; Nair, S.; Brophy, M.; Garcia, V.M.; Walker, K.; Ernst, K.; et al. Assessing
near-infrared spectroscopy (NIRS) for evaluation of Aedes aegypti population age structure. Insects 2022, 13, 360. [CrossRef]

133. Sikulu, M.T.; Majambere, S.; Khatib, B.O.; Ali, A.S.; Hugo, L.E.; Dowell, F.E. Using a near-infrared spectrometer to estimate the
age of Anopheles mosquitoes exposed to pyrethroids. PLos ONE 2014, 9, e90657. [CrossRef]

134. Liebman, K.; Swamidoss, I.; Vizcaino, L.; Lenhart, A.; Dowell, F.; Wirtz, R. The influence of diet on the use of near-infrared
spectroscopy to determine the age of female Aedes aegypti mosquitoes. Am. J. Trop. Med. Hyg. 2015, 92, 1070–1075. [CrossRef]

135. Milali, M.P.; Kiware, S.S.; Govella, N.J.; Okumu, F.; Bansal, N.; Bozdag, S.; Charlwood, J.D.; Maia, M.F.; Ogoma, S.B.;
Dowell, F.E.; et al. An autoencoder and artificial neural network-based method to estimate parity status of wild mosquitoes from
near-infrared spectra. PLoS ONE 2020, 15, e0234557. [CrossRef]

136. Fernandes, J.N.; Dos Santos, L.M.; Chouin-Carneiro, T.; Pavan, M.G.; Garcia, G.A.; David, M.R.; Beier, J.C.; Dowell, F.E.; Maciel-De-
Freitas, R.; Sikulu-Lord, M.T. Rapid, noninvasive detection of Zika virus in Aedes aegypti mosquitoes by near-infrared spectroscopy.
Sci. Adv. 2018, 4, eaat0496. [CrossRef]

137. Santos, L.M.; Mutsaers, M.; Garcia, G.A.; David, M.R.; Pavan, M.G.; Petersen, M.T.; Corrêa-Antônio, J.; Couto-Lima, D.; Maes, L.;
Dowell, F.; et al. High throughput estimates of Wolbachia, Zika and chikungunya infection in Aedes aegypti by near-infrared
spectroscopy to improve arbovirus surveillance. Commun. Biol. 2021, 4, 67. [CrossRef]

138. Garcia, G.A.; Lord, A.R.; Santos, L.M.; Kariyawasam, T.N.; David, M.R.; Couto-Lima, D.; Tátila-Ferreira, A.; Pavan, M.G.;
Sikulu-Lord, M.T.; Maciel-de-Freitas, R. Rapid and Non-Invasive Detection of Aedes aegypti Co-Infected with Zika and Dengue
Viruses Using Near Infrared Spectroscopy. Viruses 2022, 15, 11. [CrossRef]

139. Santos, M.C.; Viana, J.L.; Monteiro, J.D.; Freire, R.C.; Freitas, D.L.; Câmara, I.M.; da Silva, G.J.S.; Gama, R.A.; Araújo, J.M.G.; Lima,
K.M. Infrared spectroscopy (NIRS and ATR-FTIR) together with multivariate classification for non-destructive differentiation
between female mosquitoes of Aedes aegypti recently infected with dengue vs. uninfected females. Acta Trop. 2022, 235, 106633.
[CrossRef] [PubMed]

140. Maia, M.F.; Kapulu, M.; Muthui, M.; Wagah, M.G.; Ferguson, H.M.; Dowell, F.E.; Baldini, F.; Ranford-Cartwright, L. Detection of
Plasmodium falciparum infected Anopheles gambiae using near-infrared spectroscopy. Malar. J. 2019, 18, 85. [CrossRef] [PubMed]

141. Da, D.F.; McCabe, R.; Somé, B.M.; Esperança, P.M.; Sala, K.A.; Blight, J.; Blagborough, A.M.; Dowell, F.; Yerbanga, S.R.;
Lefèvre, T.; et al. Detection of Plasmodium falciparum in laboratory-reared and naturally infected wild mosquitoes using near-
infrared spectroscopy. Sci. Rep. 2021, 11, 10289. [CrossRef] [PubMed]

142. Ong, O.T.; Kho, E.A.; Esperança, P.M.; Freebairn, C.; Dowell, F.E.; Devine, G.J.; Churcher, T.S. Ability of near-infrared spectroscopy
and chemometrics to predict the age of mosquitoes reared under different conditions. Parasite Vectors 2020, 13, 160. [CrossRef]

143. Esperança, P.M.; Blagborough, A.M.; Da, D.F.; Dowell, F.E.; Churcher, T.S. Detection of Plasmodium berghei infected Anopheles
stephensi using near-infrared spectroscopy. Parasit. Vectors 2018, 11, 1–9. [CrossRef]

144. Turney, S.; Cameron, E.R.; Cloutier, C.A.; Buddle, C.M. Non-repeatable science: Assessing the frequency of voucher specimen
deposition reveals that most arthropod re-search cannot be verified. PeerJ 2015, 3, e1168. [CrossRef]

145. Thompson, C.W.; Phelps, K.L.; Allard, M.W.; Cook, J.A.; Dunnum, J.L.; Ferguson, A.W.; Gelang, M.; Khan, F.A.A.; Paul, D.L.;
Reeder, D.M.; et al. Preserve a voucher specimen! The criti-cal need for integrating natural history collections in infectious disease
studies. mBio 2021, 12, e02698-20. [CrossRef]

146. Dunnum, J.L.; Yanagihara, R.; Johnson, K.M.; Armien, B.; Batsaikhan, N.; Morgan, L.; Cook, J.A. Biospecimen repositories and
integrated databases as critical infrastruc-ture for pathogen discovery and pathobiology research. PLoS Negl. Trop. Dis. 2017,
11, e0005133. [CrossRef]

147. Astorga, F.; Groom, Q.; Shimabukuro, P.H.F.; Manguin, S.; Noesgaarde, D.; Orrell, T.; Sinka, M.; Hirsch, T.; Schigel, D. Biodiversity
data supports research on human infectious diseases: Global trends, challenges, and opportunities. One Health 2023, 16, 100484.
[CrossRef]

148. Giantsis, I.A.; Chaskopoulou, A.; Bon, M.C. Mild-Vectolysis: A nondestructive DNA extraction method for vouchering sand flies
and mosquitoes. J. Med. Entomol. 2016, 53, 692–695. [CrossRef]
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