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Abstract: Many factors, such as the resistance to pesticides and a lack of knowledge of the morphology
and molecular structure of malaria vectors, have made it more challenging to eradicate malaria in
numerous malaria-endemic areas of the globe. The primary goal of this review is to discuss malaria
vector control methods and the significance of identifying species in vector control initiatives. This
was accomplished by reviewing methods of molecular identification of malaria vectors and genetic
marker classification in relation to their use for species identification. Due to its specificity and
consistency, molecular identification is preferred over morphological identification of malaria vectors.
Enhanced molecular capacity for species identification will improve mosquito characterization,
leading to accurate control strategies/treatment targeting specific mosquito species, and thus will
contribute to malaria eradication. It is crucial for disease epidemiology and surveillance to accurately
identify the Plasmodium spp. that are causing malaria in patients. The capacity for disease surveillance
will be significantly increased by the development of more accurate, precise, automated, and high-
throughput diagnostic techniques. In conclusion, although morphological identification is quick
and achievable at a reduced cost, molecular identification is preferred for specificity and sensitivity.
To achieve the targeted malaria elimination goal, proper identification of vectors using accurate
techniques for effective control measures should be prioritized.
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1. Introduction

Malaria is a potentially lethal illness brought about by a malaria parasite, Plasmodium
spp., transferred to humans via the bite of Plasmodium-infected female Anopheles mosquito
vectors [1]. Malaria has been previously reported as being one of the world’s most signif-
icant causes of death [1]. However, early detection and management can help minimize
detrimental effects [2]. The burden is highest in sub-Saharan Africa (SSA) and several Asian
nations, with rising concern of possible importation into other parts of the world, including
42 developed countries where malaria has been eradicated.

To conduct successful studies and surveillance programs for vector management,
precise classification of species is vital [3]. The predominant vector in sub-Saharan Africa
is the Anopheles mosquito, comprised specifically of Anophele fenestus, Anophele gambie,
and Anophele arabiensis. Proper identification, classification, and accurate taxonomy are
beneficial in managing and planning control strategies for malaria vector elimination.
However, the different mosquito types co-exist in nature; thus, the process of elimination
is not simple. Early taxonomies were based on morphological identification, but this
technique is subjective, error-prone, and accompanied by multifaceted limitations that
come with describing different species with look-alike appearances [4].

Recent technological improvements have substantially improved malaria monitoring
capabilities, with improved sensitivity and specificity, and automated and high-throughput
approaches for diagnosis. These approaches greatly enhance time-limited and efficient
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disease treatment in endemic locations. Despite this, the genetic plasticity of malaria
vectors such as Anopheles mosquitoes suggests that enhanced molecular capacity for species
identification is vital for improved surveillance and control [3,5]. Molecular detection
and species identification of deadly Plasmodium transmitting vectors is vital for disease
epidemiology and surveillance.

The World Health Organization (WHO) listed molecular surveillance among other
indices for measuring malaria elimination [6]. This includes molecular detection/diagnosis
of malaria parasites and vectors to resolve taxonomy quickly. However, the capacity for
molecular identification and classification of malaria vectors is very limited, particularly
in sub-Saharan Africa. Due to the insufficient capacity for genetic identification in many
contexts, several mosquito species have been misidentified and treated incorrectly [7]. This
has led to a rise in malaria incidence and deaths in sub-Saharan Africa (SSA) [8]. This
review aims to profile the need for enhanced molecular capacity for species identification
to better understand malaria vectors, especially in this era of the intensified drive toward
malaria elimination.

Vectorial Biology and Behavioral Patterns That Enhance Malaria Transmission

Mosquitoes are little, primitive insects which lay their eggs in standing water. Egg,
larva, pupa, and adult are the four phases that they pass through in their life cycle. Male
mosquitoes eat just plant nectar, but females take blood from their victims (hosts) to produce
and nourish their eggs [9] for development and reproduction purposes. The whole process
can be completed for certain species in as little as 7–10 days [9].

Infected female Anopheles mosquitoes transmit Plasmodium species from person to
person through their bites in the quest for blood meal, resulting in the insertion of sporo-
zoites directly into the skin of the hosts, most commonly humans. Previously identified
Anopheles complexes responsible for sporozoite insertion into human hosts in SSA include
An. arabiensis, An. funestus, An. gambiae, and An. Coluzzii (Figure 1). Sporozoites are the
motile infective forms of certain sporozoans produced during sporogony and commence an
asexual cycle inside the new host [10]. These sporozoites go to the liver via the bloodstream,
infecting hepatocytes via sinusoidal endothelial cells or Kupffer cells in the liver [11]. A
parasite divides into many merozoites from the inside of a hepatocyte through a process
known as schizogony. After bursting of the diseased hepatocyte, adult merozoites penetrate
the circulation and infiltrate erythrocytes, initiating a new cycle of schizogony within red
blood cells (RBCs), which involves asexual reproduction of their haploid genome [12].
Parasites grow in red blood cells in three stages: ring, trophozoite, and schizont. The adult
schizont that results is divided and comprises 16–32 daughter merozoites. The infected RBC
(iRBC) then bursts, allowing the daughter sporozoites to infect other unaffected RBCs [10].
Erythrocytic development cycles range in duration depending on the Plasmodium spp.
present, with P. knowlesi taking around 24 h to mature, while P. falciparum, P. vivax, and
P. ovale require 48 h, and P. malariae takes 72 h [10]. Ruptured iRBCs also produce numerous
parasite metabolic byproducts, such as hemozoin, which is created when the parasite body
breaks down hemoglobin.

The biology and behavioral pattern, particularly the feeding habit of mosquitoes,
make them unique vectors for the Plasmodium parasite; as such, precise characterization of
vectors causing disease is an initial step in implementing an effective control program. [13].
To focus on essential but constrained resources for managing mosquitoes, it is crucial to
identify African anopheline mosquitoes based on morphology. This allows researchers to
characterize parasites in the vectors and determine the chronological age of the vectors.
However, morphological identification is subjective and highly prone to technical and
human errors. Substantial developments in the genetic study of mosquito populations
utilizing DNA-based technology are relatively new, yet effective. An amalgam of standard
procedures and a battery of modern immunology and molecular testing methods can now
be applied on individual specimens to produce essential biological and epidemiological
knowledge [14]. Since identifying malaria vector mosquitoes accurately is crucial for eradi-
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cating and controlling the disease, enhanced molecular capacity for species identification is
critical for improved surveillance and control of malaria vectors, especially in this era of
intensified drive toward malaria elimination [15,16].
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2. Distribution, Prevalence, and Control of Malaria Vectors and Challenges with
Malaria Identification

Malaria generally affects tropical and sub-tropical nations, but the risk is greatest in
sub-Saharan Africa, where four countries including Nigeria, the Democratic Republic of the
Congo, Uganda, and Mozambique accounted for over 50% of all malaria fatalities globally
in 2021 [17]. Understanding the distribution and prevalence of malaria vectors would make
it easier to identify the species present in a given area and work toward eliminating them
with specific treatments [14].

2.1. Lessons Learned from Europe

Malaria has been eradicated in Europe, as it has in the United States, but isolated
imported cases [18] are still common. Malaria vectors in Europe include the Anopheles
maculipennis complex [19]. This complex comprises ten distinct Anopheles species, with
just three of them regarded as being the primary carriers of malaria. An. atroparvus is
the main malaria vector in northern, western, and central Europe, whilst An. sacharovi
and An. labranchiae are the main vectors in southern and southeastern Europe [19]. Other
species such as Anopheles messeae, Anopheles maculipennis s.s., and Anopheles melanoon, all of
which are members of the Anopheles maculipennis complex, are minor vectors of the disease
in Europe. In contrast, Anopheles superpictus, Anopheles plumbeus, Anopheles claviger, and
Anopheles algeriensis play a minimal role in the transmission of Plasmodium in Europe [20,21].
Various Plasmodium parasites have been detected in Europe due to malaria being imported
from various regions. Different Plasmodium spp. in Europe include P. falciparum, P. malariae,
P. knowlesi, P. vivax, and P. ovale [22].

Malaria is brought into Europe by individuals who travel from malaria-endemic places
or who go outside of Europe to malaria-endemic regions in search of work and then return
to Europe [23]. The number of imported malaria cases increased significantly between 1972
and 1988, and malaria-positive patients increased significantly in 2000. More than 70% of
these cases originated in France, the United Kingdom, Germany, and Italy [22,24–28]. Even
though malaria was officially eliminated from Europe in 1975, the Anopheles maculipennis
complex is still widely dispersed there [22]. Molecular identification and control of vectors
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in Europe is essential to malaria epidemiology and control. The need for malaria research
incorporating modern methods for disease and vector control assessment, particularly in
regions where malaria is widespread [14], cannot be overemphasized.

2.2. Lessons Learned from America

The United States of America (USA) is one of the regions that was malaria endemic.
Malaria was eradicated in the USA in the 1950s [29] via enhanced treatment, sanitation, and
widespread distribution of pesticides [30,31]. However, malaria vectors such as An. Quadri-
maculatus and An. Freeborni still exist in the United States of America, but major vectors
are not prevalent [30,32–34]. Imported cases triggered 63 malaria outbreaks in the United
States between 1957 and 2003. Between 2011 and 2016, approximately 1773 cases of malaria
were documented annually [35,36]. In 2016, there were 2078 malaria cases, which is more
than the estimated number of cases identified annually from 2011 to 2016 [35]. One likely
explanation for this rise in cases is malaria vector resistance to pesticides. However, accord-
ing to Mace [35], most malaria cases (98.8%) were imported to the USA and about 75% were
imported from sub-Saharan Africa. Airport malaria is also being blamed for the rise in the
cases of malaria in the USA. Airport malaria occurs when an infectious mosquito enters a
plane from a malaria-endemic region and is unintentionally transported to a malaria-free
area [37,38]. Not only did imported cases increase malaria prevalence in the United States,
but congenital malaria (malaria transmission from a pregnant mother to her fetus) [29] also
contributed significantly to the rise in cases from 2011 to 2016.

2.3. Lessons Learned from Asia

Previous research has shown that these species are treated differently depending
on type [39]. Anopheles sinensis was shown to be the most prevalent in biting people in
the latest research along the north/south Korean border. At the same time, Anopheles
lesteri was found to be the second most prevalent anopheline of mosquitoes sampled in
the region [40]. These researchers found it difficult to differentiate adults of An. sinensis
and An. lesteri morphologically, thus questioning the possibility of a relationship between
Korean An. lesteri and Chinese An. anthropophagus, because An. sinensis’ human biting
behavior differs from that observed in China for the same species, where it mainly feeds
on cattle. It was then concluded that identification by morphological features is not as
accurate as molecular identification. Only An. sinensis, An. lesteri, and An. yatsushiroensis
were identified in a recent molecular examination of samples from the Republic of Korea,
despite the fact that only a limited amount of material was investigated [40].

In 1979, the Republic of Korea (ROK-South Korea) was assumed to be malaria-free [41],
but in 1993, a patient tested positive for malaria caused by P. vivax. From 1993 until 2000,
there was an annual rise in malaria cases, reaching a peak of 4142 cases in 2000. However,
malaria cases due to P. vivax were reduced by more than half between 2001 and 2015 [42]
due to strong and accurate vector surveillance, and malaria transmission by Anopheles
hyrcanus was reduced by targeted control to destroy Anopheles species [43].

Malaria was prevalent in China from the 1950s to the 1970s, with around 24 million
confirmed cases in 1970 [44]. Anti-malaria therapeutic control from 1980 to 2000, brought
down malaria incidence by 20 cases per million persons in the year 2000 [44]. In 2010,
China launched the National Malaria Elimination Programme (NMEP) to eradicate malaria
by 2020 [45]. Because no indigenous cases were discovered in 2017, the NMEP succeeded in
eradicating malaria in China [46]. In China, An. sinensis, An. anthropophagus, An. minimus,
and An. dirus are active malaria vectors responsible for the spread of Plasmodium, with
An. sinensis being widely distributed compared to other species [47,48]. The NMEP adopted
the 1-3-7 approach that revolved around case reporting, investigation, and classification
within 1, 3, and 7 days and increased active vector surveillance to eradicate mosquito
breeding grounds and routine insecticide spray [49,50]. These notwithstanding, molecular
vector species identification was very helpful in determining malaria in America and
China, providing accurate identification of diverse vector species [51]. Therefore, capacity
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around technologies and methods used for molecular vector species identification and
characterization is paramount, particularly in malaria-endemic regions.

2.4. Lessons Learned from Africa

In Africa, malaria is distributed by An. arabiensis, An. coluzzii, An. gambiae, An. melas,
An. Merus, and An. funestus. These Anopheles’ species belong to different complexes
with An. arabiensis, An. coluzzii, An. melas, An. Merus, and An. gambiae belonging to the
gambiae complex and An. funestus specifically belonging to the funestus complex [52].
The above-mentioned Anopheline species are said to be the major vectors responsible for
distribution of P. vivax and P. falciparum to humans in Africa [53]. An. gambiae sensu stricto
is distributed widely across Madagascar and Africa [54], An. coluzzi is prevalent in west
Africa, with transmission extending into central Africa and Angola [55], and An. arabiensis
is widely spread throughout Africa [56], while An. melas and An. merus have been observed
in west and east African coastlines, respectively [57]. An. funestus s.s. is thought to be the
main vector regulating transmission of malaria parasites throughout southern and certain
regions of east Africa; however, it is found in most African countries and can be a far more
dominant vector than An. gambiae in other locations [58]. Additional anopheline species
which transmit malaria in west and central Africa are An. moucheti and An. nili s.s. [59].

In 2015, of the 88% of the 214 million worldwide cases reported, 90% of the 438,000 deaths
were recorded in Africa [60]. In 2020, sub-Saharan Africa was responsible for 95% of all
malaria cases and 96% of all fatalities. Around 80% of deaths in the region occurred
among children under the age of five [29]. Malaria is still highly endemic in Africa because
of challenges associated with identifying vectors that belong to species complexes and
the changing composition of malaria vectors. Improved molecular species identification
capacity can help resolve these challenges through accurate and efficient methods of
identifying vector species. This can thus encourage the advancement of strategies for the
management of mosquitoes that are specifically suited to their bionomics and distribution.

3. Mosquito Control Strategies

Various strategies for controlling mosquito vector species have been employed globally
and they continue to evolve. These include chemical insecticides that focus on the elimina-
tion of malaria vectors utilizing various kinds of chemical insecticides [61], destruction or
control of the environment for larvae, larviciding with insecticides, the use of biological
agents, and rotational use of insecticides to avoid the emergence of tolerance/resistance
in populations of mosquitoes [62]. Innovative methods for malaria control, such as field
investigations, laboratory-based research, and vector control evaluation, in endemic com-
munities, could leverage on species identification, as well as applying the right kind of
insecticide, as ways of preventing over-exposure that could result in insecticide resistance
and other downstream complications.

3.1. Mosquito Control Strategies in Africa

Among all previously stated malaria elimination strategies, long-lasting insecticidal
nets (LLINs) and indoor residual spraying (IRS) are said to be the core vector control
measures in African regions, including Ethiopia. These two strategies have been proven
to be effective in managing malaria but not in eradicating it. Their efficacy, however, may
differ based on their specific geographical distribution, ownership, and utilization at the
household level [63]. They are used to control mosquitoes that feed and rest indoors,
but they cannot stop the spread of malaria outdoors, where there are effective vectors
that want to eat human blood outdoors or eat indoors and relax outside [64]. Malaria
vectors can develop resistance to LLINs and IRS, which is one of its limitations. Another
disadvantage of the eradication procedures mentioned above is that they might result in
residual transmission. Residual transmission is characterized by minimal transmission of
the disease in the presence of high levels of LLINs and IRS coverage to which the local
vector is completely susceptible [65]. Low transmission that remains cause malaria vectors
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to be resistant to LLINs and IRS. As a result, significantly increasing LLINs and IRS could
result in a substantial decrease in the burden of malaria during the control phase, but it
will not stop malaria transmission permanently [66].

As previously stated, apart from LLINs and IRS, there are other malaria strategies
used to control malaria in Africa, e.g., improving housing, zooprophylaxis, insecticide-
treated livestock, ivermectin administration to humans, odor-baited mosquito trapping
systems, space spraying, ITPS, etc. Among the previously mentioned malaria vector control
methods, LLINs are considered the key strategy for controlling vectors in all African regions
that are endemic to malaria and are recognized to be a very successful tool in reducing
malaria transmission [67]. Mosquito resistance to the pesticide chemicals on LLINs and
misapplication are important issues for LLINs [68]. Recent studies found that LLINs
treated with permethrin (a pyrethroid) and pyriproxyfen were more effective than LLINs
fed with permethrin only [69]. According to Tiono et al. [70] and Protopopoff et al. [71], new
LLINs coated with piperonyl butoxide (PBO) and pyrethroid insecticide may be helpful in
combating resistance. PBO has no intrinsic pesticidal properties, but it prevents mosquitoes
from producing important metabolic enzymes that mosquitoes need to detoxify insecticides
before they may become poisonous. As a result, PBOs boost the effectiveness of pyrethroids
on LLINs, making them more poisonous to mosquitoes.

IRS involves the application of long-lasting chemical pesticides to buildings’ interior
walls and roofs to get rid of adult mosquitoes resting there [71]. Most researchers have
found indoor residual spraying to help lower new malaria infections and death due to
malaria. It has also been implemented as one of the most crucial techniques for control-
ling vectors in Africa [71,72]. According to the WHO [45], the combination of IRS and
Dichlorodiphenyltrichloroethane (DDT) was essential to the achievement of the WHO-led
malaria eradication campaign in the 1950s and 1960s, and it remained the cornerstone
of the world’s coordinated attempt to manage and eradicate malaria today. Insecticides
for IRS recommended by the WHO targeting malaria vectors include organophosphates,
organochlorine (DDT), pyrethroids, and carbamates [73]. Malaria disease is increased
by poor housing conditions, like exposed eaves or openings that allow mosquitoes to
enter [74]. However, mosquito-proofed buildings can lower the risk of indoor malaria
transmission, which happens before bedtime, by limiting mosquitoes’ entry into the resi-
dence [75]. According to Killeen et al. [76], screening and general housing improvements
have been utilized in the industrialized African countries as supplements to the malaria
eradication approach.

Insecticide-treated livestock refers to the treatment of animals using suitable pesticides
to prevent mosquitoes from biting animals, while zooprophylaxis involves the use of
animals to deflect blood-seeking mosquitoes away from the human host [76]. According to
Franco et al. [77], local vector behaviors, such as zoophilic and exophilic vectors, habitat
barriers among human and animal quarters, and enhancing zooprophylaxis using pesticide
treatment of animals or co-intervention of LLINs and/or IRS, are all factors that influence
the success of these treatments. Ivermectin (IVM) is a medication which is normally utilized
to cure lymphatic filariasis and onchocerciasis. It is an effective treatment against various
parasites and vectors [78].

Previous studies have demonstrated that IVM kills Anopheles mosquitoes that eat
human blood while also helping to kill Plasmodium parasites as the same time [79,80]. A
study conducted in the Greater Mekong sub-region has consistently demonstrated that
IVM mass medication treatment can decrease malaria transmission [81,82]. Smit et al. [83]
clarified that IVM is a safe and effective treatment at high dosages of 300 g/kg/day for
three days to control exophagic or exophilic vectors. Ivermectin has been demonstrated to
boost the impact of mass drug administration (MDA) with Artemisinin-based combination
treatment (ACT) on malaria transmission with fewer MDA cycles, suggesting that addi-
tional IVM might maintain the influence on disease prevalence even if MDA coverage is
lowered [78]. As a result, the WHO is exploring using mass IVM administration in people
as a supplementary method to reduce mosquitoes biting in the outdoors.
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Mosquito attractants in a synthetic scent blend can attract more mosquitoes than peo-
ple and can be used to trap and kill mosquitoes [83]. This method may kill male and female
mosquitoes, reducing the malaria vector population [84]. According to prior research, an
odor-baited station may be used as a capture, and the contamination kills mosquitoes that
escape the trapping net soon after [85]. LLINs can be supplemented with odor-baited
traps, which can help minimize the transmission of malaria. Male mosquitoes gather in
groups and compete for the attention of female mosquitoes, searching for a mate. Swarms
are more common at sunset and in mapped sites [86]. The use of hand-held pesticide
aerosol spray to attack these groupings was successful in a study by Zahar et al. [87,88].
Space spraying in buses, trains, and aircraft as they leave from malaria-endemic regions
is recommended by the WHO to avoid malaria reintroduction into countries where it has
been eradicated [88] and to reduce epidemics in urban areas or refugee camps [89]. In
instances when LLINs or IRS cannot be deployed, repellent creams may give self-protection
against biting mosquitoes.

The utilization of environmental alteration to limit mosquitoes’ nesting locations or
the utilization of biological or chemical larvicidal treatments to eradicate the larval phase of
mosquitoes are examples of larval control measures [89]. This might be useful for reducing
the danger of vector bites in minimal disease transmission areas, especially in areas where
the disease is being eradicated [88]. Biology may additionally serve an important role in
mosquitoes vector control. Larvivorous fish, which nourish mosquito larvae, have been
utilized in malaria control efforts across the globe [90]. The utilization of larvivorous
fish to prevent malaria is a less expensive and environmentally friendlier alternative to
insecticide-based approaches [90]. In India, using larvivorous fish in conjunction with
indoor residual spraying and case treatment was demonstrated to be effective in malaria
prevention [91]. Previously described malaria vector control methods, including IRS and
LLINs, can aid in the reduction in disease transmission. Without more innovation, attaining
and maintaining zero malaria transmission is impossible, especially in the presence of
residual malaria transmission, pesticide resistance, and asymptomatic malaria.

The use of gene drives to replace populations of mosquitoes might be used to combat
malaria. Gene drives are indeed being investigated as a potential novel method of manag-
ing malaria vectors, locusts, and other insects. They function by developing genetically
engineered mosquitoes that breed with natural insects after being released into the environ-
ment [92,93]. The resulting offspring have alleles that lower populations of malaria vectors
or reduce the likelihood of mosquitoes in transmitting the Plasmodium parasite [92,93].
As a result, Hoermann et al. [94] conducted research in which the malaria-transmitting
mosquito Anopheles gambiae was genetically changed. Hoermann and colleagues utilized
CRISPR-Cas9 technology to introduce an anti-malarial protein gene among activated genes
after a mosquito consumes blood. This was done so that the full stretch of DNA may also
function as a gene drive that can be passed down to most mosquitoes’ progeny. They
initially inserted a fluorescent marker into the gene to allow them to monitor it in three
different locations in the DNA, then removed the marker, resulting in a little change in
genes [92,93]. Hoermann and colleagues bred the mosquitoes to check if they could breed
effectively and remain healthy. Their findings suggest that this method of genetic alteration
might result in effective gene drives. When unmodified mosquitoes were mixed with
transformed mosquitoes, they transformed into gene drives without additional alterations.

3.2. Mosquito Control Strategies in Asia

Malaria control in Asia, particularly in southeastern Asia, is stated to rely heavily on
vector management. In Asia, malaria vector management primarily focuses on four mea-
sures: insecticide spraying, insecticide-treated mosquito nets, larval control, and personal
protection [95].

Indoor spraying utilizing DDT has been used to control malaria vectors in different
Asian countries including Laos, Vietnam, and Myanmar [95]. Since most vectors rest
outside, they are unlikely to be susceptible to IRS, which was historically the core of malaria
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elimination programs and was thought to be particularly successful against An. minimus,
which used to eat and sleep indoors [96]. IRS employing DDT was shown to be very
effective in killing Anopheles sundaicus in Asia, although Anopheles sundaicus in Vietnam
showed DDT resistance [95]. Spraying not only helps to eradicate mosquitoes indoors,
but it may also defend migrant workers camping in forests in this situation. Ultra-low-
volume (ULV) spraying is usually used and is said to be very effective because numerous
malaria vectors inhabit a small area and are frequently less resistant than indigenous
populations [95].

Anopheles dirus is believed to be the primary carrier of malaria in southeast Asia,
and because of its late feeding, it may be managed by insecticide-treated mosquito nets.
Etofenprox-treated mosquito nets aided in reducing Anopheles minimus, hence lowering
malaria in Vietnam [97]. Permethrin-treated nets were more effective than placebo nets
in Malaysia, where parasite rates in individuals and sporozoite rates in An. muculatus
were very low after employing permethrin-treated nets [97]. Permethrin also aided in
the reduction in positive falciparum malaria cases among children below the age of two
years in Indonesia [97]. Dolan et al. [98] reported that malaria was decreased by using
family-sized nets or single nets treated with permethrin in a camp on the Thai–Myanmar
border. Comparing permethrin-treated and untreated nets, the treated one was found to
be more effective for children aged 4-15 years near the Thai–Myanmar border because it
reduced malaria incidence despite failing to lower P. falciparum prevalence; however, it had
no effect on P. vixax [99].

Larvivorous fish have been used as a tool to control An. dirus and An. minimus larvae in
Thailand [100]. In Malaysia, tiny dams with siphons are utilized to flush streams regularly
to reduce Anopheles maculatus larvae [101]. According to Moorhouse [102], oiling and
drainage have previously proven to be effective in inhibiting the hatching of An. maculatus
eggs. Previous studies reported that the Asian malaria vector species which is most
likely to be susceptible to larval control is An. sundaicus. In Malaysia, An. sundaicus was
effectively managed by regulating larvae with various control techniques such as oiling and
constructing bunds with flapping valves to keep brackish water out [102]. Furthermore,
fenthion larviciding, B. thuringiensis treatment, algae removal, and planting of mangroves
have all been employed to reduce An. sundaicus in Indonesia [103]. Mosquito nets and
window screens are widely used for defense against mosquitoes, while home pesticide
sprays and repellents are also accessible. Lastly, mosquito coils have been also used to repel
mosquitoes in Thailand [95].

3.3. Mosquito Control Strategies in the USA and Europe

Malaria had previously been eliminated in both the United States and Europe, but
malaria cases were later imported from malaria-endemic areas. Because these two locations
are impacted by cases imported from almost equivalent endemic places such as Africa, the
method of controlling malaria vectors is similar. Mosquito larvae control is very effective
in Europe and America [104]. Different regions, including the USA, Asia, Europe, etc.,
share some control measures such as insecticides, drainage ditches, and the incredible
power of window screens [104,105]. Prior studies reported that biological management
with larvivorous fish aids in larva removal, although it is less effective.

CDC [104] reported on an exceptional control measure, known as source reduction,
which is usually used in the USA and Europe. Source reduction is the removal or complete
elimination of mosquitoes’ breeding areas [104]. Mosquitoes require water for two stages of
their life cycle; therefore, controlling standing water sources around the home is one of the
most effective malaria vector control methods used in the United States and Europe because
they will not have a place to lay eggs if their breeding site (standing water) is destroyed [106].
Larval homes can be removed through various methods, such as refilling depressions that
collect water and draining marshes [104]. Chemical pesticides can eliminate mosquitoes
whose habitats cannot be eliminated. Examples of insecticides which are commonly used in
Europe and the USA include DDT, permethrin, organochlorines, pyrethroids, carbamates,



Microorganisms 2024, 12, 82 9 of 29

organophosphates, organochlorine cyclodiene, and phenylpyrazoles [107]. However, the
USA outlawed the use of DDT in 1972 [108]. Water oiling, in which oil is sprinkled on the
surface of the water, killing pupae and larvae by suffocating them, has aided in managing
malaria vectors in these two regions.

Proposed biocontrol agents, such as fungus or mermithid worms, parasitize and kill
larval mosquitoes, but they are ineffective and rarely utilized. Similarly, mosquitoes’ fish
have been generally ineffective [104]. In conclusion, the above-mentioned control tech-
niques utilized in various regions limit malaria transmission in malaria-endemic regions
worldwide since they kill the vectors responsible for spreading the parasite. Currently,
there are several innovative genetic manipulation strategies for mosquito vector control that
have recently been developed or are being developed that leverage on vector genetics in
malaria control. Some of these are as follows: 1. population suppression strategies, such as
the sterile insect technique (SIT), incompatible insect technique (IIT), and various transgene-
based technologies including gene drives [109]; 2. population modification methods that
attempt to modify vectors’ populations to include heritable elements that minimize or avert
the spread of pathogens [14]; 3. paratransgenesis which involves the genetic modification
of symbiotic bacteria living within the mosquito gut to interfere with pathogen transmis-
sion [110,111]; 4. the substitution of a vector population with disease-resistant mosquitoes
and the release of mosquitoes containing a deadly gene to suppress the populations of
interest; 5. molecular identification of mosquito species using DNA barcoding which can
help improve the accuracy of mosquito identification and provide details about the makeup
of a specific genus [112]; and 6. utilizing transposable element-based systems to transform
significant vector mosquitoes [113]. These vector control technologies have been utilized to
a limited extent in the distribution of disease pathogens transported by Aedes mosquitoes at
different trial locations but are challenged by diverse ethical issues that must be overcome
before general use and acceptability.

4. Identification and Characterization of Malaria Vectors
4.1. Morphological Identification of Malaria Vectors

Malaria vectors are arthropods belonging to the class Insecta and their order is Diptera.
Different methods and tools are utilized for the morphological classification of malaria
vectors (Anopheles) previously discussed [114]. Just by studying the dispersion and structure
of scales on the thorax and abdomen, Theobald (1899) discovered four sub-genera of Anopheles:
Cellia, Kerteszia, Nyssorhynchus, and Stethomyia [114]. However, Christophers et al. [115–119]
were not satisfied with Herbach’s method of classification since, after utilizing their classifi-
cation system, which focused mainly on the quantity and placements of specific setae on
the gonocoxites of the male genitalia, they were able to discover new Anopheles sub-genera
such as Anopheles, Myzomyia (Cellia), Nyssorhynchus, Stethomyia, Kerteszia, Lophopodomyia,
Christya, and Baimaia [114]. Despite the importance of morphological identification of
malaria vectors, it has significant limitations/challenges, as discussed in one of the sec-
tions below.

4.2. Classification of Mosquitoes

Mosquito vectors are classified into three genera: Anopheles, Aedes, and Culex [120].
The classification of Theobald (1899) suggested distinct Anopheles genera based on the
distribution and structure of scales on the thorax and abdomen [114]. At the time, Cellia,
Kerteszia, Nyssorhynchus, and Stethomyia were accepted as sub-genera of Anopheles. Since
new Anopheles’ species were discovered after Theobald’s Anopheles’ classification, his cat-
egorization was neither practical nor natural, and as a result, several scientists [115–121]
questioned his method of categorization. A new classification system that emerged fol-
lowing this controversy focused on the quantity and placements of specific setae on the
gonocoxites of the male genitalia. This categorization technique aided in the discovery
of various Anopheles sub-genera, including Myzomyia (Cellia), Nyssorhynchus, Stethomyia,
Kerteszia, Lophopodomyia, Christya, and Baimaia [114]. Until now, previously described sub-
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genera have been used for Anopheles categorization, and they contain the species that spread
human malaria parasites. Most of the malaria-transmitting anophelines are members of
species complexes that commonly comprise vector and non-vector species. It is difficult,
if not impossible, to separate these co-existing complexes morphologically. Despite the
existence of the species complexes, which make vector identification of malaria vectors
more difficult, solitary Anopheles species frequently demonstrate high variation through-
out a wide geographic range [114], making morphological identification alone a more
difficult-to-use technique for differentiating malaria vectors from other mosquito species.
However, a combination with molecular identification has been more successful [122] than
the morphological approach alone.

4.3. Molecular Identification of Mosquito Species

The molecular species discrimination tool relies on the variation in recombinant DNA
(rDNA) sequences [123]. Therefore, the rDNA group has become a well-known tool
in atomic entomology [124] and is also used to develop diagnostic tests to distinguish
cryptic Anopheline species [11]. Mitochondrial DNA (mtDNA) also varies among different
species [9]. Hence, mtDNA barcode is another tool used by geneticists to distinguish
mosquitoes, with the help of other genetic markers [9].

Genetic markers are the major tools used by geneticists for the identification of malaria
vectors. The variety and quantity of molecular markers accessible for the research of disease
vectors has nearly tripled in the previous decade [10,125]. According to Favia et al. [12],
genetic markers have evolved from the “traditional tools” of polytene chromosomal cy-
tology, genetic compatibility, immunological and hybridization procedures, and isozyme
analysis to include a diverse range of molecular markers. These modern markers vary
from so-called “traditional genetic markers” (mitochondrial DNA and complementary
DNA (cDNA)) to techniques for detecting and identifying single nucleotide polymorphisms
(SNPs) and to highly polymorphic markers (random amplified polymorphic DNA (RAPDs),
microsatellite DNAs, and amplified fragment-length polymorphisms (AFLPs)) [65]. DNA
taken from several malaria vectors may be analyzed using different techniques such as PCR,
real-time PCR, next-generation sequencing, etc., in which an individual marker is used to
analyze DNA from distinct malaria vectors or numerous markers are used to analyze DNA
from a single malaria vector. However, there is still a dearth of capacity regarding trained
personnel with the technical know-how for conducting molecular assays, particularly in
regions where malaria is most endemic. Equipment and other infrastructures for molecular
sequencing and assays are equally scarce. Where they are found on the continent, they are
located so far apart that collaboration and joint research for understanding the regional
status of malaria is rendered very difficult [126]. Knowing how genetically varied wild
mosquito species are, how pesticide resistance develops and spreads, and the frequency
and selective advantages is critical for maintaining present malaria control success and
driving toward malaria eradication.

Apart from research into malaria vector classification, molecular studies of genes
undergoing selection [127] and of demonstrated alterations occurring in some of the genes
of Anopheles species conferring insecticide resistance on these vectors further shed light on
our understanding of the genetic potentials of the malaria vector, which morphological
classification alone will not be able to pinpoint.

4.4. Taxonomic Characterization of Malaria Vector Species

The goal of categorization is to group biological entities with certain common prop-
erties. Mayr and Bock [128] defined classification as “The organization of related things
(objects) in a hierarchical succession of nested classes, in which each more inclusive higher-
level class is divided completely into less inclusive classes at the next lower level”, and
these groups (classes) are referred to as a taxon (taxa: plural form). A taxonomic rank or
category is the level of a taxon in a hierarchical classification [115].
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In addition to the previously mentioned classification system, various scientists, in-
cluding Edwards et al. [116,123,129–133], developed the systems for internal categorization
of the genus Anopheles. Their approach creates a hierarchy of informal taxonomic divisions
for the three main sub-genera Anopheles, Cellia, and Nyssorhynchus. Depending on the
structure of the pupal trumpet, the sub-genus Anopheles is separated into two parts. These
were created for different purposes, with the Laticorn Section designed for species with
a broad funnel-shaped trumpet with the longest axis transverse to the stem, while the
Angusticorn Section was formed for species with a semi-tubular trumpet with the longest
axis vertical and more or less parallel to the stem [130]. The sub-genus Nyssorhynchus
is classified into three parts based on the different combinations of larval, pupal, and
adult characteristics [134]. The majority of categories at each level of categorization are
assumed to reflect natural species groups, indicating phylogenetic links; however, a much
more fundamental taxonomic study is required before the informal and formal taxa can be
established as monophyletic units.

According to Harbach [114], taxa classes must have the same phylogenetic rank, in
practice; however, they are essentially subjective groupings of subordinate taxa that are
assumed to represent monophyletic groups of species and are allocated to taxonomic ranks
based on common physical and biological traits rather than phylogenetic equivalency. As a
result, the taxonomic classifications of the genera Anopheles, including the formal rank of the
sub-genus, must not be regarded as phylogenetic equivalents [114]. Under the International
Code of Zoological Nomenclature, infra-sub-generic categories known as taxonomic ranks
below the sub-genus have no official validity. They are only convenience groups, frequently
based on surface resemblances that may or may not reflect natural connections. Sections,
series, groups, sub-groups, and complexes are some informal groupings used in Anopheles
categorization or classification [114].

4.5. Challenges Associated with Structural Species Identification

According to Erlank et al. [13], there are disadvantages to structural species identifica-
tion, just as there are to other mosquito identification techniques, such as when mosquito
samples have lost significant external characteristics of their anatomy (e.g., feet), which
is common if using a collection process like the Centers for Disease Control and Preven-
tion miniature light traps (CDC-LT), where mosquitoes are destroyed as they are sucked
through the fan blades. Drawbacks of the morphological identification of species may
also be caused by the level of the abilities required to carry out the identifications which
may be insufficient or may not exist at all. Researchers in eastern Zambia recently utilized
two genetic tests, COI mtDNA and ITS2 rDNA, to validate the morphology of malaria
vectors [135]. They morphologically identified 8 Anopheles species; however, 18 species or
groups were identified molecularly, 16 of which had individuals that were morphologically
characterized as belonging to the An. funestus group and 12 of which belonged to the
An. gambiae complex. On the other hand, certain species that were morphologically classi-
fied as both Anopheles Funestus and Anopheles Gambia Group were molecularly identified
as “Anopheles coustani” [135]. This suggests that when identifying malaria vectors, mor-
phological identification alone is insufficient; it should always be verified using molecular
approaches that are highly specific.

Based on multiple genetic approaches, most prior research has established that prac-
tically every morphological taxon investigated thus far is a species complex, with the
An. gambiae complex and the An. funestus group being the most well known [136]. Co-
etzee [137], however, clarified that there are other species complexes, such as Anopheles
coustani/crypticus, which shows variability in chromosome, and Anopheles nili/marshallii/
letabensis/hughi, which also shows variation in chromosomes [138]. Anopheles pharoen-
sis, Anopheles longipalpis, and Anopheles squamosus were only molecularly categorized and
are among the complexes that are yet to be morphologically characterized [135]. New
mosquitoes’ species are being discovered from molecular information. However, these
molecular forms should be linked to iso-female lines better to understand their role in
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the spread of malaria. These lines can provide details on the genetic variation within
families and relevant morphological descriptions. Molecular techniques’ emergence and
subsequent application to research or surveillance is based on morphological classification
using dichotomous keys [11,15,139]. Because of the above-mentioned facts, it is critical
to classify species using both morphological and molecular classification, beginning with
morphological identification and then moving on to molecular classification, because the
information mentioned above revealed that some species might be incorrectly classified
morphologically due to a variety of potential limitations, such as body parts lost during
collection. Due to their great sensitivity, molecular methods and markers can detect all
variations in the relevant genes, hence they rarely misidentify species. Consequently, it is
crucial to confirm morphological categorization with genetic classification regularly.

4.6. Molecular Characterization of Malaria Vectors

It is always hard to distinguish related malaria vector species morphologically because
of limitations, such as losing some body parts during mosquito collection. However, it is
always possible to differentiate them molecularly. As mentioned earlier, the ribosomal DNA
internal transcription spacer region 2 (rDNA ITS2) and the mitochondrial DNA cytochrome
oxidase sub-unit 1 (mtDNA CO1) are two rapidly evolving loci, distinguishing species
complex members. They also provide the reference sequence to generate Anopheles’ unique
barcode that identifies and distinguishes species [11,140]. Despite the fact that databases are
becoming more abundant with Anopheles sequences at these two loci, numerous common
anophelines are still to be studied molecularly. According to Harbach [114], regardless of
the fact that the genus Anopheles has almost 500 species, there are only around 200 ITS2
and CO1 sequences in GenBank (National Center for Biotechnology Information [NCBI]).
Genetic testing of local anophelines, including suspected non-vector species, would allow
for the correct matching of bionomic features with species, enabling adequate assessment
of the effectiveness or limits of treatments being applied.

According to Kengne et al. [124], every repeating unit of rDNA in eukaryotic organisms
has an intergenic spacer (IGS), followed by genes coding for the 18S, 5.8S, and 28S rDNA.
The external transcribed spacer (ETS) precedes the 18S gene, while the internal transcribed
spacers 1 and 2 surround the 5.8S rDNA (ITS1 and ITS2) [11]. This multigene family evolves
cohesively within species through coordinated evolution, which tends to homogenize
sequences within species while promoting species divergence [141]. Although non-coding
DNA sequences are known to drift away quickly even among closely related species, coding
DNA sections are considered exceptionally conserved even among distantly related species.
As a result, by using primers located in conserved rDNA regions, variable portions from a
wide variety of species can be amplified, despite the lack of prior sequence information [11].
Sequence diversity in the ITS2 region has already been observed across different Anopheline
species from various countries [142,143]. Thus, ITS2, together with other markers such as
COI, 5.8S, 28S, 16S-rDNA, etc, has been mostly utilized to differentiate distinct Anopheles’
species in various countries/regions worldwide (Table 1).

Table 1. Examples of markers normally utilized for identifying Anopheles complexes in different
countries or regions.

Markers Countries/Regions Anopheles
Complex Identified Reference

1. COI
ITS2 Sri Lanka An. culicinae

complex Weeraratne et al. [143]

2. COI Australia (Victoria State) An. culicidae
complex Batovska et al. [144]

3. ITS2
COI Middle Asia and Kazakhstan An. maculipennis complex WHO, [145]
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Table 1. Cont.

Markers Countries/Regions Anopheles
Complex Identified Reference

4. COI
ITS2 Portugal

An. maculipennis complex,
An. claviger

complex, and Aedes detritus
complex

Madeira et al. [146]

5.
ITS2
5.8S
28S

India, i.e., Gurugram,
Nuh, Alwar, and New

Delhi from northern India, Ranchi, Raipur,
and Gadhchiroli from central India, Goa,

Bangalore, Mangalore, Chennai, and
Mysuru from southern India

An. stephensi Mishra et al. [147]

6. ITS2
16S-rDNA North-central Nigeria An. culicidae Iyiola et al. [148]

7. ITS2
COI

Karama, west
Sulawesi, and Indonesia

An. aconitus;
An. barbirostris;

An. karwari;
An. peditaeniatus;

An. tessellatus;
An. vagus; An. kochi;

An. flavirostris;
An. nigerrimus; and

An. maculatus

Davidson et al. [149]

8. ITS2
COI

Kenyan highlands
(Nyanza Province)

An. gambiae and
An. funestus St Laurent et al. [150]

9.
ITS2
D3

28SDomain

Cameroon, Burkina Faso, Ivory
Coast. and

Senegal
An. nili Kengne et al. [124]

10. ITS2

South-east Asia (Hanoi suburbs; Hoa
Binh; Ninh Binh; Khanh Hoa; Dak Lak;
Binh Thuan; Vientiane; Kanchanaburi;

Rattanakiry)

An. minimus Van Bortel et al. [151]

A study by Gao et al. [152] demonstrated that two different malaria vectors (Anopheles
anthropophagus and Anopheles sinensis) are closely related species, which made it difficult
to separate them morphologically; however, they were found to be genetically dissimilar.
Their genetic dissimilarity was identified based on PCR-RFLP analysis of the ITS2, digested
with either HinfI or RsaI. Previous research has shown that it is feasible to morphologi-
cally classify a mosquito species as another species and then receive something different
while performing DNA analysis. Malaria eradication is threatened by the prevalence and
widespread distribution of the malaria vector; however, since genetic markers have aided
in the identification and elimination of vectors, they may be a successful way of reduc-
ing population size and limiting distribution, which may also limit disease transmission.
Utilizing adult and egg morphology, malaria vector species collected in Guangdong were
morphologically recognized as Anopheles anthropophagus; however, a few of these species
were molecularly categorized as Anopheles sinensis [152]. After that, sequencing analysis val-
idated the observation [152]. Next-generation sequencing [153], genotyping-by-sequencing,
restriction site-associated DNA sequencing, and RNA sequencing are common sequencing
techniques used in population genetics studies [154] and their strength and limitations are
discussed in some sections below. Furthermore, the Liaoning material revealed consider-
able variation in the egg deck width. This feature has been characterized as wide, moderate,
narrow, or extremely narrow and has been used to distinguish Hyrcanus species [131,155].
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The Hyrcanus family includes a vast number of closely related species that may be
found across the southern Palaearctic and Oriental areas, from Spain to China, Mongolia,
and Russia, and along the Indonesian archipelago to East Timor, and this group is comprised
of 28 species [131]. According to a study conducted by Gao et al. [152] concentrating on
the deck width morphological trait, some malaria vectors from Liaoning seemed similar to
Anopheles anthropophagus by having a narrow deck, whereas others appeared to be Anopheles
sinensis (with a wide deck). Despite the availability of these data, the PCR-RFLP approach
successfully identified all specimens obtained in Liaoning as An. anthropophagus. These data
show that egg deck width may not be as accurate as previously assumed in distinguishing
An. anthropophagus from An. sinensis.

There is a lot of merit associated with the molecular characterization of malaria vectors.
Some molecular characterization techniques use allozymes or DNA, and these methods
have the benefit of being usable for both genders and all developmental phases [112].
DNA-based methods of classification have substituted allozyme approaches because they
have the benefit of needing fewer steps for material preservation [112]. Another advantage
of the molecular characterization of malaria vectors is the potential for adapting DNA-
based approaches for very inexpensive identification, much like for the Anopheles gambiae
complex [156–158].

The molecular approach, specifically PCR, is so sensitive that it can identify a mosquito
by using a small body component such as its leg, which is advantageous since the remainder
of the body may be utilized for further analyses such as parasite identification. On the other
hand, a method known as Random Amplified Polymorphic DNA (RAPD), a PCR-based
method for detecting variation, exists. The big benefit of RAPD is that it may be used
in systems without any prior molecular knowledge of the genome [159]. RAPD markers
are frequently found in the DNA’s repetitive, highly changeable sections. If it leads to
intraspecific variation, this can work against species identification but may help separate
very closely related species [156]. Ribosomal DNA (rDNA) has been promoted by Collins
and Paskewitz [11] for use in identifying cryptic Anopheles species. Ribosomal DNA is
said to be a well-characterized marker. The advantage of employing rDNA for identifying
mosquitoes is that the nature and scope of the changes on which an analysis is based are
much more evident [112].

Despite its benefits, molecular characterization has limitations and difficulties. One of
the limitations of molecular characterization is the cross-hybridization of DNA, or variations
in copy number across a species’ geographical range [156–158]. The fact that RAPD alleles
are frequently dominant [112], as well as the challenge in attributing similarity to amplified
sections, might further make RAPD data challenging to interpret. The completion of some
reagents during analysis causes the procedure to be delayed, forcing the investigator to
take longer than intended to complete the study, and also, the reagents being expensive
adds to the disadvantages of molecular characterization of malaria vectors. An additional
drawback of the molecular identification of malaria vectors is that PCR-based molecular
methods are time-consuming, and tiny errors during analysis might cause one to fail to
obtain the essential findings, thereby delaying the characterization process.

4.7. Sequencing Techniques Normally Used in Population Genetics Studies, Their Strengths,
and Limitations
4.7.1. Next-Generation Sequencing (NGS)

NGS methods have changed population genetics studies by allowing for significant
information gathering from chromosomes or portions of genes from a large group of
individuals [153] (Figure 2). The development of NGS has significantly contributed to
population genetics research by lowering prices and creating vast amounts of sequenc-
ing data [11]. The main advantage of NGS is that it may identify anomalies across the
entire genome (whole-genome sequencing only), i.e., it can detect insertions, substitu-
tions, duplications, deletions, copy number alterations (gene and exon), and chromosomal
translocations/inversions [160,161]. NGS also has the advantage of identifying all of these
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anomalies utilizing much less DNA than older DNA sequencing methods [162]. Next-
generation sequencing is also cheaper and quicker [163]. Higher sensitivities to identifying
low-frequency variations [164], extensive genome coverage, and the capability of sequenc-
ing hundreds or even thousands of genes or genomic portions simultaneously are all
advantages of NGS [165].
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Despite NGS’s advantages, it has several limitations. The requirement for PCR am-
plification before sequencing is a fundamental limitation of all 2G NGS approaches [166].
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Gkazi et al. [166] also clarified that PCR amplification bias during library processing and
analysis is linked to this. Another limitation of NGS is the poor interpretation of ho-
mopolymers and the inclusion of erroneous dNTPs by polymerases, leading to sequencing
mistakes [166]. Next-generation sequencing also necessitates advanced bioinformatics tools,
rapid data analysis, and massive data storage capacities, all of which can be expensive [167].
Several universities might just have the financial resources to buy next-generation se-
quencing equipment but often lack the computing resources and effort to analyze and
scientifically interpret the results [168].

4.7.2. Genotyping-by-Sequencing (GBS)

GBS is a technique used by scientists to genotype samples and find genetic variants
rapidly. This method is also called high-throughput sequencing, which uses restriction
enzymes to minimize genomic complexities [169]. Although this approach is cost-effective,
it generates a lot of incomplete information and necessitates a lot of genetic analysis [170].
According to Mukherjee [171], genotyping-by-sequencing’s key strengths are its sensitivity,
speed, and ability to identify minimal background signals. Possible disadvantages of GBS
include a high proportion of missing data points due to limited sequencing depth and the
handling and interpretation of enormous amounts of sequence information [172].

4.7.3. Restriction Site-Associated DNA Sequencing (RAD-Seq)

The RAD-Seq technique is based on the restriction of DNA sequences utilizing a single
restriction enzyme (Figure 3). This approach is very flexible when selecting a restriction
enzyme to attain the desired reduction factor. As a result, RAD-Seq may sequence a
small number of loci or many sites at lower or higher coverage [173]. Previous studies
have clarified that RAD-Seq’s principle has been utilized in GBS [174] and double digest
RADseq [175]. Because of their flexibility and cost-effectiveness, both GBS and RADseq
methods have been widely employed in population genetics in various species, including
mosquitoes [176]. RADseq is comparable to RFLP (fragment-length polymorphism) and
AFLP (amplified fragment-length polymorphism) examinations because it also minimizes
the intricacy of the genomes by subsampling only at particular regions designated by
restriction endonucleases [177]. Compared to these techniques (RFLP and AFLP), RADSeq
has the advantage of simultaneously discovering, confirming, and evaluating markers
and reliably identifying which markers originate from each location [177]. RADseq may
be employed in wildlife populations and on crosses of any design, allowing for not just
sequencing and SNP detection but also more advanced analysis, including quantitative
genetics investigations [177]. RADseq is frequently utilized because of the strengths men-
tioned above; however, it does have certain limitations or drawbacks. The fundamental
weakness of this technique is that there is very little control as to which sections of the
genome are analyzed, and sequence density is randomly distributed over the genome,
making either one area of interest poorly covered [178].

4.7.4. RNA Sequencing (RNA-Seq)

RNA-seq is a method that uses NGS to examine the quantity and sequences of RNA in
a sample [179] (Figure 4). This method aids in investigating and discovering both known
and novel features in a single assay. According to Ozsolak et al. [180], the strength of
RNA-seq is that it can determine which genes are active inside a cell, their transcription
levels, and when they are active or inactive. Other advantages of RNA-seq are that it allows
for direct sequence alignment (no hybridization) and the identification of paralogs, and it
can be used to identify SNPs. It does not rely on existing sequence data, and alternative
splicing is found if somehow the sequence is matched to the genome [181]. Regardless of
the strengths RNA-Seq mentioned above, it also has a number of limitations or drawbacks.
According to Martin et al. [181], RNA-seq’s limitations include high costs, the need for
high-power computer facilities, analysis that can be tricky if paralogues are present, making
the study of splice variants hard, and a high set-up cost if conducted in-house.
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In addition to the advantages listed above for each sequencing approach, the major
advantage of sequencing techniques in general is their ability to identify any alteration in
the genome or in the genes of interest, thus enabling the study of genetic diversity observed
in the many genes of various mosquito species under investigation. Due to their great
sensitivity, they are the primary tool used by scientists to examine the genetic variation in
mosquitoes and to validate the morphological characterization of mosquito vectors. The
cost of the polymerase chemicals required for the DNA polymerase enzymatic process and
the high error rate with duplicated nucleotide insertion during variant identification are
the main challenges for the aforementioned sequencing procedures [182]. An additional
difficulty with sequencing methods is that they might generate huge datasets, which
poses a significant algorithmic barrier when attempting to match the data to a reference
genome [183].
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Together, these benefits significantly contribute to eradicating malaria because they al-
low for the production of molecular characterization data, which improves our understand-
ing of the genetic variety of malaria vectors and the genes that induce pesticide resistance in
mosquitoes. Thus, chemists or other medical professionals can use the information gathered
to develop insecticides that can kill mosquitoes that contain pesticide-resistant genes.

4.8. Capacity for Molecular Identification and Characterization of Malaria Vectors in
Sub-Saharan Africa

Molecular characterization of malaria vectors involves the utilization of highly specific
equipment and procedures such as DNA extraction kits, PCR, nucleotide sequencing, nu-
cleotide comparison on GenBank, multiple sequence alignment (MSA), and phylogenetic
analysis [184]. In addition to the information above, genetic markers—highly specialized
tools—are essential for the molecular characterization of mosquitoes, since earlier studies
showed that these gene regions vary depending on species. By focusing on these specific re-
gions, researchers successfully identified distinct species of malaria vectors, analyzed their
genetic linkage, and uncovered novel haplotypes [143,185]. Cytochrome oxidase c sub-unit
I (COI), cytochrome oxidase c sub-unit II (COII), internal transcriber spacer 2 (ITS2), 18S
rDNA, and 28S ribosomal DNA are the most frequently used genetic markers for characteri-
zation of malaria vectors [147,186]. It is crucial to note that, despite being extremely precise,
molecular characterization techniques are time-consuming and expensive, which is the
reason why they are not used more frequently in areas of Africa where malaria is prevalent.
As a result, most previous research seeking to prevent malaria by characterizing mosquitoes
relied more on morphological characterization than molecular characterization [187]. A
prior study, however, showed that morphological characterization is susceptible to several
restrictions that make it difficult to correctly identify malaria vectors, which results in
the incorrect treatment of malaria vectors in specific regions [188]. Some African regions
where malaria is endemic include Nigeria, the Democratic Republic of the Congo, Uganda,
Mozambique, Zimbabwe, and South Africa [189]. There have been relatively few studies
based on the molecular characterization of mosquitoes in the locations mentioned above.
The majority of studies focused on the characterization of mosquitoes are based on their
morphology. Therefore, the limited capacity for the molecular characterization of malaria
vectors in RSA and other malaria-endemic regions of Africa has contributed to a rise in
malaria incidences and fatalities associated with malaria as a result of the rise in the spread
of mosquitoes; hence, this calls for a need to increase the capacity for molecular identifica-
tion and characterization of malaria vectors (Figure 5). This basically suggests that in order
to minimize the transmission of malaria vectors, scientists must perform more molecular
characterization of vectors or always confirm morphologically characterized species with
molecular techniques to guarantee that suitable treatment is developed and administered
to specific vectors prevalent in a particular location. This will undoubtedly decrease the
spread of malaria vectors, hence decreasing the transmission of malaria parasites.

There are several ongoing studies on the molecular identification and categorization
of malaria carriers in sub-Saharan Africa (SSA), as evident in the published literature.
Some of the studies include molecular technologies and genetic methodologies developed
to investigate the genetic structure of important mosquito vectors in SSA [190], the use
of genetic and morphological techniques for the molecular classification of various and
unidentified mosquito vectors in the western Kenyan highlands [150], the characterization
of potential Plasmodium vivax vectors using molecular and morphological methods in
central and eastern Sudan [191], genetic characterization, the composition of species and
dispersion maps of mosquito species in Benue State, Nigeria [5], the molecular identification
of the Anopheles nili group of African malaria vectors, which are recognized to be important
malaria carriers in SSA [124], and genetic classification and wing distinctions amongst
mosquito vectors in the Akure North Local Government Area, Nigeria, which focuses on the
main vector of Plasmodium in Africa, the Anopheles gambiae complex [188]. Although these
suggest that utilizing molecular techniques in vector management is gaining ground in sub-
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Saharan Africa, this is not without some attending challenges and limitations. Some of the
challenges associated with using molecular identification methods for studying mosquito
vectors in SSA are as follows: the presence of species complexes in Anopheles vectors making
it difficult to distinguish between sibling species (isomorphic species) using morphological
methods alone [188], the lack of adequate funding for vector control activities in malaria-
endemic nations, which limits the implementation of molecular identification methods [14],
the need for specialized equipment and expertise to perform molecular identification,
which is often unavailable in all regions of SSA [190], the lack of comprehensive databases
of molecular markers for all mosquito vector species in sub-Saharan Africa, which can
make it difficult to identify unknown or newly emerging vector species [150], and the
susceptibility of mosquitoes in sub-Saharan Africa to presently employed vector control
techniques needing to be examined rapidly [191] and incorporated into malaria control
programs, particularly in the face of the pressing global elimination drive. 
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5. Evidence Supporting the Superiority of DNA-Based Identification of Malaria Vectors
over Morphological Identification

Malaria vector species may be identified using molecular and morphological tech-
niques. Most experts believe that molecular identification is more precise and preferable
for identifying malaria vector species. This is because molecular identification relies on
highly specific identification procedures. On the other hand, morphological identification
has a number of drawbacks, such as the possibility of losing a body part during sample
collection. Because several malaria vectors have similar phenotypic traits (members of
species complex) but differ in their DNA, morphological identification procedures may
mistakenly identify species. Utilizing PCR-RFLP analysis of the ITS2, Gao et al. [152]
managed to distinguish Anopheles anthropophagus and Anopheles sinensis species, which are
closely related species that were unable to be differentiated morphologically.

Focusing on egg morphology, some species collected in Guangdong were recognized
as Anopheles anthropophagus; however, when molecular identification was performed, some
were classified as Anopheles. Also, in a study conducted by Gao et al. [152], some species
collected from Liaoning were morphologically identified as Anopheles anthropophagus due
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to having a narrow deck egg, whereas others appeared to be Anopheles sinensis because they
had wide deck egg. However, PCR-RFLP identified all species collected from Liaoning as
An. Anthropophagus. Several markers such as COI, 5.8S, 28S, 16S-rDNA, and ITS2 success-
fully identified mosquitoes of the same complex in different regions across the world [143–
151]. Despite the limitations of the various sequencing techniques previously outlined,
their strengths make them the main instrument employed by geneticists to investigate
population genetics. All genetic approaches employed in mosquito identification, including
sequencing techniques such as next-generation sequencing, genotyping-by-sequencing, and
so on, are claimed to be very specific. As a result, the capacity for molecular characterization
of malaria vectors should be expanded, and morphological characterization should not be
depended on or approved without molecular approaches. All of this information combined
together provides evidence that molecular identification is more accurate than morphologi-
cal identification; hence, scientists should rely mostly on molecular identification as one of
the tools to eradicate malaria.

6. Routes to Be Taken to Advance Malaria Vector Control Strategies in Different
Endemic Regions and Basic Solutions to Overcome Insecticides’ Resistance and
Imported Cases

Since the distribution and prevalence of malaria varies by region, malaria vector
control strategies vary by region and the kind of malaria vector responsible for parasite
transmission in that region. Malaria has killed an exceptionally high number of human
beings worldwide, despite malaria vector control methods. The reason for this is because
malaria vectors are resistant to the pesticides utilized. As a result, scientists must investigate
the source of resistance and devise new methods for managing malaria vectors. Malaria
resistance is not the only issue challenging many regions, such as Europe and the United
States; imported cases are also a problem. A possible solution to the cases imported is
that cross-border initiatives with government assistance should be strict, not allowing
illegal border crossings, and everyone who enters the region legally should be screened for
malaria and treated if afflicted. To combat the problem of airplane malaria, the plane and
luggage should be treated with pesticides a few hours before the flight.

As mentioned previously, the resistance of malaria vectors to insecticides and other
malaria control measures is a major concern in almost all malaria-endemic regions. How-
ever, prior studies employed genetic markers to identify some of the genes that cause
resistance in different species; hence, such knowledge will serve as fundamental data for
medical researchers or chemists to develop treatments or pesticides that will kill vectors
with resistant genes. The Vgsc gene has been identified as one of the genes that, if mutated,
causes resistance [127]. Since earlier research has uncovered how genetically varied wild
mosquito species are, how pesticide resistance develops, how malaria is transferred, and
how frequently it is subjected to selection advantage, science promises to eradicate malaria
in almost all parts of the globe.

7. Future Insight and Prediction

The future of malaria vector control lies in the enhanced molecular capacity for accu-
rate species identification. Molecular tools have been developed to identify and confirm
mosquito species, enabling early detection of invasive species like Anopheles Stephensi. This
enhanced molecular capacity will improve mosquito characterization, leading to more
accurate control strategies and treatments targeting specific mosquito species, thus con-
tributing to malaria eradication. In addition to molecular tools, the capacity for disease
surveillance will significantly benefit from the increased development of more accurate,
precise, automated, and high-throughput diagnostic techniques. This will allow for the
accurate identification of Plasmodium spp. causing malaria in patients, which is crucial for
disease epidemiology and surveillance.

While morphological identification is quick and achievable at a reduced cost, molecular
identification is preferred for its specificity and sensitivity. To achieve the targeted malaria
elimination goal, proper identification of vectors using accurate techniques for effective
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control measures should be prioritized. Overall, the future of malaria vector control will be
shaped by the continued development and implementation of enhanced molecular tools
for accurate species identification, which will in turn lead to more effective and targeted
control strategies, ultimately contributing to the global effort to eradicate malaria.

8. Conclusions

Based on previous studies, the molecular identification of malaria vector species,
understanding the life cycle of various Plasmodium spp., and understanding the role of
both traditional and molecular control methods can all aid in the elimination of malaria
across the globe. Explicit details of mosquito vectors, their habits, vectorial capacity,
pesticide resistance, and other transmission-related traits are essential for understanding
local transmission and deploying effective treatments. While molecular identification
is accurate and desirable, there are still gaps that must be filled. In most places across
the world, there are relatively few studies based on the genes that create malaria vector
resistance; therefore, further studies concentrating on such genes are still needed. The
information gathered in this review demonstrates that the molecular characterization of
mosquito species produces more reliable results than morphological characterization; thus,
the capacity for employing molecular characterization should be increased. However
morphological identification should always be the primary tool for identifying malaria
vectors, and its results should always be verified by molecular characterization, which has
been shown to be more accurate. Precise identification of malaria vectors would enable the
development and assignment of an efficient control strategy, which would ultimately result
in the eradication of malaria in endemic regions, provided that morphological–molecular
identification of malaria vectors strategy is prioritized.
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2. Talapko, J.; Škrlec, I.; Alebić, T.; Jukić, M.; Včev, A. Malaria. The past and the present. Microorganisms 2019, 7, 179. [CrossRef]

[PubMed]
3. Haldar, K.; Bhattacharjee, S.; Safeukui, I. Drug resistance in Plasmodium. Nat. Rev. Microbiol. 2018, 16, 156–170. [CrossRef]

[PubMed]
4. Smith, A.B. Encyclopedia of Geology; Selley, R.C., Cocks, L.R.M., Plimer, I.R., Eds.; Elsevier: Oxford, UK, 2005; pp. 334–341.
5. Sato, S. Plasmodium—A brief introduction to the parasites causing human malaria and their basic biology. J. Physiol. Anthr. 2021,

40, 1. [CrossRef] [PubMed]
6. World Health Organization (WHO). Malaria Surveillance, Monitoring & Evaluation: A Reference Manual; World Health Organization:

Geneva, Switzerland, 2018.
7. Coetzee, M. Key to the females of Afrotropical Anopheles mosquitoes (Diptera: Culicidae). Malar. J. 2020, 19, 70. [CrossRef]

[PubMed]
8. Kahamba, N.F.; Finda, M.; Ngowo, H.S.; Msugupakulya, B.J.; Baldini, F.; Koekemoer, L.L.; Ferguson, H.M.; Okumu, F.O. Using

ecological observations to improve malaria control in areas where Anopheles funestus is the dominant vector. Malar. J. 2022, 21, 158.
[CrossRef] [PubMed]

9. Scott, J.A.; Brogdon, W.G.; Collins, F.H. Identification of single specimens of the Anopheles gambiae complex by the polymerase
chains reaction. Am. J. Trop. Med. Hyg. 1993, 49, 520–529. [CrossRef]

10. Douglas, E.N. Genetic markers for study of the anopheline vectors of human malaria. D.E. Norris/Int. J. Parasitol. 2002, 32,
1607–1615.

https://www.who.int/teams/global-malaria-programme/reports/world-malaria-report-2021
https://www.who.int/teams/global-malaria-programme/reports/world-malaria-report-2021
https://doi.org/10.3390/microorganisms7060179
https://www.ncbi.nlm.nih.gov/pubmed/31234443
https://doi.org/10.1038/nrmicro.2017.161
https://www.ncbi.nlm.nih.gov/pubmed/29355852
https://doi.org/10.1186/s40101-020-00251-9
https://www.ncbi.nlm.nih.gov/pubmed/33413683
https://doi.org/10.1186/s12936-020-3144-9
https://www.ncbi.nlm.nih.gov/pubmed/32054502
https://doi.org/10.1186/s12936-022-04198-3
https://www.ncbi.nlm.nih.gov/pubmed/35655190
https://doi.org/10.4269/ajtmh.1993.49.520


Microorganisms 2024, 12, 82 23 of 29

11. Collins, F.H.; Paskewitz, S.M. A review of the use of ribosomal DNA (rDNA) to differentiate among cryptic Anopheles species.
Insect Mol. Biol. 1996, 5, 1–9. [CrossRef]

12. Favia, G.; Dimopoulos, G.; Torre, A.D.; Touré, Y.T.; Coluzzi, M.; Louis, C. Polymorphisms detected by random PCR distinguish
between different chromosomal forms of Anopheles gambiae. Proc. Natl. Acad. Sci. USA 1994, 91, 10315–10319. [CrossRef]

13. 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, 43. [CrossRef]

14. Institute of Medicine (US) Committee for the Study on Malaria Prevention and Control (IMUSCSMPC). Malaria: Obstacles and
Opportunities. In 7, Vector Biology, Ecology, and Control; Oaks, S.C., Jr., Mitchell, V.S., Pearson, G.W., Carpenter, C.C.J., Eds.; National
Academies Press (US): Washington, DC, USA, 1991. Available online: https://www.ncbi.nlm.nih.gov/books/NBK234322/
(accessed on 9 September 2023).

15. Kumar, N.P.; Rajavel, A.R.; Natarajan, R.; Jambulingam, P. DNA barcodes can distinguish species of Indian mosquitoes (Diptera:
Culicidae). J. Med. Entomol. 2007, 44, 1–7. [CrossRef] [PubMed]

16. Odero, J.O.; Nambunga, I.H.; Wangrawa, D.W.; Badolo, A.; Weetman, D.; Koekemoer, L.L.; Ferguson, H.M.; Okumu, F.O.; Baldini,
F. Advances in the genetic characterization of the malaria vector, Anopheles funestus, and implications for improved surveillance
and control. Malar. J. 2023, 22, 230. [CrossRef] [PubMed]

17. World Health Organisation (WHO). Malaria; World Health Organization: Geneva, Switzerland, 2021.
18. Oyegoke, O.O.; Adewumi, T.S.; Aderoju, S.A.; Tsundzukani, N.; Mabunda, E.; Adeleke, M.A.; Maharaj, R.; Okpeku, M. Towards

malaria elimination: Analysis of travel history and case forecasting using the SARIMA model in Limpopo Province. Parasitol. Res.
2023, 122, 1775–1785. [CrossRef] [PubMed]

19. Isaäcson, M. Airport malaria: A review. Bull. World Health Organ. 1989, 67, 737–743. [PubMed]
20. Piperaki, E. Malaria eradication in the European world: Historical perspective and imminent threats. In Towards Malaria

Elimination—A Leap Forward; Manguin, S., Dev, V., Eds.; IntechOpen: London, UK, 2018. [CrossRef]
21. Van Thiel, P.H. On zoophilism and anthropophilism of Anopheles biotypes and species. Riv. Malariol. 1939, 18, 95–124.
22. Kuhn, K.G.; Campbell-Lendrum, D.H.; Davies, C.R. A continental risk map for malaria mosquito (Diptera: Culicidae) vectors in

Europe. J. Med. Entomol. 2002, 39, 621–630. [CrossRef]
23. Askling, H.H.; Bruneel, F.; Burchard, G.; Castelli, F.; Chiodini, P.L.; Grobusch, M.P.; Lopez-Vélez, R.; Paul, M.; Petersen, E.;

Popescu, C.; et al. Management of imported malaria in Europe. Malar. J. 2012, 11, 328. [CrossRef]
24. WHO. Regional Office for Europe: Centralized Information System for Infectious Dieases (CISID). 2012. Available online:

http://data.euro.who.int/cisid (accessed on 3 March 2022).
25. Cibulskis, R.E.; Aregawi, M.; Williams, R.; Otten, M.; Dye, C. Worldwide incidence of malaria in 2009: Estimates, time trends, and

a critique of methods. PLoS Med. 2011, 8, e1001142. [CrossRef]
26. Sabatinelli, G.; Ejov, M.; Joergensen, P. Malaria in the WHO European Region (1971–1999). Eur. Surveill. 2001, 6, 61–65. [CrossRef]
27. Romi, R.; Sabatinelli, G.; Majori, G. Could Malaria Reappear in Italy? Emerg. Infect. Dis. 2001, 7, 915–919. [CrossRef]
28. Bertola, M.; Mazzucato, M.; Pombi, M.; Montarsi, F. Updated occurrence and bionomics of potential malaria vectors in Europe: A

systematic review (2000–2021). Parasites Vectors 2022, 15, 88. [CrossRef] [PubMed]
29. WHO. More malaria cases and deaths in 2020 linked to COVID-19 disruptions. In World Malaria Report; WHO: Geneva,

Switzerland, 2021.
30. Dye-Braumuller, K.C.; Kanyangarara, M. Malaria in the USA: How Vulnerable Are We to Future Outbreaks? Curr. Trop. Med. Rep.

2021, 8, 43–51. [CrossRef] [PubMed]
31. Dye-Braumuller, K.; Fredregill, C.; Debboun, M. Mosquitoes, Communities, and Public Health in Texas; Elsevier: Amsterdam, The

Netherlands, 2020; pp. 249–278.
32. Zucker, J.R. Changing patterns of autochthonous malaria transmission in the United States: A review of recent outbreaks. Emerg.

Infect. Dis. 1996, 2, 37–43. [CrossRef] [PubMed]
33. Foster, W.A.; Walker, E.D. Mosquitoes (Culicidae). In Medical and Veterinary Entomology; Elsevier: Amsterdam, The Netherlands,

2019; pp. 261–325.
34. Darsie, R.F., Jr.; Ward, R.A. Identification and Geographical Distribution of the Mosquitoes of North America, North of Mexico, 2nd ed.;

University Press of Florida: Gainesville, FL, USA, 2005; p. 416, ISBN 0-8130-2784-5.
35. Sinka, M.E.; Rubio-Palis, Y.; Manguin, S.; Patil, A.P.; Temperley, W.H.; Gething, P.W.; Van Boeckel, T.; Kabaria, C.W.; Harbach, R.E.;

Hay, S.I. The dominant Anopheles vectors of human malaria in the Americas: Occurrence data, distribution maps and bionomic
précis. Parasites Vectors 2010, 3, 72. [CrossRef] [PubMed]

36. Mace, K.E. Malaria surveillance—United States, 2016. Morb. Mortal. Wkly. Rep. 2019, 68, 1–35. [CrossRef] [PubMed]
37. Cullen, K.A.; Mace, K.E.; Arguin, P.M. Malaria Surveillance—United States, 2013. MMWR Surveill. Summ. 2016, 65, 1–22.

[CrossRef] [PubMed]
38. Filler, S.J.; MacArthur, J.R.; Parise, M.; Wirtz, R.; Eliades, M.J.; Dasilva, A.; Steketee, R.W. Locally acquired mosquito-transmitted

malaria: A guide for investigations in the United States. MMWR Recomm. Rep. 2006, 55, 1–9, Erratum in MMWR Morb. Mortal.
Wkly. Rep. 2006, 55, 1075.

39. Aklilu, E.; Kindu, M.; Gebresilassie, A.; Yared, S.; Tekie, H.; Balkew, M. Environmental Factors Associated with Larval Habitats of
Anopheline mosquitoes (Diptera: Culicidae) in Metema District, Northwestern Ethiopia. J. Arthropod Borne Dis. 2020, 14, 153–161.
[CrossRef]

https://doi.org/10.1111/j.1365-2583.1996.tb00034.x
https://doi.org/10.1073/pnas.91.22.10315
https://doi.org/10.1186/s12936-018-2189-5
https://www.ncbi.nlm.nih.gov/books/NBK234322/
https://doi.org/10.1093/jmedent/41.5.01
https://www.ncbi.nlm.nih.gov/pubmed/17294914
https://doi.org/10.1186/s12936-023-04662-8
https://www.ncbi.nlm.nih.gov/pubmed/37553665
https://doi.org/10.1007/s00436-023-07870-y
https://www.ncbi.nlm.nih.gov/pubmed/37310511
https://www.ncbi.nlm.nih.gov/pubmed/2699278
https://doi.org/10.5772/intechopen.76435
https://doi.org/10.1603/0022-2585-39.4.621
https://doi.org/10.1186/1475-2875-11-328
http://data.euro.who.int/cisid
https://doi.org/10.1371/journal.pmed.1001142
https://doi.org/10.2807/esm.06.04.00213-en
https://doi.org/10.3201/eid0706.010601
https://doi.org/10.1186/s13071-022-05204-y
https://www.ncbi.nlm.nih.gov/pubmed/35292106
https://doi.org/10.1007/s40475-020-00224-z
https://www.ncbi.nlm.nih.gov/pubmed/33469475
https://doi.org/10.3201/eid0201.960104
https://www.ncbi.nlm.nih.gov/pubmed/8964058
https://doi.org/10.1186/1756-3305-3-72
https://www.ncbi.nlm.nih.gov/pubmed/20712879
https://doi.org/10.15585/mmwr.ss6805a1
https://www.ncbi.nlm.nih.gov/pubmed/31099769
https://doi.org/10.15585/mmwr.ss6502a1
https://www.ncbi.nlm.nih.gov/pubmed/26938139
https://doi.org/10.18502/jad.v14i2.3733


Microorganisms 2024, 12, 82 24 of 29

40. Ma, Y.; Qu, F.; Xu, J.; Li, X.; Song, G. Differences in sequences of ribosomal DNA second internal transcribed spacer among three
members of Anopheles hyrcanus complex from the Republic of Korea. Entomol. Sin. 2000, 7, 36–40.

41. World Health Organization. Synopsis of the world malaria situation in 1979. Wkly. Epidemiol. Rec. 1981, 56, 145–149.
42. Park, J.W.; Yeom, J.S.; Choe, K.W.; Moon, S.H.; Lee, H.C.; Kim, T.S.; Oh, M.D.; Ryu, S.H.; Klein, T.A.; Chai, J.Y.; et al. Vivax malaria:

A continuing health threat to the Republic of Korea. Am. J. Trop. Med. Hyg. 2003, 69, 159–167. [CrossRef] [PubMed]
43. Chang, K.S.; Yoo, D.-H.; Ju, Y.R.; Lee, W.G.; Roh, J.Y.; Kim, H.-C.; Klein, T.A.; Shin, E.-H. Distribution of malaria vectors and

incidence of vivax malaria at Korean army installations near the demilitarized zone. Republic of Korea. Malar. J. 2016, 15, 259.
[CrossRef] [PubMed]

44. Zhou, Z.J. The malaria situation in the People’s Republic of China. Bull. World Health Organ. 1981, 59, 931–936. [PubMed]
45. WHO. Global Technical Strategy for Malaria 2016–2030; World Health Organization: Geneva, Switzerland, 2015.
46. WHO. World Malaria Report 2018; World Health Organization: Geneva, Switzerland, 2018.
47. Zhu, G.; Xia, H.; Zhou, H.; Li, J.; Lu, F.; Liu, Y.; Cao, J.; Gao, Q.; Sattabongkot, J. Susceptibility of Anopheles sinensis to Plasmodium

vivax in malarial outbreak areas of central China. Parasites Vectors 2013, 6, 176. [CrossRef]
48. Zhou, S.S.; Wang, Y.; Tang, L.H. Malaria situation in the People’s Republic of China in 2006. Chin. J. Parasitol. Parasit. Dis. 2007,

25, 439–441.
49. Lai, S.; Sun, J.; Ruktanonchai, N.W.; Zhou, S.; Yu, J.; Routledge, I.; Wang, L.; Zheng, Y.; Tatem, A.J.; Li, Z. Changing epidemiology

and challenges of malaria in China towards elimination. Malar. J. 2019, 18, 107. [CrossRef]
50. Yin, J.H.; Zhang, L.; Feng, X.Y.; Xia, Z.G. Evolution of anti-malaria policies and measures in P.R. China for achieving and

sustaining malaria-free. Front. Public Health 2023, 11, 1094859. [CrossRef]
51. Sinka, M.E.; Bangs, M.J.; Manguin, S.; Chareonviriyaphap, T.; Patil, A.P.; Temperley, W.H.; Gething, P.W.; Elyazar, I.R.; Kabaria,

C.W.; E Harbach, R.; et al. The dominant Anopheles vectors of human malaria in the Asia-Pacific region: Occurrence data,
distribution maps and bionomic précis. Parasites Vectors 2011, 4, 89. [CrossRef]

52. Wiebe, A.; Longbottom, J.; Gleave, K.; Shearer, F.M.; Sinka, M.E.; Massey, N.C.; Cameron, E.; Bhatt, S.; Gething, P.W.; Hemingway,
J.; et al. Geographical distributions of African malaria vector sibling species and evidence for insecticide resistance. Malar. J. 2017,
16, 85. [CrossRef]

53. Battle, K.E.; Gething, P.W.; Elyazar, I.R.F.; Moyes, C.L.; Sinka, M.E.; Howe, R.E.; Guerra, C.A.; Price, R.N.; Baird, J.K.; Hay, S.I. The
global public health significance of Plasmodium vivax. Adv. Parasitol. 2012, 80, 1–111.

54. Torre, A.D.; Tu, Z.; Petrarca, V. On the distribution and genetic differentiation of Anopheles gambiae s.s. molecular forms. Insect
Biochem. Mol. Biol. 2005, 35, 755–769. [CrossRef] [PubMed]

55. Coetzee, M.; Hunt, R.H.; Wilkerson, R.; Torre, A.D.; Coulibaly, M.B.; Besansky, N.J. Anopheles coluzzii and Anopheles amharicus,
new members of the Anopheles gambiae complex. Zootaxa 2013, 3619, 246–274. [CrossRef] [PubMed]

56. Drake, J.M.; Beier, J.C. Ecological niche and potential distribution of Anopheles arabiensis in Africa in 2050. Malar. J. 2014, 13, 213.
[CrossRef] [PubMed]

57. Moffett, A.; Shackelford, N.; Sarkar, S. Malaria in Africa: Vector species’ niche models and relative risk maps. PLoS ONE 2007,
2, e824. [CrossRef] [PubMed]

58. Coetzee, M.; Fontenille, D. Advances in the study of Anopheles funestus, a major vector of malaria in Africa. Insect Biochem. Mol.
Biol. 2004, 34, 599–605. [CrossRef]

59. Antonio-Nkondjio, C.; Simard, F. Highlights on Anopheles nili and Anopheles moucheti, malaria vectors in Africa. In Anopheles
Mosquitoes—New Insights into Malaria Vectors; InTech: Rijeka, Croatia, 2013. [CrossRef]

60. Stevenson, J.C.; Norris, D.E. Implicating cryptic and novel anophelines as malaria vectors in Africa. Insects 2017, 8, 1. [CrossRef]
[PubMed]

61. Ogunah, J.A.; Lalah, J.O.; Schramm, K.-W. Malaria vector control strategies. What is appropriate towards sustainable global
eradication? Sustain. Chem. Pharm. 2020, 18, 100339. [CrossRef]

62. Kaura, T.; Sylvia Walter, N.; Kaur, U.; Sehgal, R. Different Strategies for Mosquito Control: Challenges and Alternatives; IntechOpen:
London, UK, 2023. [CrossRef]

63. Lanzieri, G. Statistics in Focus: Population and social conditions. Population in Europe 2005: First results. 2006.16. Arch. Eur.
Integr. (AEI) 2019, 12, 1024–4352.

64. Ng’ang’a, P.N.; Aduogo, P.; Mutero, C.M. Long lasting insecticidal mosquito nets (LLINs) ownership, use and coverage following
mass distribution campaign in Lake Victoria basin, Western Kenya. BMC Public Health 2021, 21, 1046. [CrossRef]

65. Black, W.C., 4th; Lanzaro, G.C. Distribution of genetic variation among chromosomal forms of Anopheles gambiae s.s.: Introgressive
hybridization, adaptive inversions, or recent reproductive isolation? Insect Mol. Biol. 2001, 10, 3–7. [CrossRef]

66. Kenea, O.; Balkew, M.; Tekie, H.; Gebre-Michael, T.; Deressa, W.; Loha, E.; Lindtjørn, B.; Overgaard, H.J. Human-biting activities
of Anopheles species in south-central Ethiopia. Parasites Vectors 2016, 9, 527. [CrossRef]

67. Killeen, G.F. Characterizing, controlling and eliminating residual malaria transmission. Malar. J. 2014, 13, 330. [CrossRef]
[PubMed]

68. Giardina, F.; Kasasa, S.; Sié, A.; Utzinger, J.; Tanner, M.; Vounatsou, P. Effects of vector-control interventions on changes in risk of
malaria parasitaemia in sub-Saharan Africa: A spatial and temporal analysis. Lancet Glob. Health 2014, 2, e601–e615. [CrossRef]
[PubMed]

https://doi.org/10.4269/ajtmh.2003.69.159
https://www.ncbi.nlm.nih.gov/pubmed/13677372
https://doi.org/10.1186/s12936-016-1301-y
https://www.ncbi.nlm.nih.gov/pubmed/27150110
https://www.ncbi.nlm.nih.gov/pubmed/6978199
https://doi.org/10.1186/1756-3305-6-176
https://doi.org/10.1186/s12936-019-2736-8
https://doi.org/10.3389/fpubh.2023.1094859
https://doi.org/10.1186/1756-3305-4-89
https://doi.org/10.1186/s12936-017-1734-y
https://doi.org/10.1016/j.ibmb.2005.02.006
https://www.ncbi.nlm.nih.gov/pubmed/15894192
https://doi.org/10.11646/zootaxa.3619.3.2
https://www.ncbi.nlm.nih.gov/pubmed/26131476
https://doi.org/10.1186/1475-2875-13-213
https://www.ncbi.nlm.nih.gov/pubmed/24888886
https://doi.org/10.1371/journal.pone.0000824
https://www.ncbi.nlm.nih.gov/pubmed/17786196
https://doi.org/10.1016/j.ibmb.2004.03.012
https://doi.org/10.5772/55153
https://doi.org/10.3390/insects8010001
https://www.ncbi.nlm.nih.gov/pubmed/28025486
https://doi.org/10.1016/j.scp.2020.100339
https://doi.org/10.5772/intechopen.104594
https://doi.org/10.1186/s12889-021-11062-7
https://doi.org/10.1046/j.1365-2583.2001.00234.x
https://doi.org/10.1186/s13071-016-1813-x
https://doi.org/10.1186/1475-2875-13-330
https://www.ncbi.nlm.nih.gov/pubmed/25149656
https://doi.org/10.1016/S2214-109X(14)70300-6
https://www.ncbi.nlm.nih.gov/pubmed/25304636


Microorganisms 2024, 12, 82 25 of 29

69. Ministry of Health. Vector Control Operational Manual for Malaria Elimination in Ethiopia; Ministry of Health: Addis Ababa,
Ethiopia, 2017.

70. Tiono, A.B.; Ouédraogo, A.; Ouattara, D.; Bougouma, E.C.; Coulibaly, S.; Diarra, A.; Faragher, B.; Guelbeogo, M.W.; Grisales, N.;
Ouédraogo, I.N.; et al. Efficacy of Olyset Duo, a bednet containing pyriproxyfen and permethrin, versus a permethrin-only net
against clinical malaria in an area with highly pyrethroid-resistant vectors in rural Burkina Faso: A cluster-randomised controlled
trial. Lancet 2018, 392, 569–580. [CrossRef]

71. Protopopoff, N.; Mosha, J.F.; Lukole, E.; Charlwood, J.D.; Wright, A.; Mwalimu, C.D.; Manjurano, A.; Mosha, F.W.; Kisinza,
W.; Kleinschmidt, I.; et al. Effectiveness of a long-lasting piperonyl butoxide-treated insecticidal net and indoor residual spray
interventions, separately and together, against malaria transmitted by pyrethroid-resistant mosquitoes: A cluster, randomised
controlled, two-by-two factorial design trial. Lancet 2018, 391, 1577–1588. [CrossRef] [PubMed]

72. WHO. Use of Indoor Residual Spraying for Scale Up Global Malaria Control and Elimination: WHO Position Statement; World Health
Organization: Geneva, Switzerland, 2006.

73. Kim, D.; Fedak, K.; Kramer, R. Reduction of malaria prevalence by indoor residual spraying: A meta-regression analysis. Am. J.
Trop. Med. Hyg. 2012, 87, 117–124. [CrossRef] [PubMed]

74. WHO. World Health Organization Recommended Insecticides for Indoor Residual Spraying against Malaria Vectors; World Health
Organization: Geneva, Switzerland, 2015.

75. Woyessa, A.; Deressa, W.; Ali, A.; Lindtjørn, B. Malaria risk factors in Butajira area, south-central Ethiopia: A multilevel analysis.
Malar. J. 2013, 12, 1731. [CrossRef]

76. Killeen, G.F.; Tatarsky, A.; Diabate, A.; Chaccour, C.J.; Marshall, J.M.; Okumu, F.O.; Brunner, S.; Newby, G.; Williams, Y.A.; Malone,
D.; et al. Developing an expanded vector control toolbox for malaria elimination. BMJ Glob. Public Health 2017, 2, e000211.
[CrossRef]

77. Massebo, F.; Balkew, M.; Gebre-Michael, T.; Lindtjørn, B. Zoophagic behaviour of anopheline mosquitoes in southwest Ethiopia:
Opportunity for malaria vector control. Parasites Vectors 2015, 8, 64. [CrossRef]

78. Franco, O.M.; Gomes, M.G.; Rowland, M.; Coleman, G.P.; Davies, R.C. Controlling malaria using livestock-based interventions: A
one health approach. PLoS ONE 2014, 9, e101699. [CrossRef]

79. WHO. Global Vector Control Response 2017–2030; World Health Organization: Geneva, Switzerland, 2017.
80. World Health Organization. Ivermectin for Malaria Transmission Control; World Health Organization: Geneva, Switzerland, 2016.
81. Kobylinski, K.C.; Foy, B.D.; Richardson, J.H. Ivermectin inhibits the sporogony of Plasmodium falciparum in Anopheles gambiae.

Malar. J. 2012, 11, 381. [CrossRef] [PubMed]
82. Kobylinski, K.C.; Ubalee, R.; Ponlawat, A.; Nitatsukprasert, C.; Phasomkulsolsil, S.; Wattanakul, T.; Tarning, J.; Na-Bangchang, K.;

McCardle, P.W.; Davidson, S.A.; et al. Ivermectin susceptibility and sporontocidal effect in Greater Mekong Subregion Anopheles.
Malar. J. 2017, 16, 280280. [CrossRef] [PubMed]

83. Smit, M.R.; Ochomo, E.O.; Aljayyoussi, G.; Kwambai, T.K.; Abong’On, B.O.; Chen, T.; Bousema, T.; Slater, H.C.; Waterhouse, D.;
Bayoh, N.M.; et al. Safety and mosquitocidal efficacy of high-dose ivermectin when co-administered with dihydroartemisinin–
piperaquine in Kenyan adults with uncomplicated malaria (IVERMAL): A randomised, double-blind, placebo-controlled trial.
Lancet Infect. Dis. 2018, 18, 615–626. [CrossRef] [PubMed]

84. Animut, A.; Balkew, M.; Lindtjørn, B. Impact of housing condition on indoor-biting and indoor-resting Anopheles arabiensis density
in a highland area, central Ethiopia. Malar. J. 2013, 12, 393. [CrossRef] [PubMed]

85. Okumu, F.O.; Killeen, G.F.; Ogoma, S.; Biswaro, L.; Smallegange, R.C.; Mbeyela, E.; Titus, E.; Munk, C.; Ngonyani, H.; Takken,
W.; et al. Development and field evaluation of a synthetic mosquito lure that is more attractive than humans. PLoS ONE 2009,
5, e8951. [CrossRef] [PubMed]

86. Okumu, F.O.; Madumla, E.P.; John, A.N.; Lwetoijera, D.W.; Sumaye, R.D. Attracting, trapping and killing disease transmitting
mosquitoes using odor-baited stations-the Ifakara Odor-Baited Stations. Parasites Vectors 2010, 3, 12. [CrossRef] [PubMed]

87. Kaindoa, E.W.; Ngowo, H.S.; Limwagu, A.; Mkandawile, G.; Kihonda, J.; Masalu, J.P.; Bwanary, H.; Diabate, A.; Okumu, F.O.
New evidence of mating swarms of the malaria vector, Anopheles arabiensis in Tanzania. Wellcome Open Res. 2017, 2, 88. [CrossRef]

88. Zahar, A.R. Vector control operations in the African context. Bull. World Health Organ. 1984, 62, 89–100. [PubMed]
89. WHO. Handbook on Vector Control in Malaria Elimination for the WHO African Region; World Health Organization: Geneva,

Switzerland, 2015.
90. WHO. Malaria Vector Control Commodities Landscape; World Health Organization: Geneva, Switzerland, 2014.
91. WHO. Vector Control: Methods for Use by Individuals and Communities; World Health Organization: Geneva, Switzerland, 1997.
92. Singh, N.; Shukla, M.M.; Mishra, A.K.; Singh, M.P.; Paliwal, J.C.; Dash, A.P. Malaria control using indoor residual spraying and

larvivorous fish: A case study in Betul, central India. Trop. Med. Int. Health 2006, 11, 1512–1520. [CrossRef]
93. Alliance for Science. CRISPR may Help Curb Malaria by Altering a Mosquito’s Gut Genes, New Study Suggests; Alliance for Science:

New York, NY, USA, 2021.
94. Hoermann, A.; Tapanelli, S.; Capriotti, P.; Del Corsano, G.; Masters, E.K.; Habtewold, T.; Christophides, G.K.; Windbichler, N.

Converting endogenous genes of the malaria mosquito into simple non-autonomous gene drives for population replacement.
eLife 2021, 10, e58791. [CrossRef]

95. Meek, S.R. Vector control in some countries of Southeast Asia: Comparing the vectors and the strategies. Ann. Trop. Med. Parasitol.
1995, 89, 135–147. [CrossRef] [PubMed]

https://doi.org/10.1016/S0140-6736(18)31711-2
https://doi.org/10.1016/S0140-6736(18)30427-6
https://www.ncbi.nlm.nih.gov/pubmed/29655496
https://doi.org/10.4269/ajtmh.2012.11-0620
https://www.ncbi.nlm.nih.gov/pubmed/22764301
https://doi.org/10.1186/1475-2875-12-273
https://doi.org/10.1136/bmjgh-2016-000211
https://doi.org/10.1186/s13071-015-1264-9
https://doi.org/10.1371/journal.pone.0101699
https://doi.org/10.1186/1475-2875-11-381
https://www.ncbi.nlm.nih.gov/pubmed/23171202
https://doi.org/10.1186/s12936-017-1923-8
https://www.ncbi.nlm.nih.gov/pubmed/28687086
https://doi.org/10.1016/S1473-3099(18)30163-4
https://www.ncbi.nlm.nih.gov/pubmed/29602751
https://doi.org/10.1186/1475-2875-12-393
https://www.ncbi.nlm.nih.gov/pubmed/24191901
https://doi.org/10.1371/journal.pone.0008951
https://www.ncbi.nlm.nih.gov/pubmed/20126628
https://doi.org/10.1186/1756-3305-3-12
https://www.ncbi.nlm.nih.gov/pubmed/20193085
https://doi.org/10.12688/wellcomeopenres.12458.1
https://www.ncbi.nlm.nih.gov/pubmed/6397279
https://doi.org/10.1111/j.1365-3156.2006.01703.x
https://doi.org/10.7554/eLife.58791
https://doi.org/10.1080/00034983.1995.11812944
https://www.ncbi.nlm.nih.gov/pubmed/7605123


Microorganisms 2024, 12, 82 26 of 29

96. Klein, J.M. La faune des moustiques du Cambodge. I. Anophelinae (Diptera, Culicidae). Cah. O.R.S.T.O.M. Ser. Entomol. Medicat.
Et Parasitol. 1977, 15, 107–122.

97. Curtis, C.F. Workshop on bednet at the international congress of tropical medicine. Jpn. J. Sanit. Zool. 1993, 44, 65–68. [CrossRef]
98. Dolan, G.; Kuile, F.O.T.; Jacoutot, V.; White, N.J.; Luxemburger, C.; Malankirii, L. Bed nets for the prevention of malaria and

anaemia in pregnancy. Trans. R. Soc. Trop. Med. Hyg. 1993, 87, 620–626. [CrossRef] [PubMed]
99. Luxemburger, C.; Perea, W.A.; Delmas, G.; Pruja, C.; Pecoul, B.; Moren, A. Permethrin-impregnated bed nets for the prevention of

malaria in schoolchildren on the Thai-Burmese border. Trans. R. Soc. Trop. Med. Hyg. 1994, 88, 155–159. [CrossRef] [PubMed]
100. Kitthawee, S.; Edman, J.D.; Upatham, E.S. Mosquito larvae and associated macroorganisms occurring in gem pits in southern

Thai Mai District, Chantaburi Province, Thailand. Southeast Asian J. Trop. Med. Public Health 1993, 24, 143–151.
101. Williamson, K.B.; Scharff, J.W. Anti-larval sluicing. Malay. Med. J. 1936, 11, 123–151.
102. Moorhouse, D.E. Some entomological aspects of the malaria eradication pilot project in Malaya. J. Med. Èntomol. 1965, 2, 109–119.

[CrossRef]
103. Kirnowardoyo, S. Status of Anopheles malaria vectors in Indonesia. Southeast Asian J. Trop. Med. Public Health 1985, 16, 129–132.
104. Center for Disease Control and Prevention (CDC). Larval Control and Other Vector Control Interventions, CDC 24/7: Saving Lives,

Protecting People; Center for Disease Control and Prevention (CDC): Atlanta, CA, USA, 2020.
105. Beaubien, J. Malaria Wiped out in U.S. But Still Plagues U.S. Hospitals, NRP; U.S. Public Health Service: Rockville, MD, USA, 2017.
106. United State Environmental Protection Agency (EPA). Success in Mosquito Control: An Integrated Approach; United State Environ-

mental Protection Agency (EPA): Washington, DC, USA, 2021.
107. Cuervo-Parra, J.A.; Cortés, T.R.; Ramirez-Lepe, M. Mosquito-Borne Diseases, Pesticides Used for Mosquito Control, and

Development of Resistance to Insecticides. In Insecticides Resistance; IntechOpen: London, UK, 2016. [CrossRef]
108. Center for Disease Control and Prevention (CDC). Dichlorodiphenyltrichloroethane (DDT) Factsheet, CDC 24/7: Saving Lives, Protecting

People; Center for Disease Control and Prevention (CDC): Atlanta, CA, USA, 2021.
109. Wang, G.H.; Gamez, S.; Raban, R.R.; Marshall, J.M.; Alphey, L.; Li, M.; Rasgon, J.L.; Akbari, O.S. Combating mosquito-borne

diseases using genetic control technologies. Nat. Commun. 2021, 12, 4388. [CrossRef]
110. Beaty, B.J. Genetic manipulation of vectors: A potential novel approach for control of vector-borne diseases. Proc. Natl. Acad. Sci.

USA 2000, 97, 10295–10297. [CrossRef] [PubMed]
111. Wilke, A.B.B.; Marrelli, M.T. Paratransgenesis: A promising new strategy for mosquito vector control. Parasites Vectors 2015, 8, 342.

[CrossRef] [PubMed]
112. Walton, C.; Sharpe, R.G.; Pritchard, S.J.; Thelwell, N.J.; Butlin, R.K. Molecular identification of mosquito species. Biol. J. Linn. Soc.

1999, 68, 241–256. [CrossRef]
113. Jones, R.T.; Ant, T.H.; Cameron, M.M.; Logan, J.G. 2021.Novel control strategies for mosquito-borne diseases. Philos. Trans. R. Soc.

2021, 376, B3762019080220190802. [CrossRef] [PubMed]
114. Harbach, R.E. The phylogeny and classification of Anopheles. In Anopheles Mosquitoes—New Insights into Malaria Vectors; Manguin,

S., Ed.; InTech: Rijeka, Croatia, 2013; pp. 3–55. [CrossRef]
115. Christophers, S.R. The male genitalia of Anopheles. Indian J. Med. Res. 1915, 3, 371–394.
116. Edwards, F.W. A revision of the mosquitos [sic] of the Palaearctic Region. Bull. Entomol. Res. 1921, 12, 263–351. [CrossRef]
117. Root, F.M. The male genitalia of some American Anopheles mosquitoes. Am. J. Hyg. 1923, 31, 264–279. [CrossRef]
118. Komp, W.H.W. The species of the subgenus Kerteszia of Anopheles (Diptera, Culicidae). Ann. Entomol. Soc. Am. 1937, 30, 492–529.

[CrossRef]
119. Antunes, P.C.A. A new Anopheles and a new Goeldia from Colombia (Dipt. Culic.). Bull. Entomol. Res. 1937, 28, 69–73. [CrossRef]
120. Tandina, F.; Doumbo, O.; Yaro, A.S.; Traoré, S.F.; Parola, P.; Robert, V. Mosquitoes (Diptera: Culicidae) and mosquito-borne

diseases in Mali, West Africa. Parasite Vectors 2018, 11, 467. [CrossRef]
121. Harbach, R.E.; Rattanarithikul, R.; Harrison, B.A. Baimaia, a new subgenus for Anopheles kyondawensis Abraham, a unique

crabhole-breeding anopheline in southeastern Asia. Proc. Entomol. Soc. Wash. 2005, 107, 750–761.
122. McKeon, S.N.; Schlichting, C.D.; Povoa, M.M.; Conn, J.E. Ecological suitability and spatial distribution of five Anopheles species

in Amazonian Brazil. Am. J. Trop. Med. Hyg. 2013, 88, 1079–1086. [CrossRef] [PubMed]
123. Gillies, M.T.; de Meillon, B. The Anophelinae of Africa South of the Sahara (Ethiopian Zoogeographical Region). Publ. South Afr.

Inst. Med. Res. 1968, 54, 1–343.
124. Kengne, P.; Awono-Ambene, P.; Antonio Nkondjio, C.; Simard, F.; Fontenille, D. Molecular identification of the Anopheles nili

group of African malaria vectors. Med. Vet. Entomol. 2003, 17, 67–74. [CrossRef] [PubMed]
125. Chen, B.; Pedro, P.M.; E Harbach, R.; Somboon, P.; Walton, C.; Butlin, R.K. Mitochondrial DNA variation in the malaria vector

Anopheles minimus across China, Thailand, and Vietnam: Evolutionary hypothesis, population structure and population history.
Heredity 2011, 106, 241–252. [CrossRef]

126. Pasteur, N.; Raymond, M. Insecticide resistance genes in mosquitoes: Their mutations, migration, and selection in field popula-
tions. J. Hered. 1996, 87, 444–449. [CrossRef]

127. Faust, C. Why Should We Care about Genetic Diversity in Mosquitoes? BugBitten BMC. 2018. Available online: https://blogs.
biomedcentral.com/bugbitten/2018/02/16/care-genetic-diversity-mosquitoes/ (accessed on 9 March 2023).

128. Mayr, E.; Bock, W.J. Classifications and other ordering systems. J. Zool. Syst. Evol. Res. 2002, 40, 169–194. [CrossRef]
129. Edwards, F.W. Genera insectorum, Diptera. Fam. Culicidae Fascicle 1932, 194, 258.

https://doi.org/10.7601/mez.44.65
https://doi.org/10.1016/0035-9203(93)90262-O
https://www.ncbi.nlm.nih.gov/pubmed/8296357
https://doi.org/10.1016/0035-9203(94)90273-9
https://www.ncbi.nlm.nih.gov/pubmed/8036656
https://doi.org/10.1093/jmedent/2.2.109
https://doi.org/10.5772/61510
https://doi.org/10.1038/s41467-021-24654-z
https://doi.org/10.1073/pnas.97.19.10295
https://www.ncbi.nlm.nih.gov/pubmed/10984525
https://doi.org/10.1186/s13071-015-0959-2
https://www.ncbi.nlm.nih.gov/pubmed/26104575
https://doi.org/10.1111/j.1095-8312.1999.tb01168.x
https://doi.org/10.1098/rstb.2019.0802
https://www.ncbi.nlm.nih.gov/pubmed/33357056
https://doi.org/10.5772/54695
https://doi.org/10.1017/S0007485300040207
https://doi.org/10.1093/oxfordjournals.aje.a118933
https://doi.org/10.1093/aesa/30.3.492
https://doi.org/10.1017/S000748530003830X
https://doi.org/10.1186/s13071-018-3045-8
https://doi.org/10.4269/ajtmh.12-0203
https://www.ncbi.nlm.nih.gov/pubmed/23546804
https://doi.org/10.1046/j.1365-2915.2003.00411.x
https://www.ncbi.nlm.nih.gov/pubmed/12680928
https://doi.org/10.1038/hdy.2010.58
https://doi.org/10.1093/oxfordjournals.jhered.a023035
https://blogs.biomedcentral.com/bugbitten/2018/02/16/care-genetic-diversity-mosquitoes/
https://blogs.biomedcentral.com/bugbitten/2018/02/16/care-genetic-diversity-mosquitoes/
https://doi.org/10.1046/j.1439-0469.2002.00211.x


Microorganisms 2024, 12, 82 27 of 29

130. Reid, J.A.; Knight, K.L. Classification within the subgenus Anopheles (Diptera, Culicidae). Ann. Trop. Med. Parasitol. 1961, 55,
474–488. [CrossRef]

131. Reid, J.A. Anopheline mosquitoes of Malaya and Borneo. Stud. Inst. Med. Res. Malaya 1968, 31, 1–520.
132. Faran, M.E. Mosquito studies (Diptera, Culicidae) XXXIV. A revision of the Albimanus Section of the subgenus Nyssorhynchus of

Anopheles. Contrib. Am. Entomol. Inst. 1980, 15, 1–215.
133. Linthicum, K.J. A revision of the Argyritarsis Section of the subgenus Nyssorhynchus of Anopheles (Diptera: Culicidae). Mosq. Syst.

1988, 20, 98–271.
134. Peyton, E.L.; Wilkerson, R.C.; Harbach, R.E. Comparative analysis of the subgenera Kerteszia and Nyssorhynchus of Anopheles

(Diptera: Culicidae). Mosq. Syst. 1992, 24, 51–69.
135. Lobo, N.F.; St Laurent, B.; Sikaala, C.H.; Hamainza, B.; Chanda, J.; Chinula, D.; Krishnankutty, S.M.; Mueller, J.D.; Deason, N.A.;

Hoang, Q.T.; et al. Unexpected diversity of Anopheles species in Eastern Zambia: Implications for evaluating vector behavior and
interventions using molecular tools. Sci. Rep. 2015, 5, 17952. [CrossRef] [PubMed]

136. Gillies, M.T.; Coetzee, M. Supplement to the Anophelinae of Africa south of the Sahara. Johannesbg. Publ. South Afr. Inst. Med. Res.
1987, 55, 1–143.

137. Coetzee, M. Anopheles crypticus, new species from South Africa is distinguished from Anopheles coustani (Diptera: Culicidae).
Mosq. Syst. 1994, 26, 125–131.

138. Lambert, D.M.; Coetzee, M. A dual genetic and taxonomic approach to the resolution of the mosquito taxon Anopheles (Cellia)
marshallii (Culicidae). Syst. Entomol. 1982, 7, 321–332. [CrossRef]

139. Burke, A.; Dandalo, L.; Munhenga, G.; Dahan, Y.; Mbokazi, F.; Coetzee, M.; Ngxongo, S.; Koekemoer, L.; Brooke, B. A new malaria
vector mosquito in South Africa. Sci. Rep. 2017, 7, 43779. [CrossRef]

140. Koekemoer, L.L.; Kamau, L.; Hunt, R.H.; Coetzee, M. A cocktail polymerase chain reaction assay to identify members of the
Anopheles funestus (Diptera: Culicidae) group. Am. J. Trop. Med. Hyg. 2002, 66, 804. [CrossRef]

141. Arnheim, N. Concerted Evolution of Multigene Families. Evolution of Genes and Proteins; Nei, M., Koehm, R.K., Eds.; Sinauer
Associates Inc.: Sunderland, MA, USA, 1983; pp. 38–62.

142. Hackett, B.J.; Gimnig, J.; Guelbeogo, W.; Costantini, C.; Koekemoer, L.L.; Coetzee, M.; Collins, F.H.; Besansky, N.J. Ribosomal
DNA internal transcribed spacer (ITS2) sequences differentiate Anopheles funestus and An. rivulorum and uncover a cryptic taxon.
Insect Mol. Biol. 2000, 9, 369–374. [CrossRef]

143. Weeraratne, T.C.; Surendran, S.N.; Karunaratne, S.H.P.P. DNA barcoding of morphologically characterized mosquitoes belonging
to the subfamily Culicinae from Sri Lanka. Parasites Vectors 2018, 11, 266. [CrossRef] [PubMed]

144. Batovska, J.; Blacket, M.J.; Brown, K.; Lynch, S.E. Molecular identification of mosquitoes (Diptera: Culicidae) in southeastern
Australia. Ecol. Evol. 2016, 6, 3001–3011. [CrossRef] [PubMed]

145. WHO. Mosquitoes of the Genus Anopheles in Countries of the WHO European Region; WHO: Geneva, Switzerland, 2008.
146. Madeira, S.; Duarte, A.; Boinas, F.; Osório, H.C. A DNA barcode reference library of Portuguese mosquitoes. Zoonoses Public

Health 2021, 68, 926–936. [CrossRef] [PubMed]
147. Mishra, S.; Sharma, G.; Das, M.K.; Pande, V.; Singh, O.P. Intragenomic sequence variations in the second internal transcribed

spacer (ITS2) ribosomal DNA of the malaria vector Anopheles stephensi. PLoS ONE 2021, 16, e0253173. [CrossRef] [PubMed]
148. Iyiola, O.A.; Shaibu, R.D.; Shaibu, R.D.; Shittu, O.; Adelaja, O.J.; Kamaldeen-Ibrahim, A.T.; Fadipe, T.O.; Alaba, A.E.; Adejuwon,

S.F.; Oyinlola, B.O. Genetic diversity, and molecular characterization of mosquitoes (Diptera: Culicidae) in North-Central Nigeria
using ribosomal DNA ITS2 and mitochondrial 16S-DNA Sequences. Iraqi J. Vet. Med. 2020, 44, 78–91. [CrossRef]

149. Davidson, J.R.; Wahid, I.; Sudirman, R.; Small, S.T.; Hendershot, A.L.; Baskin, R.N.; Burton, T.A.; Makuru, V.; Xiao, H.; Yu, X.;
et al. Molecular analysis reveals a high diversity of Anopheles species in Karama, West Sulawesi, Indonesia. Parasites Vectors 2020,
13, 379. [CrossRef] [PubMed]

150. St Laurent, B.; Cooke, M.; Krishnankutty, S.M.; Asih, P.; Mueller, J.D.; Kahindi, S.; Thumloup, J.; Oriango, R.M.; Stevenson, J.C.;
Ayoma, E.; et al. Molecular characterization reveals diverse and unknown malaria vectors in the Western Kenyan highlands. Am.
J. Trop. Med. Hyg. 2016, 94, 327–335. [CrossRef]

151. Van Bortel, W.; Trung, H.D.; Roelants, P.; Harbach, R.E.; Backeljau, T.; Coosemans, M. Molecular identification of Anopheles
minimus s.l. beyond distinguishing the members of the species complex. Insect Mol. Biol. 2000, 9, 335–340. [CrossRef]

152. Gao, Q.; Beebe, N.W.; Cooper, R.D. Molecular Identification of the Malaria Vectors Anopheles anthropophagus and Anopheles sinensis
(Diptera: Culicidae) in Central China Using Polymerase Chain Reaction and Appraisal of Their Position Within the Hyrcanus
Group. J. Med. Entomol. 2004, 41, 5–11. [CrossRef]

153. Fumagalli, M.; Vieira, F.G.; Linderoth, T.; Nielsen, R. NgsTools: Methods for population genetics analyses from next-generation
sequencing data. Bioinformatics 2014, 30, 1486–1487. [CrossRef]

154. Holliday, J.A.; Hallerman, E.M.; Haak, D.C. Genotyping and sequencing technologies in population genetics and genomics. In
Population Genomics. Population Genomics; Rajora, O., Ed.; Springer: Cham, Switzerland, 2018. [CrossRef]

155. Harrison, B.A. A new interpretation of affinities within the Anopheles hyrcanus complex of southeast Asia. Mosq. Syst. 1972, 4,
73–83.

156. Hill, S.M.; Urwin, R.; Crampton, J. Synthetic DNA probes for the identification of sibling species within the Anopheles gambiae
complex. Med. Vet. Entomol. 1992, 5, 455–463. [CrossRef] [PubMed]

https://doi.org/10.1080/00034983.1961.11686077
https://doi.org/10.1038/srep17952
https://www.ncbi.nlm.nih.gov/pubmed/26648001
https://doi.org/10.1111/j.1365-3113.1982.tb00449.x
https://doi.org/10.1038/srep43779
https://doi.org/10.4269/ajtmh.2002.66.804
https://doi.org/10.1046/j.1365-2583.2000.00198.x
https://doi.org/10.1186/s13071-018-2810-z
https://www.ncbi.nlm.nih.gov/pubmed/29695263
https://doi.org/10.1002/ece3.2095
https://www.ncbi.nlm.nih.gov/pubmed/27217948
https://doi.org/10.1111/zph.12885
https://www.ncbi.nlm.nih.gov/pubmed/34398521
https://doi.org/10.1371/journal.pone.0253173
https://www.ncbi.nlm.nih.gov/pubmed/34125861
https://doi.org/10.30539/ijvm.v44i2.985
https://doi.org/10.1186/s13071-020-04252-6
https://www.ncbi.nlm.nih.gov/pubmed/32727610
https://doi.org/10.4269/ajtmh.15-0562
https://doi.org/10.1046/j.1365-2583.2000.00192.x
https://doi.org/10.1603/0022-2585-41.1.5
https://doi.org/10.1093/bioinformatics/btu041
https://doi.org/10.1007/13836_2017_5
https://doi.org/10.1111/j.1365-2915.1991.tb00574.x
https://www.ncbi.nlm.nih.gov/pubmed/1773124


Microorganisms 2024, 12, 82 28 of 29

157. Hill, S.M.; Urwin, R.; Crampton, J. A simplified, non-radioactive DNA probe protocol for the field identification of insect vector
specimens. Trans. R. Soc. Trop. Med. Hyg. 1992, 86, 213–215. [CrossRef] [PubMed]

158. Hill, S.M.; Crampton, J.M. Synthetic DNA probes to identify members of the Anopheles gambiae complex and to distinguish the
two major vector of malaria within the complex An. gambiae s.s. and An. arabiensis. Am. J. Trop. Med. Hyg. 1994, 50, 312–321.
[CrossRef] [PubMed]

159. Williams, J.G.K.; Kubelik, A.R.; Livak, K.J.; Rafalski, J.A.; Tingey, S.V. DNA polymorphisms amplified by arbitrary primers are
useful as genetic markers. Nucleic Acids Res. 1990, 18, 6531–6535. [CrossRef] [PubMed]

160. Ari, S.; Arıkan, M. Next-Generation Sequencing: Advantages, disadvantages, and future. In Plant Omics-Trends and Applications;
Springer International Publishing: Cham, Switzerland, 2016; pp. 109–136. [CrossRef]

161. Hert, D.G.; Fredlake, C.P.; Barron, A.E. Advantages and limitations of next generation sequencing technologies: A comparison of
electrophoresis and non-electrophoresis methods. Electrophoresis 2008, 29, 4618–4626. [CrossRef] [PubMed]

162. Shendure, J.; Ji, H. Next-generation DNA sequencing. Nat. Biotechnol. 2008, 26, 1135–1145. [CrossRef]
163. König, K.; Peifer, M.; Fassunke, J.; Ihle, M.A.; Künstlinger, H.; Heydt, C.; Stamm, K.; Ueckeroth, F.; Vollbrecht, C.; Bos, M.; et al.

Implementation of amplicon parallel sequencing leads to improvement of diagnosis and therapy of lung cancer patients. J. Thorac.
Oncol. 2015, 10, 1049–1057. [CrossRef]

164. Rivas, M.A.; Beaudoin, M.; Gardet, A.; Stevens, C.; Sharma, Y.; Zhang, C.K.; Boucher, G.; Ripke, S.; Ellinghaus, D.; Burtt, N.; et al.
Deep resequencing of GWAS loci identifies independent low-frequency variants associated with inflammatory bowel disease.
Nat. Genet. 2011, 43, 1066–1073. [CrossRef]

165. Schuster, S.C. Next-generation sequencing transforms today’s biology. Nat. Methods 2008, 5, 16–18. [CrossRef]
166. Gkazi, A. An Overview of Next-Generation Sequencing. Technol. Netw. Genom. Res. 2021. Available online: https://www.

technologynetworks.com/genomics/articles/an-overview-of-next-generation-sequencing-346532 (accessed on 16 July 2023).
167. Alzu’bi, A.A.; Zhou, L.; Watzlaf, V. Personal genomic information management and personalized medicine: Challenges, current

solutions, and roles of HIM professionals. Perspect. Health Inf. Manag. 2014, 11, 1c. [PubMed]
168. Gullapalli, R.R.; Desai, K.V.; Santana-Santos, L.; Kant, J.A.; Becich, M.J. Next generation sequencing in clinical medicine:

Challenges and lessons for pathology and biomedical informatics. J. Pathol. Inform. 2012, 3, 40. [CrossRef] [PubMed]
169. Wang, N.; Yuan, Y.; Wang, H.; Yu, D.; Liu, Y.; Zhang, A.; Gowda, M.; Nair, S.K.; Hao, Z.; Lu, Y.; et al. Applications of

genotyping-by-sequencing (GBS) in maize genetics and breeding. Sci. Rep. 2020, 10, 16308. [CrossRef] [PubMed]
170. Wickland, D.P.; Battu, G.; Hudson, K.A.; Diers, B.W.; Hudson, M.E. A comparison of genotyping-by-sequencing analysis methods

on low-coverage crop datasets shows advantages of a new workflow. GB-eaSy. BMC Bioinform. 2017, 18, 586. [CrossRef] [PubMed]
171. Mukherjee, P.K. Chapter 13—Bioassay-guided isolation and evaluation of herbal drugs. In Evaluating Natural Products and

Traditional Medicine; Elsevier: Amsterdam, The Netherlands, 2019; pp. 515–537.
172. Bhatia, D.; Wing, R.A.; Singh, K. Genotyping by sequencing, its implications, and benefits. Crop Improv. 2013, 40, 101–111.
173. Mishra, A.; Singh, P.K.; Bhandawat, A.; Sharma, V.; Sharma, V.; Singh, P.; Roy, J.; Sharma, H. Chapter 8—Analysis of SSR and SNP

markers. Bioinformatics Methods and Applications; Academic Press: Cambridge, MA, USA, 2021; pp. 131–144.
174. Elshire, R.J.; Glaubitz, J.C.; Sun, Q.; Poland, J.A.; Kawamoto, K.; Buckler, E.S.; Mitchell, S.E. A robust, simple genotyping-by-

sequencing (GBS) approach for high diversity species. PLoS ONE 2011, 6, e19379. [CrossRef]
175. Peterson, B.K.; Weber, J.N.; Kay, E.H.; Fisher, H.S.; Hoekstra, H.E. Double digest RADseq: An inexpensive method for de novo

SNP discovery and genotyping in model and non-model species. PLoS ONE 2012, 7, e37135. [CrossRef]
176. Rheindt, F.E.; Fujita, M.K.; Wilton, P.R.; Edwards, S.V. Introgression and phenotypic assimilation in Zimmerius flycatchers

(Tyrannidae): Population genetic and phylogenetic inferences from genome-wide SNPs. Syst. Biol. 2012, 63, 134–152. [CrossRef]
177. Davey, J.W.; Blaxter, M.L.; Davey, J.W.; Blaxter, M.L. RADSeq: Next-generation population genetics. Brief. Funct. Genom. 2010, 9,

416–423, Erratum in Brief. Funct. Genom. 2011, 10, 108. [CrossRef]
178. Phelps, M.P.; Seeb, L.W.; Seeb, J.E. Transforming ecology and conservation biology through genome editing. Conserv. Biol. 2020,

34, 54–65. [CrossRef] [PubMed]
179. Mackenzie, R.J. RNA-Seq: Basics, applications and protocol. Technol. Netw. Genom. Res. 2018. Available online: https://www.

technologynetworks.com/genomics/articles/rna-seq-basics-applications-and-protocol-299461 (accessed on 15 August 2023).
180. Ozsolak, F.; Milos, P.M. RNA sequencing: Advances, challenges, and opportunities. Nat. Rev. Genet. 2011, 12, 87–98. [CrossRef]

[PubMed]
181. Martin, S.A.M.; Dehler, C.E.; Krol, E. Transcriptomic responses in the fish intestine. Dev. Comp. Immunol. 2016, 64, 103–117.

[CrossRef] [PubMed]
182. Metzker, M.L. Sequencing technologies—The next generation. Nat. Rev. Genet. 2010, 11, 31–46. [CrossRef] [PubMed]
183. Koboldt, D.C.; Ding, L.; Mardis, E.R.; Wilson, R.K. Challenges of sequencing human genomes. Brief. Bioinform. 2010, 11, 484–498.

[CrossRef] [PubMed]
184. Chavshin, A.R.; Oshaghi, M.A.; Vatandoost, H.; Hanafi-Bojd, A.A.; Raeisi, A.; Nikpoor, F. Molecular characterization, biological

forms and sporozoite rate of Anopheles stephensi in southern Iran. Asian Pac. J. Trop. Biomed. 2014, 4, 47–51. [CrossRef]
185. Makanda, M.; Kemunto, G.; Wamuyu, L.; Bargul, J.; Muema, J.; Mutunga, J. Diversity and Molecular Characterization of

Mosquitoes (Diptera: Culicidae) in Selected Ecological Regions in Kenya. F1000Research 2019, 8, 262. [CrossRef]
186. Beebe, N.W.; Foley, D.H.; Cooper, R.D.; Bryan, J.H.; Saul, A. DNA probes for the Anopheles punctulatus complex. Am. J. Trop. Med.

Hyg. 1996, 54, 395–398. [CrossRef]

https://doi.org/10.1016/0035-9203(92)90578-Z
https://www.ncbi.nlm.nih.gov/pubmed/1440793
https://doi.org/10.4269/ajtmh.1994.50.312
https://www.ncbi.nlm.nih.gov/pubmed/8147489
https://doi.org/10.1093/nar/18.22.6531
https://www.ncbi.nlm.nih.gov/pubmed/1979162
https://doi.org/10.1007/978-3-319-31703-8_5
https://doi.org/10.1002/elps.200800456
https://www.ncbi.nlm.nih.gov/pubmed/19053153
https://doi.org/10.1038/nbt1486
https://doi.org/10.1097/JTO.0000000000000570
https://doi.org/10.1038/ng.952
https://doi.org/10.1038/nmeth1156
https://www.technologynetworks.com/genomics/articles/an-overview-of-next-generation-sequencing-346532
https://www.technologynetworks.com/genomics/articles/an-overview-of-next-generation-sequencing-346532
https://www.ncbi.nlm.nih.gov/pubmed/24808804
https://doi.org/10.4103/2153-3539.103013
https://www.ncbi.nlm.nih.gov/pubmed/23248761
https://doi.org/10.1038/s41598-020-73321-8
https://www.ncbi.nlm.nih.gov/pubmed/33004874
https://doi.org/10.1186/s12859-017-2000-6
https://www.ncbi.nlm.nih.gov/pubmed/29281959
https://doi.org/10.1371/journal.pone.0019379
https://doi.org/10.1371/journal.pone.0037135
https://doi.org/10.1093/sysbio/syt070
https://doi.org/10.1093/bfgp/elq031
https://doi.org/10.1111/cobi.13292
https://www.ncbi.nlm.nih.gov/pubmed/30693970
https://www.technologynetworks.com/genomics/articles/rna-seq-basics-applications-and-protocol-299461
https://www.technologynetworks.com/genomics/articles/rna-seq-basics-applications-and-protocol-299461
https://doi.org/10.1038/nrg2934
https://www.ncbi.nlm.nih.gov/pubmed/21191423
https://doi.org/10.1016/j.dci.2016.03.014
https://www.ncbi.nlm.nih.gov/pubmed/26995769
https://doi.org/10.1038/nrg2626
https://www.ncbi.nlm.nih.gov/pubmed/19997069
https://doi.org/10.1093/bib/bbq016
https://www.ncbi.nlm.nih.gov/pubmed/20519329
https://doi.org/10.1016/S2221-1691(14)60207-0
https://doi.org/10.12688/f1000research.18262.2
https://doi.org/10.4269/ajtmh.1996.54.395


Microorganisms 2024, 12, 82 29 of 29

187. Cornel, A.J.; Lee, Y.; Almeida, A.P.G.; Johnson, T.; Mouatcho, J.; Venter, M.; de Jager, C.; Braack, L. Mosquito community
composition in South Africa and some neighboring countries. Parasites Vectors 2018, 11, 331. [CrossRef]

188. Akeju, A.V.; Olusi, T.A.; Simon-Oke, I.A. Molecular identification and wing variations among malaria vectors in Akure North
Local Government Area, Nigeria. Sci. Rep. 2022, 12, 7674. [CrossRef] [PubMed]

189. Badmos, A.O.; Alaran, A.J.; Adebisi, Y.A.; Bouaddi, O.; Onibon, Z.; Dada, A.; Lin, X.; Lucero-Prisno, D.E. What sub-Saharan
African countries can learn from malaria elimination in China. Trop. Med. Health 2021, 49, 86. [CrossRef] [PubMed]

190. Lukindu, M. Molecular Tools and Genetic Approaches for Studying the Genetic Structure of Major Malaria Vectors in Sub-Saharan Africa;
University of Notre Dame: Notre Dame, IN, USA, 2023. [CrossRef]

191. Abdelwhab, O.F.; Elaagip, A.; Albsheer, M.M.; Ahmed, A.; Paganotti, G.M.; Hamid, M.M.A. Molecular and morphological
identification of suspected Plasmodium vivax vectors in Central and Eastern Sudan. Malar. J. 2021, 20, 132. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1186/s13071-018-2824-6
https://doi.org/10.1038/s41598-022-11917-y
https://www.ncbi.nlm.nih.gov/pubmed/35538208
https://doi.org/10.1186/s41182-021-00379-z
https://www.ncbi.nlm.nih.gov/pubmed/34689839
https://doi.org/10.7274/vt150g38q0n
https://doi.org/10.1186/s12936-021-03671-9
https://www.ncbi.nlm.nih.gov/pubmed/33663534

	Introduction 
	Distribution, Prevalence, and Control of Malaria Vectors and Challenges with Malaria Identification 
	Lessons Learned from Europe 
	Lessons Learned from America 
	Lessons Learned from Asia 
	Lessons Learned from Africa 

	Mosquito Control Strategies 
	Mosquito Control Strategies in Africa 
	Mosquito Control Strategies in Asia 
	Mosquito Control Strategies in the USA and Europe 

	Identification and Characterization of Malaria Vectors 
	Morphological Identification of Malaria Vectors 
	Classification of Mosquitoes 
	Molecular Identification of Mosquito Species 
	Taxonomic Characterization of Malaria Vector Species 
	Challenges Associated with Structural Species Identification 
	Molecular Characterization of Malaria Vectors 
	Sequencing Techniques Normally Used in Population Genetics Studies, Their Strengths, and Limitations 
	Next-Generation Sequencing (NGS) 
	Genotyping-by-Sequencing (GBS) 
	Restriction Site-Associated DNA Sequencing (RAD-Seq) 
	RNA Sequencing (RNA-Seq) 

	Capacity for Molecular Identification and Characterization of Malaria Vectors in Sub-Saharan Africa 

	Evidence Supporting the Superiority of DNA-Based Identification of Malaria Vectors over Morphological Identification 
	Routes to Be Taken to Advance Malaria Vector Control Strategies in Different Endemic Regions and Basic Solutions to Overcome Insecticides’ Resistance and Imported Cases 
	Future Insight and Prediction 
	Conclusions 
	References

