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Abstract: Wolbachia is an endosymbiotic bacterium that naturally infects several arthropods and
nematode species. Wolbachia gained particular attention due to its impact on their host fitness and the
capacity of specific Wolbachia strains in reducing pathogen vector and agricultural pest populations
and pathogens transmission. Despite the success of mosquito/pathogen control programs using
Wolbachia-infected mosquito release, little is known about the abundance and distribution of Wolbachia
in most mosquito species, a crucial knowledge for planning and deployment of mosquito control
programs and that can further improve our basic biology understanding of Wolbachia and host
relationships. In this systematic review, Wolbachia was detected in only 30% of the mosquito species
investigated. Fourteen percent of the species were considered positive by some studies and negative
by others in different geographical regions, suggesting a variable infection rate and/or limitations of
the Wolbachia detection methods employed. Eighty-three percent of the studies screened Wolbachia
with only one technique. Our findings highlight that the assessment of Wolbachia using a single
approach limited the inference of true Wolbachia infection in most of the studied species and that
researchers should carefully choose complementary methodologies and consider different Wolbachia-
mosquito population dynamics that may be a source of bias to ascertain the correct infectious status
of the host species.
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1. Introduction

Wolbachia pipientis is an endosymbiotic bacteria from the Rickettsiales order, identified
for the first time in 1923 in Culex pipiens ovaries [1]. Since then, Wolbachia has been widely
studied from basic to applied biology. It is estimated that strains of the genus Wolbachia are
naturally present in 66% of all insect species, showing a wide array of ecological interac-
tions, varying from parasitism, commensalism and mutualism, with their eukaryotic host
cells [2-5]. In past years, several studies have been published focusing on Wolbachia’s ability
to manipulate their host reproductive system due to the applicability of different derived
phenotypes in new strategies to control arthropod species populations [6,7]. Different Wol-
bachia strains can generate parthenogenesis, feminization and cytoplasmic incompatibility
(CI) on their hosts [8,9]. Such phenotypes increase the frequency of host infected individu-
als consequently enhancing the Wolbachia transmission to their progeny [10]. Moreover,
Wolbachia can also be transmitted and infect new host species through horizontal transfer,
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that is, the transfer of Wolbachia to new individuals/species through other means than sex-
ual intercourse. Such phenomenon is also known as host swift [11,12]. Therefore, the large
host taxa breadth that Wolbachia currently infects is a result of successful lineages that are
able to exploit vertical transmission and/or horizontal transfer inheritance modes [13,14].

W. pipientis is considered the only species of the genus Wolbachia, but major super-
groups and lineages were proposed to classify the large genomic diversity of the different
strains characterized so far [15]. Seventeen different Wolbachia supergroups ranging from
A to R (except G) have so far been defined based on genome differences—mainly 16 s
ribosomal region phylogenetic analysis [16-19]. The supergroups A and B are the most
common supergroups found in arthropods, while the supergroups C and D are usually
found in filarial nematodes [20,21]. Besides the classification into supergroups/lineages,
Wolbachia can also be classified into strains differentiated based on genomic divergence and
different effects they cause in their hosts.

The ability of different Wolbachia strains to modify the physiology of their hosts has
been extensively explored as a biotechnological tool for insect population control [22,23].
Currently, biological control using Wolbachia is based on the management of two pheno-
types that emerged from the crossing of Wolbachia-infected strains with natural mosquito
populations: the first occurs when males infected with the bacteria are released into the
environment to reproduce with Wolbachia-free females, which leads to CI between gametes,
and the absence of viable offspring [6,24,25]. Continued release of infected males over
time reduces the target mosquito population in a given site. This strategy is commonly
known as the incompatible insect technique (IIT) [26-29]; in the second approach, the
replacement strategy, females infected with a specific strain of Wolbachia that can reduce the
replication of arthropod-borne viruses (arboviruses) such as Dengue (DENV), Zika (ZIKV),
Chikungunya (CHIKV) and Yellow fever (YFV) [30-35] are released in the environment
to replace the local natural mosquito population [6]. IIT has been deployed effectively
in some cities in the United States focusing on Ae. albopictus and Ae. aegypti population
control [36-38], in Tahiti with Ae. polynesiensis, in Singapore with Ae. aegypti and with Ae.
albopictus in China in combination with the sterile insect technique (SIT) [28,39,40]. Both IIT
and the replacement strategy relies on a key premise: that natural populations of the target
species are Wolbachia free and/or not infected with the strain being released [41]. Wolbachia
strains naturally infecting the mosquito target species might render both Wolbachia control
strategies ineffective, therefore precise information about Wolbachia infection in mosquitoes
is crucial for any planned deployment of such strategies [41].

Given that these strategies to control mosquito populations or pathogen transmission
rely on curated information about the Wolbachia status of mosquito species and natural
populations, prior knowledge and continued monitoring of the presence of Wolbachia in
mosquitoes is crucial to plan and implement such control programs. Wolbachia can be de-
tected through various molecular techniques that show variable sensitivity and specificity,
such as polymerase chain reaction (PCR) (with specific and /or degenerate primers), PCR
with various markers such as multilocus sequencing Typing (MLST), quantitative PCR
(qPCR), microscopy methods, such as Fluorescent In Situ Hybridization (FISH), electron
microscopy, and others [42-45]. The popularization of molecular methods has broadened
the capacity of many laboratories to perform Wolbachia DNA detection in several insect
species while the different microscopy techniques have been used by a small number of
researchers [46]. Each of these techniques has particular advantages and limitations that
can influence the detection of different Wolbachia-derived molecules and /or a true Wolbachia
infection. Moreover, several well-known biological phenomena emerged from a symbiotic
relationship must be considered when investigating Wolbachia infection: I—the variable
infection rate of host species, that is, in most host species studied so far, Wolbachia strains
infect only a fraction of the host population; II—multiple Wolbachia strains co-infection in
the same individual; Ill—horizontal gene transfer of Wolbachia to the host genome and;
IV—the large diversity of Wolbachia strains that might not be captured by all molecular
techniques available [9,47,48].
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This systematic review evaluated the presence of Wolbachia in culicids, analyzed the
methods employed to detect the bacterium and provide guidelines and perspectives for
researchers in this area.

2. Results
2.1. Articles

The 59 selected articles were published between the years of 2000 and 2020, with
2018 being the year with the highest number of publications (12). The average number of
mosquito species evaluated for each article was 9.06, with 16.22 as the standard deviation.
The largest number of species analyzed by a single article was 87, however, 37% of the
studies evaluated only one species [49].

2.2. Methods Used to Detect Wolbachia in Culicids

Wolbachia has been screened using different methodologies that can be subdivided into
two larger groups based on the molecule/cellular structure investigated: Amplification-
based strategies: PCR, real-time PCR (qPCR), restriction fragment length polymorphism
(RFLP), multilocus sequence typing (MLST), metabarcoding and Loop Mediated Isothermal
Amplification (LAMP); and cell/structure visualization strategies: electron transmission
microscopy (MET) and cell culture. Amplicon-based strategies have used several different
target genes for Wolbachia detection, such as wsp, fstz, 16s rRNA, orf7 (from an integrated
bacteriophage WO found in the Wolbachia genome), Tr1, pk1, ank2, groE, 18s rRNA, GP15,
ISWpil transposable element, besides specific targets for the different strains of Wolbachia.
While cell/structure visualization strategies relied on specific Wolbachia protein staining
and/or the staining of the entire Wolbachia cell.

Of the total articles selected for this systematic review, 83% of them employed only one
technique to detect Wolbachia in mosquitoes (Supplementary Material). The conventional
PCR technique for more than one Wolbachia target gene was used in 51% of those with 4.16
targets per article on average, while 17 target genes was the highest number of target genes
that was used in only a single article [49]. Of the articles that used only conventional PCR
for amplification (20) of a single Wolbachia target gene, most of them chose the wsp gene, in
45% of the studies. Twelve studies used more than one PCR target genes as complementary
methodologies and only two articles (16%) used more than one technique (Amplicon-based
and Cell/Structure visualization) to detect Wolbachia. Wolbachia cell culture, metabarcod-
ing, LAMP, and MET, were employed in only one article each [45,50-52] (Supplementary
Material). It is important to note such highly heterogeneous and non-standardized use
of different molecular biology techniques to detect Wolbachia in mosquitoes. Moreover,
many of the methodologies employed alone are not able to differentiate between a true
Wolbachia infection and the detection of Wolbachia molecule traces irrespective of the in-
fection status (see Discussion section). Therefore, from now on we described the results
collected in this review using a general term “Wolbachia detection” and the results should
be taken cautiously regarding the Wolbachia infection status unless we stated that multiple
methodologies have been employed corroborating a true Wolbachia infection.

2.3. Distribution of Wolbachia in Culicidae Species

Two hundred and seventeen Culicidae species belonging to 22 different genera were
screened for Wolbachia so far, which corresponds to only 6% of all mosquitoes recorded [53].
Anopheles, Aedes, and Culex have the largest number of screened species, which corre-
spond to 75% of all recovered species, with species of the Anopheles genus being the
most abundant (76 species) (Figure 1B,C). Some genera such as Ficalbia, Malaya, Haem-
agogus, Hodgesia, and Limatus were represented by only one species but the species in-
vestigated from the last three genera were classified taxonomically only at genus level.
Ae. albopictus and Ae. aegypti species were screened by Wolbachia in several studies,
26 and 21 different articles, respectively. There is a strong linear correlation between
the number of mosquito species per genera and the number of species per genera in-
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vestigated for Wolbachia infection (R = 0.883) (Figure 1A). An interactive map with all
species screened for Wolbachia detection so far is available on the microreact platform (
https:/ /microreact.org/project/rxDRQdWjzg86eXCTEF8oNn4).
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Figure 1. General information about Wolbachia screening on mosquitoes. (A) Correlation between the number of mosquito
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Axis values are in log scale, Pearson’s correlation: 0.88. (B) Number of species per culicid genera screened by the presence
of Wolbachia. (C): Distribution of 217 species by genera identified as positive and negative for Wolbachia. The Anopheles,
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separated values does not totalize 217 species, since Ur. Spp. is considered positive by one study and negative by other, but
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cannot be classified in “Both” categories, once we cannot guarantee if it corresponds to the same species.

Seventeen out of 22 genera had at least one species positive for Wolbachia, whereas
the remaining five (Culiseta, Haemagogus, Lutzia, Heizmannia and Mimomyia) were negative.
All species investigated so far from the Coquillettidia, Limatus, and Psorophora genera were
Wolbachia-positive (Figure 1C).
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Of the total species screened for Wolbachia, 122 were considered negative, and 66
were positive, which corresponds to approximately 56% and 30% of the total, respectively
(Figure 1C). In addition, a different group of species (30 species—14%) were both considered
positive and negative by different studies (Figure 1C, Supplementary Material). However,
due to the high variability of the methods used in these studies (mainly amplicon-based),
the infection status of most species needs further assessment.

2.4. Wolbachia Diversity and Infection Rate

Forty-four distinct strains of Wolbachia were characterized; 36% of those belong to
supergroup A and 45% belong to supergroup B. The remaining 19% were not genotyped
at the supergroup level (Figure 2). The most frequent strain found was wPip detected
in 16 different mosquito species, followed by the wCon strain, detected in 9 species. In
addition, some studies recorded the presence of Wolbachia from other supergroups (in
addition to A and B), such as C in Ae. aegypti, D in An. baimai, and F in An. minimus and
An. maculatus.

Non-Annotated
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wAlbA wMors
wAnfud wNiv
wAra  wNov
wBre  wPap
wEkum  wRiv
wHod — wSub
wLop ~ wUni
wMel  wUral
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Figure 2. Wolbachia strains and its respective supergroups present on mosquitoes identified by this
review.

The infection rate, the percentage of Wolbachia-positive mosquitoes, was calculated for
32 out of 65 species mostly using amplification-based strategies (Supplementary Material).
A large variation was found such as Ae. albopictus and Ma. uniformis, which showed
infection rates varying from 15% to 100% (Table 1).
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Table 1. Wolbachia infection rate in different mosquito species investigated.

Species Minimum (%) Maximum (%) Strain Supergroup References
Ad. madagascarica - 100 wMad NA [43]

Ae. aegypti 43 57.4 wAegB, wAIbB A,B,C [45,51,52,54-58]
Ae. albopictus 15 100 wAIbA, wAIbB, wPip AB [49-51,54-57,59-77]
Ae. bromeliae - 75 NA NA [78]

Ae. cantans - 3 wOcan NA [60]

Ae. cinereus - 37 wAcin NA [60]

Ae. metallicus - 50 NA NA [78]
An. "GAB-2" - 63 NA B [79]
An. “GAB-3" - 100 NA B [79]
An. arabiensis 3.1 75 NA NA [80,81]
An. carnevalei - 7 NA AB [79]

An. coluzzii 3 4 NA AB [79,80]
An. coustani - 6 NA B [79]
An. funestus 121 5 wAnfuA, wAnfuB AB [79,82]

An. gambiae 8 24 wAnga B [79,80,83]
An. hancocki - 2 NA B [79]
An. implexus - 4 NA B [79]
An. jebudensis - 50 NA B [79]
An. marshallii - 5 NA B [79]
An. moucheti - 71 wAnM B [79,80]
An. nigeriensis - 4 NA B [79]

An. nili - 58 NA B [79]

An. paludis - 6 NA B [79]
An. species A - 91 wAnsA A [80]
An. stephensi - 60 NA AB [71]

An. vinckei - 10 NA AB [79]

Ar. kesseli 8 24 wKes B [49,59,64]
Ar. obturban - 71 wPip B [71]
Ar. subalbatus - 100 wAIbA, wSub, wRiv A [49,59,61,64,68,84]
Cq. richiardii 68 100 wCrich B [60,62,85]
Cx. antennatus - 3 NA NA [43]

Cx. decens - 18 wDec B [43]

Cx. dutton - 100 NA NA [43]

Cx. gelidus - 54 wGel, wCon AB [49,59,61,64,67,36]
Cx. hortensis - 16.7 NA NA [62]

Cx. modestus - 7 NA NA [60,85]
Cx. pipiens 45 100 wPip B [42,44,60,66,68,84,85,87-97]
. . . [49,51,54,56,59,61,64,66,67,69,72,

Cx. quinquefasciatus 30 100 wPip B 78,84,88,93,98-101]
Cx. theileri - 10.4 NA NA [70]

Cx. vishnui - 67 wPip, wRiv, wCon AB [49,59,61,64,67,71]
Fi. circumtestacea - 33 wCir NA [43]
Ma. africana - 27 NA NA [78]

. . wPip, wlnif-Mad, )
Ma. uniformis 26 100 wUnifB, wRiv, wCon AB [43,49,61,64,67,72,78,84]
Oc. dorsalis - 100 NA NA [62]
Ur. spp. - 26 wlral, wUra2 A [43]

NA: not annotated at supergroup or strain level.

2.5. Infection Rate Variability between Studies Considering Widely Distributed and Studied
Species

We observed that the detection of Wolbachia in culicids was carried out in mosquitoes
from 52 countries, in Africa, Oceania, Europe, Asia, and the South, Central, and North
America.

Thirty-one species were considered positive by some studies and negative by others
regarding the presence of Wolbachia (Figure 3). Twenty-one studies analyzed a total of 35
Ae. aegypti populations for the presence of Wolbachia, 31 populations were Wolbachia free.
While four populations sampled in the USA, Malaysia, Thailand, India, Panama, and the
Philippines were positive for Wolbachia from supergroups A, B, C, and wAIbB and wAegB
strains. A similar pattern was seen for An. gambiae, evaluated in eight countries, in which
populations from Burkina Faso and the Democratic Republic of Congo were Wolbachia free
while two other studies reported infection, with the presence of wAnga strain in one of
them. The same scenario occurred with Cx. pipiens, in which only one article registered the
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absence of Wolbachia in this species from Russia. The Wolbachia infection rate for Ae. aegypti
and An. gambiae varied by site between 4.3% to 58% and 8% to 24%, respectively. It is
possible that Wolbachia infection is limited to certain geographical regions and populations,
but it is important to take into consideration the methodological approach employed by
each study in order to confidently access the infection status of species and populations.
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Figure 3. World map showing the species sampling site per country that had variable Wolbachia infection rate. Crosses and
circles represent sites where the species were positive and negative, respectively. The full interactive map can be accessed at
https:/ /microreact.org/project/rxDRQdAWjzg86eXCTF8oNn4.

3. Discussion

Detailed knowledge of Wolbachia diversity and their ability to manipulate the host’s
reproductive system and affect the replication of viruses have established Wolbachia-based
vector and arbovirus control as one of the most promising strategies to mitigate the impact
of mosquito-transmitted pathogens. Currently, there are two main approaches that use
Wolbachia with this aim [37,102]: I—the replacement strategy that releases males and
females of Ae. aegypti transfected with Wolbachia to replace the natural population to one
that is refractory to several arboviruses [23]; II—the second approach is conducted by
releasing male mosquitoes infected with Wolbachia seeking to induce CI and reduce the
mosquito population [38]. To effectively deploy either strategy, researchers require precise
information about any potential target mosquito species infected naturally by Wolbachia
before and during any intervention, since it might have unexpected effects on the strategy
employed [103].

This systematic review summarizes all available knowledge about Wolbachia in mosqui-
to species focusing on the Culicidae diverse genera, the methodological approaches em-
ployed for Wolbachia detection and discuss the different sources of biases that can emerge
due to methodological limitations and/or biological symbiotic factors.
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3.1. Distribution of Wolbachia in Culicidae

The Culicidae family is one of the largest families of insects comprising more than
3574 known species [53]. Only 217 of these were evaluated for the presence of Wolbachia
so far, which represents 6% of Culicidae species (Figure 1B). Thus, the distribution and
frequency of Wolbachia in more than 90% of Culicidae species remains unknown, as well as
the possible existence of different strains and induced phenotypes in the host mosquito
species. As expected, there is a strong correlation between the abundance of mosquito
species per genera and the number of species per genera screened for Wolbachia (Figure 2).
Anopheles, Aedes, and Culex, were the three most studied genera screened for Wolbachia
comprising 75% of the total. The most studied species was Ae. albopictus (44% of arti-
cles). Such higher representativeness of these three genera was expected since they are
also the most abundant and have enormous epidemiological importance transmitting
several pathogens to humans [34,104,105]. However, it is important to note that very few
mosquito species from other genera, such as Haemagogus and Sabethes that also transmit
highly pathogenic pathogens, were barely screened for Wolbachia [106]. For instance, no
species from the Sabethes genus was screened for Wolbachia so far and only one species
from the Haemagogus genus was investigated. Other examples of mosquito species with
epidemiological importance, such as Ae. furcifer, Ae. taylori, Ae. luteocephalus, and Ae.
simpsoni that maintain the peridomestic cycle of YFV in different countries on the African
continent, have not been screened for Wolbachia so far [107].

On the other hand, mosquitoes that belong to the genera Toxorhynchites, Malaya, and
Topomania were not investigated at all, maybe because they are not considered of medical
importance due to their non-hematophagous feeding habits [106]. However, knowing
the Wolbachia diversity in these mosquitoes is important to understand the evolutionary
history of Wolbachia since species from these genera are basal in the phylogeny of culicids.
Moreover, in-depth knowledge of the interaction with their hosts may provide new Wol-
bachia strains that can be exploited for biological control. Thus, there are still major gaps in
the knowledge about Wolbachia diversity in mosquitoes that should be addressed in the
coming years.

3.2. Detection Methods and What They Can Tell Us

Molecular biology techniques continue to improve as the years pass, many develop-
ments have been incorporated to detect different Wolbachia molecules and cells in insects.
However, each methodology has its strengths and weaknesses that can directly influence
the results of Wolbachia diagnosis. Some factors must be considered before establishing the
method to detect Wolbachia in mosquitoes including the sensitivity of the technique; the
specificity of the chosen target; the biological characteristics of the bacterium and hosts in
different scenarios, such as the possibility of the Wolbachia genome being integrated into
the mosquito’s genome, tissue tropism of Wolbachia infection and variable infection rate
(see Section 3.3).

3.2.1. Amplification-Based Strategies

According to the results found in this review, 33% of the studies performed detection
of Wolbachia in culicids using conventional PCR with only one Wolbachia target gene. Of
these, the wsp gene that encodes the main protein on the bacterium’s membrane surface,
was the main target choice [108]. Although PCR is a sensitive technique that allows the
detection of bacterium DNA even at low infection titer, it has some limitations, such as
the inability to differentiate if Wolbachia DNA was derived from Wolbachia cells, a true
Wolbachia infection, or if Wolbachia DNA is integrated into the host genome [109]. Several
studies reported cases of lateral gene transfer (LGT) between Wolbachia and its hosts, such
as the presence of fragments of the wBruAus genomic DNA in the X chromosome of the
species Callosobruchus chinensis and evidence of transfer between the wMel strain and
C. chinensis genome [110,111]. Conventional PCR that amplifies only one target is unable
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to differentiate a bacterium gene integrated in the mosquito’s genome from an active and
true infection by Wolbachia (Figure 4).
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Figure 4. Wolbachia detection methods and possible results derived from true infection and/or Wolbachia contamination.
Triangles and squares represent DNA-based and visualization methods, respectively. Each circle represents one specific
scenario and which of the following methods could be used to detect Wolbachia molecules. * methods that can suggest the
presence of a bacteria establishing a true infection but cannot confirm if this infection is caused by Wolbachia.

An alternative to circumvent this problem could be using a large set of Wolbachia gene
targets (in a multiplex PCR or MLST) since the integration of several bacteria genes in
the host’s genome is less likely to occur [110]. Only three of the articles evaluated by this
review applied the MLST technique, which consists in amplifying five conserved Wolbachia
genes widely distributed in the genome, namely: gatB, coxA, hcpA, fopA, and ftsZ [112].
Next-generation sequencing (NGS) employing long reads of mosquito and Wolbachia DNA
may offer additional data that can help to distinguish between a true Wolbachia infection
and integrated bacterium genomic fragments. Long DNA reads allow the detection of
Wolbachia DNA integration sites into the mosquito genome or the confirmation of circular
Wolbachia genomic DNA that further supports a true Wolbachia infection hypothesis [46].
However, many genome assembly parameters must be considered when analyzing these
genomes, including genome coverage and sequencing depth.

Another alternative is to use qPCR for Wolbachia genes, which may indicate a true
infection. The bacterium titer variability is most likely explained as a result of a true infec-
tion and not a variable amount of Wolbachia genes integrated into the genome of different
specimens, although Wolbachia titer variation may emerge from superficial mosquito con-
tamination. Compared to conventional PCR, the other techniques cited are more laborious
and expensive; however, they offer a more precise result for the origin of the detected
Wolbachia gene.
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3.2.2. Cell/Structure Visualization Strategies

Of the 59 articles analyzed, only one used a method for visualizing the bacterium,
which was performed using MET. Although molecular techniques to visualize antigens
or cell structures, such as FISH and MET are laborious, require expensive equipment and
trained personnel, they can discern the first scenario (integration of Wolbachia gene into the
mosquito genome) from a true Wolbachia infection, since the visualization of the bacteria
and not just a single structure or gene trace confirm a true infection [46] (Figure 4). An
alternative to the high cost required by these cited techniques is to perform a squash of the
mosquito’s ovaries followed by staining with May-Grunwald-Giemsa method (GIEMSA) or
Gimenez staining to visualize pleomorphic structures suggestive of Wolbachia cells, through
an optical microscope [61,113,114]. This simpler and cheaper technique was performed
by a single study among all investigated in this review. Thus, despite the low amount
of resources, there are alternatives for the correct detection of Wolbachia in culicids. For
example, the use of conventional PCR associated with the visualization of pleomorphic
structures in the ovaries of mosquitoes stained by GIEMSA, is able not only to confirm
the Wolbachia infection but also to detect the specific presence of Wolbachia and possibly its
lineage or strain.

3.2.3. Laboratory Colony Establishment of Field-Collected Population

The establishment of a colony of field-caught mosquitoes is one of the most complex
methodologies to study Wolbachia infection. An adequate minimum insectarium structure
for colony establishment is required with adjusted temperature, humidity, and specific
light/dark cycles adjustments for each species [115,116]. In addition, many species re-
produce in particular conditions in the field, such as An. gambize whose males gather in
swarms at specific mating sites or species that feed on specific hosts and plants, such as
Uranotaenia macfarlanei whose preferred source of blood are amphibians [117,118]. Thus,
the use of this approach could be required if there was no possibility to confirm an active
Wolbachia infection by other methodologies, however, given the possibility to use simpler
associated molecular methods, the establishment of laboratory colonies becomes a last
resource. The establishment of field colonies is so labor-intensive that it was performed by
a single study with Ae. aegypti, a well-known species regarding basic conditions required
to raise and keep a laboratory colony.

3.2.4. Contamination Sources

The contamination of the mosquito samples by Wolbachia remains from environmental
sources is an important source of bias that should be ruled out before Wolbachia infection is
determined. Several potential contamination sources have been proposed including the
environment, ecto and/or endoparasites [46]. Filarial nematodes of the Onchocercidae
family have a mutualistic relationship with Wolbachia, whose supergroups C, D, | are
present exclusively in these worms [119,120]. Many of these nematodes can be found in
mosquitoes since they are involved in their transmission. For instance, Wuchereria bancrofti
is commonly found in Cx. quinquefasciatus populations [121]. Therefore, the detection
of Wolbachia in mosquitoes could be a result of filarial worm infection instead of a true
mosquito infected by Wolbachia (Figure 4). The detection of Wolbachia strains belonging to
supergroups other than A and B (commonly found in mosquitoes) should be taken with
caution and further experiments are needed to evaluate the mosquito species infection [20].
Two studies from our systematic review detected Wolbachia from supergroups C and D
in Ae. aegypti and An. baimai respectively. In these cases, the two previously mentioned
approaches (PCR plus visualization by microscopy methods) are insufficient to differentiate
contamination from true Wolbachia infection, as these methods do not exclude the possibility
of contamination by worms. One alternative experiment to circumvent this scenario would
be to perform an additional PCR targeting worm species in the samples considered positive
for Wolbachia, a negative PCR would add evidence that the Wolbachia detection is a result
of a true mosquito infection.
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Several studies reported Wolbachia in Ae. aegypti, but the majority used only diagnostic
amplicon-based molecular tools [51,54-58] (Supplementary Material). Two studies went
further and analyzed the presence of Wolbachia through maternal transmission and electron
microscopy [45,52], but several criticisms have been made due to the lack of methodological
consistency or experimental reproducibility issues [103]. Thongsripong et al., 2018 and
Carvajal et al., 2019 detected Wolbachia belonging to supergroups C and D in Ae. aegypti,
but using only amplification-based methods [51,58]. With the lack of further validation
with complementary methodologies such results are likely an indication of the presence of
contamination by other sources (worms, exuviae, etc.) since these supergroups of Wolbachia
were not previously found in Diptera [21]. Even if Wolbachia is infecting Ae. aegypti natural
populations, it remains to be assessed if it would induce any phenotype that could interfere
with the effectiveness of the Wolbachia-based strategies being currently employed. If we
consider Ae. aegypti bearing worms with Wolbachia supergroup C and D, it would mean that
Wolbachia did not establish an endosymbiotic association with the mosquito and, therefore,
no consequences would be expected to control program strategies.

The contamination of Wolbachia in mosquito samples can also derive from the external
environment in which the mosquitoes insects with plants, water, or niches shared with
other infected arthropods [122,123]. Wolbachia debris could be acquired by the mosquito
feeding and, therefore, two approaches can be taken to differentiate a stable infection from
contamination, the first of which is to visualize the bacterium by microscopic methods
in mosquito ovaries. The second would be to collect water from breeding sites of the
mosquitoes investigated and perform PCR for Wolbachia to exclude the possibility of
environmental contamination.

Given these examples, it is possible to see that the detection of a true Wolbachia
infection is a challenging task that can be highly impacted by the choice of the appropriate
technique. Thus, the best way to correctly infer Wolbachia infection is to choose the best set
of complementary techniques that can discern the different possible scenarios regarding
the presence and/or infection of Wolbachia in mosquitoes (Figure 4).

3.3. Wolbachia Detection in Different Mosquito Populations: The Symbiotic Population Dynamics
Hypothesis

Several biological phenomena derived from the intricate symbiotic relationship be-
tween Wolbachia and its hosts must be taken into consideration to interpret the Wolbachia
detection results using different methodologies. Some species investigated in this review
were reported both negative and positive for Wolbachia infection. In some cases, contam-
inated samples, misidentified species or low sensitivity of the technique used to detect
Wolbachia molecules or cells can lead to divergent results regarding the presence of the
bacteria in a given species/population [103]. However, this discrepancy can also be a result
of the host—parasite population dynamics itself. Wolbachia infection rate is not uniform
throughout every population due to a series of environmental and biological factors. Since
Wolbachia infection is dynamic and mosquito populations can be very large and widely
distributed, the infection rate in mosquitoes in each population can be variable, then the
sampling of a few individuals from single or few sampling sites might not represent the
full dynamics of the Wolbachia infection at the population level as a whole. Due to method-
ological differences employed by studies that investigated populations of the same species,
it is not straightforward to find reliable examples of such biases. Only one clear example
of the species Ae. cantans, from populations from Italy and Russia was detected in this
systematic review [85,109]. Both screened Wolbachia by PCR targeting the wsp gene with
the same primer pairs; however, the first one sampled five individuals of the species while
the second used approximately 1700 individuals of several subpopulations. As a result,
Shaikevich et al., 2019, detected the wOcan Wolbachia strain from Russian populations,
while Ricci et al., 2002 did not detect any positive samples. Faced with such different
sampling efforts, we must ask: are those results derived from a real biological phenomenon
of variable infection rate (the symbiotic factor) or the result of the large difference in the
analyzed number of specimens/subpopulations? Moreover, due to the lack of complemen-
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tary molecular techniques to evaluate Wolbachia infection into mosquito cells another key
question emerges: Is that species really infected by Wolbachia? (see Detection methods and
what they can tell us section). To avoid sampling bias a minimum number of specimens
that is sufficient to represent different populations of the species distributed along the host
species niche is necessary to determine whether a species of Culicid does or does not harbor
Wolbachia naturally and complementary methodologies should be employed to assess the
real infectious status of the species.

The minimum number of specimens necessary to accurately assess the infection status
of a species is difficult to determine once each host species has different population size
and may have different symbiotic relationship with Wolbachia. Some mosquito species
are present in large population sizes, such as cosmopolitan species Ae. aegypti and Cx.
quinquefasciatus. In this case, a low number of diagnostic specimens will likely not reveal
the true Wolbachia infection rate [124,125]. While other species are present in limited
population size and inhabit very specific niches, such as species from the Sabethes and
Haemagogus genera [126], where a limited number of specimens would be reasonable.
On the other hand, the Wolbachia symbiotic relationship with the mosquito host can also
impact the minimal number of specimens to be investigated since Wolbachia strains that
can manipulate the host reproductive systems can reach a high infection rate. Hence, few
host individuals would be enough to evaluate the infection status of a given host species.
While strains that do not induce any phenotype may have a very low infection rate and a
much higher number of host specimens would be required to ascertain its infection status.
Although there is no general rules to define the minimum number of specimens needed
to accurately evaluate the infection status of a giving mosquito species, there are some
interesting guidelines on disease ecology that highlight several sources of bias that can be
readily transferred to the Wolbachia—host relationship dynamic such as Colvin et al., 2015,
and Lachish and Murray, 2018 [127,128].

Ae. aegypti and An. gambiae are two epidemiological relevant species in which the
presence of Wolbachia has been investigated by several studies [46,103]. So far, six Ae. aegypti
natural populations from different countries have been Wolbachia positive, in addition to
a characterization of a new strain (wAegB from supergroup B) [45], while several other
studies analyzing several populations from 27 different countries, have not identified the
presence of Wolbachia in this species [129]. Comparing these studies is difficult since none
of them used the same methodological approach, with the same Wolbachia markers or
with the same number of screened mosquitoes. These diverging results can be a result
of methodological and/or experimental biases as well as something derived from the
population dynamics between symbionts that may be influenced by the environment and
interaction with other species. Some studies have demonstrated that high temperature
influences the Wolbachia titer present in mosquitoes, as observed in An. stephensi in the
laboratory and in field tests with Ae. aegypti [130-132]. Such a phenomenon may lead to
the elimination of Wolbachia infection in a given population. Environmental characteristics
are known to influence the establishment of the mosquito microbiota, where populations
sampled from different sites show different midgut bacterial composition due to factors
such as, breeding water composition, temperature, and anthropogenic activities in these
regions [133]. Thus, these factors could also influence the presence of Wolbachia in certain
species facilitating or preventing the symbiotic establishment between the host and the
bacteria. As several species of epidemiological importance are present in regions with
different geographical characteristics, the symbiotic population dynamics might explain
the divergence for the results regarding the presence of Wolbachia in different mosquito
populations. A better understanding of how these biological factors influence the presence
of Wolbachia in mosquitoes is necessary to plan Wolbachia infection surveillance in different
mosquito populations and guide intervention measures appropriately.
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4. Materials and Methods

This systematic review follows the criteria established by PRISMA (Preferred Re-
porting Items for Systematic reviews and Meta-Analyses) and the checklist for reporting
systematic reviews and meta-analyses [134].

4.1. Search Strategy

A search in the PUBMED platform was performed between March and July 2020 with
the following terms: (1) mosquito OR vector OR Culicidae AND Wolbachia AND infection,
(2) mosquito OR vector OR Culicidae AND Wolbachia AND detection, (3) mosquito OR vec-
tor OR Culicidae AND Wolbachia AND surveillance, (4) mosquito OR vector OR Culicidae
AND Wolbachia AND distribution. The last search was performed on 2 July 2020.

4.2. Eligibility Criteria

The inclusion criteria selected were: articles that detected Wolbachia strains in natural
populations (directly sampled from the field) of insects of the Culicidae family, regardless
of the methodology chosen for detection, study publication year, or region. The exclusion
criteria were: (1) review articles, (2) detection of Wolbachia in insects other than the Culicidae
family, (3) detection of the Wolbachia only in cell culture, (4) detection of the bacteria in
mosquito colonies, (5) articles that validate a molecular detection technique, (6) articles
that detected Wolbachia in Culicidae from places where mosquitoes infected with Wolbachia
were released, (7) articles not published in English language.

These criteria were established to understand the natural distribution and diversity of
Wolbachia pipientis in culicids of different genera and locations.

4.3. Study Selection

The initial search on National Centers for Biotechnological Information (NCBI) re-
turned 1431 articles. After duplicates and screening using the inclusion and exclusion
criteria, 59 articles remained and were used to extract the relevant data (Figure 5).

1431 of records identified | 508 of records removed
through database > (duplicates)
searching P
Y
923 of records screened #2412 of records excluded

Y

22 of full-text excluded
with reasons

81 of full-text articles
assessed for eligibility

Y

59 of studies included in
qualitative analyses

Figure 5. Methodological flowchart showing the number of articles used for this work.

4.4. Data Extraction

These were the data extracted from the selected articles were: (1) title of the article,
(2) year of publication, (3) Culicidae species analyzed for Wolbachia detection (4) Infection
status by Wolbachia: positive or negative; in case of positive infection (5) infection rate and
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(6) Wolbachia supergroup or strain, (7) detection method used, and (8) mosquito collection
site (Table S1).

The analysis excluded which stages of the mosquito life cycle were used for detection,
the different infection rates between males and females (only the general percentage of
mosquito infection was retained), and taxonomic classifications lower than species level
for culicids.

When the data were unclearly described by the authors, the annotation was performed
as without information, for example, the absence of Wolbachia supergroups or strains
description and the absence of infection rate information. Regarding the sites, only the
countries in which the Culicidae collections were provided were recorded, and no other
territorial designations, such as cities and/or districts.

Some studies used more than one detection method for Wolbachia infection detection,
however, the species of culicid was considered positive if Wolbachia was detected in at least
one of the techniques.

Finally, the nucleic acid sequencing method was not considered as a method to detect
Wolbachia, but as a method to classify into supergroups or as a way to infer relationships
between the bacterium and its hosts.

5. Conclusions

Wolbachia is an endosymbiotic bacterium with large biotechnological interest for
vector/disease control. Despite the great advances and discoveries made on Wolbachia
mediated host physiological changes, its presence in several species and genera of culicids,
is not well described yet. The absence of the correct classification of the bacterium in super-
groups as well as the lack of consensus on the establishment of a standard methodology
capable of discerning between a true Wolbachia infection or other sources of Wolbachia
molecules, hinder proper comparison between studies and obscure the evolution at species
and population level of this bacterium as a whole. Thus, more precise investigations in a
wide range of mosquito species must be performed to allow a better understanding of the
natural Wolbachia infection in Culicids. Such information will be crucial to planning and
implementing different strategies that use Wolbachia to reduce vector population and/or
decrease the public health burden of different mosquito-borne pathogens.
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and positive and negative species.

Funding: This research received funding for a master scholarship of LMIS from Fundagao de Amparo
a Ciéncia e Tecnologia do Estado de Pernambuco (FACEPE) and doctorate scholarship for FZD from
Coordenagao de Aperfeicoamento de Pessoal de Nivel Superior (CAPES). GLW is supported by
the National Council for Scientific and Technological Development by the productivity research
fellowship level 2 (303902 /2019-1).

Data Availability Statement: The data presented in this study are available in Supplementary
Material.

Acknowledgments: Coordenagao de Aperfeicoamento de Pessoa de Nivel Superior—Programa de
P6s Graduacao em Biociéncias e Biotecnologia em Satide (CAPES-PPGBBS), Fundagao Oswaldo Cruz
(FIOCRUZ), Fundacao de Amparo a Ciéncia e Tecnologia do Estado de Pernambuco (FACEPE). This
project was supported by the National Council for Scientific and Technological Development by the
productivity research fellowship level 2 for Wallau GL (303902/2019-1).

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

1. Hertig, M.; Wolbach, S.B. Studies on Rickettsia-Like Micro-Organisms in Insects. . Med. Res. 1924, 44, 329-374.
2. Dobson, S.L.; Marsland, E.J.; Rattanadechakul, W. Mutualistic Wolbachia infection in Aedes albopictus: Accelerating cytoplasmic
drive. Genetics 2002, 160, 1087-1094. [PubMed]


https://www.mdpi.com/2076-0817/10/1/39/s1
https://www.mdpi.com/2076-0817/10/1/39/s1
http://www.ncbi.nlm.nih.gov/pubmed/11901124

Pathogens 2021, 10, 39 15 of 20

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
24.

25.

26.

27.

28.

Wu, M,; Sun, L.V,; Vamathevan, J.; Riegler, M.; Deboy, R.; Brownlie, ].C.; McGraw, E.A.; Martin, W.; Esser, C.; Ahmadinejad,
N.; et al. Phylogenomics of the reproductive parasite Wolbachia pipientis wMel: A streamlined genome overrun by mobile
genetic elements. PLoS Biol. 2004, 2, E69. [CrossRef] [PubMed]

Hosokawa, T.; Koga, R.; Kikuchi, Y.; Meng, X.-Y.; Fukatsu, T. Wolbachia as a bacteriocyte-associated nutritional mutualist. Proc.
Natl. Acad. Sci. USA 2010, 107, 769-774. [CrossRef]

Hilgenboecker, K.; Hammerstein, P.; Schlattmann, P.; Telschow, A.; Werren, ].H. How many species are infected with Wolbachia?—
A statistical analysis of current data. FEMS Microbiol. Lett. 2008, 281, 215-220. [CrossRef] [PubMed]

Hoffmann, A.A.; Montgomery, B.L.; Popovici, J.; Iturbe-Ormaetxe, I.; Johnson, P.H.; Muzzi, E; Greenfield, M.; Durkan, M.;
Leong, Y.S.; Dong, Y.; et al. Successful establishment of Wolbachia in Aedes populations to suppress dengue transmission. Nature
2011, 476, 454-457. [CrossRef]

Zheng, B.; Guo, W,; Hu, L.; Huang, M.; Yu, ]. Complex wolbachia infection dynamics in mosquitoes with imperfect maternal
transmission. Math. Biosci. Eng. 2018, 15, 523-541. [CrossRef] [PubMed]

Jeyaprakash, A.; Hoy, M.A. Long PCR improves Wolbachia DNA amplification: Wsp sequences found in 76% of sixty-three
arthropod species. Insect Mol. Biol. 2000, 9, 393-405. [CrossRef]

Werren, ].H.; Baldo, L.; Clark, M.E. Wolbachia: Master manipulators of invertebrate biology. Nat. Rev. Microbiol. 2008, 6, 741-751.
[CrossRef]

Caragata, E.P; Dutra, H.L.C.; Moreira, L.A. Exploiting Intimate Relationships: Controlling Mosquito-Transmitted Disease with
Wolbachia. Trends Parasitol. 2016, 32, 207-218. [CrossRef]

Heath, B.D.; Butcher, R.D.; Whitfield, W.G.; Hubbard, S.F. Horizontal transfer of Wolbachia between phylogenetically distant
insect species by a naturally occurring mechanism. Curr. Biol. 1999, 9, 313-316. [CrossRef]

Sanaei, E.; Charlat, S.; Engelstéddter, ]. Wolbachia host shifts: Routes, mechanisms, constraints and evolutionary consequences.
Biol. Rev. Camb. Philos. Soc. 2020. [CrossRef]

Hughes, G.L.; Dodson, B.L.; Johnson, R-M.; Murdock, C.C.; Tsujimoto, H.; Suzuki, Y.; Patt, A.A.; Cui, L.; Nossa, C.W.; Barry,
R.M.; et al. Native microbiome impedes vertical transmission of Wolbachia in Anopheles mosquitoes. Proc. Natl. Acad. Sci. USA
2014, 111, 12498-12503. [CrossRef]

Brown, A.N.; Lloyd, V.K. Evidence for horizontal transfer of Wolbachia by a Drosophila mite. Exp. Appl. Acarol. 2015, 66, 301-311.
[CrossRef]

Casiraghi, M.; Bordenstein, S.R.; Baldo, L.; Lo, N.; Beninati, T.; Wernegreen, ].J.; Werren, ].H.; Bandi, C. Phylogeny of Wolbachia
pipientis based on gltA, groEL and ftsZ gene sequences: Clustering of arthropod and nematode symbionts in the F supergroup,
and evidence for further diversity in the Wolbachia tree. Microbiology 2005, 151, 4015-4022. [CrossRef]

Augustinos, A.A.; Santos-Garcia, D.; Dionyssopoulou, E.; Moreira, M.; Papapanagiotou, A.; Scarvelakis, M.; Doudoumis, V.;
Ramos, S.; Aguiar, A.F.; Borges, P.A.V,; et al. Detection and characterization of Wolbachia infections in natural populations of
aphids: Is the hidden diversity fully unraveled? PLoS ONE 2011, 6, €28695. [CrossRef]

Wang, Z.; Su, X.-M.; Wen, | ; Jiang, L.-Y.; Qiao, G.-X. Widespread infection and diverse infection patterns of Wolbachiain Chinese
aphids. Insect Sci. 2014, 21, 313-325. [CrossRef]

Glowska, E.; Dragun-Damian, A.; Dabert, M.; Gerth, M. New Wolbachia supergroups detected in quill mites (Acari: Syringophili-
dae). Infect. Genet. Evol. 2015, 30, 140-146. [CrossRef]

Wang, G.-H,; Jia, L.-Y,; Xiao, J.-H.; Huang, D.-W. Discovery of a new Wolbachia supergroup in cave spider species and the lateral
transfer of phage WO among distant hosts. Infect. Genet. Evol. 2016, 41, 1-7. [CrossRef]

Ros, V.I.D.; Fleming, V.M; Feil, E.J.; Breeuwer, ].A.]. How diverse is the genus Wolbachia? Multiple-gene sequencing reveals a
putatively new Wolbachia supergroup recovered from spider mites (Acari: Tetranychidae). Appl. Environ. Microbiol. 2009, 75,
1036-1043. [CrossRef]

Bouchery, T.; Lefoulon, E.; Karadjian, G.; Nieguitsila, A.; Martin, C. The symbiotic role of Wolbachia in Onchocercidae and its
impact on filariasis. Clin. Microbiol. Infect. 2013, 19, 131-140. [CrossRef] [PubMed]

Bourtzis, K. Wolbachia-based technologies for insect pest population control. Adv. Exp. Med. Biol. 2008, 627, 104-113. [CrossRef]
[PubMed]

World Mosquito Program. Available online: https:/ /www.worldmosquitoprogram.org/ (accessed on 25 July 2020).

Yen, J.H.; Barr, A.R. New hypothesis of the cause of cytoplasmic incompatibility in Culex pipiens L. Nature 1971, 232, 657-658.
[CrossRef]

Nazni, W.A.; Hoffmann, A.A.; NoorAfizah, A.; Cheong, Y.L.; Mancini, M.V,; Golding, N.; Kamarul, GM.R.; Arif, M.AK;;
Thohir, H.; NurSyamimi, H.; et al. Establishment of Wolbachia Strain wAIbB in Malaysian Populations of Aedes aegypti for
Dengue Control. Curr. Biol. 2019, 29, 4241-4248.e5. [CrossRef]

Laven, H. Eradication of Culex pipiens fatigans through Cytoplasmic Incompatibility. Nature 1967, 216, 383-384. [CrossRef]
Dimopoulos, G. Combining Sterile and Incompatible Insect Techniques for Aedes albopictus Suppression. Trends Parasitol. 2019,
35, 671-673. [CrossRef]

Zheng, X.; Zhang, D.; Li, Y,; Yang, C.; Wu, Y,; Liang, X; Liang, Y.; Pan, X.; Hu, L.; Sun, Q.; et al. Incompatible and sterile insect
techniques combined eliminate mosquitoes. Nature 2019, 572, 56-61. [CrossRef] [PubMed]


http://doi.org/10.1371/journal.pbio.0020069
http://www.ncbi.nlm.nih.gov/pubmed/15024419
http://doi.org/10.1073/pnas.0911476107
http://doi.org/10.1111/j.1574-6968.2008.01110.x
http://www.ncbi.nlm.nih.gov/pubmed/18312577
http://doi.org/10.1038/nature10356
http://doi.org/10.3934/mbe.2018024
http://www.ncbi.nlm.nih.gov/pubmed/29161848
http://doi.org/10.1046/j.1365-2583.2000.00203.x
http://doi.org/10.1038/nrmicro1969
http://doi.org/10.1016/j.pt.2015.10.011
http://doi.org/10.1016/S0960-9822(99)80139-0
http://doi.org/10.1111/brv.12663
http://doi.org/10.1073/pnas.1408888111
http://doi.org/10.1007/s10493-015-9918-z
http://doi.org/10.1099/mic.0.28313-0
http://doi.org/10.1371/journal.pone.0028695
http://doi.org/10.1111/1744-7917.12102
http://doi.org/10.1016/j.meegid.2014.12.019
http://doi.org/10.1016/j.meegid.2016.03.015
http://doi.org/10.1128/AEM.01109-08
http://doi.org/10.1111/1469-0691.12069
http://www.ncbi.nlm.nih.gov/pubmed/23398406
http://doi.org/10.1007/978-0-387-78225-6_9
http://www.ncbi.nlm.nih.gov/pubmed/18510018
https://www.worldmosquitoprogram.org/
http://doi.org/10.1038/232657a0
http://doi.org/10.1016/j.cub.2019.11.007
http://doi.org/10.1038/216383a0
http://doi.org/10.1016/j.pt.2019.07.006
http://doi.org/10.1038/s41586-019-1407-9
http://www.ncbi.nlm.nih.gov/pubmed/31316207

Pathogens 2021, 10, 39 16 of 20

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.
47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Crawford, J.E.; Clarke, D.W.; Criswell, V.; Desnoyer, M.; Cornel, D.; Deegan, B.; Gong, K.; Hopkins, K.C.; Howell, P.; Hyde, ].S.; et al.
Efficient production of male Wolbachia-infected Aedes aegypti mosquitoes enables large-scale suppression of wild populations.
Nat. Biotechnol. 2020, 38, 482—-492. [CrossRef]

Laird, M. Eradication of Culex pipiens fatigans through Cytoplasmic Incompatibility. Nature 1967, 216, 1358. [CrossRef]

Ye, Y.H.; Carrasco, A.M.; Frentiu, ED.; Chenoweth, S.F.; Beebe, N.W.; van den Hurk, A.F.; Simmons, C.P.; O’'Neill, S.L.;
McGraw, E.A. Wolbachia Reduces the Transmission Potential of Dengue-Infected Aedes aegypti. PLoS Negl. Trop. Dis. 2015, 9,
€0003894. [CrossRef]

Dutra, H.L.C.; Rocha, M.N.; Dias, FB.S.; Mansur, S.B.; Caragata, E.P.; Moreira, L.A. Wolbachia Blocks Currently Circulating Zika
Virus Isolates in Brazilian Aedes aegypti Mosquitoes. Cell Host Microbe 2016, 19, 771-774. [CrossRef] [PubMed]

Aliota, M.T.; Walker, E.C.; Uribe Yepes, A.; Velez, 1.D.; Christensen, B.M.; Osorio, J.E. The wMel Strain of Wolbachia Reduces
Transmission of Chikungunya Virus in Aedes aegypti. PLoS Negl. Trop. Dis. 2016, 10, €0004677. [CrossRef] [PubMed]
Souza-Neto, ].A.; Powell, ].R.; Bonizzoni, M. Aedes aegypti vector competence studies: A review. Infect. Genet. Evol. 2019, 67,
191-209. [CrossRef]

Rocha, M.N.; Duarte, M.M.; Mansur, S.B.; Silva, B.D.M.E.; Pereira, T.N.; Adelino, T.E.R.; Giovanetti, M.; Alcantara, L.CJ,;
Santos, EM.; Costa, V.R. de M.; et al. Pluripotency of Wolbachia against Arboviruses: The case of yellow fever. Gates Open Res.
2019, 3, 161. [CrossRef]

Mains, J.W.; Brelsfoard, C.L.; Rose, R.I,; Dobson, S.L. Female Adult Aedes albopictus Suppression by Wolbachia-Infected Male
Mosquitoes. Sci. Rep. 2016, 6, 33846. [CrossRef]

Mains, ].W.; Kelly, PH.; Dobson, K.L.; Petrie, W.D.; Dobson, S.L. Localized Control of Aedes aegypti (Diptera: Culicidae) in
Miami, FL, via Inundative Releases of Wolbachia-Infected Male Mosquitoes. J. Med. Entomol. 2019, 56, 1296-1303. [CrossRef]
Mosquito Mate. Available online: https://mosquitomate.com/?v=3.0 (accessed on 30 July 2020).

Marris, E. Bacteria could be key to freeing South Pacific of mosquitoes. Nature 2017, 548, 17-18. [CrossRef]

Ritchie, S.A.; van den Hurk, A.F,; Smout, M.].; Staunton, K.M.; Hoffmann, A.A. Mission Accomplished? We Need a Guide to the
“Post Release” World of Wolbachia for Aedes -borne Disease Control. Trends Parasitol. 2018, 34, 217-226. [CrossRef]

Yen, P-S.; Failloux, A.-B. A Review: Wolbachia-Based Population Replacement for Mosquito Control Shares Common Points with
Genetically Modified Control Approaches. Pathogens 2020, 9, 404. [CrossRef]

Vinogradova, E.B.; Fedorova, M.V,; Shaikevich, E.V.; Zakharov, I.A. Endosymbiotic bacterium Wolbachia pipientis in synanthropic
populations of the mosquito Culex pipiens pipiens L. (Diptera, Culicidae). Dokl. Biol. Sci. 2003, 389, 172-175. [CrossRef]

Jeffries, C.L.; Tantely, L.M.; Raharimalala, EN.; Hurn, E.; Boyer, S.; Walker, T. Diverse novel resident Wolbachia strains in Culicine
mosquitoes from Madagascar. Sci. Rep. 2018, 8, 17456. [CrossRef] [PubMed]

Leggewie, M.; Krumkamp, R.; Badusche, M.; Heitmann, A.; Jansen, S.; Schmidt-Chanasit, J.; Tannich, E.; Becker, S.C. Culex
torrentium mosquitoes from Germany are negative for Wolbachia. Med. Vet. Entomol. 2018, 32, 115-120. [CrossRef] [PubMed]
Balaji, S.; Jayachandran, S.; Prabagaran, S.R. Evidence for the natural occurrence of Wolbachia in Aedes aegypti mosquitoes.
FEMS Microbiol. Lett. 2019, 366. [CrossRef]

Chrostek, E.; Gerth, M. Is Anopheles gambiae a Natural Host of Wolbachia? MBio 2019, 10. [CrossRef]

Klasson, L.; Kambris, Z.; Cook, P.E.; Walker, T.; Sinkins, S.P. Horizontal gene transfer between Wolbachia and the mosquito Aedes
aegypti. BMC Genom. 2009, 10, 33. [CrossRef]

Wallau, G.L.; da Rosa, M.T.; De Ré, EC.; Loreto, E.L.S. Wolbachia from Drosophila incompta: Just a hitchhiker shared by
Drosophila in the New and Old World? Insect Mol. Biol. 2016, 25, 487—499. [CrossRef]

Kittayapong, P.; Baisley, K.J.; Baimai, V.; O’Neill, S.L. Distribution and diversity of Wolbachia infections in Southeast Asian
mosquitoes (Diptera: Culicidae). J. Med. Entomol. 2000, 37, 340-345. [CrossRef]

Zouache, K.; Raharimalala, EN.; Raquin, V.; Tran-Van, V.; Raveloson, L.H.R.; Ravelonandro, P.; Mavingui, P. Bacterial diversity of
field-caught mosquitoes, Aedes albopictus and Aedes aegypti, from different geographic regions of Madagascar. FEMS Microbiol.
Ecol. 2011, 75, 377-389. [CrossRef] [PubMed]

Thongsripong, P.; Chandler, J.A.; Green, A.B.; Kittayapong, P.; Wilcox, B.A.; Kapan, D.D.; Bennett, S.N. Mosquito vector-associated
microbiota: Metabarcoding bacteria and eukaryotic symbionts across habitat types in Thailand endemic for dengue and other
arthropod-borne diseases. Ecol. Evol. 2018, 8, 1352-1368. [CrossRef]

Kulkarni, A.; Yu, W.; Jiang, J.; Sanchez, C.; Karna, A.K.; Martinez, K.J.L.; Hanley, K.A.; Buenemann, M.; Hansen, L. A.; Xue,
R.; et al. Wolbachia pipientis occurs in Aedes aegypti populations in New Mexico and Florida, USA. Ecol. Evol. 2019, 9, 6148-6156.
[CrossRef]

Mosquito Taxonomic Inventory. Available online: http://mosquito-taxonomic-inventory.info/ (accessed on 14 August 2020).
Coon, K.L.; Brown, M.R,; Strand, M.R. Mosquitoes host communities of bacteria that are essential for development but vary
greatly between local habitats. Mol. Ecol. 2016, 25, 5806-5826. [CrossRef]

Teo, C.H.J.; Lim, P; Voon, K.; Mak, ]J. Others Detection of dengue viruses and Wolbachia in Aedes aegypti and Aedes albopictus
larvae from four urban localities in Kuala Lumpur, Malaysia. Trop. Biomed. 2017, 34, 583-597.

Hegde, S.; Khanipov, K.; Albayrak, L.; Golovko, G.; Pimenova, M.; Saldafia, M.A.; Rojas, M.M.; Hornett, E.A.; Motl, G.C.;
Fredregill, C.L.; et al. Microbiome Interaction Networks and Community Structure From Laboratory-Reared and Field-Collected
Aedes aegypti, Aedes albopictus, and Culex quinquefasciatus Mosquito Vectors. Front. Microbiol. 2018, 9, 2160. [CrossRef]


http://doi.org/10.1038/s41587-020-0471-x
http://doi.org/10.1038/2161358g0
http://doi.org/10.1371/journal.pntd.0003894
http://doi.org/10.1016/j.chom.2016.04.021
http://www.ncbi.nlm.nih.gov/pubmed/27156023
http://doi.org/10.1371/journal.pntd.0004677
http://www.ncbi.nlm.nih.gov/pubmed/27124663
http://doi.org/10.1016/j.meegid.2018.11.009
http://doi.org/10.12688/gatesopenres.12903.2
http://doi.org/10.1038/srep33846
http://doi.org/10.1093/jme/tjz051
https://mosquitomate.com/?v=3.0
http://doi.org/10.1038/548017a
http://doi.org/10.1016/j.pt.2017.11.011
http://doi.org/10.3390/pathogens9050404
http://doi.org/10.1023/A:1023447615060
http://doi.org/10.1038/s41598-018-35658-z
http://www.ncbi.nlm.nih.gov/pubmed/30498246
http://doi.org/10.1111/mve.12270
http://www.ncbi.nlm.nih.gov/pubmed/28906572
http://doi.org/10.1093/femsle/fnz055
http://doi.org/10.1128/mBio.00784-19
http://doi.org/10.1186/1471-2164-10-33
http://doi.org/10.1111/imb.12237
http://doi.org/10.1093/jmedent/37.3.340
http://doi.org/10.1111/j.1574-6941.2010.01012.x
http://www.ncbi.nlm.nih.gov/pubmed/21175696
http://doi.org/10.1002/ece3.3676
http://doi.org/10.1002/ece3.5198
http://mosquito-taxonomic-inventory.info/
http://doi.org/10.1111/mec.13877
http://doi.org/10.3389/fmicb.2018.02160

Pathogens 2021, 10, 39 17 of 20

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Bennett, K.L.; Gémez-Martinez, C.; Chin, Y.; Saltonstall, K.; McMillan, W.O.; Rovira, J.R.; Loaiza, J.R. Dynamics and diversity of
bacteria associated with the disease vectors Aedes aegypti and Aedes albopictus. Sci. Rep. 2019, 9, 12160. [CrossRef]

Carvajal, T.M.; Hashimoto, K.; Harnandika, R.K.; Amalin, D.M.; Watanabe, K. Detection of Wolbachia in field-collected Aedes
aegypti mosquitoes in metropolitan Manila, Philippines. Parasites Vectors 2019, 12, 361. [CrossRef]

Ravikumar, H.; Ramachandraswamy, N.; Sampathkumar, S.; Prakash, B.M.; Huchesh, H.C.; Uday, J.; Puttaraju, H.P. A preliminary
survey for Wolbachia and bacteriophage WO infections in Indian mosquitoes (Diptera: Culicidae). Trop. Biomed. 2010, 27, 384-393.
Shaikevich, E.; Bogacheva, A.; Ganushkina, L. Dirofilaria and Wolbachia in mosquitoes (Diptera: Culicidae) in central European
Russia and on the Black Sea coast. Parasite 2019, 26, 2. [CrossRef]

Mohanty, I.; Rath, A.; Swain, S.P.; Pradhan, N.; Hazra, R.K. Wolbachia Population in Vectors and Non-vectors: A Sustainable
Approach Towards Dengue Control. Curr. Microbiol. 2019, 76, 133-143. [CrossRef]

Raharimalala, EN.; Boukraa, S.; Bawin, T.; Boyer, S.; Francis, F. Molecular detection of six (endo-) symbiotic bacteria in Belgian
mosquitoes: First step towards the selection of appropriate paratransgenesis candidates. Parasitol. Res. 2016, 115, 1391-1399.
[CrossRef]

Zhang, D.; Zhan, X.; Wu, X,; Yang, X; Liang, G.; Zheng, Z; Li, Z.; Wu, Y.; Zheng, X. A field survey for Wolbchia and phage WO
infections of Aedes albopictus in Guangzhou City, China. Parasitol. Res. 2014, 113, 399-404. [CrossRef]

Chauvatcharin, N.; Ahantarig, A.; Baimai, V.; Kittayapong, P. Bacteriophage WO-B and Wolbachia in natural mosquito hosts:
Infection incidence, transmission mode and relative density. Mol. Ecol. 2006, 15, 2451-2461. [CrossRef] [PubMed]

Chuchuy, A.; Rodriguero, M.S.; Ferrari, W.; Ciota, A.T.; Kramer, L.D.; Micieli, M.V. Biological characterization of Aedes albopictus
(Diptera: Culicidae) in Argentina: Implications for arbovirus transmission. Sci. Rep. 2018, 8, 5041. [CrossRef] [PubMed]
Anderson, M.L.; Rustin, R.C.; Eremeeva, M.E. Pilot survey of mosquitoes (Diptera: Culicidae) from southeastern Georgia, USA
for Wolbachia and Rickettsia felis (Rickettsiales: Rickettsiaceae). J. Vector Borne Dis. 2019, 56, 92-97. [CrossRef]
Wiwatanaratanabutr, I. Geographic distribution of wolbachial infections in mosquitoes from Thailand. J. Invertebr. Pathol. 2013,
114, 337-340. [CrossRef] [PubMed]

Shaikevich, E.V.; Zakharov, I.A. Coevolution of symbiotic bacteria Wolbachia and host mtDNA in Russian populations of the
Culex pipiens mosquito complex. Russ. J. Genet. 2014, 50, 1234-1237. [CrossRef]

de Oliveira, C.D.; Gongalves, D.S.; Baton, L.A.; Shimabukuro, PH.F,; Carvalho, ED.; Moreira, L.A. Broader prevalence of
Wolbachia in insects including potential human disease vectors. Bull. Entomol. Res. 2015, 105, 305-315. [CrossRef]

Tortosa, P.; Charlat, S.; Labbé, P.; Dehecq, J.-S.; Barré, H.; Weill, M. Wolbachia Age-Sex-Specific Density in Aedes albopictus: A
Host Evolutionary Response to Cytoplasmic Incompatibility? PLoS ONE 2010, 5, €9700. [CrossRef]

Soni, M.; Bhattacharya, C.; Sharma, J.; Khan, S.A.; Dutta, P. Molecular typing and phylogeny of Wolbachia: A study from Assam,
North-Eastern part of India. Acta Trop. 2017, 176, 421-426. [CrossRef]

Nugapola, N.W.N.P; De Silva, W.A.P.P,; Karunaratne, S.H.P.P. Distribution and phylogeny of Wolbachia strains in wild mosquito
populations in Sri Lanka. Parasites Vectors 2017, 10, 230. [CrossRef]

Kitrayapong, P.; Baimai, V.; O'Neill, S.L. Field prevalence of Wolbachia in the mosquito vector Aedes albopictus. Am. . Trop. Med.
Hyg. 2002, 66, 108-111. [CrossRef]

Ahmad, N.A.; Vythilingam, I.; Lim, Y.A L.; Zabari, N.Z.A.M.; Lee, H.L. Detection of Wolbachia in Aedes albopictus and Their
Effects on Chikungunya Virus. Am. J. Trop. Med. Hyg. 2017, 96, 148-156. [CrossRef] [PubMed]

Hu, Y,; Xi, Z,; Liu, X.; Wang, ].; Guo, Y.; Ren, D.; Wu, H.; Wang, X.; Chen, B.; Liu, Q. Correction to: Identification and molecular
characterization of Wolbachia strains in natural populations of Aedes albopictus in China. Parasites Vectors 2020, 13, 1-2.
[CrossRef] [PubMed]

de Albuquerque, A.L.; Magalhaes, T.; Ayres, C.E]. High prevalence and lack of diversity of Wolbachia pipientis in Aedes
albopictus populations from Northeast Brazil. Memodrias Do Inst. Oswaldo Cruz 2011, 106, 773-776. [CrossRef] [PubMed]
Joanne, S.; Vythilingam, I.; Yugavathy, N.; Leong, C.-S.; Wong, M.-L.; AbuBakar, S. Distribution and dynamics of Wolbachia
infection in Malaysian Aedes albopictus. Acta Trop. 2015, 148, 38—45. [CrossRef] [PubMed]

Osei-Poku, J.; Han, C.; Mbogo, C.M.; Jiggins, EM. Identification of Wolbachia strains in mosquito disease vectors. PLoS ONE
2012, 7, €49922. [CrossRef]

Ayala, D.; Akone-Ella, O.; Rahola, N.; Kengne, P.; Ngangue, M.F.; Mezeme, F; Makanga, B.K.; Nigg, M.; Costantini, C.; Simard,
F.; et al. Natural Wolbachia infections are common in the major malaria vectors in Central Africa. Evol. Appl. 2019, 12, 1583-15%4.
[CrossRef]

Jeffries, C.L.; Lawrence, G.G.; Golovko, G.; Kristan, M.; Orsborne, J.; Spence, K.; Hurn, E.; Bandibabone, J.; Tantely, M.L,;
Raharimalala, EN.; et al. Novel Wolbachia strains in Anopheles malaria vectors from Sub-Saharan Africa. Wellcome Open Res.
2018, 3, 113. [CrossRef]

Baldini, F.; Rougé, J.; Kreppel, K.; Mkandawile, G.; Mapua, S.A.; Sikulu-Lord, M.; Ferguson, H.M.; Govella, N.; Okumu, F.O. First
report of natural Wolbachia infection in the malaria mosquito Anopheles arabiensis in Tanzania. Parasites Vectors 2018, 11, 635.
[CrossRef]

Niang, E.H.A.; Bassene, H.; Makoundou, P; Fenollar, E; Weill, M.; Mediannikov, O. First report of natural Wolbachia infection in
wild Anopheles funestus population in Senegal. Malar. ]. 2018, 17, 408. [CrossRef]


http://doi.org/10.1038/s41598-019-48414-8
http://doi.org/10.1186/s13071-019-3629-y
http://doi.org/10.1051/parasite/2019002
http://doi.org/10.1007/s00284-018-1596-8
http://doi.org/10.1007/s00436-015-4873-5
http://doi.org/10.1007/s00436-013-3668-9
http://doi.org/10.1111/j.1365-294X.2006.02947.x
http://www.ncbi.nlm.nih.gov/pubmed/16842419
http://doi.org/10.1038/s41598-018-23401-7
http://www.ncbi.nlm.nih.gov/pubmed/29568046
http://doi.org/10.4103/0972-9062.263714
http://doi.org/10.1016/j.jip.2013.04.011
http://www.ncbi.nlm.nih.gov/pubmed/23660513
http://doi.org/10.1134/S1022795414110131
http://doi.org/10.1017/S0007485315000085
http://doi.org/10.1371/journal.pone.0009700
http://doi.org/10.1016/j.actatropica.2017.09.005
http://doi.org/10.1186/s13071-017-2174-9
http://doi.org/10.4269/ajtmh.2002.66.108
http://doi.org/10.4269/ajtmh.16-0516
http://www.ncbi.nlm.nih.gov/pubmed/27920393
http://doi.org/10.1186/s13071-020-3917-6
http://www.ncbi.nlm.nih.gov/pubmed/32164779
http://doi.org/10.1590/S0074-02762011000600021
http://www.ncbi.nlm.nih.gov/pubmed/22012236
http://doi.org/10.1016/j.actatropica.2015.04.003
http://www.ncbi.nlm.nih.gov/pubmed/25899523
http://doi.org/10.1371/journal.pone.0049922
http://doi.org/10.1111/eva.12804
http://doi.org/10.12688/wellcomeopenres.14765.2
http://doi.org/10.1186/s13071-018-3249-y
http://doi.org/10.1186/s12936-018-2559-z

Pathogens 2021, 10, 39 18 of 20

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

Baldini, F.; Segata, N.; Pompon, J.; Marcenac, P.; Robert Shaw, W.; Dabiré, R K.; Diabaté, A.; Levashina, E.A.; Catteruccia, F.
Evidence of natural Wolbachia infections in field populations of Anopheles gambiae. Nat. Commun. 2014, 5, 3985. [CrossRef]
Tsai, K.-H.; Lien, J.-C.; Huang, C.-G.; Wu, W.-].; Chen, W.-]. Molecular (Sub) Grouping of Endosymbiont Wolbachialnfection
among Mosquitoes of Taiwan. |. Med. Entomol. 2004, 41, 677—683. [CrossRef]

Ricci, I.; Cancrini, G.; Gabrielli, S.; D’amelio, S.; Favia, G. Searching for Wolbachia (Rickettsiales: Rickettsiaceae) in Mosquitoes
(Diptera: Culicidae): Large Polymerase Chain Reaction Survey and New Identifications. J. Med. Entomol. 2002, 39, 562-567.
[CrossRef]

Tiawsirisup, S.; Sripatranusorn, S.; Oraveerakul, K.; Nuchprayoon, S. Distribution of mosquito (Diptera: Culicidae) species
and Wolbachia (Rickettsiales: Rickettsiaceae) infections during the bird immigration season in Pathumthani province, central
Thailand. Parasitol. Res. 2008, 102, 731-735. [CrossRef]

Karami, M.; Moosa-Kazemi, S.H.; Oshaghi, M.A.; Vatandoost, H.; Sedaghat, M.M.; Rajabnia, R.; Hosseini, M.; Maleki-Ravasan,
N.; Yahyapour, Y.; Ferdosi-Shahandashti, E. Wolbachia Endobacteria in Natural Populations of Culex pipiens of Iran and Its
Phylogenetic Congruence. |. Arthropod Borne Dis. 2016, 10, 347-363.

Morais, S.A.; Almeida, ED.; Suesdek, L.; Marrelli, M.T. Low genetic diversity in Wolbachia-Infected Culex quinquefasciatus
(Diptera: Culicidae) from Brazil and Argentina. Rev. Inst. Med. Trop. Sao Paulo 2012, 54, 325-329. [CrossRef]

Duron, O.; Raymond, M.; Weill, M. Many compatible Wolbachia strains coexist within natural populations of Culex pipiens
mosquito. Heredity 2011, 106, 986-993. [CrossRef] [PubMed]

Zglé, F,; Vézilier, J.; L' Ambert, G.; Nicot, A.; Gandon, S.; Rivero, A.; Duron, O. Dynamics of prevalence and diversity of avian
malaria infections in wild Culex pipiens mosquitoes: The effects of Wolbachia, filarial nematodes and insecticide resistance.
Parasites Vectors 2014, 7, 437. [CrossRef]

DE Pinho Mixao, V.; Mendes, A.M.; Mauricio, I.L.; Calado, M.M.; Novo, M.T.; Belo, S.; Almeida, A.P.G. Molecular detection of
Wolbachia pipientis in natural populations of mosquito vectors of Dirofilaria immitis from continental Portugal: First detection in
Culex theileri. Med. Vet. Entomol. 2016, 30, 301-309. [CrossRef]

Rasgon, ].L.; Scott, T.W. An initial survey for Wolbachia (Rickettsiales: Rickettsiaceae) infections in selected California mosquitoes
(Diptera: Culicidae). . Med. Entomol. 2004, 41, 255-257. [CrossRef]

Morgigek, B.; Taskin, B.G.; Dogag, E.; Dogaroglu, T.; Taskin, V. Evidence of natural Wolbachia infections and molecular identifica-
tion of field populations of Culex pipiens complex (Diptera: Culicidae) mosquitoes in western Turkey. J. Vector Ecol. 2018, 43,
44-51. [CrossRef]

Duron, O.; Lagnel, J.; Raymond, M.; Bourtzis, K.; Fort, P.; Weill, M. Transposable element polymorphism of Wolbachia in
the mosquito Culex pipiens: Evidence of genetic diversity, superinfection and recombination. Mol. Ecol. 2005, 14, 1561-1573.
[CrossRef]

Khrabrova, N.V,; Sibataev, A.K. The distribution of Wolbachia pipientis strains in natural populations of Culex pipiens mosquitoes
(Diptera: Culicidae). IOP Conf. Ser. Earth Environ. Sci. 2019, 400, 012012. [CrossRef]

Rasgon, J.L.; Scott, T.W. Wolbachia and cytoplasmic incompatibility in the California Culex pipiens mosquito species complex:
Parameter estimates and infection dynamics in natural populations. Genetics 2003, 165, 2029-2038.

Fedorova, M.V,; Shaikevich, E.V. Morphological and molecular-genetic distinctions between adult mosquitoes Culex torrentium
Martini and C. pipiens Linnaeus (Diptera, Culicidae) from Moscow Province. Entomol. Rev. 2007, 87, 127-135. [CrossRef]
Sunish, I.P,; Rajendran, R.; Paramasivan, R.; Dhananjeyan, K.J.; Tyagi, B.K. Wolbachia endobacteria in a natural population of
Culex quinquefasciatus from filariasis endemic villages of south India and its phylogenetic implication. Trop. Biomed. 2011, 28,
569-576.

Goindin, D.; Cannet, A.; Delannay, C.; Ramdini, C.; Gustave, ].; Atyame, C.; Vega-Rua, A. Screening of natural Wolbachia infection
in Aedes aegypti, Aedes taeniorhynchus and Culex quinquefasciatus from Guadeloupe (French West Indies). Acta Tropica 2018,
185, 314-317. [CrossRef]

Carvajal, TM.; Capistrano, ].D.R.; Hashimoto, K.; Go, K.].D.; Cruz, M.A 1].; Martinez, M.].L.B.; Tiopianco, V.S.P.; Amalin, D.M.;
Watanabe, K. Detection and distribution of Wolbachia endobacteria in Culex quinquefasciatus populations (Diptera: Culicidae)
from Metropolitan Manila, Philippines. J. Vector Borne Dis. 2018, 55, 265-270. [CrossRef]

Sarwar, M.S.; Shahbaz, F.; Jahan, N. Molecular Detection and Characterization of Wolbachia pipientis from Culex quinquefasciatus
Collected from Lahore, Pakistan. Am. J. Trop. Med. Hyg. 2018, 98, 154-161. [CrossRef] [PubMed]

World Mosquito Program. Available online: https:/ /www.worldmosquitoprogram.org/en/global-progress (accessed on 20 Au-
gust 2020).

Ross, P.A ; Callahan, A.G,; Yang, Q.; Jasper, M.; Arif, M.A K.; Afizah, A.N.; Nazni, W.A.; Hoffmann, A.A. An elusive endosymbiont:
Does Wolbachia occur naturally in Aedes aegypti? Ecol. Evol. 2020, 10, 1581-1591. [CrossRef] [PubMed]

Manguin, S.; Bangs, M.].; Pothikasikorn, J.; Chareonviriyaphap, T. Review on global co-transmission of human Plasmodium
species and Wuchereria bancrofti by Anopheles mosquitoes. Infect. Genet. Evol. 2010, 10, 159-177. [CrossRef]

Brugman, V.A.; Hernandez-Triana, L.M.; Medlock, ].M.; Fooks, A.R.; Carpenter, S.; Johnson, N. The Role of Culex pipiens L.
(Diptera: Culicidae) in Virus Transmission in Europe. Int. ]. Environ. Res. Public Health 2018, 15, 389. [CrossRef]

Wolff, G.H,; Riffell, ].A. Olfaction, experience and neural mechanisms underlying mosquito host preference. J. Exp. Biol. 2018, 221.
[CrossRef]


http://doi.org/10.1038/ncomms4985
http://doi.org/10.1603/0022-2585-41.4.677
http://doi.org/10.1603/0022-2585-39.4.562
http://doi.org/10.1007/s00436-007-0825-z
http://doi.org/10.1590/S0036-46652012000600007
http://doi.org/10.1038/hdy.2010.146
http://www.ncbi.nlm.nih.gov/pubmed/21119702
http://doi.org/10.1186/1756-3305-7-437
http://doi.org/10.1111/mve.12179
http://doi.org/10.1603/0022-2585-41.2.255
http://doi.org/10.1111/jvec.12281
http://doi.org/10.1111/j.1365-294X.2005.02495.x
http://doi.org/10.1088/1755-1315/400/1/012012
http://doi.org/10.1134/S0013873807020017
http://doi.org/10.1016/j.actatropica.2018.06.011
http://doi.org/10.4103/0972-9062.256561
http://doi.org/10.4269/ajtmh.17-0329
http://www.ncbi.nlm.nih.gov/pubmed/29141766
https://www.worldmosquitoprogram.org/en/global-progress
http://doi.org/10.1002/ece3.6012
http://www.ncbi.nlm.nih.gov/pubmed/32076535
http://doi.org/10.1016/j.meegid.2009.11.014
http://doi.org/10.3390/ijerph15020389
http://doi.org/10.1242/jeb.157131

Pathogens 2021, 10, 39 19 of 20

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

World Health Organization Regional Office for Africa. Available online: https://www.afro.who.int/health-topics/yellow-fever#:
~{}:text=The%20virus%?20is %20endemic%?20in,and %2029%2C000%E2%80%9360%2C000%20deaths%20annually (accessed on 28
August 2020).

Braig, H.R.; Zhou, W.; Dobson, S.L.; O'Neill, S.L. Cloning and characterization of a gene encoding the major surface protein of the
bacterial endosymbiont Wolbachia pipientis. J. Bacteriol. 1998, 180, 2373-2378. [CrossRef] [PubMed]

Shaikevich, E.; Bogacheva, A.; Rakova, V.; Ganushkina, L.; Ilinsky, Y. Wolbachia symbionts in mosquitoes: Intra- and inter-
supergroup recombinations, horizontal transmission and evolution. Mol. Phylogenetics Evol. 2019, 134, 24-34. [CrossRef]
[PubMed]

Kondo, N.; Nikoh, N.; Jjichi, N.; Shimada, M.; Fukatsu, T. Genome fragment of Wolbachia endosymbiont transferred to X
chromosome of host insect. Proc. Natl. Acad. Sci. USA 2002, 99, 14280-14285. [CrossRef] [PubMed]

Nikoh, N.; Tanaka, K.; Shibata, F.; Kondo, N.; Hizume, M.; Shimada, M.; Fukatsu, T. Wolbachia genome integrated in an
insect chromosome: Evolution and fate of laterally transferred endosymbiont genes. Genome Res. 2008, 18, 272-280. [CrossRef]
[PubMed]

Baldo, L.; Dunning Hotopp, J.C.; Jolley, K.A.; Bordenstein, S.R.; Biber, S.A.; Choudhury, R.R.; Hayashi, C.; Maiden, M.C.J.;
Tettelin, H.; Werren, J.H. Multilocus sequence typing system for the endosymbiont Wolbachia pipientis. Appl. Environ. Microbiol.
2006, 72, 7098-7110. [CrossRef]

Wright, J.D.; Ralph Barr, A. Wolbachia and the normal and incompatible eggs of Aedes polynesiensis (Diptera: Culicidae).
J. Invertebr. Pathol. 1981, 38, 409—418. [CrossRef]

Muniaraj, M.; Paramasivan, R.; Sunish, I.P.; Arunachalam, N.; Mariappan, T.; Jerald Leo, S.V.; Dhananjeyan, K.J. Detection of
Wolbachia endobacteria in Culex quinquefasciatus by Gimenez staining and confirmation by PCR. J. Vector Borne Dis. 2012, 49,
258-261.

Villarreal-Trevifio, C.; Vasquez, G.M.; Lopez-Sifuentes, V.M.; Escobedo-Vargas, K.; Huayanay-Repetto, A.; Linton, Y.-M.; Flores-
Mendoza, C.; Lescano, A.G.; Stell, EM. Establishment of a free-mating, long-standing and highly productive laboratory colony of
Anopheles darlingi from the Peruvian Amazon. Malar. . 2015, 14, 227. [CrossRef]

Johnson, P.H.; Russell, R.C. Colonization of Coquillettidia linealis (Skuse) with reference to other Coquillettidia and Mansonia
species. J. Vector Ecol. 2019, 44, 130-137. [CrossRef]

Miyagi, I.; Toma, T.; Tamashiro, M.; Higa, Y.; Kinjyo, T.; Takara, T. Colonization and Biology of the Frog-Feeding Mosquito
Uranotaeinia macfarlanei in the Ryukyu Archipelago. J. Am. Mosq. Control Assoc. 2010, 26, 99-102. [CrossRef]

Diabate, A.; Tripet, F. Targeting male mosquito mating behaviour for malaria control. Parasites Vectors 2015, 8, 347. [CrossRef]
Casiraghi, M.; Bain, O.; Guerrero, R.; Martin, C.; Pocacqua, V.; Gardner, S.L.; Franceschi, A.; Bandi, C. Mapping the presence of
Wolbachia pipientis on the phylogeny of filarial nematodes: Evidence for symbiont loss during evolution. Int. ]. Parasitol. 2004,
34, 191-203. [CrossRef]

Ferri, E.; Bain, O.; Barbuto, M.; Martin, C.; Lo, N.; Uni, S.; Landmann, F.; Baccei, S.G.; Guerrero, R.; de Souza Lima, S.; et al.
New insights into the evolution of Wolbachia infections in filarial nematodes inferred from a large range of screened species.
PLoS ONE 2011, 6, €20843. [CrossRef]

Chadee, D.D.; Williams, S.A.; Ottesen, E.A. Xenomonitoring of Culex quinquefasciatus mosquitoes as a guide for detecting the
presence or absence of lymphatic filariasis: A preliminary protocol for mosquito sampling. Ann. Trop. Med. Parasitol. 2002, 96
(Suppl. 2), S47-S53. [CrossRef]

Chrostek, E.; Pelz-Stelinski, K.; Hurst, G.D.D.; Hughes, G.L. Horizontal Transmission of Intracellular Insect Symbionts via Plants.
Front. Microbiol. 2017, 8, 2237. [CrossRef]

Nilsson, L.K.J.; Sharma, A.; Bhatnagar, R.K.; Bertilsson, S.; Terenius, O. Presence of Aedes and Anopheles mosquito larvae is
correlated to bacteria found in domestic water-storage containers. FEMS Microbiol. Ecol. 2018, 94. [CrossRef]

Black, W.C.; Bennett, K.E.; Gorrochétegui-Escalante, N.; Barillas-Mury, C.V.; Fernandez-Salas, 1.; de Lourdes Mufioz, M.;
Farfan-Alg, J.A.; Olson, K.E.; Beaty, B.]. Flavivirus Susceptibility in Aedes aegypti. Arch. Med. Res. 2002, 33, 379-388. [CrossRef]
Bartholomay, L.C.; Waterhouse, R.M.; Mayhew, G.F,; Campbell, C.L.; Michel, K.; Zou, Z.; Ramirez, J.L.; Das, S.; Alvarez, K.;
Arensburger, P.; et al. Pathogenomics of Culex quinquefasciatus and meta-analysis of infection responses to diverse pathogens.
Science 2010, 330, 88-90. [CrossRef]

Vasconcelos, PE.d.C.; da Costa Vasconcelos, P.F. Febre amarela. Rev. Soc. Bras. Med. Trop. 2003, 36, 275-293. [CrossRef]

Colvin, M.E.; Peterson, ].T.; Kent, M.L.; Schreck, C.B. Occupancy modeling for improved accuracy and understanding of pathogen
prevalence and dynamics. PLoS ONE 2015, 10, e0116605. [CrossRef]

Lachish, S.; Murray, K.A. The Certainty of Uncertainty: Potential Sources of Bias and Imprecision in Disease Ecology Studies.
Front. Vet. Sci. 2018, 5, 90. [CrossRef] [PubMed]

Gloria-Soria, A.; Chiodo, T.G.; Powell, J.R. Lack of Evidence for Natural Wolbachia Infections in Aedes aegypti (Diptera:
Culicidae). J. Med. Entomol. 2018, 55, 1354-1356. [CrossRef]

Murdock, C.C.; Blanford, S.; Hughes, G.L.; Rasgon, ].L.; Thomas, M.B. Temperature alters Plasmodium blocking by Wolbachia.
Sci. Rep. 2014, 4, 3932. [CrossRef] [PubMed]

Ross, P.A.; Ritchie, S.A.; Axford, ] K.; Hoffmann, A.A. Loss of cytoplasmic incompatibility in Wolbachia-infected Aedes aegypti
under field conditions. PLoS Negl. Trop. Dis. 2019, 13, €0007357. [CrossRef] [PubMed]


https://www.afro.who.int/health-topics/yellow-fever#:~{}:text=The%20virus%20is%20endemic%20in,and%2029%2C000%E2%80%9360%2C000%20deaths%20annually
https://www.afro.who.int/health-topics/yellow-fever#:~{}:text=The%20virus%20is%20endemic%20in,and%2029%2C000%E2%80%9360%2C000%20deaths%20annually
http://doi.org/10.1128/JB.180.9.2373-2378.1998
http://www.ncbi.nlm.nih.gov/pubmed/9573188
http://doi.org/10.1016/j.ympev.2019.01.020
http://www.ncbi.nlm.nih.gov/pubmed/30708172
http://doi.org/10.1073/pnas.222228199
http://www.ncbi.nlm.nih.gov/pubmed/12386340
http://doi.org/10.1101/gr.7144908
http://www.ncbi.nlm.nih.gov/pubmed/18073380
http://doi.org/10.1128/AEM.00731-06
http://doi.org/10.1016/0022-2011(81)90109-9
http://doi.org/10.1186/s12936-015-0733-0
http://doi.org/10.1111/jvec.12337
http://doi.org/10.2987/09-5917.1
http://doi.org/10.1186/s13071-015-0961-8
http://doi.org/10.1016/j.ijpara.2003.10.004
http://doi.org/10.1371/journal.pone.0020843
http://doi.org/10.1179/000349802125002365
http://doi.org/10.3389/fmicb.2017.02237
http://doi.org/10.1093/femsec/fiy058
http://doi.org/10.1016/S0188-4409(02)00373-9
http://doi.org/10.1126/science.1193162
http://doi.org/10.1590/S0037-86822003000200012
http://doi.org/10.1371/journal.pone.0116605
http://doi.org/10.3389/fvets.2018.00090
http://www.ncbi.nlm.nih.gov/pubmed/29872662
http://doi.org/10.1093/jme/tjy084
http://doi.org/10.1038/srep03932
http://www.ncbi.nlm.nih.gov/pubmed/24488176
http://doi.org/10.1371/journal.pntd.0007357
http://www.ncbi.nlm.nih.gov/pubmed/31002720

Pathogens 2021, 10, 39 20 of 20

132. Ross, P.A.; Axford, ] K.; Yang, Q.; Staunton, K.M.; Ritchie, S.A ; Richardson, K.M.; Hoffmann, A.A. Heatwaves cause fluctuations
in wMel Wolbachia densities and frequencies in Aedes aegypti. PLoS Negl. Trop. Dis. 2020, 14, e0007958. [CrossRef]

133. Scolari, F.; Casiraghi, M.; Bonizzoni, M. Aedes spp. and Their Microbiota: A Review. Front. Microbiol. 2019, 10, 2036. [CrossRef]

134. Liberati, A.; Altman, D.G.; Tetzlaff, J.; Mulrow, C.; Getzsche, P.C.; Ioannidis, ].P.A.; Clarke, M.; Devereaux, PJ.; Kleijnen, J.;
Moher, D. The PRISMA statement for reporting systematic reviews and meta-analyses of studies that evaluate health care
interventions: Explanation and elaboration. J. Clin. Epidemiol. 2009, 62, e1—e34. [CrossRef]


http://doi.org/10.1371/journal.pntd.0007958
http://doi.org/10.3389/fmicb.2019.02036
http://doi.org/10.1016/j.jclinepi.2009.06.006

	Introduction 
	Results 
	Articles 
	Methods Used to Detect Wolbachia in Culicids 
	Distribution of Wolbachia in Culicidae Species 
	Wolbachia Diversity and Infection Rate 
	Infection Rate Variability between Studies Considering Widely Distributed and Studied Species 

	Discussion 
	Distribution of Wolbachia in Culicidae 
	Detection Methods and What They Can Tell Us 
	Amplification-Based Strategies 
	Cell/Structure Visualization Strategies 
	Laboratory Colony Establishment of Field-Collected Population 
	Contamination Sources 

	Wolbachia Detection in Different Mosquito Populations: The Symbiotic Population Dynamics Hypothesis 

	Materials and Methods 
	Search Strategy 
	Eligibility Criteria 
	Study Selection 
	Data Extraction 

	Conclusions 
	References

