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Diversity, Distribution and Phylogeny of Vector Insects

Carlos Barceló 1,* and Ignacio Ruiz-Arrondo 2
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Mosquitoes (Fam. Culicidae), sand flies (Subfam. Phlebotominae), biting midges
(Fam. Ceratopogonidae), black flies (Fam. Simuliidae) and stable flies (Fam. Muscidae)
are groups of insects capable to transmit pathogens of public health and veterinary im-
portance [1–5]. These pathogens include viruses, bacteria, protozoans and helminths that
affect humans (e.g., Zika and dengue viruses), domestic and wild animals (e.g., Bluetongue
and Equine infectious anemia virus), and agents that cause zoonotic diseases such as West
Nile, Leishmaniasis and Onchocerciasis [6–10]. These insects not only transmit pathogens,
but also are responsible for human and domestic livestock nuisances and allergies [3,4].

More than 700,000 humans die every year due to pathogens transmitted by vector
insects worldwide, such as malaria and dengue [11–13]. Outbreaks have nowadays become
increasingly frequent in certain regions. For example, in Europe, viruses such as West
Nile and bluetongue occur in several countries, and leishmaniasis cases have increased
during the last decade [2,7,14]. Control measures against these diseases are usually focused
on the vector insect since, in most cases, vaccines are not available [15]. Knowing the
distribution of the different vectors and understanding their biology, behaviors and genetic
relationships could help humans to manage the control of vector diseases transmitted by
them; therefore, the study of the diversity and phylogeny of vector insects in determined
areas is crucial to understand the relationships between its hosts and the pathogens that
can be transmitted, including aspects related to their epidemiology.

In this Special Issue, we included studies about the identification, diversity, distri-
bution and population dynamics of mosquitoes, sand flies, biting midges and black flies
in different countries, including a review of stable flies. In this context, this Special Issue
includes 12 articles, of which 11 are research papers and one is a review. The group with the
highest number of publications is mosquitoes, with six papers. Ruiz-Arrondo et al. (contri-
bution 1) studied the species composition and population dynamics of Culicidae in three
aquatic ecosystems located in a peri-urban area of a city in northern Spain. They observed
that the different hydrological management practices of each environment could play a
key role in determining the abundance of mosquito genera. In the same line, Rosa-Silva
et al. (contribution 2) studied the effect of rain on the spatial distribution and abundance of
container-breeding mosquitoes in Brazil, demonstrating that human occupation and rainfall
impact interactions between invasive urban species such as Aedes albopictus and Aedes ae-
gypti. and sylvatic species. Continuing with studies on the distribution of mosquitoes,
this time in the state of Queretaro in Mexico, Ortega Morales et al. (contribution 3) identi-
fied 33 new records of mosquito species for this state, including two undescribed species.
They morphologically and molecularly described one of them as Shannoniana huasteca n.
sp. In turn, the study conducted by Ibáñez-Justicia et al. (contribution 4) includes novel
information regarding malaria vector species from the Anopheles maculipennis complex in
161 locations (including overwintering sites) during the National Surveillance program
in the Netherlands, with the first record of Anopheles daciae in the country. The study of
Vanderheyden et al. (contribution 5) reported the distribution of Culex pipiens s.s and
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Cx. torrentium in Belgium, using the COI and ACE2 loci. In the only study of this Special
Issue carried out in Africa, phylogenetic analyses were conducted by Montalvo-Sabino et al.
(contribution 6) on 65 mosquito species collected in South Africa, Mozambique and Angola,
with new records for Afrotropical fauna. In addition, male genitalia were morphologically
identified and associated with phylogenetic analysis.

Culicoides and black flies constitute the group of insect vectors with the second highest
number of papers published in this Special Issue, with each having two publications. On
the one hand, there is an ecological study of two of the main vector species of bluetongue in
Europe, Culicoides obsoletus s.l. and Culicoides imicola, in which Barceló et al. (contribution 7)
determined its nocturnal activity, showing different activity patterns according to the month
and the time after the sunset. On the other hand, there is a molecular study in which Dähn
et al. (contribution 8) designed PCR primers based on the COI gene to identify 21 biting midge
species from the subgenus Culicoides in the Paleartic region. In addition, PCR assays were
performed for the first time on recently described species of the Pulicaris group. Regarding
the studies about black flies, Adler and Reeves (contribution 9) identified a pattern of north–
south differentiation in the genus Prosimulium of western North America, and described a
new species, Prosimulium supernum. Meanwhile, Kúdelová et al. (contribution 10) carried
out the DNA barcoding of 25 black fly species from Slovakia, finding hidden diversity as
well as shared barcode sequences among the studied species. A study on sandflies has also
been published in this Special Issue. A new sand fly record for Spain, Phlebotomus perfiliewi
s.l., was morphologically and phylogenetically described in González et al. (contribution
11), including a discussion about potential confusion with Phlebotomus perniciousus. Finally,
Duvallet and Hogsette (contribution 12) reviewed several aspects of the genus Stomoxys sp.,
including worldwide diversity, distribution and genetic approaches to identify the origin and
population dynamics of this genus.
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Species Composition and Population Dynamics of Culicidae
during their Peak Abundance Period in Three Peri-Urban
Aquatic Ecosystems in Northern Spain
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Abstract: For a better understanding of the transmission cycles of mosquito-borne diseases, it is
essential to explore the species composition and population dynamics, mainly during their peak
abundance period. These investigations do not normally include peri-urban areas, despite their
significant epidemiological interest. To address these gaps, an entomological survey was carried
out in 2016 and 2017 in three aquatic ecosystems located on the outskirts of the city of Logroño,
in northern Spain: the Iregua River and La Grajera (La Rioja) and Las Cañas Reservoirs (Navarra).
Mosquitoes were captured using BG-Sentinel traps baited with CO2 and BG-lure, as well as through
the human landing collection method. In total, 6793 mosquito specimens were captured, representing
24 taxa within six genera. A specific PCR based on the ITS2 gene was used to differentiate members
of the Anopheles claviger complex, and all individuals were identified as An. claviger sensu stricto.
La Grajera had the most diverse culicid fauna, with 19 taxa, followed by Las Cañas (n = 15) and
the Iregua River (n = 13). The composition and abundance of Culicidae varied across the aquatic
ecosystem. We observed that the different hydrological management practices of each environment
could play a key role in determining the abundance of mosquito genera. The overall risk of mosquito
bites in the study area is expected to be relatively low and will depend on the freshwater ecosystem
and the time of year.

Keywords: Culicidae; diversity; ITS2; mosquito; La Rioja; Anopheles claviger sensu stricto; Upper
Ebro Valley

1. Introduction

The arthropod-borne diseases represent a major risk to humans, livestock, pets and
wildlife worldwide [1]. In Spain, there is a wide range of organisms that transmit diseases
in our environment, mostly included in the so-called zoonoses [2]. Although reviewing the
issue of arthropod-borne diseases in Spain is complex, it is unquestionable that since the
beginning of the 21st century, the importance of Diptera has been extraordinary. The burden
of some diseases such as bluetongue and leishmaniosis has led to an increase in studies on
Culicoides biting midges (Ceratopogonidae) and phlebotomine sand flies (Psychodidae),

Diversity 2023, 15, 938. https://doi.org/10.3390/d15080938 https://www.mdpi.com/journal/diversity
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respectively [3,4]. Black flies (Simuliidae) have also become very relevant pests in certain
Spanish regions due to the annoyance caused by their painful bites [5].

Despite the above, mosquitoes (Culicidae) continue to be the most studied insects
because of their major role as vectors. Invasive mosquito species and the pathogens they
transmit represent a serious risk to both animal and public health [6], especially in areas
with a Mediterranean climate, where these insects have a major impact throughout much of
the year [7]. Therefore, studies of these vectors have not been addressed as much in climate
regions such as the north-western, Cantabrian cornice, and inland regions, which are less
suitable for their development, although a change in this regard has been observed in the
last decade. In fact, since the detection of the Asian tiger mosquito, Aedes albopictus (Skuse,
1894), in the Basque Country in 2015 [8], interest in mosquitoes in northern Spain has
increased. The recent finding of the invasive Aedes japonicus (Theobald, 1901) in Asturias
in 2018 and its later detection in Cantabria and the Basque Country in 2019 and 2020,
respectively [9,10], again highlighted the importance of conducting mosquito surveys in
the northern regions of the country, focusing not only on specific invasive alien mosquitoes
but also on native species.

Several studies on mosquitoes have been recently carried out in this part of the Iberian
Peninsula, among which faunistic analysis predominated [11–13]. Specifically, since 2016,
when a vector surveillance programme (mainly focused on culicids) was implemented
in La Rioja region, 25 species have been identified [14–16]. However, these studies have
not delved into seasonal population dynamics, which are essential to better understand
mosquito-borne disease transmission cycles, identify sources of infection, and successfully
control these vectors [17,18].

Most studies in Spain have been carried out in either natural areas or urban environ-
ments [19–21]. However, the urban-to-wild gradient is composed of distinct environmental
habitats that influence the distribution, diversity, and abundance of mosquito species [20].
The rapid growth of urban areas in Spain has led to an increase in peri-urban habitats,
which are areas where urban and rural environments overlap. However, the characteristics
of peri-urban habitats differ from those of urban and natural habitats in many ways (e.g.,
fragmentation, pollution, noise, and light, among others) [22]. Peri-urban areas can provide
freshwater ecosystems, such as riverbanks or wetlands, which have high value in terms
of ecological diversity. They also enhance the human well-being of urban residents by
providing a landscape for recreational activities in addition to their aesthetic value. As a
negative counterpart to these aquatic habitats, there is the possibility of disturbance by
haematophagous dipterans and their potential for disease transmission [23]. Therefore, it is
necessary to monitor the presence of, among others, the members of the family Culicidae
in these environments. In this respect, few Spanish studies have examined the mosquitoes
that inhabit these particular environments [24–26]. The study of the mosquito fauna as-
sociated with peri-urban environments should be of increasing interest, as it is in these
often-naturalised environments that the greatest number of encounters between vectors
and humans occur.

We aimed to provide data on the species composition and population dynamics of
mosquitoes during the peak abundance period in three nearby freshwater ecosystems
located in peri-urban areas of Logroño, La Rioja, as well as to detect differences in the fre-
quency of genera and relevant species in each location. Given the ecological aspects studied
for the different species detected in the three peri-urban ecosystems, a succinct discussion
about the possible public health implications of this mosquito species is provided.

2. Materials and Methods

2.1. Study Area

This study was conducted in the Autonomous Community of La Rioja (northern Spain)
and a nearby area of the Chartered Community of Navarra (Figure 1). The entomological
surveys were carried out in three sampling sites on the outskirts of the city of Logroño, the
capital of the province of La Rioja, lying on the Upper Ebro Valley. This city is 385 m asl;
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to the north are the Cantabrian Mountains, to the south the Iberian System. Regarding
its climate, it is slightly continental, with quite cold, relatively rainy winters and hot,
sunny summers but with some cool and rainy periods. The average temperature of the
coldest month (January) was 5 ◦C; that of the warmest months (July, August) was 20.6 ◦C.
Precipitation amounts to 633 mm per year. It ranges from 29 mm in the driest month
(August) to 66 mm in the wettest ones (April, May) [27].

Figure 1. Location of the three peri-urban aquatic ecosystems sampled on the outskirts of the city of
Logroño (red dot), northern Spain. (1) Iregua River; (2) La Grajera Reservoir; (3) Las Cañas Reservoir.

The first sampling freshwater habitat was the Iregua River, as it flows through Logroño,
near its mouth in the Ebro River. From its source in the Sierra Cebollera to its mouth, this
river crosses La Rioja from south to north over a length of 64 km, with a catchment area of
692 km2 and an average flow rate of 3.32 m3/s [28]. As it passes through the municipality,
the river is mainly characterised by its permanently low flow; the natural vegetation is
reduced to some gravel beaches and the slopes that delimit the flood channel. On the
former, which were originally submerged, small sea bream and sea bream grow, as well
as other shrubs and herbaceous plants of various species. The second peri-urban aquatic
ecosystem was La Grajera, one of the few wetlands that exist in La Rioja. This place is
currently protected and covers a total area of 87 ha, 32 ha with a permanent sheet of water
supplied by a single inlet. It is the last enclave on the Camino de Santiago (Way of St. James)
as it passes through Logroño, and it also has an educational classroom, a recreation area, a
coffee shop and restaurants, paths around the lagoon, and a golf course with 18 holes [29].
The third and last aquatic environment was La Laguna de las Cañas, a nature reserve
covering an area of 178 ha and one of the most important wetlands (80 ha) of Navarra,
located in the municipality of Viana, just a few hundred metres from an industrial area of
the city of Logroño. This reservoir collects runoff water from a catchment area of 6602 ha
through a network of streams and ditches and can reach a volume of dammed water of
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around 0.7 hm3 [30]. Las Cañas has several types of environments: crops, Mediterranean
scrub in the surroundings, banks, flooded soils, small reed beds in the outer zone and large
reed beds in the interior, open waters, islets, and trees, with a changing water level. These
areas were chosen according to the presence of mosquitoes, waterflow, and ornithological
richness and because they are located in peri-urban areas and frequently visited by people
who want to enjoy contact with nature (Figure 1).

2.2. Mosquito Collection and Identification

Mosquitoes were collected from July to September 2016 and from May to September
2017. As can be observed, this study has primarily been carried out during the summer
season, as this is the period when mosquitoes concentrate their activity in northern Spain.

The trapping effort was different in the case of the Iregua River, where it started a
week later in 2016 and at the end of June in 2017. A total of four or five BG-Sentinel TM
traps (BioGents GmbH, Regensburg, Germany) baited with BG-Lure® and 1 kg of CO2
pellets were set once every two weeks in each location. In total, mosquito traps were run
223 nights during the study period, 81 in 2016 (18 in the Iregua River, 31 in La Grajera, and
31 in Las Cañas) and 143 in 2017 (32 in the Iregua River, 59 in La Grajera, and 52 in Las
Cañas). The traps were set at dusk (19:00–21:00) and removed after dawn (8:00–9:00) the
following day. The traps located in the two reservoirs were placed in five sampling stations
along the entire perimeter of the aquatic ecosystem (separated between 400 and 500 m in
La Grajera and 400 and 600 m in Las Cañas). In the case of the Iregua River, four traps were
placed along the right bank of the river, covering 1 km of riverbed until it flows into the
Ebro River. All sampling stations were selected on the basis of several criteria: covering
different locations in the wetland; the presence of some vegetation cover in the vicinity;
easy accessibility; and proximity to the aquatic ecosystems’ water surface. La Grajera and
Las Cañas are 1.7 km and 2 km away from the urban area of Logroño, respectively. The
Iregua River separates two urban areas of Logroño, forming a green corridor between
100 and 200 m wide.

During the setting and removal of the traps, host-seeking females were captured by
human landing collection (HLC) during the time the collector went from the vehicle to the
exact location of the trap, set up the trap, and returned to the car (15 min). The collector
exposed their legs and arms and caught landing mosquitoes with a hand-held mouth
aspirator. Collection bags containing insects were stored at −80 ◦C until further processing.

For identification, the mosquitoes were separated from other insects, enumerated,
sexed, and determined at the species level based on external morphological characters
and male terminalia using the taxonomic keys of Schaffner et al. [31] and Becker et al. [32].
Males’ genitalia were mounted on a slide using Hoyer’s medium. A specific study on the
molecular identification of different specimens of each species was previously carried out in
La Rioja region, in which individuals of Anopheles maculipennis s.l. were analysed using the
internal transcribed spacer 2 (ITS2) gene and identified as Anopheles atroparvus (Van Thiel,
1927) [15]. For this reason, we will henceforth refer to An. atroparvus in the present study.
However, it had not been possible to determine which species of the Claviger complex
were present in the region [15]. Therefore, the specific protocol of Kampen et al. [33]
based on the ITS2 gene was used to differentiate between Anopheles claviger s.s. (Meigen,
1804) and Anopheles petragnani Del Vecchio, 1939. Each species generates PCR products
of species-specific lengths: An. claviger s.s. at 269 bp and An. petragnani at 367 bp. The
amplified products were sequenced in both senses using the BigDye R Terminator v3.1
Cycle Sequencing Kit (Applied Biosystems, Forest City, CA, USA) at the Sequencing Unit,
Centre for Biomedical Research of La Rioja (CIBIR). The sequences were edited using
BioEdit 7.2 software and compared with the sequences published in Kampen et al. [33] and
deposited in GenBank.
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2.3. Data Analysis

The number of mosquitoes was compared by zone with full-factorial general linear
models (GLMs) including zone and period to discard the effect of seasonality. In order to
detect differences in the frequency of genera and relevant species depending on the zone,
similar GLMs were carried out including the number of mosquitoes as a weighted factor.
In case of significant differences between zones, Duncan’s post hoc test was carried out. A
statistical analysis was performed using SPSS 19.0 for Windows (IBM, Armonk, NY, USA),
setting the alpha error to 0.05. Figure 1 was created by QGIS V.3.0.1 (QGIS Development
Team 2018, available from: http://www.qgis.org, accessed on 15 May 2023). Figure 2 was
generated with Microsoft Excel 2013 (Microsoft, Redmond, WA, USA). Figure 3 was created
with the software RStudio v. 4.2.0 [34].

Figure 2. Total number of mosquitoes of each species caught with baited BG-Sentinel in aquatic ecosys-
tems traps in northern Spain, 2016–2017. The specimens categorised as “spp” in each genus could not
be assigned to species level because of their poor conservation status. Genera are represented with
different colours.
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Figure 3. Population dynamic of each species caught by aquatic ecosystem with baited BG-Sentinel
traps in aquatic ecosystems in northern Spain, 2016–2017 (Jun: June; Jul: July; Aug: August; Sep:
September; Oct: October).

10



Diversity 2023, 15, 938

2.4. Ethics Approval and Consent to Participate

Ethical clearance for HLC was obtained from the regional ethics committee (Comité
de Ética de Investigación con Medicamentos de La Rioja, Ref. CEImLAR PI-688). All
procedures were in accordance with the ethical standards of the research committee and
with the 1964 Helsinki Declaration and its later amendments.

3. Results

The morphological characteristics and genetic approach to the Claviger complex
identified at least 24 taxa of mosquitoes arranged in six genera: Aedes (7 species), Anopheles
(4 species), Coquillettidia (1 species), Culex (7 species), Culiseta (4 species), and Uranotaenia
(1 species). The species and the number of specimens found in each aquatic ecosystem are
displayed in Figure 2.

3.1. Molecular Identification of the Claviger Complex

An analysis of 17 An. claviger s.l. yielded 10 positive identifications for the species An.
claviger s.s. as all bands were below 300 bp. The subsequent sequencing and alignment
with the sequences published by Kampen et al. [33] reconfirmed that identification. Our
sequences of An. claviger s.s. (amplicon length sequences between 235 and 238 bp) showed
an identity of 96.93–98.92% with respect to the Anopheles claviger s.l. from Italy (MK625346).
In turn, our sequences had a 95.61–96.89% similarity to the sequence of An. claviger s.s.
(AY129232) deposited by Kampen et al. [33] and 86.67–87.56% similarity to the unique
sequence of An. petragnani (AY129233.1) deposited in GenBank [33]. The detailed specimen
records and sequence information of An. claviger s.s. were submitted to the GenBank public
database under the following accession numbers: OQ955587–OQ955589.

3.2. Species Composition and Abundance

A total of 6735 mosquitoes were captured in the BG-Sentinel traps, of which 6479 were
females and 256 males. The species composition and abundance varied depending on
the aquatic ecosystem. La Grajera was the environment with the highest total catches
and also with the highest relative abundances in relation to the sampling effort (n = 3801;
42.23 specimens/trap), followed by Las Cañas (n = 2499; 30.11 specimens/trap) and the
Iregua River (n = 435; 8.70 specimens/trap) (Table 1). The most abundant genus was Culex,
followed by Coquillettidia richiardii (Ficalbi, 1889), Aedes sp., and Anopheles sp.

Table 1. Total number of mosquitoes of each genus caught with baited BG-Sentinel traps in aquatic
ecosystems in northern Spain, 2016–2017.

Genus
Iregua River

(n = 50)
La Grajera

(n = 90)
Las Cañas

(n = 83)
Total

(n = 223)

Anopheles 17 1069 59 1145

Aedes 6 124 1242 1372

Coquillettidia 8 1677 219 1904

Culex 381 828 907 2116

Culiseta 23 102 67 192

Uranotaenia 0 1 5 6

Unidentified 4 18 5 27

Total 435 3801 2499 6735

n indicates the sampling effort represented by the total number of traps used per aquatic ecosystem.

The abundance of the different genera varied according to the freshwater ecosystem.
The genera Anopheles and Coquillettidia were dominant in La Grajera (p < 0.001), while the
genera Aedes, Culex, and Uranotaenia dominated in Las Cañas (p < 0.001, p = 0.007, and
p = 0.047, respectively) (Table 2). Catches of the genus Culiseta did not differ significantly
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by aquatic ecosystem. The average number of captures of the genera Anopheles, Aedes,
and Coquillettidia showed large differences between the area with the highest number of
captures and the rest of the areas. This was not the case for the genus Culex, where the
averages were more homogeneous between the different zones.

Table 2. Mean ± standard deviation of catches of each mosquito genus with BG-Sentinel traps in
aquatic ecosystems in northern Spain, 2016–2017.

Genus
Iregua River

(n = 50)
La Grajera

(n = 90)
Las Cañas

(n = 83)
p-Value

Anopheles 0.34 ± 0.72 a 11.88 ± 16.26 b 0.71 ± 1.31 a <0.001

Aedes 0.12 ± 0.33 a 1.38 ± 2.14 a 14.96 ± 36.70 b <0.001

Coquillettidia 0.16 ± 0.47 a 18.63 ± 25.43 b 2.64 ± 3.90 a <0.001

Culex 7.62 ± 8.73 a 9.20 ± 12.93 ab 10.93 ± 10.73 b 0.007

Culiseta 0.46 ± 1.16 1.13 ± 1.86 0.81 ± 1.57 0.080

Uranotaenia 0.00 ± 0.00 a 0.01 ± 0.11 ab 0.06 ± 0.24 b 0.047

All 8.70 ± 8.99 a 42.23 ± 42.41 c 30.11 ± 38.26 b <0.001
n indicates the sampling effort represented by the total number of traps with mosquito catches used per aquatic
ecosystem. Different superscripts for each gender indicate significant differences according to Duncan’s post hoc
test (p < 0.05).

Table 3 shows the percentage distribution of mosquitoes in each zone to see which was
dominant relative to the total number of mosquitoes captured in each zone. For instance,
in the Iregua River, the dominant genus was Culex sp. (87.6%) compared to the rest of the
genera (p < 0.001). Although there were more Culex specimens in the other two aquatic
ecosystems in absolute terms (Table 2), in relative terms they were less frequent (21.8%
in La Grajera and 36.3% in Las Cañas) (Table 3). According to this analysis, the genera
Anopheles and Coquillettidia remained dominant in relative terms in La Grajera (p < 0.001)
and the genus Aedes in Las Cañas (p < 0.001). Coquillettidia was the genus with the highest
relative captures in La Grajera (44.1%) and Aedes sp. in Las Cañas (49.7%).

Table 3. Mean ± standard deviation of the percentage of catches of each genus over the total catches
per area (only if catches were present and weighted by the number of catches per trap) with baited
BG-Sentinel traps in aquatic ecosystems in northern Spain, 2016–2017.

Genus
Iregua River

(n = 47)
La Grajera

(n = 88)
Las Cañas

(n = 82)
p-Value

Anopheles 3.9 ± 8.8 a 28.1 ± 21.3 b 2.4 ± 5.2 a <0.001

Aedes 1.4 ± 5.3 a 3.3 ± 5.0 a 49.7 ± 39.4 b <0.001

Coquillettidia 1.8 ± 5.8 a 44.1 ± 24.1 b 8.8 ± 13.3 a <0.001

Culex 87.6 ± 16.2 c 21.8 ± 20.2 a 36.3 ± 34.3 b <0.001

Culiseta 5.3 ± 11.3 2.7 ± 4.0 2.7 ± 6.6 0.187

Uranotaenia 0.0 ± 0.0 0.0 ± 0.1 0.2 ± 1.0 0.226
n indicates the sampling effort represented by the total number of traps used per aquatic ecosystem. Different
superscripts for each gender indicate significant differences according to Duncan’s post hoc test (p < 0.05).

Table 4 shows the most captured species with respect to the captures of other species of
the same genus in each sampling point. For instance, Aedes caspius (Pallas, 1771) represents
all the captures of this genus in the Iregua River and 95.8% in Las Cañas (p < 0.001), while
the Claviger complex represents 64.7% of the captures of the genus Anopheles in the Iregua
River and 41.4% in La Grajera (p < 0.001). Culex modestus Ficalbi, 1890 accounted for 23.9%
of the captures of Culex sp. in Las Cañas (p = 0.007). Culex pipiens s.l. Linnaeus, 1758
was the most abundant species of this genus in the three ecosystems, but it did not show
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significant differences according to the freshwater environment (p = 0.129). The same
occurred with Anopheles algeriensis Theobald, 1903, being the most abundant Anopheles
species in La Grajera and Las Cañas with 55% and 44.1%, respectively.

Table 4. Mean ± standard deviation of the percentage of catches of the most representative mosquito
species with respect to catches of its genus (only if there were catches of that genus and weighted
by the no. of catches of the corresponding genus per trap) with baited BG-Sentinel traps in aquatic
ecosystems in northern Spain, 2016–2017.

Iregua River La Grajera Las Cañas

Species n Avg ± SD n Avg ± SD n Avg ± SD p-Value

Anopheles algeriensis 12 0.0 ± 0.0 77 55.0 ± 34.0 30 44.1 ± 42.0 0.123 1

Anopheles claviger s.s. 12 64.7 ± 49.3 b 77 41.4 ± 34.9 b 30 6.8 ± 21.0 a 0.032

Aedes caspius 6 100.0 ± 0.0 b 46 46.8 ± 39.5 a 51 95.8 ± 5.8 b <0.001

Culex pipiens s.l. 47 79.0 ± 33.3 73 76.6 ± 31.4 79 62.2 ± 26.5 0.129

Culex modestus 47 14.2 ± 33.2 a 73 9.4 ± 20.1 a 79 23.9 ± 25.8 b 0.007
1 The Iregua River was excluded from statistical analysis. n indicates the sampling effort represented by the total
number of traps with catches of each genus per aquatic ecosystem. Different superscripts for each species indicate
significant differences according to Duncan’s post hoc test (p < 0.05).

3.3. Population Dynamics in the Peak Abundance Period

Different patterns in the population dynamics of culicids were observed depending
on the species and aquatic ecosystem (Figure 3).

Two of the most abundant species in La Grajera, An. algeriensis and An. claviger s.s.,
had a constant presence during the study period, even presenting similar dynamics with
three peaks of abundance in July, August, and October 2016 and another three peaks of
abundance in May–June, July, and September–October 2017. Within the Maculipennis
complex, An. atroparvus was the only species previously identified in the study area [15].
This species was the only anopheline species with a very limited temporal distribution,
between mid-July and September in La Grajera and Las Cañas. The abundance of Anopheles
plumbeus Stephens, 1828 was so low that no clear patterns in its population dynamic could
be observed, except that it was present during July and August.

Aedines did not have a constant presence in the aquatic ecosystems studied, but rather
had peaks of abundance depending on the time of year. For example, there were hardly
any captures of Ae. caspius in Las Cañas in 2016, but there were two notable peaks of
abundance between June and August 2017. Aedes detritus (Haliday, 1833) was a species that
concentrated its presence in the late spring and early summer in 2017 in the two swamps
where it was identified. The presence of Aedes vexans (Meigen, 1830) seemed to be constant
from June onwards in La Grajera.

The presence of the most abundant species at La Grajera, Cq. richiardii, was constant
during the two years of this study. However, its abundance peaks differed between the two
years. The main peak in 2016 was in August, while in 2017 we found four peaks from May
to September. Despite its lower presence in Las Cañas, two peaks were observed during
August and September 2016 and a single peak in June–July 2017.

Culex pipiens s.l. was the only species present throughout the study period in all
three habitats. A similar pattern was observed in all three studied ecosystems, with a
peak in July and a peak in August. In Las Cañas, a third peak was also observed during
September. Adults of Cx. modestus appeared in June, with two peaks of abundance in
July and August–September. Culex theileri Theobald, 1903, also showed several peaks of
abundance depending on the aquatic ecosystem, with a clear peak in August–September in
all habitats.

Adults of Culiseta species were also active throughout the study period, except for the
species Culiseta longiareolata (Macquart, 1838). The other species, either because they were
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secondary species or because of their own population patterns, had a temporal distribution
that was not constant over time.

Uranotaenia unguiculata Edwards, 1913 appeared mainly from July to September.

3.4. Human Landing Collection

Six species were collected in the HLC: An. plumbeus (n = 1, Iregua River); Ae. caspius
(n = 26, Las Cañas; n = 2, La Grajera); Ae. detritus (n = 1, Las Cañas; n = 19, La Grajera); Ae.
vexans (n = 1, La Grajera); Cx. modestus (n = 2, Iregua River); and Cq. richiardii (n = 2, Las
Cañas; n = 4, La Grajera). Specimens of Ae. detritus were identified biting humans in La
Grajera on 24 May 2016 during the first aquatic ecosystem awareness visit.

4. Discussion

Understanding the risk of transmission of mosquito-borne diseases requires knowl-
edge of the culicid fauna associated with environments frequented by humans, such as
urban and peri-urban areas. This knowledge serves as a fundamental tool and cornerstone
of the “One Health” approach. Therefore, this study highlights the large mosquito fauna
that inhabit peri-urban environments in northern Spain.

In Spain, a total of 65 mosquito species from seven different genera have been de-
scribed, including Aedes, Anopheles, and Culex [9,35], the main vectors of pathogens in
Europe. In La Rioja, the culicid fauna identified include 25 species in six genera: Aedes,
Anopheles, Coquillettidia, Culex, Culiseta, and Uranotaenia [15,16,36–38]. In Navarra, 21 species
belonging to the same six genera have been recorded [14,35].

4.1. Molecular Identification of the Claviger Complex

PCR has been employed to specifically identify members of the Claviger complex,
marking a novel application in Spain. We also provide sequences of An. claviger s.s. for the
country. Moreover, the identification of this anopheline implies its incorporation into the
list of human malaria vectors in La Rioja, together with An. atroparvus and An. plumbeus.
Although An. claviger s.s. is regarded as a secondary malaria vector in Europe [39], with
a preference for biting humans and large mammals outdoors after dusk [40], its vector
competence should not be overlooked. In the case of An. petragnani, although we did not
capture any adults in our study, it has previously been described in the larval stage in La
Rioja [37].

4.2. Species Composition and Abundance

The composition and abundance of mosquito fauna in these three closely spaced habi-
tats varied according to the type of aquatic ecosystem and the hydrological management
practices employed. La Grajera, a naturalised reservoir with minimal human intervention,
had the highest number of mosquito captures. In Las Cañas, naturalised conservation of
the swamp is carried out by managing the reeds and promoting the conservation of native
fish species and amphibians, which exert some degree of control over the pre-imaginal
populations of mosquitoes. The Iregua River, on the other hand, lacks standing water
bodies, so its mosquitoes depend mainly on the floods that allow parts of its groves to be
flooded. The genera Anopheles and Coquillettidia dominated in La Grajera due to its stable
water level during the summer season. Coquillettidia richiardii is also a dominant species in
other wetlands of northern Spain [18]. In contrast, Aedes was the predominant species in
Las Cañas due to its high-water fluctuation, which results in a considerable drop in water
levels during summer. Aedes species like Aedes rusticus (Rossi, 1790) are also dominant in
other wetlands in northern Spain [18]. The most abundant genus, Culex, was found to be
well represented in the two reservoirs, despite being dominant only in the Iregua River.
This may be attributed to the fact that Cx. pipiens s.l. is a species adapted to breeding in
different types of natural breeding sites, including riverbanks, extremely eutrophic and
polluted waters, habitats with abundant invasive hydrophytes [41], and even artificial
reservoirs in urban areas [42].
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Anopheles atroparvus was the least commonly trapped Anopheles species; nevertheless,
multiple resting captures at various locations in La Grajera suggest that it may be more
prevalent (Ruiz-Arrondo, unpublished data). Regarding An. algeriensis, this species histori-
cally inhabits the Mediterranean coast, where it commonly breeds in coastal marshy areas
and saline or oligosaline channels with abundant helophytic vegetation [43]. Although
this anopheline species has also been found in the province of Teruel [35], its detection in
northern Spain is of particular interest, as it is far from its known distribution area [15].

Aedes caspius appeared as the most abundant species of Aedes in both the Iregua River
and Las Cañas, although it did not represent more than 50% of the total of aedines in La
Grajera due to the presence of Ae. vexans and Ae. detritus. Aedes caspius is one of the most
abundant species on the Spanish Mediterranean coast, and Ae. detritus is also frequent [44].
Regarding the invasive Aedes mosquitoes, these species have adapted to breed in a variety of
man-made and disused containers in urban/rural areas [45]. Although natural ecosystems
are not favourable for the development of certain species such as Ae. albopictus, proactive
surveillance remains crucial in preventing potential introductions and effectively managing
mosquito-related risks. In fact, in La Rioja and Navarra regions, specific entomological
surveillance programmes employ ovitraps and citizen science applications for invasive
Aedes mosquito detection [14,16].

A potential limitation of this study was the use of a single trap model, namely BG-
Sentinel traps, to investigate the diversity and abundance of mosquito populations in
these aquatic ecosystems. In addition to the HLC method, other approaches such as the
capture of adult resting mosquitoes and sampling of immature stages should be employed
to address this limitation and obtain a more comprehensive understanding of the local
mosquito fauna.

4.3. Population Dynamics in the Peak Abundance Period

The two most abundant anophelines, An. algeriensis and An. claviger s.s., showed a
constant abundance throughout the summer season. Anopheles claviger s.l. has also been
observed as a multivoltine species in northern Spain [18]. Schaffner et al. [31] described An.
claviger s.s. as bivoltine, once in the early spring and once in the late summer. According to
our findings, this species would have one more generation between those two periods. The
same was observed for An. algeriensis, where the peak population periods occur during
the spring and autumn [31], and yet our observations point to another peak of abundance
during the summer.

The population dynamic of certain aedine species might be influenced by the avail-
ability of suitable breeding sites, especially those that are temporarily flooded, as is the
case with Ae. caspius, Ae. detritus, and Ae. vexans, which are commonly referred to as
“open floodwater species”. The alternation of flooding and drought creates favourable
conditions for the high-density hatching of these mosquitoes, so environmental factors
such as rainfall significantly influence their population dynamics [46]. In fact, the amount
and distribution of rain have a powerful effect on mosquitoes’ population dynamics in
species that overwinter as drought-resistant eggs. Aedes caspius preferentially oviposits
in moister sites with abundant vegetation, while Ae. detritus oviposits in more saline
soils [47]. However, their larvae can also be found on the margins of permanent bodies of
water such as rivers, along with in trees, reeds, and canes [48]. Although rarely, we also
captured adult Ae. caspius in the Iregua River in our study. In the Levante region, both
species are closely linked to temporary bodies of water, especially in the coastal area. For
example, it can be observed that the peaks of Ae. caspius capture, a multivoltine species
(with an annual average of 14 generations in Huelva, Spain [44]), coincide with the periods
close to the equinoxes, when the highest rainfall occurs in this area of eastern Spain. In
the case of Ae. detritus, the difference between the spring and autumn capture peaks is
more pronounced [49], a phenomenon also observed in other southern European countries,
suggesting a possible univoltinism of the species [31]. However, on the south-western
coast of Spain, they have a multivoltine character, with an annual average of five to seven
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generations between the spring and autumn [44]. Despite the low capture rates of this
species, our results support this hypothesis, as only one peak of activity was observed
between June and July in the two lotic water bodies sampled and bites occurring on human
bait by Ae. detritus in spring 2016 in La Grajera. The same flight range for Ae. detritus has
been noted in northern Spain [18]. In the marshy areas typical of the Valencian Community,
after prolonged periods of rainfall, there are waterlogged soils with salinity conditions that
greatly favour the hatching of larvae of both species, although with a predominance of Ae.
caspius, with an increase in the abundance of this species observed in May and Septem-
ber [50], similar to what was observed in 2017 in La Grajera and Las Cañas. Regarding Ae.
vexans, the seasonal population dynamic of this floodwater-associated aedine species shows
a typical multivoltine pattern of abundance in European countries [32,51] and specifically
in Spain [48], which is in line with our results.

Coquillettidia richiardii has several generations per year in La Grajera, a behaviour
described in southern European populations [32]. This species shows at least four peaks of
abundance during the summer, although a reduction in the population is observed at the
end of the summer [31]. Nevertheless, Gonzalez et al. [18] noted its univoltine character in
an aquatic ecosystem in northern Spain.

Culex pipiens s.l., a multivoltine species, shows the highest population peak in August,
with the number of individuals decreasing progressively on each capture date. Although
Cx. modestus is not widely represented in the wetland, two distinct peaks of abundance are
observed during the summer, in line with the observations of other authors [18,31,32]. Culex
theileri is a polycyclic species whose larvae occur in the spring [32]. In our environment, its
abundance differs from one year to another; however, in 2017, its multivoltine character was
observed with three distinct maxima in the two reservoirs. Meanwhile, in other Spanish
regions such as Doñana and the area of influence of the Lower Guadalquivir rice fields
(south-western Spanish coast), it is by far the most frequent and abundant species in the
spring months [44].

The few individuals of Ur. unguiculata captured were concentrated during the central
part of the summer, although Becker et al. [32] explained that this species is more abundant
in the late summer.

We did not evaluate the population dynamics of Culicidae during May and June in
2016; therefore, the population dynamics of the species is not completed for the warm
season of this year.

4.4. Human Landing Collection: Epidemiological Implications of the Identified Species

Human landing collection is considered the current “gold standard” for estimating
human-biting rates, but it is labour-intensive and implies the risk of exposure to infectious
mosquito bites [52]. This could explain why this technique has been so scarcely used
in Spain to date [18], this being one of the first works to incorporate it. However, this
technique has been used for the study of other Diptera such as simulids in the country [53].
The chance of being bitten by a mosquito in the three aquatic ecosystems studied is not
very high, except during the spring hatching of Ae. detritus at La Grajera and the peaks of
Ae. caspius abundance in the summer at Las Cañas.

The species most abundantly caught using HLC were Ae. caspius (n = 28) and Ae.
detritus (n = 20), two crepuscular and anthropophilic mosquito species. These aedines are
known for their aggressive biting behaviour towards humans and animals, both during
the day and at night [54–56]. In Spain, there are serious biting nuisances for humans in
certain regions such as the Levante, the eastern region of the Iberian Peninsula, where
these anthropophilic species breed in flooded lagoons and coastal marshes near touristic
areas [57]. Although Ae. caspius exhibits a preference for mammalian hosts, it has been
demonstrated that they can also feed on birds, albeit when alternative host classes are
not readily available [58]. In relation to disease transmission, invasive Aedes are of the
greatest importance, as they are responsible for autochthonous cases of arbovirus, such as
dengue virus (DENV) [59]. However, the potential role of indigenous species in the trans-
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mission of other pathogens of medical and veterinary importance in Spain should not be
underestimated. Previous studies revealed that Ae. caspius populations from the Camargue
(region of southern France) possess the potential to act as vectors of chikungunya virus
(CHIKV) [60] and Rift Valley fever virus (RVFV) [61]. However, Ae. caspius populations
from the Camargue and Andalusia regions (Spain) were incapable of transmitting West
Nile virus (WNV) [62] and Zika virus (ZIKV) [58,63].

Coquillettidia richiardii was the third most abundant species caught with HLC (n = 6).
This member of the Mansoniini feeds opportunistically on vertebrates and can naturally
transmit Batai virus (BATV), Tahyna Orthobunyavirus (TAHV), Sindbis virus (SINV), and
WNV [31]. With respect to its anthropophily, Cq. richiardii is confirmed as a species that
eventually bites humans in Spain. Its anthropophily in our study is not as marked as in the
region of the Danube Delta [64] or in southern England, where this species was responsible
for the highest recorded biting rate in an HLC assay in the UK, with up to 161 bites per
hour [65].

The low capture rate of Culex, with only two specimens of Cx. modestus caught, may
be attributed to the species’ preference for nocturnal activity over crepuscular activity
(which was when the captures were made). Despite its abundance in the BG traps, no
Cx. pipiens s.l. was captured in the HLC. However, it is essential not to underestimate the
anthropophilic preferences and vectorial capacity of Culex mosquitoes. For example, the
recent WNV outbreak in south-western Spain in 2020 highlighted the central role played
by this genus in the transmission of this zoonotic arboviral disease [66]. Specifically, Culex
perexiguus Theobald, 1903 and Cx. pipiens s.l. played a central role in the transmission
of this arbovirus [67]. The apparent ornithophilic character of this latter species in these
aquatic ecosystems means that the risk of human cases of WNV by this bridge vector might
be lower.

As far as the genus Anopheles is concerned, only one specimen of An. plumbeus was
captured in the HLC. This species is an aggressive and persistent biter, feeding principally
on mammalian hosts [52] but also on birds and reptiles. Some populations even show
a strong anthropophilic preference [68]. In fact, this species is usually found in urban
environments, where immatures develop in tree holes in gardens and parks, causing a
serious nuisance in some countries of Central Europe [31]. In our peri-urban environment,
An. plumbeus does not pose a great risk due to its limited abundance. However, because it
was the only species of anopheline captured in the HLC, it could be the species attributed
as a vector in the second case of autochthonous malaria in the country, which occurred
in the study area in 2014 [14]. It should be noted that despite the relative abundance of
An. claviger s.s. in our study, it has not been a species implicated in human disturbance
as González et al. [18] noted in their study in northern Spain. This behaviour might be
attributed to the possibility that they are, in fact, An. petragnani rather than An. claviger s.s.

Another Anopheles species that in principle does not pose an obvious risk to the human
population in the study area is An. maculipennis s.l., more especially, An. atroparvus as
the only member of this complex identified molecularly in this peri-urban area [15]. This
species played an important role in human malaria transmission in Europe. In fact, it was
the species responsible for the first autochthonous case of malaria that occurred in northern
Spain in early 2010 [69].

Public reports of mosquito bites in the urban area are rare and, in all cases, have been
due to localised Aedes breeding sites. This means that a priori the mosquito populations
in the ecosystems studied do not cause nuisance in the urban area. The reasons could be
several: (1) the large population of mammals and birds in the two reservoirs could provide
a food source for the mosquitoes without them having to look for hosts outside the area
of influence of the aquatic ecosystems; (2) the low productivity of its breeding sites in the
Iregua River prevents the massive emergence of species that could cause problems in the
urban area; (3) in the case of Las Cañas, there is an industrial area between the reservoir
and the urban environment which may be acting as a barrier to the natural dispersal of the
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mosquito population; and (4) not all species detected in the HLC have enough flight range
to reach the urban area, with the exception of some aedine species.

These results on mosquito species composition and population dynamics during the
peak abundance period contribute to a better understanding of the transmission risk of
pathogenic agents of medical and veterinary importance. This study demonstrates the
importance of monitoring the mosquito fauna in naturalised environments in areas very
close to the city, such as peri-urban environments. The large influx of people enjoying
leisure time in these environments and the constant presence of several species with
vectorial potential in the summer season favours encounters between vectors and their
hosts, highlighting the importance of including peri-urban areas in arthropod vector
monitoring programmes.

5. Conclusions

This study highlights the large culicid fauna that inhabit peri-urban environments
in northern Spain. Among the 24 taxa identified in the three aquatic environments, at
least 5 are of medicalveterinary importance dueto their aggressiveness, distribution, and
abundance. The different hydrological management practices could play a key role in de-
termining the abundance of mosquito genera. Our study can provide valuable information
to guide public health policies and strategies aimed at controlling mosquito populations
and preventing disease outbreaks in the future. Moreover, peri-urban areas are believed
to pose a higher risk of zoonotic disease transmission to humans due to their location on
the fringes of urban areas and their proximity to farmland, freshwater ecosystems, and
other wildlife habitats, as observed in our study. This underscores the significance of such
investigations for public health.
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Abstract: Aedes species are vectors of the most significant arboviruses in Brazil with the greatest
health and economic impact in the country. However, little is known about the factors that influence
the distribution of Aedes, as well as other container-breeding mosquitoes, especially on the border
between urban and forest environments. Here, we tested the effect of three phytophysiognomies
within the city–forest ecotone in the Brazilian semi-arid region on the spatial distribution of vector
mosquitoes. We also investigated the effect of rainfall on the spatial distribution and abundance of
mosquitoes and described the interspecific interactions between invasive and native mosquito species.
Immatures were sampled during the rainy seasons of 2019–2020 (October 2019 to February 2020) and
2020–2021 (November 2020 to February 2021). In each sampled location, 30 ovitraps were installed
in shaded areas. There was a predominance of the Aedes mosquitoes, especially Ae. albopictus and
Ae. aegypti, while three species of Haemagogus (Hg. spegazzinii, Hg. janthinomys and Hg. leucocelaenus)
were rarely found. The sylvatic mosquito Ae. terrens was abundant in areas with lower anthropic
influence and during higher rainfall regimes with minimal pluviometric variation. This rainfall
was also favorable for the presence of the predatory mosquito larvae Toxorhynchites theobaldi. The
abundance of invasive Aedes species showed positive correlations with each other and negative
correlations with the sylvatic Ae. terrens. Our results demonstrate that human occupation and the
rainfall regime affect the interactions between invasive and sylvatic species of container mosquitoes.

Keywords: mosquito ecology; Aedes; Toxorhynchites; semi-arid; invasive species

1. Introduction

Globalization and urbanization are the main causes of the emergence and reemergence
of significant diseases in the world, leading to a central concern to understand the role
of insects as vectors in the transmission of diseases in humans and their distribution at
different spatial scales [1,2]. The land use change from natural habitats to urban areas
can negatively impact ecological processes (i.e., collapse of biotic interactions) as well as
biodiversity, resulting in the loss of native species and the establishment and colonization of
urban and peri-urban areas by opportunistic and invasive species [3–5]. For example, as a
result of the urbanization process, many disease vector mosquitoes are able to increase their
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presence and distribution in urban and peri-urban areas, which has important implications
for public health [6,7].

The distribution and occurrence of mosquitoes is affected by several factors and varies
at different spatial scales [8]. Mosquito vector distribution is largely determined by climate
at broad spatial scales [9]. At local and regional scales, such as in natural environments
or peri-urban areas of municipalities, distribution and abundance patterns are affected by
a multitude of biotic factors, including vegetation cover [10–12], host availability [13,14],
and competition and predation interactions with other species [15,16]. Abiotic aspects
such microclimate [17,18], availability of larval habitats [19,20], water temperature [21],
conductivity and PH [22,23] have also impacted the abundance of vectors.

Invasive mosquito species of the genus Aedes such as Aedes aegypti and Ae. albopictus
are the primary vectors of several human arboviruses, such as Dengue, Zika and Chikun-
gunya [24]. These species are well established in Brazil and are excellent models for the
study of vector dynamics in peri-urban areas [25–27]. Ae. aegypti are highly anthropophilic
and prefer urban and suburban environments with high human population and residence
density [28,29]. Comparatively, Ae. albopictus is found in vegetation-covered regions and
areas with low-density human populations, but it has also been observed in transitional
areas [30,31]. A variety of hosts has been already observed [32] and their eggs are drought
resistant, remaining viable for months during dry season, and hatching when the rainy
season starts [33]. Mosquitoes can occupy tree holes in natural environments or artificial
containers in anthropogenic ones during the dry season, allowing them to resist drought [6].

Currently, there is great concern about the potential expansion and distribution of
Ae. Albopictus into urban and peri-urban areas, which, in turn, would facilitate the arrival
and colonization of pathogens that normally occur in natural habitats [34,35]. Although
Ae. aegypti is considered the main vector of Dengue virus (DENV), Ae. albopictus can also
contribute to the transmission of this disease in several regions around the world [36].
Beyond DENV, Ae. albopictus is also vector of the Chikungunya virus (CHIKV), which is
responsible of recent outbreaks of this disease in France [37] and in countries of Central
Africa [38]. During October 2019, transmission of the Zika virus (ZIKV) in France was also
reported [39]. Recent studies have questioned the possible transmission of yellow fever and
West Nile Virus by Ae. albopictus [34,40]. In Brazil, the infection of Ae. albopictus with DENV
and ZIKV was reported for the first time during an outbreak in the rural zone of the coastal
state of Espírito-Santo [41]. Hence, considering the species’ ability of colonizing natural,
rural, peri-urban, and urban regions [42], it is considered a potential bridge vector between
sylvatic (i.e., Yellow fever virus) and urban (i.e., DENV) arboviruses cycles [43], increasing
the importance of detecting and monitoring its presence in different environments in Brazil.

Here, we tested whether the vector mosquito species differ in their spatial distribution
considering three phytophysiognomies of a peri-urban area in Montes Claros city, north
of the Minas Gerais state, Brazil. We also tested whether the pluviosity can influence the
spatial distribution and abundance of mosquitoes. We also described the interspecific
interactions between the native and invasive species.

2. Materials and Methods

Sampling was carried out in the municipality of Montes Claros, north of Minas
Gerais. The climate classification is Aw (tropical–semi-arid), with high temperatures
(annual average of 24.1 ◦C) and average annual rainfall of 1085 mm [44]. The study was
conducted in a peri-urban area (16◦45′31′′ S 43◦53′40′′ W) located close to residential
areas and formed by different vegetation types. The three phytophysiognomies where
sampling was conducted correspond to a parcel of regenerating dry forest over limestone
outcrops; a degraded Cerrado surrounded by an active subsistence pasture matrix (cattle
and horses); and a riparian forest of a small watercourse. All areas are close to three
residential neighborhoods, separated from them by a minimum distance of 400 m and a
maximum distance of 1400 m.
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We collected mosquitoes during two different rainy seasons. The first (2019–2020),
occurred between October 2019 and February 2020. The second collection (2020–2021) was
performed between November 2020 and February 2021. To capture immature mosquitoes,
oviposition traps (ovitraps) were used [45]. Ovitraps are used as a standard for epidemi-
ological surveillance as recommended by the WHO, especially in low infestations and
when larval research proves to be unproductive [46]. For epidemiological surveillance, the
ovitraps should preferably stay in the field for one week until the eggs are removed. In
our case, the ovitraps were used as an artificial tree hole, modified from that proposed
by Yanoviak and Fincke [47]. Before the beginning of each rainy season, in each sampled
phytophysiognomy (dry forest, pasture, and riparian forest), 30 traps of the ovitrap type
were arbitrarily installed in shaded or partially shaded places, totaling 90 traps in each
rainy season. Each trap was numbered and tied to trees at breast height with a minimum
distance of 10 m from each other. The traps were installed empty and remained in the
field during the rainy season, naturally receiving the input of water and resources that
accumulated during the trap’s exposure period. After 30 days of the first event of rain,
10 ovitraps were collected in each sampling area. Then, this procedure was repeated at
intervals of 30 days until all traps were collected, totaling three mosquito collections in
the 2019/2020 rainy season. In the 2020/2021 rainy season, the rain interruption allowed
only two mosquito collections to be carried out. After each sampling, the traps were taken
to the Laboratory of Ecology and Biological Control of Insects at the State University of
Montes Claros, to rear the mosquitoes. The water collected from each trap was stored in an
insectarium with controlled temperature (27 ± 2 ◦C) and light conditions (12 h dark/light).
The original volume of the ovitraps was maintained by replacing the water with distilled
water in each trap. The larvae were inspected daily until pupae were obtained, which
were then transferred to 100 mL plastic cups and placed in a hatching trap to allow the
adult mosquitoes to emerge. Mosquito species were identified at the species level using
identification keys proposed by Forattini (2002) and Consoli and Oliveira-Filho (1994). To
obtain adult mosquitoes of the Toxorhynchites species, predatory larvae were fed with larvae
of other species collected from the study areas. Rainfall data were obtained from the online
platform of the National Institute of Meteorology (INMET).

Generalized linear models (GLMs) were constructed to test the effects of biotic (inter-
action between mosquito species) and abiotic factors (sampled sites and rainfall regimes)
(i.e., explanatory variables) on mosquito abundance (response variable). The rainfall regime
was assessed based on the total rainfall during the sampling periods and the accumulated
rainfall in the 14 days preceding the removal of the ovitraps from the field. These time
intervals were chosen to ensure adequate time for the complete development of mosquitoes.
The complete models were reduced through a stepwise procedure, and the results were
subjected to analysis of variance (ANOVA), considering p-values < 0.05 as statistically
significant. Contrast analysis was performed to assess the significant differences among the
study sites. Residual analysis was conducted to examine the homogeneity of variance and
the adequacy of error distribution using the diagnostic function of the ‘RT4Bio’ package.
Analyses were performed using statistical software R (R Development Core Team, 2015).

3. Results

A total of 2689 adult mosquitoes were obtained in all study sites, grouped into two
subfamilies (Culicinae and Toxorhynchitinae), three genera, and seven species (Table 1).
There was a predominance of mosquitoes of the genus Aedes, which corresponded to
97.73% of the total number of sampled mosquitoes (Table 1).
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Table 1. Total and relative abundance of mosquito species sampled in three peri-urban phytophysiog-
nomies of Montes Claros, MG, during the rainy seasons of 2019–2020 and 2020–2021.

Species
2019–2020 2020–2021

Dry Forest Pasture Riparian Forest Dry Forest Pasture Riparian Forest

Aedes albopictus (Skuse, 1984) 428 (85.3%) 533 (83.2%) 240 (70.3%) 240 (55.7%) 253 (46.9%) 69 (29.4%)
Aedes aegypti (Linneaus, 1762) 35 (6.9%) 102 (15.9%) 87 (25.5%) 65 (15.08%) 137 (25.4%) 17 (7.3%)

Aedes terrens (Walker, 1856) 28 (5.6%) 0 3 (0.87%) 117 (27.2%) 141 (26.2%) 133 (56.5%)
Toxorhynchites theobaldi
(Dyar and Knab, 1906) 11 (2.2%) 6 (0.9%) 10 (2.93%) 9 (2.08%) 8 (1.5%) 11(4.7%)

Haemagogus spegazzini (Brethes, 1912) 0 0 1 (0.3%) 0 0 1(0.4%)
Haemagogus janthinomys (Dyar 1921) 0 0 0 0 0 3 (1.3%)

Haemagogus leucocelaenus (Dyar, 1925) 0 0 0 0 0 1 (0.4%)

Total 502 (33.8%) 641 (43.1%) 341 (22.9%) 431 539 235
1484 1205

3.1. Influence of Sampled Sites and Habitat Characteristics

The presence of Ae. aegypti, Ae. albopictus, and Tx. theobaldi was detected in all sampling
areas. Alternatively, Hg. leucocelaenus and Hg. janthinomys were found only in the Riparian
forest. There was a significant variation in the abundance of Ae. albopictus (deviance = 17.597;
p < 0.05) through the phytophysiognomies studied. However, sampling sites did not influence
the abundance of Ae. aegypti and Ae. terrens.

3.2. Rainfall Regime

The abundance of Ae. albopictus did not exhibit a significant relationship between
rainfall variation and the accumulated rainfall 14 days before sampling. However, the
abundance of Ae. aegypti showed a significant relationship with the interaction between
rainfall variation and the accumulated rainfall 14 days before sampling (deviance = 4.7331,
p < 0.05). The highest densities were observed in rainfall regimes of slight variation and
intermediate accumulated volumes in the riparian and dry forest. In the pasture area,
the highest densities were found in regimes with slight variation, but relatively small
accumulated volumes in the previous 14 days (Figure 1). The abundance of Ae. terrens
showed a significant relationship with rainfall variation × accumulated rainfall 14 days
before sampling in all analyzed environments (deviance = 26.818, p < 0.05). The results
indicate that the highest abundances of Ae. terrens were associated with the interaction
between the low volumes of rainfall accumulated during the 14 days prior to sampling,
particularly in regimes of high variance in the riparian forest and pasture areas. On the
other hand, in the dry forest, the highest abundances were observed when there was
an interaction between regimes with higher accumulated volumes and lower variance
(Figure 2). The abundance of Tx. theobaldi was found to be related to the total volume of
accumulated rainfall (deviance = 11.0903, p < 0.05) and with the variation of the rainfall
regime (deviance = 8.7467, p < 0.05) (Figure 3), not differing in abundance between the
sampled areas.

3.3. Interaction between Species

The abundance of Ae. albopictus was positively correlated with the abundance of Ae.
aegypti (Y = e(2.31 + 031 × LogX))(deviance = 9.3901, p < 0.05) (Figure 4). In contrast, the
abundance of Ae. albopictus in each trap did not vary with the abundance of Ae. terrens. The
abundance of Ae. aegypti in each trap was negatively correlated with the abundance of the
native mosquito Ae. terrens (Y = e(1.32 − 0.54logX)) (deviance = 4.6207, p < 0.05) (Figure 5).
The abundance of Tx. theobaldi in each trap was unrelated to the abundance of any other
mosquito in this study.
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(a) (b) (c) 

Figure 1. Effect of rainfall variation and accumulated precipitation on the abundance of Aedes aegypti
in three peri-urban environments ((a)—riparian forest, (b)—dry forest, and (c)—pasture) in the city
of Montes Claros, northern region of Minas Gerais state, Brazil.

 
(a) (b) (c) 

Figure 2. Effect of rainfall variation and accumulated precipitation on the abundance of Aedes terrens
in three peri-urban environments ((a)—riparian forest, (b)—dry forest, and (c)—pasture) in the city
of Montes Claros, northern region of Minas Gerais state, Brazil.

Figure 3. Effect of rainfall variation and accumulated precipitation on the abundance of Toxorhynchites
theobaldi in peri-urban environments in the city of Montes Claros, northern region of Minas Gerais
state, Brazil.
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Figure 4. Effect of Aedes albopictus abundance on the variation in Ae. aegypti abundance, sampled in
ovitraps distributed in three peri-urban environments in the city of Montes Claros, northern region of
Minas Gerais state, Brazil. Each point represents an individual ovitrap collected in the study area.

second round.

 
Figure 5. Effect of Aedes aegypti abundance on the variation in Ae. terrens abundance, sampled in
ovitraps distributed in three peri-urban environments in the city of Montes Claros, northern region of
Minas Gerais state, Brazil. Each point represents an individual ovitrap collected in the study area.

4. Discussion

In this study, invasive Ae. albopictus and Ae. aegypti were found to be the predominant
species among the three phytophysiognomies tested, followed by the native mosquito
Ae. terrens and the predatory larvae mosquito Toxorhynchites theobaldi. Additionally, there
was also the punctual presence of Hg. spegazzini and the wild YFV vectors, Hg. leucocelaenus
and Hg. janthinomys. The observed low level of diversity can be attributed to the urban
matrix surrounding the sampled sites, which is often associated with low species richness
and diversity in tropical areas [48,49]. The region of northern Minas Gerais also exhibits
strong seasonality, characterized by distinct rainy and dry seasons with extended periods
of drought lasting more than six months [50]. Due to the semi-arid climate and prolonged
intervals between rainfall, oviposition sites may be less productive, resulting in decreased
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abundance and diversity among container-breeding species [51,52]. In strongly seasonal
environments like these, the presence of urban areas tends to favor the establishment of
invasive species, which are able to survive in artificial containers within cities, although
with reduced abundance during dry seasons.

Habitat characteristics are often described as a determining factor in spatial distribu-
tion studies of Aedes species [53,54]. In this study, Ae. albopictus was found to be predomi-
nant in all sampled locations throughout both years of the study. This finding is consistent
with the widely accepted view that this mosquito is more abundant in peri-urban and wild
areas [28,55]. Recent studies have provided evidence that the food preference patterns of
Ae. albopictus can be more accurately classified as anthropophagy and opportunism rather
than anthropophilia [32,43]. As a result of this behavior, Ae. albopictus is more likely to
transmit zoonotic pathogens in environments where humans are present at intermediate
levels, such as peri-urban areas and transition areas [43,56]. Several studies suggest that
peri-domestic mosquitoes, like Ae. malayensis, escape vector control measures targeting
domestic vector species and may contribute to the reemergence of arbovirus [57]. Hence,
the comparable abundance of Ae. albopictus in both pasture and dry forest areas could be
attributed to the presence of hosts such as horses and cattle, as well as the availability of
the traps as breeding sites.

Despite the well-known highly anthropophilic behavior of Ae. aegypti [28,55,58],
our study revealed the presence of this mosquito species in all sampled sites within the
peri-urban environment. The occurrence of Ae. aegypti has also been reported in forest
parks within Porto Alegre, in an Atlantic Forest fragment located far from the edge of the
forest [59]. This mosquito was also found 100 m inside urban parks in Manaus, including
areas with dense vegetation that are inaccessible to the public [60], highlighting the ability
of this species to inhabit different environments. Hence, our study demonstrates that this
invasive mosquito coexists with native and transitional species in peri-urban areas. Despite
the lower abundance compared to that of Ae. albopictus, the presence of Ae. aegypti raises
concerns about transmission of urban arboviruses in peri-urban environments and should
be monitored.

The abundance patterns of mosquitoes in these peri-urban areas may have also been
influenced by rainfall in the days prior to sampling. Aedes species are known to colonize
temporary breeding sites [61], and outbreaks of diseases transmitted by these mosquitoes
regularly coincide with the rainy seasons [62,63]. The abundance of Ae. aegypti did not dif-
fer between the sampled sites, which suggests that during the rainy season, this mosquito
increases its densities in urban environments where there is greater availability of human
hosts, absence of predators and natural competitors, and the ability to reproduce in artificial
containers [64]. Thus, denser populations on the edges of cities favor the penetration of
individuals in peri-urban areas. The abundance of Ae. aegypti was higher in rainfall regimes
with slight variation in the 14 days preceding the collections, as well as in rainfall regimes
of small/intermediate intensity and greater amplitude in the pasture area. This species
often occurs in areas with suboptimal environmental conditions, and Ae. aegypti females
exhibit opportunistic laying behavior, distributing their eggs among several breeding sites
and being undemanding regarding the biotic conditions of these breeding places [33]. Fur-
thermore, the eggs are resistant to desiccation and most of them are deposited individually
on the reservoir wall, just above the water surface [25]. However, some eggs (varying from
4% to 62%) can also be deposited directly on the water surface, which helps to maintain
the mosquito population in the dry season, when there is no new water input [65,66].
Such conditions, therefore, facilitate the establishment of this species even in regions with
low rainfall.

The relationship between the abundance of Ae. terrens and rainfall variables indicates
a strong relationship with the dry forest, which is associated with high intensity of rainfall
with minimal variation. In contrast, in areas closer to human activities such as the pasture
and the riparian forest, the presence of Ae. terrens occasionally occurs under conditions
of high rainfall variability, particularly during the peak of the rainfall. This species has a
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wide geographic distribution, recorded from the south of the Amazon basin in Brazil to the
northern region of Argentina and in several countries of South America [67]. Despite the
limited literature, experimental studies have described this mosquito as a possible vector of
arboviruses. An experimental study found that populations of Ae. terrens were competent
in transmitting both lineages of the CHIKV circulating in the Americas [68].

The same pattern can be observed for the predatory mosquito Tx. theobaldi. Our find-
ings agree with those of other studies that suggest that wild species are typically less prone
to adaptation [69] and are influenced by the volume of water retained in the containers and
the stability of rainfall in these environments. Females of the genus Toxorhynchites lay their
eggs individually on the water’s surface in both natural and artificial containers [70,71].
Additionally, females of this species disperse their eggs widely to minimize the risk of can-
nibalism among the offspring and ensure the availability of prey resources [72]. Therefore,
this oviposition behavior may be associated with the low densities of Tx. theobaldi observed
in all sampled sites. Species belonging to this genus exhibit predatory behavior during
their larval stages and have been extensively evaluated for their potential role as biological
control agents [73].

The establishment of invasive species is related to the characteristics of the invader,
the environment, and the resident community [74,75]. The consequences of competitive
interactions between species of the genus Aedes depend on both the environment and on
the level of urbanization in the surrounding areas [31]. The density of Ae. albopictus does
not vary in relation to the densities of native species, Ae. terrens and Tx. theobaldi. The
mosquito Ae. albopictus is native to Southeast Asia [76,77] and is considered one of the most
widespread invasive species worldwide [78–80]. Although the competitive superiority of
Ae. albopictus over Ae. aegypti has been observed in field and laboratory experiments [81],
the effects of interspecific competition were not enough to displace Ae. aegypti in the study
areas. In this scenario, our findings corroborate the idea that in peri-urban or transitional
areas Ae. aegypti and Ae. albopictus coexist in large numbers [28,55]. Furthermore, the
differential effects of interactions between invasive species and the native community may
promote coexistence.

The abundance of the Ae. aegypti mosquito decreases with the presence of the native
mosquito Ae. terrens. Therefore, despite the spillover of Ae. aegypti from urban to peri-
urban areas in drier regimes, the conditions and adaptation of native Ae. terrens may have
buffered the persistence of Ae. aegypti in these locations. A similar effect has been observed
in urban neighborhoods of Baltimore, MD, USA, where competitive interactions between
the resident mosquito Culex pipiens, the primary vector of West Nile virus, and Ae. albopictus
depend on specific interaction conditions and the types of containers, thereby facilitating the
persistence of Cx. pipiens despite the invasion of Ae. albopictus [82]. Recently, studies have
demonstrated that Ae. terrens can be infected with the Guapiaçu virus, a newly identified
virus phylogenetically similar to host-related insect-specific flavivirus (dISFV) [83]. Thus,
the possibility of host switching exists, as reported with other arboviruses.

Overall, our study shows that complex interactions between abiotic and biotic factors
determine distribution patterns and abundance of mosquito species in peri-urban areas.
Our findings suggest that in peri-urban environments within strongly seasonal regions,
the buffering effect exerted by native biota on the spillover of invasive species, typically
associated with urban areas, is relatively weaker. This effect is primarily attributed to
the drastic reduction in wild mosquito densities during the dry season, which, in turn,
facilitates the local colonization by typically urban species, at least at the beginning of the
rainy season. Consequently, in seasonal environments, invasive mosquito species coexist
with native species. This overlapping of distributions can facilitate the flow of diseases
and pathogens from wild to urban environments and vice versa. Therefore, our research
demonstrates the importance of monitoring ecotonal areas as a central aspect of health
surveillance measures.
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Abstract: In order to document the diversity and distribution of mosquitoes inhabiting the Querétaro
State of México, collection trips were conducted in all physiographic regions and sub-regions of
the state (Sierra Madre Oriental, Central Plateau, and Neo-Volcanic Axis). In addition, mosquito
specimens collected in Querétaro and deposited in the Collection of Arthropods of Medical Im-
portance (CAIM) were re-examined. A total of 2718 specimens (570 larvae, 384 larval exuviae,
537 pupal exuviae, 30 pupae, 807 females, 368 males, and 22 male genitalia) were analyzed. In total,
2 subfamilies, namely Anophelinae and Culicinae, 5 tribes, 12 genera, 20 subgenera, and 50 species
were found. Of these, 3 tribes, 8 genera, 11 subgenera, and 33 species are new records for the mosquito
fauna of Querétaro. Two undescribed species were found, and one of them, Shannoniana huasteca
Ortega n. sp., is described here using morphology and Cytochrome oxidase subunit 1 (COI) DNA
barcoding. Taxonomic notes, new distribution limits, comments about the medical importance of
species, and a key to identify adult females of Shannoniana species are provided.

Keywords: mosquitoes; Querétaro; new records; Shannoniana huasteca; new species

1. Introduction

Mexico is divided into 32 political states of which only nine have been systematically
studied in terms of the taxonomy, ecology, and distribution of mosquito species: Tlaxcala
(26 spp.) [1], Quintana Roo (88 spp.) [2–9], Veracruz (141 spp.) [10–12], Tamaulipas (82 spp.) [13],
Hidalgo (57 spp.) [14,15], Nuevo León (67 spp.) [16–18], Tabasco (107 spp.) [19–22], Mexico
City (28 spp.) [23,24], and Mexico State (51 spp.) [25]. In Querétaro state, 17 mosquito species
had been previously reported. However, most records are based on collections made in urban
and sub-urban regions, not on collections from conserved forest and jungle regions, primarily
in the north of the state. In this study, all physiographical regions of Querétaro (Sierra Madre
Oriental, Central Plateau, and Neo-Volcanic Axis) were sampled with special emphasis on
conserved forest regions and other sylvan regions of the state during the dry and rainy seasons.

A current checklist of the mosquito species that inhabit Querétaro state is provided in
this study. Moreover, biological notes and medical importance are provided for the newly
reported species and for species that reach their distributional limits within the state. Two
undescribed species were found during the field collections, one of which is described
here: Shannoniana huasteca Ortega n. sp. using morphological characters of adult stages
and the analysis of DNA-barcodes. The second species, belonging to the genus Culiseta,
subgenus Culiseta, is left undescribed until more material becomes available. Querétaro is
the tenth state of Mexico to have the list of mosquito species updated. At present, 50 species
are currently known (Table 1). Specimens collected and examined during this study were
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deposited in the Culicidae Collection of the Parasitology Department of the Autonomous
Agrarian University Antonio Narro, Laguna unit, Torreón, Coahuila, Mexico.

Table 1. Checklist of the mosquito species that occur in Querétaro state. VM-P: [26]. V: [27]. D-
NV: [28]. IBMC: [29]. STEA: [30]. WEEA [31] OMEA a: [32]. OMEA b: [33]. F.R.: First Record. NSR:
New State Record (in bold). NS: New Species (in bold). 1 Reported as Aedes atropalpus (Coquillett).
2 Reported as Culex peus Speiser.

Taxa F.R. Taxa F.R.

Anopheles (Anopheles) 26. Cx. coronator Dyar and Knab NSR
1. An. apicimacula Dyar and Knab NSR 27. Cx. declarator Dyar and Knab NSR

2. An. eiseni Coquillett NSR 28. Cx. erythrothorax Dyar NSR
3. An. franciscanus McCracken NSR 29. Cx. quinquefasciatus Say D-NV

4. An. pseudopunctipennis Theobald VM-P 30. Cx. restuans Theobald NSR
5. An. punctipennis (Say) VM-P 31. Cx. salinarius Coquillett NSR

Anopheles (Nyssorhynchus) 32. Cx. stigmatosoma 2 Dyar D-NV
6. An. albimanus Wiedemann IBMC 33. Cx. tarsalis Coquillett NSR

Aedes (Aedimorphus) 34. Cx. thriambus Dyar NSR
7. Ae. vexans (Meigen) V Culex (Melanoconion)
Aedes (Georgecriagius) 35. Cx. erraticus (Dyar and Knab) NSR

8. Ae. epactius 1 Dyar and Knab D-NV 35. Cx. peccator Dyar and Knab NSR

Aedes (Howardina) Culex (Neoculex)
9. Ae. allotecnon Kumm, Komp, and

Ruiz V 36. Cx. apicalis Adams NSR

10. Ae. quadrivittatus (Coquillett) NSR 37. Cx. arizonensis Bohart NSR
Aedes (Ochlerotatus) Culex (Phenacomyia)

11. Ae. angustivittatus Dyar and Knab NSR 38. Cx. lactator Dyar and Knab NSR
12. Ae. euplocamus Dyar and Knab NSR Lutzia (Lutzia)

13. Ae. scapularis (Rondani) D-NV 40. Lt. bigoti (Bellardi) NSR
14. Ae. shannoni Vargas and Downs V Culiseta (Culiseta)

15. Ae. trivittatus (Coquillett) V 41. Cs. inornata (Williston) NSR
Aedes (Protomacleaya) 42. Cs. particeps (Adams) NSR

16. Ae. amabilis Schick NSR 43. Cs. n. sp. NS
17. Ae. brelandi Zavortink STEA Limatus

18. Ae. podographicus Dyar and Knab OMEA a 44. Li. durhamii Theobald NSR
19. Ae. schicki Zavortink NSR Sabethes (Sabethoides)

20. Ae. triseriatus (Say) STEA 45. Sa. chloropterus (von Humboldt) NSR
Aedes (Stegomyia) Shannoniana

21. Ae. aegypti (Linneaus) IBMC 46. Sh. huasteca n. sp. NS

22. Ae. albopictus (Skuse) OMEA b Wyeomyia (Triamyia)

Haemagogus (Haemagogus) 47. Wy. aporonoma Dyar and Knab NSR
23. Hg. equinus Theonald WEEA Wyeomyia (Wyeomyia)
Psorophora (Grabhamia) 48. Wy. adelpha/guatemala NSR

24. Ps. signipennis (Coquillett) NSR 49. Wy. mitchellii (Theobald) NSR
Culex (Anoedioporpa) Toxorhynchites (Lynchiella)

25. Cx. restrictor Dyar and Knab NSR 50. Tx. moctezuma (Dyar and Knab) NSR
Culex (Culex)

2. Materials and Methods

2.1. Study Area

Querétaro state is located in the north-central part of Mexico, between 21º40′12′′ and
20◦00′54′′ north latitude and the meridians 99◦02′35′′ and 100◦35′48′′ west longitude. The
state has an area of 11,699 km2. It is bordered to the north by the state of San Luis Potosí; to
the west by the state of Guanajuato; to the east by the state of Hidalgo; to the southeast by
the state of Mexico; and to the southwest by the state of Michoacán. The state is divided
into three physiographic regions and four subregions (Figure 1): Sierra Madre Oriental
(Carso Huasteco); Central Plateau (Mountains and Plains of Northern Guanajuato); and
Neo-Volcanic Axis (Plains and Mountains of Querétaro and Hidalgo, Thousand Peaks, and
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Lakes and Volcanoes of Anáhuac) [34]. A description of the regions and subregions of
Querétaro and a list of the municipalities sampled are given in Table 2.

 

Figure 1. Physiography of Querétaro state. Red bow shows the study area.

Table 2. Description of the physiography of Querétaro state and list of municipalities sampled.

Region (Subregion) Municipalities Sampled Description of Subregions

Sierra Madre Oriental (Carso
Huasteco)

Arroyo Seco, Jalpan de Serra,
Landa de Matamoros,

Peñamiller, Pinal de Amoles,
San Joaquín,

Located in the south of the Sierra Madre Oriental, extends
from San Luis Potosí and Guanajuato states to Querétaro,

Hidalgo, Veracruz, and Puebla states. This subregion
includes cloud and tropical forests, with oak and pine

predominate.

Central Plateau (Mountains and
Plains of Northern Guanajuato) Cadereyta de Montes

This region is characterized by being an elevated region
made up of wide plains interrupted by scattered mountain

ranges, covered for the most part by Cenozoic volcanic
rocks. Its average altitude is from 1700 to 2300 m above

sea level.

Neo-Volcanic Axis (Plains and
Mountains of Querétaro

and Hidalgo)

Amealco de Bonfil, Cadereyta
de Montes, Colón, Corregidora,
El Marqués, Ezequiel Montes,
Huimilpan, Pedro Escobedo,
San Juan del Río, Santiago de

Querétaro,
Tequisquiapan, Tolimán

This subregion is an area of rough terrain where rounded
hills predominate, some reaching elevations of 2400 m; the
weather is dry and semi-warm, with warm temperatures
during the summer, and cold during the winter. Includes

grasslands and shrublands.
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Table 2. Cont.

Region (Subregion) Municipalities Sampled Description of Subregions

Neo-Volcanic Axis
(Thousand Peaks) Huimilpan

This small subregion has mountainous relief that is made up
of volcanic mountains, staggered lava plateaus, basaltic hills

and the wide valley of the Lerma River. The climate is
temperate and warm sub-humid, the rains occurring

between June and October.

Neo-Volcanic Axis (Lakes and
Volcanoes of Anáhuac) Amealco de Bonfil

This subregion has a relief with hills and mountains with
elevations above 3000 m; the climate is temperate humid,

cool in summer. There are extensive regions of pine and oak
forest, as well shrublands and grasslands.

2.2. Mosquito Collection

Immature stages and adult mosquitoes were collected in specific locations in the four
physiographic regions of Querétaro (Table 2). The collections were conducted in both the
dry and rainy seasons from 2012 to 2021. Immature stages were collected from all bodies
of water found in the study area. Larvae and pupae were placed alive in cups with water
from the aquatic habitat and transported to the Laboratorio de Biología Molecular of the
Parasitology Department of the Universidad Autónoma Agraria Antonio Narro unidad
laguna (LBM-UAAAN-UL). A portion of fourth-instar larvae from each collection was
mounted on microscope slides using Euparal, whereas the rest of the live larvae were
placed in individual emergence tubes to obtain adults with associated larval and pupal
exuviae. Male genitalia was dissected to assist identification when required. Adults were
collected in the field using CDC light traps, Shannon traps, and/or biting/landing on
humans, and they were killed using triethylamine vapors and later mounted on insect
pins. Mosquitoes mounted on insect pins were identified using a stereomicroscope Zeiss
Discovery V8, while immature stages and exuviae were identified using a microscope
Zeiss Primostar. The morphological terminology proposed by Harbach and Knight [35] for
mosquito taxonomy was followed in this study.

2.3. Review of Entomological Collections

The Collection of Arthropods of Medical Importance (CAIM) deposited in the Diag-
nostic and Epidemiologic Reference Institute (InDRE) was reviewed for additional records
of mosquitoes of Querétaro. The species found in the CAIM collection that were not col-
lected by us are Anopheles eiseni Coquillett, An. albimanus Wiedemann, Haemagogus equinus
Theobald, and Culex salinarius Coquillett. The traditional classification of Culicidae [36]
was followed in large part, except that we consider only two subfamilies, incorporating
Toxorhynchites from the tribe Toxorhynchitini into Culicinae, and we followed [37] the ar-
rangement of Aedini taxa that was incorporated into the online classification of the Walter
Reed Biosystematics Unit (WRBU) [38]. Generic and subgeneric abbreviations of Culicidae
names also followed the WRBU [38].

2.4. DNA Extraction and COI Amplification

For DNA extraction, a modified Hotshot technique [39–41] was employed. Two legs
were placed directly into 50 μL of alkaline lysis buffer in micro vials, which were then
sonicated in a water bath for 20 min. Micro vials were subsequently incubated in a
thermocycler for 30 min at 94 ◦C and cooled for 5 min. at 4 ◦C, after which 50 μL of
the neutralizing buffer was added to each vial. PCR amplification of the full-length COI
barcode region [42,43] was performed using Folmer primers (LCO1490 and HCO2198)
and a Qiagen PCR system with the following reaction mix with a final volume of 50 μL:
2 μL of the DNA template, 25 μL of H2O, 5 μL of NH4, 5 μL of dNTPs (2 mM/μL), 2.5 μL
of MgCl2 (25 mM/μL), 0.1 μL of Bioline Taq Polymerase (Bioline Reagents Ltd., London,
UK), 5 μL of each primer (each at 10 pmol/μL), and 0.38 μL of bovine serum albumin
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(20 mg/mL) [39–41]. The thermal profile consisted of the following: An initial denaturation
step at 94 ◦C for 1 min., 5 cycles of preamplification of 94 ◦C for 1 min., 45 ◦C for 1.5 min.,
72 ◦C for 1.5 min., followed by 35 cycles of amplification of 94 ◦C for 1 min., 57 ◦C for
1.5 min., and 72 ◦C for 1 min., followed by a final elongation step of 72 ◦C for 5 min. All
PCR products were visualized with a 1.5% agarose gel, and samples showing bands of the
correct size were bidirectionally sequenced using the ABI PRISM® BigDye® Terminator
v3.1 Cycle Sequencing Kit (Applied Biosystems, Waltham, MA, USA) at the Sequencing
Unit, APHA.

2.5. Sequence Analysis

DNA sequences generated in both directions were edited manually using BioEdit
sequence alignment Editor version 7.0.5.3 [44], and a consensus sequence was generated
using ClustalW [45]. Full details for each specimen and sequence information can be found
in the Barcode of Life Database (BOLD) within the “Human Pathogens and Zoonoses
Initiative”, Working Group 1.4. The Digital Object Identifier (DOI) for the publicly available
project in BOLD is dx.doi.org/requested. Accession numbers for the sequences of Shannon-
iana huasteca n. sp. were obtained from NCBI (accession numbers requested). For certain
species, we used public COI barcode sequences publicly available in BOLD: Shannoniana flu-
viatilis (Grench Guiana) (FGMOS1099-16, FGMOS816-16), Sh. shcedocyclia (French Guiana)
(FGMOS817-16, FGMOS946-16, FGMOS947-16, FGMOS1126-16, FGMOS1134-16). We also
compared published sequences of Sh. moralesi (Mexico) (MOSQV056-18, MQCCHP015-16,
MQCHP016-16, MQCHP017-16, MQCHP018-16, MQCHP019-16, XNSLC054-18, XNSLC055-
18), and Trichoprosopon digitatum (Mexico) (MQCHP064-16, MQCHP080-16, MQCHP082-16).
The dataset was analyzed in MEGA v.6 [41]. The Maximum Likelihood (ML) analysis was
performed using the Kimura 2-Parameter distance metric to determine their distribution
pattern, and the tree was rooted to Tr. digitatum. The tree robustness was measured by the
bootstrap approach using 1000 pseudoreplicates [46].

2.6. Nomenclatural Acts

The electronic edition of this article conforms to the requirements of the amended
International Code of the Zoological Nomenclature (ICZN), and hence the new name
contained herein is available under that Code from the electronic edition of this article. This
published work and the nomenclatural acts it contains have been registered in ZooBank,
the online registration system for the ICZN. The ZooBank LSIDs (Life Science Identifiers)
can be resolved and the associated information viewed through any standard web browser
by appending the LSID to the prefix http://zoobank.org/ (access date on 15 January 2023).
The LSID for this publication is 4DD7EB32-56DD-41B6-AACC-877947FE26D4. The elec-
tronic edition of this work was published in a journal with an ISSN and has been archived
and is available from the MDPI digital repositories.

3. Results

3.1. Mosquito Identification

A total of 2718 specimens from 203 collections were studied. Among the specimens
were 570 fourth-instar larvae, 384 larval exuviae, 537 pupal exuviae, 30 pupae, 807 adult
females, 368 adult males, and 22 dissected male genitalia. The mosquito fauna of Querétaro
state consists of 50 species representing the subfamilies Anophelinae and Culicinae, 5 tribes
of the subfamily Culicinae, 12 genera, and 20 subgenera (Table 1). Three tribes (Culisetini,
Sabethini, and Toxorhynchitini), eight genera (Psorophora, Lutzia, Culiseta, Limatus, Sa-
bethes, Shannoniana, Wyeomyia, and Toxorhynchites), 11 subgenera (Grabhamia, Anoedioporpa,
Melanoconion, Neoculex, Phenacomyia, Lutzia, Culiseta, Sabethoides, Triamyia, Wyeomyia, and
Lynchiella), and 33 species (Anopheles apicimacula, An. eiseni, An. franciscanus, Aedes quadrivit-
tatus, Ae. angustivittatus, Ae. euplocamus, Ae. amabilis, Ae. schicki, Psorophora signipennis,
Culex restrictor, Cx. coronator, Cx. declarator, Cx. erythrothorax, Cx. restuans, Cx. salinarius,
Cx. tarsalis, Cx. thriambus, Cx. erraticus, Cx. peccator, Cx. apicalis, Cx. arizonensis, Cx. lactator,
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Lutzia bigoti, Culiseta inornata, Cs. particeps, Cs. n. sp., Limatus durhamii, Sabethes chloropterus,
Shannoniana huasteca, Wyeomyia aporonoma, Wy. adelpha/guatemala, Wy. mitchellii, and Tox-
orhynchites moctezuma) are new records for the mosquito fauna of Querétaro. Finally, two
new species were discovered, one of which (Sh. huasteca) is described herein. The species
accumulation curve of 46 of the 50 mosquito species collected is shown in Figure 2.
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Figure 2. Species accumulation curve for 46 of the 50 mosquito species (203 collections) collected in
Querétaro during 2012–2021.

3.2. Biological and Ecological Notes for New State Records

Biological and ecological notes for each species group are reported here. Specific notes
including the collection site, date of collection, larval habitat, aquatic parameters, and
associated species are shown in Table 3.

3.2.1. Genus Anopheles

Both the subgenera Anopheles and Nyssorhynchus had been previously reported in
Querétaro. However, three species within the subgenus Anopheles are first recorded in the
state: Anopheles apicimacula, An. eiseni, and An. franciscanus. One female of An. apicimacula
was collected, while immature stages of An. franciscanus were collected from swamps,
ponds, and stream margins in several locations. One record of An. eiseni was obtained from
the CAIM collection; this species was not found during our collection trips.

3.2.2. Genus Aedes

Of the 16 species of Aedes known from Querétaro, five are reported for the first time in
the state: Aedes quadrivittatus, Ae. angustivittatus, Ae. euplocamus, Ae. amabilis, and Ae. schicki.
Aedes quadrivittatus was one of the most common species within the genus in the forested
and conserved regions of the northern part of state; females of this species were collected
approaching humans, while immature stages were collected from water in bromeliad axils.
Adult females of Ae. angustivittatus were collected approaching humans at a single location
while immature stages of Ae. euplocamus were collected from aquatic habitats at ground
level in two sites. Aedes amabilis was very common in the conserved regions of the state, and
this species frequently approached humans. Only one larvae of Ae. schicki was collected
from a tree hole, making it the rarest species within the genus in Querétaro.

3.2.3. Genus Psorophora

In Mexico, the genus Psorophora is a common group of mosquitoes during the rainy
season; however, this is the first record of this genus, subgenus Grabhamia, and Ps. signipen-
nis in Querétaro. Immature stages of this species were collected from ponds during the
rainy season. Psorophora signipennis is the only species within the genus Psorophora known
for the state.
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3.2.4. Genus Culex

The genus Culex is the most diverse group of mosquitoes in Querétaro, including
fifteen species in the state, of which two had previously been reported. The subgenera
Anoedioporpa, Melanoconion, Neoculex, and Phenacomyia are recorded for the first time in
Querétaro. Immature stages of Cx. restrictor were collected from two locations, in a tree hole
and a discarded tire; this type of larval habitat is common for this species in Mexico. The
new records within the subgenus Culex are Cx. coronator, Cx. declarator, Cx. erythrothorax,
Cx. restuans, Cx. salinarius, Cx. tarsalis, and Cx. thriambus. The Coronator complex includes
five recognized species: Cx. camposi Dyar, Cx. coronator, Cx. ousqua Dyar, Cx. ousquatissimus
Dyar, and Cx. usquatus Dyar [47]. Based on male genitalia morphology, Cx. coronator
s.s. was identified from material collected in Querétaro; this is a common species whose
immature stages were collected from a variety of aquatic habitats, mostly natural habitats
at ground level. Although Cx. declarator is a common species in the central-northern region
of Mexico, immature stages of this species were collected from an artificial container in
only a single location. Culex erythrothorax, Cx. restuans, Cx. tarsalis, and Cx. thriambus are
common species that were found frequently and collected from a variety of aquatic habitats
such as natural and artificial containers. The record of Cx. salinarius was obtained from the
CAIM collection. The subgenus Melanoconion in Querétaro includes Cx. erraticus and Cx.
peccator; immature stages of both species were collected from natural habitats at ground
level in two locations. Within the subgenus Neoculex, the species found in Querétaro are Cx.
apicalis and Cx. arizonensis. The subgenus Phenacomyia and Cx. lactator are recorded for the
first time in Querétaro. Adult females of this species were collected approaching humans
during the day at a single location.

3.2.5. Genus Lutzia

The genus Lutzia, subgenus Lutzia, and Lt. bigoti are recorded for the first time in
Querétaro. Immature stages of this species were collected from one spring and an artificial
container with clear water, predating larvae of Ae. albopictus and Cx. spp., respectively.

3.2.6. Genus Culiseta

The tribe Culisetini, genus Culiseta, and subgenera Culiseta, Culiseta inornata, and
Cs. particeps are recorded for the first time in Querétaro. Immature stages of Cs. inornata
were collected from an irrigation gutter in one location, while immature stages of Cs.
particeps were collected from a variety of aquatic habitats, such as natural ponds and
swamps, artificial containers, and discarded tires. Immature stages of one undescribed
species within this genus were discovered in discarded tires. These specimens are in
a poor condition; hence, this species will be formally described when more specimens
are obtained.

3.2.7. Genus Limatus

The tribe Sabethini, genera Limatus, Sabethes, Shannoniana, and Wyeomyia; subgenera
Sabethoides, Triamyia, and Wyeomyia; species Li. durhammi, Sa. chloropterus, Sh. huasteca,
Wy. apronoma, Wy. adelpha/guatemala, and Wy. mitchellii are recorded for the first time in
Querétaro. Immature stages of Li. durhamii were collected from an artificial container with
clear water in one location with no associated species.

3.2.8. Genus Sabethes

In Mexico, the genus Sabethes is divided into two subgenera: Sabethes and Sabethoides.
The latter is reported for the first time in Querétaro and is represented by Sa. chloropterus.
Adult females of this species were collected approaching humans during the day.

3.2.9. Genus Shannoniana

In Mexico, three species of the genus Shannoniana had been previously recorded: Sh.
fluviatilis (Theobald), Sh. moralesi (Dyar and Knab), and Sh. schedocyclia (Dyar and Knab).
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In the present study, we discovered a fourth species within the genus. Adult females of
Sh. huasteca n. sp. were collected approaching humans and males were collected resting in
vegetation and approaching humans together with the females. Adults of both sexes are
described herein.

3.2.10. Genus Wyeomyia

Three species of the genus Wyeomyia are reported for the first time in Querétaro: Adult
females of Wy. aporonoma were collected approaching humans in one location in association
with Ae. allotecnon, Cx. lactator, Sa. chloropterus, Sh. huasteca, and Wy. mitchellii. Since Wy.
guatemala is possibly a synonymy of Wy. adelpha [48], and both species are treated here as a
single taxon. Adult females of Wy. adelpha/guatemala were collected approaching humans
during the day in one location, while immature stages of Wy. mitchelli were collected from
bromeliad axils and adult females were collected approaching humans in several locations
of Querétaro.

3.2.11. Genus Toxorhynchites

The tribe Toxorhynchitini, genus Toxothynchites, and subgenera Lynchiella and Tx.
moctezuma are recorded for the first time in Querétaro. Immature stages of Tx. moctezuma
were collected from discarded tires and one tree hole, always with clear water and predating
on larvae of Ae. sp. and Cx. thriambus in tropical and conserved regions of the state.

3.3. Molecular Analysis

In total, we analyzed 25 DNA barcodes for five species within the genus Shannoniana
(four taxa) and Trichoprosopon (one taxa) (Table 4). In general, all specimens of the same
species clustered together (Figure 3), although there was a deep split in Sh. fluviatilis
(BOLD:ACZ4319, BOLD:ACZ4320) and Sh. schedocyclia (BOLD:ACZ3895, BOLD:ACZ:3896),
where two BINs were found in each taxon. All specimens identified as Sh. huasteca n. sp.
were grouped closely with Sh. moralesi, although both groups are well separated with
high support bootstrap values (Figure 3). The average genetic divergence was 0.08%; the
intra-specific genetic divergence varied from 0.04% in Sh. huasteca n. sp., Sh. moralesi
(0.55%), Sh. schedocyclia (1.31%), and Tr. digitatum (0.20%). In Sh. fluviatilis, the genetic
divergence was above 2% (3.96%). Interspecific genetic divergence varied from 4.70% to
13.13%; the pair Sh. moralesi/Sh. fluviatilis were the more divergent species (13.13%), while
the pair Sh. huasteca n. sp./Sh. moralesi were less divergent (4.70%).

Table 4. Percentage of interspecific (between groups) pairwise K2P genetic divergence of unique
DNA barcodes (658 bp), representing five species of Sabethini.

Sh. fluviatilis Sh. shcedocyclia Sh. moralesi Tr. digitatum

Sh. fluviatilis — — — —

Sh. schedocyclia 7.43% — — —

Sh. moralesi 13.13% 12.78% — —

Tr. digitatum 11.34% 9.93% 12.67% —

Sh. huasteca n. sp. 12.29% 12.60% 4.70% 12.72%

3.4. Description of New Species

Shannoniana huasteca Ortega n. sp. 4DD7EB32-56DD-41B6-AACC-877947FE26D4.
Type specimens: Holotype: adult female (A♀) without associated larval and pupal exuviae
[CC-UL, 04240918-CN], Camino a Neblinas, Landa de Matamoros, Querétaro, Mexico
(21◦15′29.3′′ N–99◦4′11.12′′ W) (Figure 4), elevation 1010 m, 24 Sep 2018, 17:00–18:00,
human biting at day, tropical cloud forest with oaks and conserved vegetation (Figure 5),
col. A.I. Ortega-Morales. Paratypes: 10A♀, (same data as holotype); [CAIM]. Allotypes:
3♂with dissected genitalia, (same data as holotype); [CC-UL] (Table 3).
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Figure 3. Maximum likelihood tree base on the Kimura 2-parameter of the COI DNA barcodes
(658 bp) for species of Shannoniana (n = 4) and Trichoprosopon (n = 1). A divergence of >2% may be
indicative of separate operational taxonomic units.

Figure 4. Distribution of Sh. huasteca.
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Figure 5. Collection site of Shannoniana huasteca n. sp., showing the tropical and conserved types of
vegetation. The site is near Neblinas road, Landa de Matamoros, Querétaro, Mexico.

Female. Head: Occiput and vertex covered with flat decumbent blue, green and silver
scales, with purple and greenish reflections, with a row of erect scales (Figure 6A), interocu-
lar setae large, pedicel bare, yellow-brown. Antennae approximately 0.50–0.75 forefemur
length. Clypeus bare, dark-brown. Maxillary palpus approximately 0.25 proboscis length,
three-segmented, third palpomere longer than the first two, dark-scaled with purplish
reflections. Proboscis as long as forefemur, sometimes slightly longer forefemur length of
1.10–1.20, with dark scales with purplish reflections. Thorax: Integument of scutum golden,
covered with pale golden-brown decumbent narrow scales without iridescent reflections,
acrostichal and dorsocentral setae absent (Figure 6B). Scutellum trilobed, with 7–10 setae
on lateral lobes and 5–7 setae on mid lobe, all lobes covered with flat dark-blue scales
with purplish reflections. Row of erect dark setae above the paratergite and the wing.
Postpronotum covered with flat yellow-golden scales with golden reflections, without
setae. Antepronotum lobe with silvery scales, with 4–5 setae. Integument of mesokatepis-
terum and mesanepimeron dark-golden, mostly covered with large patch of silvery flat
scales (Figure 7A), mesanepimeron with 10–12 dark-brown setae. Wing: Approximately
1.30–1.50 mm, scales on veins flat and light-brown (Figure 7B). Halter: Dark-brown with
blue scales. All trochanters with patches of silvery scales. All femora dark-scaled, with
some iridescent scales bluish-greenish on dorsal line, with a small knee spot of pale scales,
fore and midfemora predominantly dark-scaled, with bluish reflections, hindfemur with
dorsal dark scaled line and ventral line withe-scaled. Hindtibia dark-scaled, with a com-
plete ring of white-yellow scales apically. Foretarsus covered predominantly with dark
scales, mid and hindtarsus with tarsomeres 1–4 dark-scaled, tarsomere 5 with dark scales
on dorsal line and white scales on ventral line. Abdomen: All terga covered with dark
scales with bluish reflections, apical corners of dark scales on terga extending into 0.50 of
sternal segments, sterna covered with white scales.
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Figure 6. Adult female of Shannoniana huasteca, holotype. (A) Occiput showing the decumbent
green, blue, and silvery scales, arrow showing the row of erect scales; (B) scutum covered with pale
golden-brown narrow scales.

Figure 7. Adult of Shannoniana huasteca n. sp. (A) General aspect of lateral view of thorax showing
the integument golden, mesokaterpisternum, and mesanepimeron dark-golden (holotype), arrow
shows the posprocoxal area; (B) wing covered with light-brown scales and dark scales on abdominal
terga (holotype); (C) general aspect of male genitalia (allotype).
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Male. In general, as in females except for sexual characteristics and plumose antennae.
Male genitalia (Figure 7C). Segment IX: Tergum with deep emargination between

tergal lobes, the lobes slightly longer than broad, with 6–8 long, curved setae. Gonocoxite:
Length approximately three times median width, basal tergomesal lobe well developed,
with 5–7 long and strong setae. Gonostylus: Narrow, simple, and long, slightly curved
apically. Aedeagus strongly sclerotized, simple and ovate.

Larva. Unknown.
Pupa. Unknown.
Systematics. Females of Sh. huasteca n. sp. are distinguished from all three previously

described species within the genera Shannoniana (Sh. fluviatilis (Theobald), Sh. moralesi
(Dyar and Knab), and Sh. schedocyclia (Dyar and Knab)) by having all legs covered with dark
scales, except for tarsomere five of hind leg, which has white scales in a ventral line; silvery,
decumbent scales on vertex not extending to the ocular line, but interrupted by a patch of
dark scales with bluish and greenish reflections; and the absence of a patch of silvery scales
on postprocoxal area. The males are readily distinguished by the structure of the male
genitalia (Figure 7C), especially the narrow and long gonostyle, slightly curved apically.

Bionomics. Although the type locality was visited on numerous occasions to search
for immature stages of Sh. huasteca n. sp., these were not found. Immature stages of other
species were collected in different aquatic habitats such as containers and phytotelmata
(e.g., axils of bracts of Xanthosoma spp. and bromeliads). In addition, ovitraps were dis-
played at different elevations from ground level, but all those collections failed to find
immature stages of Sh. huasteca n. sp. Adult females were collected approaching humans
probing to bite during the day in association with Aedes allotecnon, Ae. quadrivittatus, Culex
lactator, Sabethes chloropterus, Wyeomyia aporonoma, and Wy. mitchellii. The medical impor-
tance of Sh. huasteca n. sp. is unknown, but since females can be persistent biters of humans,
the species could be involved in the transmission of pathogens.

Distribution. Shannoniana huasteca n. sp. has been collected in the northern region of
the state of Querétaro (Neblinas road, location of Landa de Matamoros County). Locations
in which the species was collected belong to Huasteco Carso of the Sierra Madre Oriental.
Shannoniana huasteca n. sp. may occur in the forested regions of the states adjacent to
Querétaro such as the southeastern San Luis Potosí state and northwestern Hidalgo state,
with both states sharing physiographical conditions belonging to the Carso Huasteco of the
Sierra Madre Oriental.

Etymology. This species is named huasteca because of the type locality in the Carso
Huasteco sub-region. “Huasteco” is a word derived from the huasteco language, which
means someone from an Amerindian tribe of the Mayan family that lives in the Mexican
states of Tamaulipas, San Luis Potosí, Querétaro, and Veracruz.

3.5. Keys to Species of Adult Female of Shannoniana

ADULT FEMALE (Figure 8) (Modified from Lane and Cerqueira [49] and Clark-Gil
and Darsie [48]).

1. Hind tarsi with basal rings of white scales on segments I–IV (Figure 9A) . . . . . . . . . . . .
. . . . . . . . . . . . . . . . . . Sh. schedocyclia Distr.: Bolivia, Brazil, French Guiana, Guatemala, Mex-
ico, Nicaragua, Panama, Venezuela [50] (Distr. Mex.: Chiapas [27,28,51–53], Oaxaca [27,28],
Veracruz [10,28,52]).

- Hind tarsi with segments I–IV covered only with dark scales (Figure 9B). . . . . . . . . . .
. . . 2

2(1) Tarsomere V of hind leg covered completely with dark scales (Figure 9C) . . . . . .
. . . . . . . . . . . . . . . . . . . . . . .Sh. fluviatilis

Distr.: Argentina, Bolivia, Brazil, Colombia, Ecuador, French Guiana, Guatemala, Guyana,
Mexico, Nicaragua, Panama [50] (Distr. Mex.: Chiapas [28,52,54], Veracruz [10,28,52,55],
Oaxaca [28], Quintana Roo [2,7]).

- Tarsomere V of hind leg with white scales (Figure 9D) . . . . . . . . . . . . . . . . . . . . . . . .
. . . . . . . . . . . . 3
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3(2) Silver scales on occiput extending to the ocular line and reaching the inner corner
of the eye, mostly with silver reflections (Figure 10); postprocoxal area with a patch of
silvery scales . . . . . . . . . . . . . . . . . . . . . . . . . .Sh. moralesi

Distr.: Belize, Guatemala, Mexico, Panama [50] (Distr. Mex.: Chiapas [27,28,51–53,55,56],
Veracruz [10,12,27,28,52], Oaxaca [27,28], Tabasco [20]).

Silver scales on occiput are restricted to the occiput and do not extend to the eyes, the
rest of scales on ocular line are dark, with purplish and greenish reflections (Figure 6A);
postprocoxal area without a patch of silvery scales (Figure 7A). Sh. huasteca n. sp. Ortega

Distr.: Mexico (Distr. Mex.: Querétaro).

Figure 8. General aspect of adult female of Shannoniana spp. (A) Sh. schedocyclia (Chiapas, Mexico);
(B) Sh. fluviatilis (Quintana Roo, Mexico, MX-QROO-19); (C) Sh. moralesi (Chiapas, Mexico, 01010818-
EU); (D) Sh. huasteca n. sp. (holotype).

Figure 9. Hind tarsi of adult female of Shannoniana spp. (A) Sh. schedocyclia (Chiapas, Mexico);
(B,C) Sh. fluviatilis (Quintana Roo, Mexico, MX-QROO-19); (D) Sh. huasteca n. sp.
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Figure 10. Occuput of Sh. moralesi (Chiapas, Mexico, 01010818-EU) showing the decumbent scales
mostly with silver reflections.

4. Discussion and Conclusions

4.1. Ecology and Distributional Groups of Species

Based on our collection records and the known distributions of the mosquito species
collected in Querétaro state, three groups of species are recognized. The species of each
group have similar geographical distributions, reaching their southern or northern dis-
tributional limits across the state. The immature stages of groups 1 and 2 develop in
phytotelmata such as tree holes and bromeliad axils, while immature stages of group 3
develop in ponds and swamps (Table 3).

4.1.1. Group 1

Species that occur in the Nearctic Region and extend into northern Mexico where they
reach their southern limit of distribution in Querétaro include Aedes brelandi, Ae. triseriatus
and the endemic species Ae. schicki. Immature stages of those species develop in tree holes
filled with rainwater; the presence of species in this group is restricted to the forested and
conserved areas of the northern part of the state, extending from the Nearctic Region into
the Huasteco Carso of the Sierra Madre Oriental in Querétaro.

4.1.2. Group 2

Species of this group occur in tropical forests in the Neotropical Region and extend
into Querétaro where they reach their northern limit. Only one species is reported in
this group, Wyeomyia apronoma, whose immature stages occur in bamboo internodes, tree
holes, and coconut shells. This species has been previously reported in several states of
southeastern Mexico, but the distribution is restricted to the north region by the Huasteco
Carso of the Sierra Madre Oriental in Querétaro state.
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4.1.3. Group 3

Ground pool inhabiting species that extend from the Neotropical Region into Middle
Mexico in Querétaro state but no farther north are Aedes euplocamus, which has been
previously reported in tropical regions of southeastern Mexico where it is a common
species during the rainy season, and the Mexican endemic species Ae. shannoni, which has
been previously reported in the states of Michoacán, Morelos, Querétaro, and Mexico State,
but reaches its northernmost distributional limit in Querétaro.

4.2. Species from Adjacent Regions That May Occur in Querétaro

Some species of mosquitoes that have not yet been reported from Querétaro occur in
adjacent states and may occur within the state. Included among these are 20 species that
have been previously recorded in the state of Hidalgo [14]: Anopheles aztecus Hoffmann, An.
crucians Wiedemann, An. parapunctipennis Martini, An. punctimacula Dyar and Knab, An.
argyritarsis Robineau-Desvoidy, Aedeomyia sqamipennis Lynch-Arribálzaga, Aedes muelleri
Dyar, Psorophora ferox (von Humboldt), Culex bidens Dyar, Cx. interrogator Dyar and Knab,
Cx. nigripalpus Theobald, Cx. pinarocampa Dyar and Knab, Cx. pseudostigmatosoma Strickman,
Cx. stenolepis Dyar and Knab, Cx. rejector Dyar and Knab, Cx. territans Walker, Cx. corniger
Theobald, Sabethes gymnothorax Harbach and Petersen, Uranotaenia coatzacoalcos Dyar and
Knab, and Ur. sapphirina (Osten Sacken); and 12 species that have been previously recorded
in the state of México [25]: Ae. ramirezi Vargas and Downs, Ae. guerrero Berlin, Ae. lorraineae
Berlin, Ae. chionotum Zavortink, Ae. gabriel Schick, Ae. idanus Schick, Ae. kompi Vargas and
Downs, Ae. vargasi Schick, Ae. zoosophus Dyar and Knab, Haemagogus mesodentatus Komp
and Kumm, Culiseta incidens (Thomson), and Ur. geometrica Theobald.

4.3. Medical Importance of Mosquitoes of Querétaro

Some of the species reported in Querétaro are of medical and veterinary importance
because they are vectors of pathogens causing diseases. In Table 5 the most important
public health species that occur in Querétaro are listed.

4.4. Molecular Analysis

The DNA barcode sequences of specimens belong to five Sabethini species of mosquitoes
we analyzed in this study grouped together, although a discrepancy in BINs were found
in Sh. fluviatilis and Sh. schedocyclia. This agrees with Talaga [57] in their analysis of the
Culicidae DNA barcodes from French Guiana. As we have not been able to examine the
voucher specimens from where the DNA barcodes sequences were obtained, we cannot
make further comments with regards to the taxonomic status of these two BINs. The
specimen we identified as Sh. huasteca n. sp. separate with strong support values from
those identified as Sh. moralesi, which supports our hypothesis that they represent a new
species. The latter finding is also supported by the different morphological traits found in
the adult female general coloration and the male genitalia.

4.5. Mosquitoes Diversity in Querétaro and Mexico

With the addition of the new mosquito records found in Querétaro reported here,
there are currently 50 species known in the state. The state ranks eighth in species richness
of the ten Mexican states that have been systematically inventoried for mosquito species.
With the addition of Shannoniana huasteca n. sp. to the list of mosquito species in Mexico,
there are currently 247 known species in the country.
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Table 5. Medical importance and pathogens of mosquito vector species collected in Querétaro state,
Mexico. Mal: Malaria. DI: Dirofilaria immitis. DENV: Dengue virus. ZIKV: Zika virus. CHIKV:
Chikungunya virus. YF: Yellow fever virus. SLE: St. Louis encephalitis virus. WNV: West Nile
virus. VEEV: Venezuelan equine encephalitis virus. EEEV: Eastern equine encephalitis virus. WEEV:
Western equine encephalitis virus. LCV: La Crosse virus.

Taxa Mal DI DENV ZIKV CHKV YF SLE WNV VEEV EEEV WEEV LCV

Anopheles pseudopunctipennis
√

An. punctipennis
√

An. albimanus
√

Aedes vexans
√ √ √ √ √ √ √

Ae. angustivittatus
√

Ae. scapularis
√ √ √ √

Ae. trivittatus
√ √ √ √ √

Ae. triseriatus
√ √ √

Ae. aegypti
√ √ √ √ √ √ √ √

Ae. albopictus
√ √ √ √ √ √ √ √ √ √

Haemagogus equinus
√

Culex quinquefasciatus
√ √ √ √ √

Cx. restuans
√ √ √

Cx. salinarius
√ √ √

Cx. tarsalis
√ √ √

Cx. erraticus
√

Culiseta inornata
√ √

Sabethes chloropterus
√ √
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Abstract: Despite their past importance as vectors of indigenous malaria, the species composition
and spatial distribution of the members of the Anopheles maculipennis complex have been studied
to a limited extent in the Netherlands. Therefore, this investigation focuses on the distribution of
the members of this complex in the Netherlands, including Anopheles daciae, which has recently
been found in countries bordering the Netherlands. In the framework of a national mosquito
surveillance between 2010 and 2021, a total of 541 specimens of An. maculipennis s.l. were analyzed
from 161 locations covering the entire territory. In addition, 89 specimens were analyzed from
overwintering sites during the winter of 2020/2021. All individual mosquitoes were identified to
species-level using Sanger sequencing of the ribosomal internal transcribed spacer 2. To characterize
the habitat of An. maculipennis s.l. in the Netherlands, land cover use data was extracted in a 1 km
buffer area around each finding location. For populations collected in summers between 2010 and
2021, the most frequent species was An. messeae, present in 88.19% of the locations, followed by
An. maculipennis s.s. (11.80%), An. atroparvus (3.72%) and An. daciae (3.72%). Anopheles daciae was
found in the southern inland areas of the country. Furthermore, An. messeae and An. daciae occurred
in sympatry at overwintering sites. This study provides relevant information on the occurrence of
species of the Anopheles maculipennis complex in the Netherlands, contributing to a better estimation
of the risk of mosquito-borne disease in the country.

Keywords: mosquitoes; DNA-based species identification; ribosomal internal transcribed spacer 2
(ITS2); malaria vector

1. Introduction

In the Netherlands, the last published checklist of mosquitoes (Diptera: Culicidae)
included 35 indigenous species [1]. This list is not static and was recently updated with a
new indigenous species, Culiseta longiareolata [2]. Four members of the Anopheles maculipen-
nis complex (= s.l.) are reported as present in the published checklist [1], some of which
are capable of carrying pathogens of medical importance, including malaria: Anopheles at-
roparvus van Thiel, 1927, An. messeae Falleroni, 1926, An. maculipennis sensu stricto Meigen,
1818, and An. melanoon Hackett, 1934. However, this latter species is not considered to
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occur in the Netherlands by [3], and An. maculipennis s.s. is considered uncommon in
the country [4]. Anopheles atroparvus is reported as the only malaria vector (Plasmodium
vivax and Plasmodium malariae) in the coastal areas of the Netherlands. Experimentally,
An. atroparvus can also be an effective host and capable of transmitting Plasmodium ovale
to humans [5]. A comparison of the anopheline species composition between 1935 and
1999 showed a prevalence shift from An. atroparvus to An. messeae in the Delta of the
Rivers Rhine and Meuse, coinciding with the disappearance of indigenous malaria [6].
In a study of overwintering mosquitoes in several farms in the Netherlands, An. messeae
individuals were more frequently found and An. atroparvus was less common [4]. A decline
of An. atroparvus over the 20th century was recorded in multiple European countries and
was assumed to be linked to major ecological changes, such as drainage practices, surface
water pollution, loss of suitable resting sites for hibernation, etc. [6–8].

Despite their past importance as vectors of indigenous malaria and their potential
role in the transmission of imported tropical malaria, leading to the reappearance of
autochthonous malaria cases in Europe [9], the species composition and spatial distribution
of the members of An. maculipennis s.l. in the Netherlands has been poorly studied.
Individuals of An. maculipennis s.l. were found at 144 sampling sites during a nationwide
inventory of indigenous mosquitoes, involving natural, rural and urban habitats [10].
However, this nationwide inventory did not include DNA-based species identifications to
distinguish the members of the complex. Yet, the nuclear ribosomal internal transcribed
spacer 2 (ITS2) flanked by portions of the conserved 5.8S and 28S rDNA is useful in
this respect [11–13]. Since the members of the An. maculipennis complex are difficult to
discriminate by morphological characteristics, their identification needs to be verified by
ITS2 sequencing.

Anopheles daciae Linton, Nicolescu & Harbach, 2004, is a recently described species of
the An. maculipennis complex that is distributed throughout continental Europe [14] and
has been found over the past years in the countries bordering the Netherlands, including
Germany [15,16], the United Kingdom [11], and Belgium [17]. Nevertheless, An. daciae
has not yet been reported in the Netherlands. Therefore, the aim of this study was 1) to
investigate the distribution of An. maculipennis s.l. members present in the Netherlands
by applying ITS2 sequencing and 2) to find evidence of the presence of An. daciae in the
Netherlands, where it is expected to occur, given its presence in neighboring countries.

2. Materials and Methods

2.1. Sampling

Mosquito specimens for the study were collected from different surveys. Most of
the specimens (n = 531) were collected between the months of May and September using
Mosquito Magnet Liberty Plus traps (WoodstreamTM Co., Lititz, PA, USA) using octenol,
in the framework of the National Mosquito Survey [10]. This included 145 specimens
collected in 2011, 74 in 2012, 146 in 2013, 72 in 2014, 88 in 2015, 3 in 2016, 12 in 2017 and
one in 2021. Additional specimens were collected during Exotic Mosquito Surveys [18]
using a variety of sampling methods such as BG-Sentinel traps (n = 4) or BG-Mosquitaire
traps (n = 5) (Biogents AG, Regensburg, Germany) both using BG-Sweetscent, and larval
sampling using aquarium nets (n = 1). In total, 541 specimens (540 adults and 1 larva)
of An. maculipennis s.l. were collected at 161 locations covering the entire territory of
the Netherlands.

In addition to these 541 specimens, a total of 89 An. maculipennis s.l. specimens were
collected in February (n = 65) and March (n = 24) 2021 from six bunkers of the New Dutch
Waterline, located in the municipality of West-Betuwe, the Netherlands. These bunkers are
well-known overwintering sites for several mosquito species [19].

All specimens were transported to the laboratory and were morphologically identi-
fied to the Anopheles maculipennis complex level using the key of Becker et al. [20]. After
identification, specimens were placed in sterile vials and kept frozen at –20 ◦C until fur-
ther processing.
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2.2. DNA-Based Species Identification

Individual DNA was extracted from a leg or a part of abdomen using the NucleoSpin®

Tissue DNA extraction kit (Macherey-Nagel, Düren, Germany), following the manufacturer’s
protocols, with an elution volume of 70 μL. For the mosquitoes collected from overwintering
sites in February and March 2021, DNA was extracted following the ammoniumhydroxide-
protocol as described by [21]. The ITS2 fragment was amplified using the primers of [16], with
thermal cycling conditions, PCR reactions and purification for sequencing following [17], except
for the mosquitoes collected in overwintering sites in February and March 2021. For these latter,
ITS2 fragment were amplified using MyTaq® HS Red mix (Bioline, UK) using the primers as
described in [16] and the following thermal cycling conditions: 1 min at 95 ◦C, followed by
35 cycles of 95 ◦C for 15 s, 53 ◦C for 15 s, and 72 ◦C for 10 s. Forward and reverse strands were
assembled and corrected with Geneious® Prime v.2019.2.3 (Biomatters Ltd., Auckland, New
Zealand), after which consensus sequences were generated and trimmed to remove the primers
and low-quality ends.

ITS2 consensus sequences were used as queries to search for most similar sequences
in GenBank (NCBI, National Centre for Biotechnology), using the Basic Local Alignment
Search Tool (https://blast.ncbi.nlm.nih.gov/Blast.cgi, accessed on 15 June 2022). To dis-
criminate between An. daciae and An. messeae, aligned consensus sequences were visually
checked for the presence of the five species-specific diagnostic sites [12]. Species-assigned
consensus sequences were then aligned together with sequences of all other Anopheles
species occurring in the Netherlands, namely An. algeriensis Theobald, 1903, An. claviger
(Meigen, 1804), An. plumbeus Stephens, 1828 [22], and with outgroup sequences (namely
An. funestus sensu stricto Giles, 1900, and An. minimus Theobald, 1901), using ClustalW
in Geneious® Prime v.2019.2.3. We also included ITS2 sequences of An. melanoon Hackett,
1934, which is part of An. maculipennis s.l. and was reported to occur in the Netherlands in
the past [22] but was not identified in previous reports [3]. Conspecific identical sequences
were removed from the database to retain unique ITS2 sequences in the final alignment.
Using the web application FindModel (http://hiv.lanl.gov/content/sequence/findmodel/
findmodel.html, accessed on 15 June 2022), the Kimura 2-parameter was identified as the
best evolution model describing our data [23,24]. A rooted maximum likelihood tree (ML)
was constructed using MEGA X v.10.0.5 (Kumar et al., 2018), with branch support assessed
by 1000 bootstrap replicates. Average interspecific K2P distances were calculated with the
R v.3.6.1 package Spider v3.6.2 [25,26].

2.3. Habitat Characterization

To characterize the habitat of An. maculipennis s.l. in the Netherlands, a 1 km buffer
area was created around each finding location (excluding overwintering locations). Using
this pre-defined buffer zone in ArcGIS v.10.7.1 [27] and the 2018 version of the raster file of
the Corine Land Cover [28], the areas covered by the five main Land Cover Classes were
extracted: artificial or urban areas, agricultural areas, forest and seminatural areas, wetlands,
and water bodies. The expected number of specimens per Land Cover Class was calculated
using the following formula: (total number of specimens per species × percentage Land
Cover in the Netherlands)/100. Habitat association per species was verified by comparing
observed number of specimens per species per Land Cover Class with expected number
of specimens per species per Land Cover Class using a Fisher’s exact test. All statistical
analyses were conducted in RStudio v1.4.1717 [25].

3. Results

The ITS2 fragment was scored in the 541 specimens collected between May and
September. Of these, 496 specimens were assigned as An. messeae, 25 as An. maculipennis
s.s., 11 as An. atroparvus, and nine as An. daciae. Of the 89 mosquitoes collected from the six
bunkers, 82 specimens were identified as An. messeae (92.13%), and seven were identified
as An. daciae (8.99%).
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No ITS2 sequences were shared between the four species of An. maculipennis s.l. collected
in the Netherlands, with each of the four species involving one unique species-specific
haplotype (Figure 1). Average interspecific K2P distances ranged from 0.687 to 8.258% (Table 1).
Double peaks at two of the five supposedly diagnostic sites discriminating An. messeae from
An. daciae were observed in three ITS2 sequences of An. daciae, namely position 218 (A/T) (n =
2) and 220 (C/T) (n = 1) (site numbering following [12]). Such ambiguities were not recorded
in the 578 An. messeae ITS2 sequences (214 (T), 218 (T), 220 (C), 416 (G), and 436 (G)).

Figure 1. Condensed ITS2 ML-tree (K2P model) of five members of Anopheles maculipennis s.l. (An. ma-
culipennis s.s.; An. messeae; An. atroparvus; An. daciae; An. melanoon), four of which were collected
in the Netherlands in the present study, including An. plumbeus, An. claviger and An. algeriensis
occurring in the Netherlands, and An. funestus sensu stricto and An. minimus as outgroups (GenBank
accession numbers: KP298399, KP298400, OK570292, OK570315). Duplicate sequences per species
were excluded, with the ITS2 databases for An. messeae and An. daciae including a few sequences
displaying ambiguous sites. Numbers at nodes are bootstrap support values. * species reported in
the Netherlands.

Excluding the sampled overwintering sites (i.e., the six bunkers), the most frequent
species captured was An. messeae, being present in 88.19% of the locations, followed by
An. maculipennis s.s. (11.80%), An. atroparvus (3.72%) and An. daciae (3.72%) (Figure 2,
Table S1). Anopheles messeae was found in a total of 142 locations, being found in sympatry
with An. maculipennis s.s. at four locations and with An. atroparvus at five locations.
Anopheles daciae was found in sympatry with An. maculipennis s.s. at three out of the six
locations where it was identified (Figure 2). Using ITS2, the present investigation provides
the first solid evidence of the occurrence of An. daciae in the Netherlands. The 16 identified
specimens were captured only in 2011, 2012, 2013 and 2021, in the southern part of the
country (Figure 2). At overwintering collection sites, the seven An. daciae were collected in
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February from five out of six bunkers; no An. daciae were identified in March. Anopheles
maculipennis s.s. and An. atroparvus were not found at the overwintering sites.

Table 1. Descriptive statistics of the genetic diversity of ITS2 within Anopheles maculipennis s.l. in
the Netherlands, including the average interspecific K2P distances among sequences (excluding
conspecific identical sequences).

n NH NP Average Interspecific K2P (%) ± Range (%)

An. atroparvus 11 1 0 8.258 ± 0.000
An. daciae 9 + 7 1 0 * 0.881 ± 0.327

An. maculipennis s.s. 25 1 0 3.114 ± 0.000
An. messeae 496 + 82 1 0 0.687 ± 0.003

n: sample size. NH: number of haplotypes. NP: number of polymorphic nucleotide sites. * ambiguities recorded
at two of the five species-diagnostic sites. Numbers in bold are specimens collected at overwintering sites
(2020/2021).

Figure 2. Distribution of Anopheles maculipennis s.l. in the Netherlands (details in Table S1) identified
using DNA-based techniques: Anopheles messeae, Anopheles atroparvus, Anopheles daciae and Anopheles
maculipennis sensu stricto.

Except for An. maculipennis s.s., preferred Land Cover Class for An. messeae, An.
daciae and An. atroparvus are areas with predominant agricultural use (Figure 3). Anopheles
maculipennis s.s. was found in Land Cover Classes artificial habitats (e.g., industrial or
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residential areas) and agricultural areas in similar proportions. Anopheles atroparvus was
not found in Land Cover Classes forests or seminatural areas. Anopheles atroparvus was
collected in the north of the country, at six locations near the coast, where it is more probable
to encounter mixing seawater and fresh water. A significant difference between expected
and observed distributions per Land Cover Class was observed for An. messeae (p < 0.001),
indicating a significantly higher occurrence at artificial Land Cover Classes than expected.
For An. maculipennis s.s. (p = 0.164), An. daciae (p = 1) and An. atroparvus (p = 1), no
significant differences between expected and observed distributions were found (Figure 3).

Figure 3. Expected distribution versus observed distribution per Land Cover Class of (A). An. at-
roparvus (n = 11), (B). An. daciae (n = 16), (C). An. maculipennis s.s. (n = 25) and (D). An. messeae
(n = 478). Significant differences between observed and expected distributions were observed for
An. messeae only (Fisher’s exact test, p < 0.001).

4. Discussion and Conclusions

In the Netherlands, four species of Anopheles maculipennis s.l. were identified: An. messeae,
An. maculipennis s.s., An. atroparvus and An. daciae. Our study presents the first report of An.
daciae in the Netherlands using ITS2 sequencing.

Each identified species of the complex involved a single ITS2 haplotype, with smallest
average interspecific K2P distances between An. daciae and An. messeae (0.7%). However,
ambiguous sites at some of the species-diagnostic positions were observed [17,29–31].
Double peaks in chromatograms can result from slight differences among ITS2 copies (het-
erozygosity) and their regular occurrence in specimens from different countries, surveys
and years, suggests that only two sites are diagnostic between An. daciae and An. messeae,
namely positions 416 (A/G) and 436 (C/G). For the remainder, phylogenetic DNA sequence
analyses of ND4, ND5, COI and Hunchback gene fragments provide no support for the dis-
tinction of An. daciae and An. messeae [17,31], while other taxonomically diagnostic features
between these nominal species are still poorly investigated (e.g., hybrid incompatibility,
morphology, ecology, cytotaxonomy, etc.). Therefore, it has been proposed to regard An.
daciae as a species inquirenda (i.e., a species of doubtful identity [32]) [17,33].

Our study shows that An. messeae is the species with the widest distribution in the
Netherlands compared to any other species of An. maculipennis s.l. Similarly to a study
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in Germany [14], An. messeae was the most frequent species in the analyzed samples. In
the Netherlands, the species was most commonly found in agricultural areas. Important
and ecologically relevant features of the Dutch agricultural landscape are the drainage
ditches, which are an important refuge for biodiversity in agricultural landscapes [34] and
represent a preferred breeding site for Anopheles mosquitoes. However, when comparing
the distribution of An. messeae with the overall distribution of Land Cover Classes in
the Netherlands, the species seems to be associated with artificial Land Cover Classes,
more than we would expect based on the land cover distribution of the entire country.
Interestingly, the prevalence of An. messeae observed in the present study is comparable to
that reported by [4], which focused on overwintering mosquitoes. In the latter study, An.
maculipennis s.s. was not detected, and the presence of An. daciae was not investigated by
ITS2 sequence data. Anopheles atroparvus, a common species breeding in brackish waters,
was found at three sites in the coastal areas of the Netherlands during the study of [4].

Anopheles maculipennis s.s. is also widely distributed in the Netherlands, covering large
areas from North to South, but it was not found near the coastal areas. Our data show
that this species occurs in similar proportions in both urban and agricultural Land Cover
Classes. In our study, no preference of An. maculipennis s.s. towards a specific class was
identified. However, similar to An. atroparvus and An. daciae, the collected number of An.
maculipennis s.s. specimens was too low for adequate analyses. As such, further research
is needed to identify habitat preferences. In Belgium, An. maculipennis s.s. appears to be
the most frequent and widespread species of the complex [17]. However, this observation
was based on a survey of artificial breeding sites. Therefore, the higher prevalence of
An. maculipennis s.s. is not surprising, since this species seems better adapted to artificial
habitats compared to other species of An. maculipennis s.l. [35–37]. In the present study,
most of the specimens were collected using adult traps at randomly generated locations
across the country, including urban, rural and natural Land Cover Classes, thus preventing
a sampling bias [10]. The occurrence of An. maculipennis s.s. in urban areas in our study
(>40% of the sampling sites) seems to corroborate its preference for man-made habitats.

Except for An. atroparvus [6], the potential role of An. messeae, An. maculipennis s.s.
and An. daciae in the historical transmission of malaria in the Netherlands is unknown. For
An. daciae, the present highlighted species distribution does not fit with the historical areas
where the malaria parasite occurred [6]. The main vector of malaria was An. atroparvus [6],
a species dependent on brackish water. Nowadays, in comparison with the other members
of the species complex, the species distribution of An. atroparvus indicates the presence of
the species in scarce locations nearby coastal areas.

This study also shows that An. messeae and An. daciae live in sympatry during winter.
It remains unclear, however, how the species within the An. maculipennis complex differ in
overwintering strategies. Earlier studies have shown that An. atroparvus enters diapause
in early winter, but occasionally continues its blood-feeding behaviour to maintain fat
reserves, in contrast to An. messeae, which remains inactive throughout winter [38,39]. To
our knowledge, this is the first study to find An. daciae overwintering in artificial shelters
together with other mosquito species that are in diapause [19]. Furthermore, An. daciae was
only found in the southern inland areas and occurring in areas with Land Cover Classes
associated with agricultural activities.

This study provides accurate and unbiased information on the occurrence of the
species of the Anopheles maculipennis complex in the Netherlands and shows that An. messeae
is the most frequent species in the country during summers and can occur in sympatry with
An. daciae in winters. Unbiased occurrence data are needed to develop mosquito species
distribution models that can contribute to a better estimation of the risk of mosquito-borne
diseases in the country. In addition, while the ITS2 gene fragment is an adequate tool
for the identification of the species of the Anopheles maculipennis complex, exploring the
species’ whole genomes will further help elucidate the phylogenetic relationships between
the complex members and support their taxonomic status.
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Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/d14080636/s1, Table S1: Sampling locations (latitude, lon-
gitude) and methods (BGS: BG-Sentinel trap; BGM: BG-Mosquitaire trap; MMLP: Mosquito Magnet
Liberty Plus traps), collection year, and DNA-based identification results of specimens collected in
the Netherlands.
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Abstract: This survey reports on the DNA identification and occurrence of Culex torrentium and Cx.
pipiens s.s. in Belgium. These native disease-vector mosquito species are morphologically difficult to
separate, and the biotypes of Cx. pipiens s.s. are morphologically indistinguishable. Culex torrentium
and Cx. pipiens s.s. were identified using the COI and ACE2 loci. We recorded 1248 Cx. pipiens s.s.
and 401 Cx. torrentium specimens from 24 locations in Belgium (collected between 2017 and 2019).
Culex pipiens biotypes pipiens and molestus, and their hybrids, were differentiated using fragment-size
analysis of the CQ11 locus (956 pipiens and 227 molestus biotype specimens, 29 hybrids). Hybrids
were observed at 13 out of 16 sympatric sites. These results confirm that both species are widespread
in Belgium, but while Cx. torrentium revealed many COI haplotypes, Cx. pipiens s.s. showed only one
abundant haplotype. This latter observation may either reflect a recent population-wide demographic
or range expansion, or a recent bottleneck, possibly linked to a Wolbachia infection. Finally, new
evidence is provided for the asymmetric but limited introgression of the molestus biotype into the
pipiens biotype.

Keywords: Culex pipiens biotypes pipiens/molestus; hybrids; disease vectors; DNA-based identifica-
tion; cytochrome c oxidase I (COI); fragment-size analyses (ACE2; CQ11)

1. Introduction

Culex pipiens s.l. is a complex of three species, viz. Cx. australicus Dobrotworsky &
Drummond, 1953; Cx. pipiens s.s. Linnaeus, 1758; and Cx. quinquefasciatus Say, 1823. The
latter species is common in (sub)tropical regions with no known established populations in
Europe [1], but has been introduced in the Netherlands with airplane traffic [2]. In contrast,
Culex australicus is endemic to Australia. In Europe, hybrids between Cx. quinquefasciatus
and Cx. pipiens s.s. were characterized in southern coastal regions and the Mediterranean
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region by applying DNA methods [3]. Despite morphological similarities with Cx. pipiens
s.s. [4], Culex torrentium Martini, 1925 is no longer considered as belonging to the Cx. pipiens
species complex [5,6]. Nevertheless, both species occur throughout Europe; Cx. torrentium
is more common in northern Europe and at high elevations further south, whereas Cx.
pipiens s.s. is more common in the south, but the exact species distribution limits are still
unclear [7]. The two species occur in sympatry and are native in Belgium, where Cx. pipiens
s.s. appears to be more abundant and widespread [8–13]. Within Cx. pipiens s.s., two
biotypes are recognized, viz. Cx. pipiens biotype pipiens Linnaeus, 1758, and Cx. pipiens
biotype molestus Forskål, 1775 [14].

The identification of Cx. torrentium and Cx. pipiens s.s. is difficult as the two species
differ by a few subtle morphological characteristics only [4,15]. The biotypes of Cx. pipiens
s.s. are morphologically indistinguishable [14], but they show four key behavioural dif-
ferences [16–19]. Females of Cx. pipiens biotype pipiens need a bloodmeal to produce their
first batch of viable eggs, prefer feeding on birds, breed in open spaces, and overwinter
in a state of diapause. In contrast, females of Cx. pipiens biotype molestus can produce a
first batch of viable eggs without a bloodmeal, prefer feeding on mammals, can breed in
confined mating spaces, and do not overwinter in a state of diapause. In temperate regions
of Europe, including Belgium, both biotypes co-occur in open aboveground spaces, but
Cx. pipiens biotype molestus has a preference for confined spaces such as cellars, cesspits,
human-made basements, or subways, where these mosquitoes mate and remain active
throughout the year [20,21]. Hybrids between biotypes have been reported [13,19,22],
displaying a combination of the behavioural traits of both biotypes [20,23]. However, since
hybrids are less frequent than expected under random mating, the biotypes may show some
degree of reproductive isolation [24,25]. Across the Mediterranean basin, populations in
open spaces are genetically more homogenous, with individuals displaying mixed biotype
ancestry and a mix of the four key behavioural traits [20]. Thus, the genetic differentiation
between biotypes decreases gradually from north to south across the western Palearctic.
This may be linked to less severe winters, allowing the non-diapausing molestus biotype to
survive in open-space environments and admix [20].

In Europe, Culex pipiens s.s. is the principal vector for West Nile Virus (WNV), and
several other arboviruses [26]. Culex pipiens s.s. biotype hybrids with an opportunistic
feeding behaviour seem to transmit WNV between birds and humans more easily than
non-hybrid Cx. pipiens biotypes [23,27–29]. Culex torrentium, in turn, is an important vector
for Sindbis virus (SINV) in Sweden [30]. However, Cx. torrentium also has a high potential
to transmit WNV [31,32]. In view of the recent outbreaks of WNV infections in Germany
and the Netherlands [33], it is important to closely monitor competent Culex vectors.

The distinction between Cx. torrentium, Cx. pipiens s.s., and Cx. pipiens biotypes,
has not been investigated systematically. Hence, the distribution and identity of these
taxa is still poorly known in most European countries [34]. However, this information is
essential to establish reliable risk projection and control programmes, particularly for the
early detection of WNV vectors and their potential spread in Europe [35,36]. Therefore, the
present paper reports on the DNA-based identification, occurrence, and diversity of Cx.
torrentium and Cx. pipiens s.s., as well as Cx. pipiens biotypes molestus and pipiens and their
hybrids, in Belgium.

2. Materials and Methods

2.1. Sampling

Adult and larval mosquitoes were collected in 2017 (August–November), 2018, and
2019 (both April–November) in the framework of the MEMO project (Monitoring of Exotic
MOsquito species in Belgium [11]). Thirty-one potential points of entry (PoEs) for exotic
mosquitoes in Belgium were surveyed using different sampling and trapping methods [11].
The PoEs included ports and airports, used tire and lucky bamboo import companies,
parking lots along highways, wholesale markets, a flower auction, an allotment garden, an
industrial area, and cemeteries along the border with Germany. Specimens were morpholog-
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ically identified as Cx. pipiens s.l./Cx. torrentium using the keys of [4,37]. A random subset
of 1689 Cx. pipiens s.l./Cx. torrentium specimens were selected for DNA-based identification
(Table S1), using the sample_frac function of the dplyr package in R v4.03 [38].

2.2. DNA Extraction and COI Amplification

DNA was extracted from legs (adults) or abdomen (larvae) using the NucleoSpin®

Tissue DNA extraction kit (Macherey-Nagel), following the manufacturer’s protocol, but
with an elution volume of 70 μL. Remaining parts of the specimens and dried DNA
extracts are stored at the Royal Belgian Institute of Natural Sciences (Collection Identifier:
IG34179). The universal primers LCO1490 and HCO2198 [39] were used to amplify the
mitochondrial cytochrome c oxidase subunit I (COI) barcode region (658 bp) [40]. If this
was unsuccessful, the C1N-2191 and C1J-1718 primer combination [41] was used to amplify
a 472 bp fragment of the COI barcode region. All PCR mixtures, cycling conditions,
purification, and sequencing details are as described by [42] (Table S2). Raw sequences
were trimmed, corrected, translated into amino acids, and assembled using Geneious®

v.10.0.4 (Biomatters Ltd., Auckland, New Zealand). A consensus sequence was generated
for each specimen.

2.3. Fragment-Size Analyses

To distinguish between Cx. pipiens s.s. and Cx. torrentium, a fragment of the
Acetylcholinesterase-2 locus (ACE2) was amplified in a 10 μL PCR reaction volume as
described by [43] (Table S2). This method also allows for detection of the eventual pres-
ence of introduced exotic Cx. quinquefasciatus. Using the forward primer B1246s and the
reverse primers ACEpip, ACEquin, and ACEtorr, species-specific fragment sizes were
produced, viz. 610 bp for Cx. pipiens s.s., 416 bp for Cx. torrentium, and 274 bp for Cx.
quinquefasciatus [43]. PCR products were checked on a 2.5% agarose gel (45 min; 90 V).

To identify the two Cx. pipiens s.s. biotypes and their hybrids, the CQ11 microsatellite
locus was amplified using the forward primer CQ11F2 and the reverse primers pipCQ11R
and molCQ11R, following [44] (Table S2). PCR products were checked on a 2.5% agarose
gel (45 min; 90V), with a band at 200 bp for Cx. pipiens biotype pipiens, and at 250 bp for
Cx. pipiens biotype molestus. Hybrids showed both bands. Such hybrids were subsequently
re-extracted and re-amplified for the CQ11 locus to exclude possible DNA contamination
and confirm their status by visualisation of the two bands.

2.4. COI Data Analyses

The species identification engine of BOLD was used (www.boldsystems.org, accessed
on 24 February 2020) with the species-level barcode records option to find the closest
matching reference sequence. A Neighbour-Joining (NJ) tree was constructed to examine
the clustering support of each Culex species occurring in Belgium [12,45] (Geneious® v10.0.4.
(Biomatters Ltd., Auckland, New Zealand), Tamura-Nei distance model, 1000 bootstrap
replicates). To do so, all publicly available COI sequences (http://www.boldsystems.org/
index.php/databases, 16 March 2020) for these Culex species were aligned, using ClustalW
in Geneious® v10.0.4 (Biomatters Ltd., Auckland, New Zealand), with the newly generated
COI sequences in this study. COI sequences of four species of the genus Coquillettidia
Dyar, 1905 were included as outgroup (GenBank accession numbers: GQ165785, GQ165801,
GQ165802, and GQ165803). The alignment was checked for stop codons and trimmed
to retain 658 bp. Sequences of less than 300 bp and conspecific identical sequences were
discarded.

Pairwise differences in COI nucleotide frequencies between species, biotypes, and bio-
type hybrids were evaluated using Wright’s F-statistics in Arlequin v3.5 (1000 random per-
mutations for significance, with subsequent standard Bonferroni correction) [46]. Haplotype
frequencies, mean number of pairwise nucleotide differences (k) and nucleotide diversity
(Pi) were also estimated with Arlequin v3.5, excluding sequences with ambiguous sites.
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2.5. Habitat Characterization: Land-Cover Classes

The percentage of Corine Land-Cover (CLC) classes (© European Union, Copernicus
Land Monitoring Service 2021, European Environment Agency (EEA)) was calculated in a
2.5 km buffer zone around each sampling location. The latest raster file (CLC 2018) was
used, and calculation was performed in Q-GIS and R v4.03. The levels were grouped
into five main CLC classes, i.e., artificial or urban areas, agricultural areas, forest and
seminatural areas, wetlands, and water bodies.

3. Results

In total, 34,401 specimens from 27 out of 31 PoEs were morphologically identified
as Cx. pipiens s.l./Cx. torrentium of which 1689 specimens from 24 sites were selected
for DNA-based verification. Of these, 573 were adults and 1113 were larvae. Adults
were collected using a Mosquito Magnet trap (N = 242; 42.2%), Frommer Updraft Gravid
trap (N = 59; 10.3%) and BG-Sentinel trap (N = 272; 47.5%). The four PoEs where these
species were not collected were only surveyed using oviposition traps. Based on the BOLD
similarity percentages, the COI NJ-tree (Figure S1), and the ACE2 fragment sizes (Figure S2),
401 specimens were identified as Cx. torrentium (Nadult = 40; Nlarva = 361—Table S1), and
1248 as Cx. pipiens s.s. Thirty-seven specimens did not provide ACE2 results and were
therefore considered as Cx. pipiens s.l./Cx. torrentium. Three sequences were of too low
quality for identification. The ACE2 fragment-size analysis provided no evidence of Cx.
quinquefasciatus. In the NJ-tree, Cx. torrentium forms a cluster with 74.9% bootstrap support
inside the Cx. pipiens s.s./Cx. torrentium group (Figure S1). The Cx. torrentium cluster
includes all generated and downloaded (BOLD) COI sequences.

Based on the CQ11 fragment-size analysis 956 specimens were assigned to Cx. pipiens
biotype pipiens (Nadult = 315 (33%); Nlarva = 641 (67%)) and 227 specimens to Cx. pipi-
ens biotype molestus (Nadult = 187 (82%); Nlarva = 40 (18%)) (Figure S3, Table S1). More
adults of the molestus biotype were collected than larvae, and the pipiens biotype. Addi-
tionally, 29 specimens were identified as hybrids between both biotypes (Nadult = 8 (28%);
Nlarva = 21 (72%)), while the biotypes of 36 Cx. pipiens s.s. sequences were not determined
due to missing CQ11 results. These sequences, together with those identified as Cx. pipiens
s.l./Cx. torrentium (N = 37), were excluded from further analyses. The abundance of each
taxon at each sampling site is shown in Figure 1. In most sites where both biotypes co-occur
(N = 16), crossbreeding was identified, with hybrids detected at 13 sampling locations
(Figure 1, Table S3). Sites where biotypes co-occurred included environments dominated
by urban (Kallo, Charleroi, Zeebrugge and Zaventem), agricultural (Villers-Le-Bouillet,
Vrasene, Frameries, Aische-en-Refail, Büllingen and Natoye), and forest and seminatural
(Eupen, Dilsen-Stokkem, Houyet and Maasmechelen) areas (Figure 2). At these sites, larval
stages of both biotypes were collected on the same days in the same types of larval habitats,
viz. used tires, drainage holes, plastic containers, and cemetery flower vases, on multiple
occasions. Once they were also found together in a large artificial pond. Culex pipiens s.s.
and Cx. torrentium were collected on the same days in the following same types of larval
habitats: used tires, drainage holes, cemetery flower vases, plastic sheets, and metal and
plastic containers. The new COI sequences were deposited in GenBank (accession numbers:
Cx. torrentium—OM749168-OM749568; Cx. pipiens biotype pipiens—OM748139-OM749094;
Cx. pipiens biotype molestus—OM747912-OM748138; Cx. pipiens biotype pipiens X Cx. pipiens
biotype molestus—OM747883-OM747911; Cx. pipiens s.s.: OM749132-OM749167; Cx. pipiens
s.l./Cx. torrentium—OM749095-OM749131).
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Figure 1. Distribution of Culex specimens identified using DNA-based techniques and collected
during the MEMO survey 2017–2019 [11]. Hybrids = Cx. pipiens biotype pipiens X Cx. pipiens biotype
molestus. The numbers indicated on the pie charts are the collection site numbers used in Table S3.

The pairwise FST values, i.e., a measure of the average genetic differentiation, between
Cx. pipiens biotype pipiens and Cx. pipiens biotype molestus, were significantly different from
zero, which was also the case between the latter and the hybrids (Table 1). The hybrids and
Cx. pipiens biotype pipiens showed the smallest average pairwise nucleotide differences and
the lowest average nucleotide diversities (Table 2), despite Cx. pipiens biotype pipiens being
the most widespread taxon in this survey (Figure 1; Table S4). Culex torrentium showed
higher average pairwise nucleotide differences and nucleotide diversities than Cx. pipiens
biotype pipiens (Table 2).

The most common COI haplotypes in Cx. pipiens s.s. were H1 (698 out of 1248 sequences,
including 19 hybrids, 91 Cx. pipiens biotype molestus, and 588 Cx. pipiens biotype pipiens) and
H2 (84 out of 1248 sequences, including 82 Cx. pipiens biotype molestus and 2 Cx. pipiens
biotype pipiens) (Figure 3). The most common COI haplotype in Cx. torrentium was
H3 (125 out of 401 sequences) (Figure 3). The haplotype of 509 sequences could not
be identified because of ambiguous sites or short fragment lengths (NCx. torrentium = 122;
NCx. pipiens biotype pipiens = 330; NCx. pipiens biotype molestus = 49; Nhybrids = 8).
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Figure 2. The percentage of main Corine Land-Cover classes in a 2.5 km buffer zone around the
sampling locations (group levels based on five classes).

Table 1. Pairwise FST estimates between biotypes and biotype hybrids of Culex pipiens s.s. based
on COI sequences, calculated using Arlequin v3.5. Hybrids = Cx. pipiens biotype molestus X Cx.
pipiens biotype pipiens. Significant values after standard Bonferroni correction marked by an asterisk
(p < 0.0005).

FST Hybrids
Cx. pipiens Biotype

molestus
Cx. pipiens Biotype

pipiens

Hybrids 0 - -
Cx. pipiens biotype molestus 0.2172 * 0 -
Cx. pipiens biotype pipiens 0.0164 0.4737 * 0

* = significant values (after Bonferroni correction).
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Table 2. COI sequence diversity of Culex pipiens s.s. biotypes and Cx. torrentium, calculated using
Arlequin v3.5. Hybrids = Cx. pipiens biotype molestus x Cx. pipiens biotype pipiens, NCOI = number
of generated COI sequences, NHap = number of haplotypes, NUnsharedHap = number of haplotypes
specific to the taxon, S = number of polymorphic sites, k = average pairwise nucleotide differences,
Pi = nucleotide diversity.

Hybrids
Cx. pipiens Biotype

molestus
Cx. pipiens Biotype

pipiens Cx. torrentium

NCOI 29 227 956 401

NHap 3 6 24 50

NUnsharedHap 1 3 20 50

S 3 8 19 31

k 0.2069 ± 0.2606 0.5458 ± 0.4522 0.0703 ± 0.1418 0.8990 ± 0.6275

Pi 0.0006 ± 0.0008 0.0014 ± 0.0012 0.0002 ± 0.0004 0.0024 ± 0.0018

Figure 3. COI haplotype frequencies calculated with Arlequin v.3.5. [46]. Hybrids = Culex pipiens
biotype pipiens X Cx. pipiens biotype molestus, blue = Cx. pipiens s.s. haplotype H1, orange = Cx.
pipiens s.s. haplotype H2, green = Cx. torrentium haplotype H3, yellow = sequences to which no
haplotypes could be assigned, grey = haplotypes with a frequency < 6%.
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4. Discussion

4.1. Species Occurrence in Belgium

In line with previous studies [8,9,13], Cx. pipiens s.s. appears to be more common
in Belgium than Cx. torrentium. Likewise, Culex pipiens biotype pipiens is more common
and widespread in Belgium than Cx. pipiens biotype molestus, as the latter comprises only
13% of the specimens (Table S4). However, industrial areas were overrepresented in this
survey for the early detection of exotic Aedes species [11]; thus, the sampling may have
been biased. As such, the molestus biotype, with its preference for hypogean habitats [21]
and highly eutrophic waters in confined mating spaces [20,21], may be underrepresented,
as these environments were not surveyed during the MEMO project [11]. Thus, more
targeted surveys are needed to determine the actual prevalence and distribution of Cx.
pipiens biotype molestus in Belgium. Nevertheless, this study confirms the co-occurrence
of both biotypes in urban, agricultural, and forest and seminatural habitats [13,47–50]
(Figure 2). Despite the sympatric occurrence of both biotypes, only few hybrid specimens
were found (1.7%; Tables S3 and S4), i.e., less than in Germany (4.2%) [19], Portugal
(8–10%) [47], and Italy (14.4%) [49]. These low hybridisation rates suggest at least partial
reproductive/ecological isolation between biotypes [20,47], with some rare haplotypes
identified as specific to one biotype (Table 2, see next section). The sympatric co-occurrence
of both biotypes and their hybrids with their opportunistic feeding behaviour [47,51] hints
at the potential danger of viral transmissions from birds to humans (i.e., to act as bridge
for disease vectors). However, the low frequency of hybrids likely limits their potential
epidemiological role in WNV outbreaks.

While Cx. pipiens s.s. and Cx. torrentium are sympatric in some areas, the latter
species was not collected in the north of Belgium (Figure 1). Again, this may be a sampling
artefact, since the species was collected all over Belgium during the nationwide MODIRISK
mosquito survey (2007–2010) [9,48]. Both species were equally observed in different habitats
and have adapted to a life in human neighbourhoods [52], with Cx. torrentium and Cx.
pipiens s.s. larvae often found in small artificial and nutrient-rich bodies of water [7,52].
Thus, both species are widespread in Belgium, but their exact distribution limits in Europe
remain to be determined.

4.2. COI Haplotype Composition and Genetic Variability

Belgian Cx. torrentium showed a higher COI variability than Cx. pipiens s.s., which is in
line with [52,53]. However, we found no evidence of further sub-structuring or taxonomic
differentiation within Cx. torrentium, while previous studies reported some morphological
variability within the species [53,54]. The limited intraspecific variation within Cx. pipiens
s.s. is consistent with [54,55]. Hence, COI haplotype H1 had a prevalence of 61.51% in Cx.
pipiens biotype pipiens and of 40.09% in Cx. pipiens biotye molestus. Similar prevalences were
reported by [52] (H1 = haplotype 1), [3] (H1 = haplotype A/C), and [56] (H1 = haplotype
H). As such, haplotype H1 is widespread and most frequent in northern temperate climates
(Germany, Japan, North America, and Russia) [3,52,56]. Situations in which populations
show limited genetic variation and consist of a highly frequent haplotype, jointly with a few
rare haplotypes, can be explained by either a recent population-wide demographic or range
expansion, or a recent bottleneck, possibly in combination with a Wolbachia infection [52].
Such a Wolbachia infection can severely reduce mitochondrial diversity [52,57,58]. This
might, in part, explain the limited COI diversity in Cx. pipiens s.s., which shows Wolbachia
infection rates of >90% [52,59–61], whereas COI diversity might have been retained in Cx.
torrentium, within which Wolbachia infections appear to be very rare [59,62].

In Belgium, haplotype H2 was almost exclusively found in Cx. pipiens biotype molestus.
This is somewhat unexpected, as this haplotype is rarely found in temperate climates, but
associated with (sub)tropical climates ([3] H2 = haplotype E/E1; [56] H2 = haplotype C).
Elsewhere, haplotype H2 is prevalent in Cx. quinquefasciatus (42%) and its hybrids with Cx.
pipiens s.s. (32%) [3]. Hence, COI haplotypes in Cx. pipiens s.l. are not species-specific [56].
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Currently, the biotypes pipiens and molestus of Cx. pipiens s.s. are regarded as different
monophyletic evolutionary units undergoing incipient ecological speciation, so that they
may be distinct phylogenetic entities [22,27,47,63–65]. This was supported by the significant
FST estimates found in the present study. The different mating behaviours of both biotypes
was considered as an initial factor of a sympatric speciation process [47]. The limited
level of hybridisation is not bidirectional, with a mainly male-mediated introgression from
molestus to the pipiens biotype [47], which explains the prevalence of H1 (typical of pipiens)
and absence of H2 (typical of molestus) in hybrids. This asymmetric introgression may
reflect a mating strategy wherein stenogamous molestus males mate with both molestus
and pipiens females in above-ground habitats, while pipiens males mate (via specialised
swarming behaviour) in open spaces and, therefore, have a higher disposition to mate with
pipiens females [47]. An experimental study revealed at least one reproductive isolating
mechanism, with females actively avoiding copulation with males of the other biotype, and
pipiens females being unsuccessful in receiving molestus males’ sperm [66].

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/d14060486/s1, Figure S1: Neighbour-Joining tree based on the
COI sequences available on BOLD/GenBank for Culex species present in Belgium [12,45] including the
sequences generated in this study, and identified based on the ACE2 fragment-size analysis. Bootstrap
values are indicated at the branches. Sequences were collapsed in species clusters. N = total number
of unique sequences included, following Geneious® v10.0.4; Figure S2: Example of ACE2 fragment-
size analysis on a 2.5% agarose gel. PCR multiplex including the primers B1246s (Forward), ACEpip
(Reverse), ACEtorr (Reverse), and ACEquin (Reverse). Cycling conditions are provided in Table S2.
P = Cx. pipiens s.s. (610 bp); T = Cx. torrentium (416 bp); Figure S3: Example of CQ11 fragment-size
analysis on a 2.5% agarose gel. PCR multiplex including the primers CQ11F2 (Forward), molCQ11R
(Reverse) and pipCQ11R (Reverse). Cycling conditions are provided in Table S2. PP = Culex pipiens
biotype pipiens (200 bp); PM = Culex pipiens biotype molestus (250 bp); H = Cx. pipiens biotype pipiens
X Cx. pipiens biotype molestus (200 bp and 250 bp); Table S1: Detailed list of DNA-based identified
specimens, including their life stage at collection and the trapping method; Table S2: Summary of
PCR cycling conditions for the amplification of the COI, ACE2, and CQ11 loci; Table S3: Map codes,
municipalities, and coordinates of sampling localities with taxon occurrence; Table S4: Overview
of the COI sequencing success per year. N = number of specimens. Reference [67] are cited in the
Supplementary Materials.
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Abstract: Potential arboviral Afrotropical mosquito vectors are underrepresented in public databases
of CoxI barcode sequences. Furthermore, available CoxI sequences for many species are often not
associated with voucher specimens to match the corresponding fine morphological characterization
of specimens. Hence, this study focused on the characterization of Culicine mosquitoes from South
Africa, Mozambique, and Angola and their classification using a complementary approach including
a morphological analysis of specimens’ genitalia and phylogenetic study based on the analysis of
CoxI barcode sequences using maximum likelihood and Bayesian phylogenetic inference methods,
alongside Median-Joining Network and PCOORD analyses. Overall, 800 mosquitoes (652 males and
148 females) from 67 species, were analyzed. Genitalia from 663 specimens allowed the identification
of 55 species of 10 genera. A total of 247 CoxI partial gene sequences corresponding to 65 species were
obtained, 11 of which (Aedes capensis, Ae. mucidus, Culex andersoni, Cx. telesilla, Cx. inconspicuosus,
Eretmapodites subsimplicipes, Er. quinquevittatus, Ficalbia uniformis, Mimomyia hispida, Uranotaenia
alboabdominalis, and Ur. mashonaensis) are, to the best of our knowledge, provided here for the
first time. The presence of Cx. pipiens ecotypes molestus and pipiens and their hybrids, as well as
Cx. infula, is newly reported in the Afrotropical region. The rates of correct sequence identification
using BOLD and BLASTn (≥95% identity) were 64% and 53%, respectively. Phylogenetic analysis
revealed that, except for subgenus Eumelanomyia of Culex, there was support for tribes Aedini,
Culicini, Ficalbiini, and Mansoniini. A divergence >2% was observed in conspecific sequences,
e.g., Aedeomyia africana, Ae. cumminsii, Ae. unilineatus, Ae. metallicus, Ae. furcifer, Ae. caballus, and
Mansonia uniformis. Conversely, sequences from groups and species complexes, namely, Ae. simpsoni,
Ae. mcintoshi, Cx. bitaeniorhynchus, Cx. simpsoni, and Cx. pipiens were insufficiently separated.
A contribution has been made to the barcode library of Afrotropical mosquitoes with associated
genitalia morphological identifications.
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1. Introduction

Many mosquito species are important vectors of pathogens, including arboviruses,
which can cause various febrile, neurological, and hemorrhagic diseases and, therefore,
pose a considerable burden on human health and health systems [1]. While currently, the
most important arboviruses transmitted by mosquitoes are dengue (DENV), Zika (ZIKV),
Chikungunya (CHIKV), and yellow fever (YFV), outbreaks caused by West Nile (WNV),
Rift Valley fever (RVFV), and Japanese Encephalitis (JEV) viruses have also been reported
in recent years, becoming emerging health problems [2,3].

Mosquitoes (Diptera: Culicidae) are widely distributed throughout the world (except
for Antarctica), with 3570 valid species and 130 subspecies thus far documented [1]. The
correct identification of mosquito species that may be involved in pathogen transmission is
the first step in the surveillance and control of mosquito-borne diseases and has been based
on morphological analysis of mainly adult specimens, but also fourth instar larvae [4–8].
Furthermore, several mosquito species can only be identified based on morphological
differences in the male genitalia (and occasionally on other male-specific structures), ren-
dering the identification of their female counterparts sometimes unsolved. Nevertheless,
the characteristics of male genitalia are structural, allowing accurate and reliable species
identification, in addition to being less susceptible to general body damage that is so
common in field samples. However, genitalia dissection is a fine and tedious process that
requires specific and specialized training [9]. Furthermore, some mosquitoes form closely
related, morphologically indistinguishable, cryptic species complexes, with each species
having ecological and host preferences and reproductive isolation, constituting biological
individual taxa. To overcome the difficulty in their identification, nucleic acids-based
molecular identification methods are used for, for example, members of multiple Anopheles
species complexes [10] and Culex (Culex) pipiens complex members [11].

So far, despite the medical importance of diseases such as dengue, yellow fever,
West Nile fever, Zika, and Rift Valley fever, studies aimed at the molecular identifica-
tion of vectors of arboviruses of African origin [12–16] are limited compared to those
regarding the analysis of malaria vectors, or even arbovirus vectors of non-African ori-
gin [17–28]. The molecular identification of many species occurring in countries such as
South Africa, Mozambique, and Angola that have high mosquito and viral richness are not
available [12,29–32]. Cytochrome c oxidase subunit I (CoxI) barcode sequences of many
Afrotropical mosquito vectors of arboviruses are lacking due to the underrepresentation
of specimens in the largest public genomic sequence databases most frequently searched
(BOLD and GenBank). Examination of the global representation of CoxI barcode Culicidae
species sequences in BOLD clearly reveals the underrepresentation of African-derived
taxa (https://www.boldsystems.org/index.php/Public_SearchTerms, accessed on 12 May
2022). Furthermore, it is essential to have reliable and comprehensively annotated reference
databases of verified sequences that can be used for comparison for species identifica-
tion [20]. Phylogenetic analyses based on some GenBank/BOLD records have suggested
that some partial genomic sequences obtained from mosquitoes have been incorrectly
assigned, a type of error that has already been identified in studies based on the CoxI
marker [25] and internal transcribed spacer of nuclear ribosomal DNA (ITS) [33].

The objectives of this work were: (i) to morphologically characterize Afrotropical
mosquitoes of the Culicinae subfamily, focusing on the analysis of genitalia of adult speci-
mens, in order to have morphological vouchers associated with a matching mitochondrial
CoxI sequence to be obtained sequently; (ii) to perform a phylogenetic reconstruction that
would allow the identification of the sequences obtained in this work, but that would
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also (iii) shed light on the agreement between phylogenetic tree topology and the current
morphology-based taxonomic arrangement.

2. Materials and Methods

2.1. Mosquito Sampling and Preparation of Male Mosquito Genitalia

The mosquito collection analyzed in this work represented a convenience sample com-
prising specimens previously collected in three countries in southern Africa (Mozambique,
South Africa, and Angola; Supplementary Material-SIV (File S-IV), Figure S1) between
2014 and 2018, within the scope of various scientific projects related to arbovirus detection
and epidemiology assessments of arboviruses. After collection and subsequent trans-
portation to the Institute of Hygiene and Tropical Medicine|NOVA University Lisbon
(IHMT|NOVA), these mosquitoes, listed in Supplementary Material-I (File S-I), Table S1,
were kept dehydrated in silica gel tubes at room temperature.

All mosquitoes were classified according to species, species complex, or species group
(where possible) based on the analysis of their morphological features, following the keys
of Edwards [4], Jupp [5], and Harbach [34]. The classification of the Aedini tribe followed
that of Wilkerson et al. [35] and taxa nomenclature as in https://mosquito-taxonomic-
inventory.myspecies.info/valid-species-list# (accessed on 12 May 2022).

The genitalia of all male, and some female, specimens were dissected and slide-
mounted for careful examination. The terminal part of the mosquito abdomen was sec-
tioned at the level of segment VII/VIII and immersed in Marc André’s solution for a
minimum of 7 days at room temperature. Afterward, mosquito genitalia were placed on a
slide with a drop of a polyvinyl-chloral-formo-phenol medium, dissected under a stere-
omicroscope, and covered with a coverslip [14]. Analysis of the different structures of the
mosquito genitalia and (sometimes) of maxillary palps, were carried out using an Olympus
microscope (BX5,1) and their identification and naming of parts followed the nomenclature
of Harbach and Knight [9]. Photographs were taken with an Olympus SC30 digital cam-
era and processed with the Zerene Stacker program (https://www.zerenesystems.com/,
accessed on 12 May 2022). In Culex subgenus Oculeomyia, we relied on the description by
Sirivanakarn [36] and Harbach [34] to confirm the identification based on the genitalia.

2.2. DNA Extraction, Partial Amplification of CoxI, and Culex Pipiens Complex Molecular
Identification

Total genomic DNA was extracted from mosquito legs and abdomens, as previously
described [14]. The barcode N-terminal region of the CoxI gene was amplified using the
specific primers (LCO1490 and HCO2198), using reaction conditions described by Folmer
et al. [37]. The amplified products of 658 bp were visualized under UV illumination
after electrophoresis in 2% agarose gels. Whenever a specific amplification product was
not observed, to obtain a CoxI-specific amplicon, an alternative strategy was used. This
entailed the use of primers LCO1490 and TL2-N-3014 and the thermal profile previously
described by Tchouassi et al. [38]. In case unsuccessful amplifications prevailed, a final
attempt called for the design of new primers using multiple alignments of CoxI nucleotide
sequences downloaded from the GenBank genomic database. These sequences were
aligned using MAFFT v7 (https://mafft.cbrc.jp/alignment/server/, accessed 10 November
2021), and these alignments served as a starting point for the design of degenerate primers
using the primer design-M tool (https://bio.tools/primerdesign-m, accessed 10 November
2021). The chosen primers (C_degF 5′-ACWTTATAYTTYATTTTYGG-3′ and C_degR 5′-
GTTARWARTAT-WGTAATWGC-3′) were used at a final concentration of 500 nM in 20 μL
PCR reactions containing 10 μL NZYTaq II 2x Green Master Mix (NYTech, Portugal),
2 μL of a 1:10 dilution of the original DNA extract, and 6 μL of nuclease-free water. The
amplification conditions included one denaturation step at 95 ◦C for 5 min, followed by
40 cycles of amplification (denaturation: 30 s at 95 ◦C; annealing: 40 s at 43 ◦C; extension:
1 min at 72 ◦C) and a final extension step for 5 min at 72 ◦C.
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A multiplex PCR assay that targets species-specific polymorphisms at the intron-2 of
the acetylcholinesterase gene intron-2 (Ace-2) sequence of Cx. pipiens Linnaeus, 1758 and
Cx. quinquefasciatus Say, 1823 was carried out with primers B1246s, ACEpip, and ACEquin,
as described by Smith and Fonseca [11], yielding a PCR product of 610 bp for Cx. pipiens
and 274 bp for Cx. quinquefasciatus. Differentiation of the Cx. pipiens ecotype molestus and
Cx. pipiens ecotype pipiens followed the analysis of the CQ11 microsatellite flanking region,
described by Bahnck and Fonseca [39], yielding a PCR-product approximately 200 bp in
size for Cx. pipiens form pipiens and 250 bp for form molestus.

2.3. Amplicon Sequencing and Nucleotide Sequence Analyses

The amplified PCR products corresponding to partial sequences of the CoxI gene
from each of the analyzed samples were purified and sequenced by the Sanger method
(STABVida, Lda. 2825-182 Caparica, Portugal) using primers LCO1490 or C_deg_F, and
the respective reverse primers when the obtained chromatogram lacked in quality. The
sequences obtained were edited using the Chromas tool version 2.6.6 (https://technelysium.
com.au/wp/, accessed on 10 November 2021). Low-quality sequences were excluded
during the editing process. In these cases, a new amplification was performed from the
same DNA extract. The purification and sequencing of the obtained amplification products
were also repeated, as described above. All amplification products were sequenced, which
ranged from 399–661 nucleotides. However, for phylogenetic and divergence analysis, only
sequences greater than 500 nucleotides were considered.

The search for homologous sequences available in publicly accessible genomic
databases (GenBank/ENA/DDBJ) was performed both with the BLASTn tool (https:
//blast.ncbi.nlm.nih.gov/Blast.cgi, accessed on 10 November 2021) and the taxonomy
search engine in the BOLDSystems v4 database (https://www.boldsystems.org/index.
php/IDS_OpenIdEngine, accessed on November 2021). These same tools were used for
the identification/confirmation of the identity of our sequences. Multiple sequence align-
ments were constructed using the G-INS-i iterative refinement method as implemented in
MAFFT v7. The obtained alignments were treated with Gblocks (http://phylogeny.lirmm.
fr/phylo_cgi/one_task.cgi?task_type=gblocks, accessed 10 November 2021) after selecting
the most permissive editing options. The evaluation of the phylogenetic signal of all used
sequence datasets was carried out using the likelihood-mapping method, as implemented
in the TREE-PUZZLE software [40].

For the phylogenetic sequence analysis, two different approaches were explored: the
Maximum Likelihood optimization criterion (ML) and a Bayesian phylogenetic inference-
based approach. For both, the first step of the analysis involved the choice of the best
nucleotide substitution model to be used (GTR + Γ, GTR + I or GTR + Γ + I models:
GTR-General Time Reversal; Γ-Gamma distribution; proportion I of invariant sites), using
the IQtree software [41], which was also used for ML phylogenetic reconstruction. The
topological support of the branches in the obtained trees was assessed with bootstrap
analysis and an approximate likelihood ratio test [aLRT], also implemented in Iqtree. In
either case, 1000 replicates of the original sequence data were used, and bootstrap or aLRT
values ≥ 75 (% of the total number of replicates) were considered as indicating strong
topological support.

Bayesian phylogenetic analyses were carried out using BEAST v1.10.4 software [42],
using the same sequence data sets and evolutionary models adopted for the ML analyses.
The Bayesian analyses consisted of two independent Markov chain Monte Carlo (MCMC)
runs until 1 × 108 states had been sampled at every 10,000th MCMC step (10% of which
were later discarded as burn-in). In all cases, chain convergence was assessed using Tracer
software v1.7.1 (http://beast.bio.ed.ac.uk/tracer, accessed on 10 November 2021), which
was also used to check for an adequate effective sample size (ESS) higher than 200 (after
the removal of the burn-in). The tree distribution was summarized using TreeAnnotator
software v1.8.3 as a maximum clade credibility (MCC) tree, using median heights as the
node heights in the tree. All the phylogenetic trees were visualized using FigTree v1.4.2
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software (http://tree.bio.ed.ac.uk/software/figtree/, accessed 10 November 2021). At
specific branches, a posterior probability value of ≥0.80 was considered as indicating strong
topological support. In all trees, the sequence of the species An. neomaculipalpus Curry, 1931
(KM592986.1) was used as the outgroup. The trees obtained with maximum credibility
(product of the Bayesian analysis) were selected to depict a topological organization of the
branches more compatible with a priori taxonomic expectations. Specific branches were
labeled with one to three “*” signs, according to the number of phylogenetic construction
methods/tests that confirmed such topology (aLRT and bootstrap/ML + posterior proba-
bility/Bayesian analyses). The original trees can be found in Supplementary Material-III
(File S-III).

The average intraspecific and interspecific genetic variation were calculated using
genetic distances corrected with the Kimura 2-parameter model (K2P), as implemented in
the MEGA X software.

Median Joining networks analysis was performed using SplitsTree5 5.0.0_alpha ap-
plication with default options [43] for computing unrooted phylogenetic networks from
alignments of sequences. The Neighbor Net method [44] was used (default options) to
obtain compatible splits, and the Splits Network Algorithm method [45] was used (default
options) to obtain split networks. Principal coordinates analysis was also carried out us-
ing the software available on the platform (https://www.hiv.lanl.gov/content/sequence/
PCOORD/PCOORD.html, accessed on 10 April 2022).

3. Results

3.1. Mosquito Identification: Morphological and Molecular

A total of 800 mosquitoes, comprising 652 (81.5%) males and 148 (18.5%) females, were
analyzed in this study. These included 73 specimens from Angola, 515 from South Africa,
and 212 from Mozambique, representing 67 species belonging to 10 genera: Aedeomyia (2),
Aedes (28), Coquillettidia (3), Culex (24), Eretmapodites (2), Ficalbia (1), Lutzia (1), Mansonia (2),
Mimomyia (2), and Uranotaenia (2) (File S-I, Table S1).

Of these, genitalia from 652 male and 11 female specimens were dissected and their
analysis confirmed the identification of 55 species (File S-IV, Table S1), a photographic
record of which can be found in Supplementary Material-II (File S-II). The respective slides
are deposited in the IHMT|NOVA Insect Collection.

From a subsample of genitalia-confirmed male Cx. pipiens and Cx. quinquefasciatus
and females from the Cx. pipiens complex, Ace2 multiplex PCR allowed us to confirm
8 specimens (2 females and 6 males) as Cx. pipiens and 18 as Cx. quinquefasciatus (7 females
and 11 males; File S-IV, Figure S2a). No hybrids were identified and four samples failed to
react. Multiplex PCR for the CQ11 microsatellite flanking region identified one of the Cx.
pipiens as the pipiens ecotype (EM305), two as the molestus ecotype (EM326 and EM332), and
four as hybrids of the two ecotypes (EM300, EM302, EM303, EM304), while no amplification
product was obtained for one male Cx. pipiens (EM306) (File S-IV, Figure S2b).

The amplification of the CoxI gene was successful in 247/333 specimens (74.2%). The
majority (n = 184) of the CoxI amplicons were obtained with the Folmer et al. [37] protocol,
while the remaining 63 sequences were obtained either with the Tchouassi et al. protocol
(n = 14) [38] or using the degenerate primers/protocol here described (n = 49). A total of
65 species were identified through molecular analysis (File S-IV, Table S2). Not all species
could be identified by both methods as in some, no males were available, and in others, no
amplification was obtained, leaving the total number of species identified by either method
as 67. Only 64% of the sequences obtained were correctly identified by the BOLD tool, i.e.,
corresponding to the genitalia-confirmed species, and 53% shared ≥95% identity with a
given species-specific sequence using the BLASTn tool. For eleven of these species, and
as far as we could ascertain, partial CoxI sequences are provided here for the first time.
These species include Ae. (Albuginosus) capensis Edwards, 1924; Ae. (Mucidus) mucidus
(Karsch, 1887); Cx. (Culex) andersoni Edwards, 1914; Cx. (Cux.) telesilla de Meillon and
Lavoipierre, 1945; Cx. (Eumelanomyia) inconspicuosus (Theobald, 1908); Er. subsimplicipes
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Edwards, 1914; Er. quinquevittatus Theobald, 1901; Fi. uniformis (Theobald, 1904); Mi.
(Mim) hispida (Theobald, 1910); Ur. (Uranotaenia) alboabdominalis Theobald, 1910; and Ur.
(Pseudoficalbia) mashonaensis Theobald, 1901 (the male genitalia of which are presented in
Figure 1).

 

Figure 1. Genitalia of male mosquito species whose partial sequence of the CoxI gene was obtained
for the first time in this study: (a,b) Ae. (Alb.) capensis, (c,d) Ae. (Muc.) mucidus, (e) Er. subsimplicipes,
(f) Er. quinquevittatus, (g,h) Cx. (Cux.) andersoni, (i,j) Cx. (Cux.) telesilla, (k,l) Cx. (Eum.) inconspicuosus,
(m) Fi. uniformis, (n) Mi. hispida, (o) Ur. (Ura.) alboabdominalis, (p) Ur. (Pfc.) mashonaensis. Most
photographs represent the whole genitalia, with the exception of (b) detail of gonostylus, (d) detail
of basal dorsomesal lobe, claspettes, and proteger, (g,i,k) phallosome, and (h,j,l) gonocoxite with
gonostylus.

3.2. Mosquito Identification Using Phylogenetic Reconstruction
3.2.1. Genus Aedeomyia

Aedeomyia sequences were grouped phylogenetically according to their subgenera
(Figure 2). Aedeomyia (Aedeomyia) africana Neveu-Lemaire, 1906 from Mozambique (File S-II
Figure S1) was grouped according to a conspecific sequence from Malawi and another from
Madagascar, Ad. (Ady) madagascarica Brunhes, Boussès & da Cunha Ramos, 2011. Those
from Kenya formed their own clade with a divergence of 6.9% ± 1.3 between the two Ad.
africana clades (Figure 2 and Supplementary Material File File S-IV, Table S3). Aedeomyia
(Lepiothauma) furfurea (Enderlein, 1923), both from Mozambique and South Africa, formed
a strong clade. The divergence between these two species was >10%. Networks and
PCOORD analyses agreed with that topology (File S-IV, Figure S3).
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Figure 2. Phylogenetic analysis of 15 partial coxI nucleotide sequences from Aedeomyia mosquitoes.
At specific branches, the number of * indicates the tree topological support revealed by the different
phylogenetic reconstruction methods, assuming relevant bootstrap and aLRT values above 75% and
posterior probability values above 0.80. The sequences obtained in this work are designated with
the “EM” code, while those with associated genitalia are indicated with horizontal blue arrows.
Reference sequences downloaded from the public databases are shown by their respective access
codes (Boldsystems) or accession numbers (GenBank), as well as the country of origin [South Africa
(ZA), Madagascar (MG), Malawi (MW), Mozambique (MZ), Kenya (KE)]. Vertical lines mark the
Aedeomyia and Lepiothauma subgenera.

3.2.2. Genus Aedes

Aedes sequences formed two main clusters, with species within subgenera Mucidus
and Ochlerotatus forming a cluster separated from species representing all the other Aedes
subgenera (Figure 3).

Figure 3. Phylogenetic analysis of 172 partial coxI nucleotide sequences from Aedes mosquitoes. At
specific branches, the number of * indicates the tree topological support revealed by the different
phylogenetic reconstruction methods, assuming relevant bootstrap and aLRT values above 75% and
posterior probability values above 0.80. In the collapsed branches are the species of the subgenera
and/or informal groups of the subgenera.
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Species in the subgenus Neomelaniconion formed a single, monophyletic, strongly
supported clade (Figure 4) in which Ae. (Neo.) mcintoshi Huang, 1985 (File S-II Figure
S16), Ae. (Neo.) unidentatus McIntosh, 1971, and Ae. (Neo.) circumluteolus (Theobald, 1908)
(File S-II Figure S15) were grouped in a clade with a variation of 1.2% ± 0.3 that overlapped
the interspecific divergence (1.1–1.4%) (File S-IV, Table S4). Aedes (Neo.) lineatopennis
(Ludlow, 1905) formed a sister clade, showing a divergence with the other species ≥ 5.4%.
Networks and PCOORD analyses supported these results (File S-IV, Figure S4).

 

Figure 4. Phylogenetic analysis of 172 partial coxI nucleotide sequences from mosquitoes of the genus
Aedes, presenting the subgenus Neomelaniconion. At specific branches, the number of * indicates the
tree topological support revealed by the different phylogenetic reconstruction methods, assuming
relevant bootstrap and aLRT values above 75% and posterior probability values above 0.80. The
sequences obtained in this work are indicated with the “EM” code, and those with associated genitalia
are indicated by horizontal blue arrows. The sequences downloaded from GenBank and Boldsystems
are indicated by their respective accession numbers and access codes (respectively); the symbol “.”
after the code of our sequence indicates that said sequence was not identified by Boldsystems. Their
country of origin [South Africa (ZA), Malawi (MW), Mozambique (MZ), Kenya (KE), Senegal (SN),
Thailand (TH)] are also indicated. The vertical line marks the subgenus Neomelaniconion and the
collapsed branches indicate the species of the subgenera and/or informal groups of the subgenera.

88



Diversity 2022, 14, 940

Most sequences of taxa in the subgenus Aedimorphus formed a polyphyletic clade,
separating into subclades according to their morphologically based groupings designated
by McIntosh [46] (Figure 5). However, Ae. (Adm.) cumminsii (Theobald, 1903) sequences
from Kenya, Guinea, and Senegal shared an inter-group variation that ranged from 0.7–2.3%,
according to the origin (File S-IV, Table S5), forming a clade distant from the conspecific
sequences from South Africa, which joined the Dentatus group, Ae. (Adm.) dentatus
(Theobald, 1904) (File S-II Figure S3) and Ae. (Adm.) pachyurus Edwards, 1936, to which
they belong. The divergence between these two groups of Ae. cumminsii was ≥7.4%.
Networks and PCOORD analyses corroborated this finding (File S-IV, Figure S5).

 

Figure 5. Phylogenetic analysis of 172 partial coxI nucleotide sequences from mosquitoes of the
genus Aedes, presenting the subgenus Aedimorphus. At specific branches, the number of * indicates
the tree topology support revealed by the different phylogenetic reconstruction methods, assuming
relevant bootstrap and aLRT values above 75% and posterior probability values above 0.80. The
sequences obtained in this work have the “EM” code and those with associated genitalia are indicated
by horizontal blue arrows. The sequences downloaded from GenBank and Boldsystems are indicated
by their respective accession numbers and access codes (respectively); the symbol “.” after the code of
our sequence indicates that said sequence was not identified by Boldsystems. Their country of origin
[South Africa (ZA), Spain (ES), Ghana (GH), Guinea (GN), Iran (IR), Malawi (MW), Mozambique
(MZ), Kenya (KE), Senegal (SN)] are also indicated. The vertical lines mark the informal groups and
the subgenus Aedimorphus; the collapsed branches are the species of the subgenera and/or informal
groups of the subgenera.
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The Stegomyia subgenus formed a monophyletic clade in which most species formed
well-supported species group clades (Figure 6). One exception was within the Simpsoni
group where Ae. (Stg.) simpsoni (Theobald, 1905) and Ae. (Stg.) bromeliae (Theobald, 1911)
formed a single clade with a variation of 1.1% ± 0.3, while the interspecific divergence
of the species in the clade was 1.3% ± 0.4. Ae. (Stg.) unilineatus (Theobald, 1906) formed
two monophyletic sister clades comprising sequences from either South Africa (File S-II
Figure S20) or Pakistan, with a global intraspecific variation of 3.4% ± 0.6 and an inter-clade
variation of 5.3% ± 0.9. Similarly, sequences from Ae. (Stg.) metallicus (Edwards, 1912)
(Figure S-II S19) formed two monophyletic sister clades, with an inter-clade distance of 7.4%
± 1.0. These results were corroborated by the networks and PCOORD analyses, evidencing
the near lack of separation of simpsoni/bromeliae, wider separation for the two groups of
unilineatus, and even greater separation for metallicus (File S-IV, Figure S6).

 

Figure 6. Phylogenetic analysis of 172 partial coxI nucleotide sequences from mosquitoes of the
genus Aedes, presenting the subgenus Stegomyia. At specific branches, the number of * indicates the
tree topological support revealed by the different phylogenetic reconstruction methods, assuming
relevant bootstrap and aLRT values above 75% and posterior probability values above 0.80. The
sequences obtained in this work are indicated with the “EM” code and those with associated genitalia
are indicated by horizontal blue arrows. The sequences downloaded from GenBank and Boldsystems
are indicated by their respective accession numbers and access codes (respectively); the symbol “.”
after the code of our sequence indicates that said sequence was not identified by Boldsystems. Their
country of origin [South Africa (ZA), Angola (AO), United States (US), Ecuador (EC), Russian
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Federation (RU), India (IN), Malawi (MW), Mozambique (MZ), Pakistan (PK), Kenya (KE), Tanzania
(TZ), Uganda (UG)] are also indicated. The vertical lines mark the informal groups and the subgenus
Stegomyia; the collapsed branches are the species of the subgenera and/or informal groups of
the subgenera.

Subgenus Diceromyia was paraphyletic, but the two species included—Ae. (Dic.)
furcifer (Edwards, 1913) and Ae. (Dic.) fascipalpis (Edwards, 1912), both represented by
specimens from South Africa (File S-II Figures S11 and S12)—formed species-specific clades
with strong support (Figure 7), confirmed in networks and PCOORD analyses (File S-IV,
Figure S7).

Figure 7. Phylogenetic analysis of 172 partial coxI nucleotide sequences from mosquitoes of the genus
Aedes, presenting the subgenera Diceromyia, Albuginosus, Fredwardsius, Catageiomyia, Ochlerotatus, and
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Mucidus. At specific branches, the number of * indicates the tree topological support revealed by
the different phylogenetic reconstruction methods, assuming relevant bootstrap and aLRT values
above 75% and posterior probability values above 0.80. The sequences obtained in this work are
indicated with the “EM” code and those with associated genitalia are indicated by horizontal blue
arrows. The sequences downloaded from GenBank and Boldsystems are indicated by their respective
accession numbers and access codes (respectively); the symbol “.” after the code of our sequence
indicates that said sequence was not identified by Boldsystems. Their country of origin [South Africa
(ZA), Belgium (BE), China (CN), Spain (ES), Ghana (GH), Guinea (GN), India (IN), Iran (IR), Malawi
(MW), Mozambique (MZ), Portugal (PT), Kenya (KE)] are also indicated. The vertical lines mark the
subgenera shown; the collapsed branches are the species of the subgenera and/or informal groups of
the subgenera.

Ochlerotatus sequences formed a strong clade, with equally strong paraphyletic sub-
clades; in these, Ae. (Och.) caballus (Theobald, 1912) (File S-II Figure S17) and Ae. (Och.)
juppi McIntosh, 1973, both from South Africa, segregated into closer subclades, while Ae.
caballus from Iran formed a separate cluster (Figure 7). Intraspecific variance within each of
the three groups was low (≤0.5% ± 0.2); interspecific divergence between Ae. caballus and
Ae. juppi from SA was 2.8% ± 0.7, and Ae. caballus from Iran had a divergence ≥ 3.6% ± 0.8
to either Ae. caballus or Ae. juppi from SA (File S-IV, Table S6). Networks and PCOORD
analyses also placed Ae. caballus and Ae. juppi from SA closer to one another and farther
apart from Ae. caballus from Iran (File S-IV, Figure S8).

The clade defining the subgenus Mucidus was strongly supported. Aedes (Muc.)
sudanensis (Theobald, 1908) and Ae. (Muc.) scatophagoides (Theobald, 1901) were grouped
in a single monophyletic cluster with an intra-clade variation of 0.9% ± 0.3 and an inter-
specific divergence of 0.6% ± 0.2. The Ae. mucidus sequence from a Mozambique specimen
segregated away from all Ae. scatophagoides with a divergence of 7.5% ± 1.2. Similarly,
networks and PCOORD analyses placed Ae. mucidus sequences far from the sudanensis and
scatophagoides, which were either pooled in an unsolved group or distributed along a single
“dimension” without segregation (File S-IV, Figure S9).

3.2.3. Genus Eretmapodites

Eretmapodites sequences formed monophyletic clades separating the various species
analyzed. Based on morphological features of male genitalia, Er. intermedius, Er. subsim-
ilicipes (File S-II Figure S22), and Er. chrysogaster were very similar and considered members
of the “Chysogaster group,” and separated quite distinctly from a clade consisting of a
sequence of Er. quinquevittatus from Mozambique (File S-II Figure S21), which had quite
different male genitalia and adult scutal patterns and a GenBank sequence denoted as
Er. silvestris Ingram and de Meillon, 1927 (Figure 8). Eretmapodites subsimplicipes showed
no intraspecific variation and diverged from Er. quinquevittatus by 9.3% ± 1.5 (File S-IV,
Table S7). Similar results were obtained with networks and PCOORD analyses (File S-IV,
Figure S10).

3.2.4. Genera Culex and Lutzia

Sequences from the genus Culex segregated into a highly polyphyletic topology, where
most species of subgenus Culex segregated into clusters intermingled with members of
other subgenera. Two major clades with support of one of the three methods were formed;
the first contained species of the subgenus Culex, namely, some members of the groups
Pipiens, Sitiens, the subgroup Vishnui, and the subgenus Oculeomyia; the second clade
contained species of the subgenus Culex, namely, members of the Pipiens and Duttoni
groups and the subgenus Culiciomyia. Other separate minor clades, without support among
one another, were formed by species of subgroups Sitiens and Decens and the subgenus
Eumelanomyia, with the genus Lutzia as a monophyletic clade (Figure 9).
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Figure 8. Phylogenetic analysis of 10 partial coxI nucleotide sequences from mosquitoes of the genus
Eretmapodites. At specific branches, the number of * indicates the tree topological support revealed by
the different phylogenetic reconstruction methods, assuming relevant bootstrap and aLRT values
above 75% and posterior probability values above 0.80. The sequences obtained in this work are
indicated with the “EM” code and those with associated genitalia are indicated by horizontal blue
arrows; the “Grp” indicated group is marked by vertical lines. The sequences downloaded from
GenBank and Boldsystems are indicated by their respective accession numbers and access codes
(respectively); the symbol “.” after the code of our sequence indicates that said sequence was not
identified by Boldsystems. Their country of origin [South Africa (ZA), Ghana (GH), Guinea (GN),
Mozambique (MZ), Kenya (KE), Uganda (UG)] are also indicated.

 

Figure 9. Phylogenetic analysis of 170 partial coxI nucleotide sequences from Culex and Lutzia
mosquitoes. At specific branches, the number of * indicates the tree topological support revealed by
the different phylogenetic reconstruction methods, assuming relevant bootstrap and aLRT values
above 75% and posterior probability values above 0.80. In the collapsed branches there are species of
the genus Lutzia and the subgenus and informal subgroups of the genus Culex; the vertical lines mark
the informal groups.

The Univittatus subgroup formed a strongly supported clade, within which Cx. (Cux.)
univittatus Theobald, 1901, Cx. (Cux.) neavei Theobald, 1906, and Cx. (Cux.) perexiguus
Theobald, 1903, (File S-II Figures S27–S29) segregated into well-supported monophyletic
clades (Figure 10). Sequences of Cx. perexiguus from South Africa and Mozambique
clustered with sequences from other African countries, Europe, and the Middle East, with
a divergence of 0.5% ± 0.2 between Cx. perexiguus from Europe and the Middle East and
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those from Africa (File S-IV, Table S8). Culex univittatus from Africa were segregated from
those of European origin. Networks and PCOORD analyses confirmed these results (File
S-IV, Figure S11).

Figure 10. Phylogenetic analysis of 170 partial coxI nucleotide sequences from Culex and Lutzia
mosquitoes, presenting the subgroup Univittatus. At specific branches, the number of * indicates the
tree topological support revealed by the different phylogenetic reconstruction methods, assuming
relevant bootstrap and aLRT values above 75% and posterior probability values above 0.80. The
sequences obtained in this work are indicated by the “EM” code and those with associated genitalia
are indicated by horizontal blue arrows. The sequences downloaded from GenBank and Boldsystems
are indicated by their respective accession numbers and access codes (respectively); the symbol
“.” After the code of our sequence indicates that said sequence was not identified by Boldsystems.
Their country of origin [South Africa (ZA), Angola (AO), United Arab Emirates (AE), Spain (ES),
Madagascar (MG), Malawi (MW), Mozambique (MZ), Pakistan (PK), Portugal (PT), Kenya (KE),
Turkey (TR)] are also indicated. The vertical line marks the subgroup Univittatus; the collapsed
branches are the species of the genus Lutzia and subgenera and/or informal groups of the genus Culex.
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Species of the pipiens complex, Cx. quinquefasciatus, and Cx. pipiens (File S-II Figures
S31 and S32), and all those molecularly typed as Cx. quinquefasciatus, Cx. pipiens (pipiens
ecotype plus hybrids of the pipiens and molestus ecotypes), formed a strongly supported
clade (Figure 11). This monophyletic clade included Cx. (Cux.) trifilatus Edwards, 1914
(File S-II Figure S36), specimens of Cx. pipiens ecotype molestus, and one that could not be
confirmed molecularly. The intra-clade variation supporting Cx. quinquefasciatus, Cx. pipiens
(pipiens ecotype plus pipiens-molestus hybrids), and Cx. trifilatus was 1.6% ± 0.3, while the
molestus ecotype diverged >2% in relation to the pipiens ecotype and Cx. quinquefasciatus,
and Cx. trifilatus diverged ≥ 2.9% from any of the Pipiens subgroup members (File S-IV,
Table S9). Similar results were obtained with networks and PCOORD analyses (File S-IV,
Figure S12).

 

Figure 11. Phylogenetic analysis of 170 partial coxI nucleotide sequences from Culex and Lutzia
mosquitoes, presenting the informal groups of the Culex subgenus. At specific branches, the number
of * indicates the tree topological support revealed by the different phylogenetic reconstruction
methods, assuming relevant bootstrap and aLRT values above 75% and posterior probability values
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above 0.80. The sequences obtained in this work are indicated by the “EM” code and those with
associated genitalia are indicated by horizontal blue arrows. The sequences downloaded from
GenBank and Boldsystems are indicated by their respective accession numbers and access codes
(respectively); the symbol “.” after the code of our sequence indicates that said sequence was not
identified by Boldsystems. Their country of origin [South Africa (ZA), Angola (AO), China (CN),
Ghana (GH), Guinea (GN), United Arab Emirates (AE), Spain (ES), New Caledonia (NC), Madagascar
(MG), Malaysia (MY), Malawi (MW), Mozambique (MZ), Pakistan (PK), Portugal (PT), Kenya (KE),
Thailand (TH), Vietnam (VN)] are also indicated. The vertical lines mark the informal subgroups; the
collapsed branches are the species of the genus Lutzia and subgenera and/or informal groups of the
genus Culex, in addition to the ecotypes of Cx. pipiens.

Sequences from South African Cx. (Cux.) theileri Theobald, 1903 (File S-II Figure S35),
another from a female originally identified (by us) as Cx. sp. (EM331) and Cx. (Cux.)
mirificus Edwards, 1913 from Malawi (sharing 100% CoxI identity with EM331), formed
sister clades with other sequences of Cx. theileri from Spain, Portugal, and Pakistan, with an
intraspecific variation of 0.8% ± 0.2 (Figure 11). These were joined by Cx. (Cux.) perfuscus
Edwards, 1914 and Cx. andersoni (File S-II Figure S24), forming a larger, well-supported
monophyletic clade, a pattern that was supported by networks and PCOORD analyses
(File S-IV, Figure S13).

Culex spp. of the subgroup Simpsoni formed a strongly supported clade in which
the sequences of Cx. (Cux.) simpsoni Theobald, 1905 from this study, which had been mor-
phologically confirmed through the male genitalia (File S-II Figure S33), did not segregate
from the sequences of Cx. (Cux.) sinaiticus Kirkpatrick, 1925 from GenBank (Figure 11).
Intraclade, intraspecific and interspecies divergence values overlapped, ranging from 0.2%
to 0.4% (±0.1–0.2). These species were neither segregated by networks nor PCOORD
analyses (File S-IV, Figure S14).

Subgenus Oculeomyia formed a monophyletic clade with branch support in only one
of three methods (Figure 12); Culex (Ocu.) bitaeniorhynchus Giles, 1901 (File S-II File S44), Cx.
(Ocu.) infula Theobald, 1901 (File S-II Figure S43), Cx. (Ocu.) annulioris Theobald, 1901 (File
S-II Figure S41), and Cx. (Ocu.) poicilipes (Theobald, 1903) (File S-II Figure S42) sequences
formed sister clades. However, the clades containing Cx. bitaeniorhynchus and Cx. infula
were not species-specific; rather, sequences were grouped according to geographic origin,
separating African specimens from ones originating in Asia. Hence, to unravel the relation
of these taxa, we performed a further phylogenetic reconstruction with a larger data set
(File S-IV, Figure S15). Similarly, African sequences obtained in this work deviated from
the large clade formed by sequences from Asia and the Middle East, without separation of
Cx. bitaeniorhynchus and Cx. infula. The distance between the various groups of sequences
from the various countries of origin, or of different species, did not surpass 3%, and the
divergence of these clades ranged between 2.0–2.7% (File S-IV, Table S10a,b). Networks
and PCOORD analyses (File S-IV, Figure S16) still failed to separate Cx bitaeniorhynchus
from Cx. infula.

The subgenus Culiciomyia was grouped into a defined clade with strong branch sup-
port, where Cx. (Cui.) cinereus Theobald, 1901 and Cx. (Cui.) nebulosus Theobald, 1901 (File
S-II Figures S38 and S39) formed equally strong monophyletic clades (Figure 12) with low
intraspecific variation for each branch (≤0.4%), diverging by 3.6% ± 0.8.

Eumelanomyia sequences were grouped in an external clade of the remaining Culex
subgenera (Figure 12), with Cx. inconspicuosus from South Africa (File S-II Figure S40)
forming a strong clade with an intraspecific variation of 0.8% ± 0.3.
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Figure 12. Phylogenetic analysis of 170 partial coxI nucleotide sequences from Culex and Lutzia
mosquitoes, presenting the subgenera Oculeomyia, Culiciomyia, and Eumelanomyia. At specific
branches, the number of * indicates the tree topological support revealed by the different phy-
logenetic reconstruction methods, assuming relevant bootstrap and aLRT values above 75% and
posterior probability values above 0.80. The sequences obtained in this work are indicated by the
“EM” code and those with associated genitalia are indicated by horizontal blue arrows. The sequences
downloaded from GenBank and Boldsystems are indicated by their respective accession numbers
and access codes (respectively); the symbol “.” after the code of our sequence indicates that said
sequence was not identified by Boldsystems. Their country of origin [South Africa (ZA), China (CN),
Japan (JP), Malawi (MW), Mozambique (MZ), Pakistan (PK), Kenya (KE), Vietnam (VN), Uganda
(UG)] are also indicated. The vertical lines mark the subgenera of Culex; the collapsed branches are
the species of the genus Lutzia and informal groups of the genus Culex.

Sequences derived from Lutzia (Metalutzia) tigripes (de Grandpre & de Charmoy, 1901)
from Angola and South Africa (File S-II Figure S45) were pooled with conspecific ones
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from other African countries (Figure 13). When analyzing the relationship of the genus
Lutzia with the other genera studied in this work, it grouped within a strongly supported
clade that combined it with species of the subgenera Culex, Oculeomyia, and Culiciomyia
(Figure 14).

 

Figure 13. Phylogenetic analysis of 170 partial coxI nucleotide sequences from mosquitoes of the
Culex and Lutzia genera, presenting the Lutzia genus. At specific branches, the number of * indicates
the tree topological support revealed by the different phylogenetic reconstruction methods, assuming
relevant bootstrap and aLRT values above 75% and posterior probability values above 0.80. The
sequences obtained in this work are indicated by the “EM” code and those with associated genitalia
are indicated by horizontal blue arrows. The sequences downloaded from GenBank and Boldsystems
are indicated by their respective accession numbers and access codes (respectively). Their country of
origin [South Africa (ZA), Angola (AO), Australia (AU), Ghana (GH), French Guiana (GF), Japan (JP),
Malawi (MW), Mexico (MX), Kenya (KE), Thailand (TH)] are also indicated. The vertical lines mark
the Culex genus and the Lutzia genus and its subgenera.
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Figure 14. Phylogenetic analysis of 179 partial coxI nucleotide sequences from mosquitoes of the
genera Aedeomyia, Aedes, Coquillettidia, Culex, Lutzia, Mimomyia, and Uranotaenia. At specific branches,
the number of * indicates the tree topological support revealed by the different phylogenetic recon-
struction methods, assuming relevant bootstrap and aLRT values above 75% and posterior probability
values above 0.80. The collapsed branches indicate the different genera; “sgr” indicates the subgroup.

3.2.5. Genera Ficalbia and Mimomyia

The CoxI sequence obtained from Fi. uniformis (File S-II Figure S46) clustered inside
the Mimomyia radiation, distant from the Fi. minima clade (Figure 15). Sequences of Mi.
(Mimomyia) mimomyiaformis (Newstead, 1907) (File S-II Figure S47) and Mi. (Mim) hispida
(File S-II Figure S48) clustered in a large clade, in which the former was organized into two
strongly supported paraphyletic clades, with an overall intraspecific variation of 0.9% ± 0.3
(File S-IV, Table S11). Networks and PCOORD analyses revealed an identical pattern (File
S-IV, Figure S17).

 

Figure 15. Phylogenetic analysis of 33 partial coxI nucleotide sequences from mosquitoes of the
Ficalbia and Mimomyia genera. At specific branches, the number of * indicates the tree topological
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support revealed by the different phylogenetic reconstruction methods, assuming relevant bootstrap
and aLRT values above 75% and posterior probability values above 0.80. The sequences obtained
in this work are indicated by the “EM” code and those with associated genitalia are indicated by
horizontal blue arrows. The sequences downloaded from GenBank and Boldsystems are indicated by
their respective accession numbers and access codes (respectively); the symbol “.” after the code of
our sequence indicates that said sequence was not identified by Boldsystems. Their country of origin
[South Africa (ZA), China (CN), Gabon (GA), Malawi (MW), Mozambique (MZ), Kenya (KE)] are
also indicated. The vertical lines mark the subgenera of Mimomyia and Etorleptiomyia.

3.2.6. Genus Coquillettidia

Sequences from the South African Cq. (Coquillettidia) chrysosoma (Edwards, 1915)
specimens (File S-II Figure S51) grouped with Cq. (Coq.) fuscopennata (Theobald, 1903), Cq.
(Coq.) aurites (Theobald, 1901), and Cq. chrysosoma sequences from Kenya, with an intra-
clade variation of 0.2% ± 0.1 (Figure 16). Sequences of Cq. fuscopennata from South Africa
(File S-II Figure S49) clustered with a sequence from Malawi in a monophyletic clade with
an intraspecific variation of 0.5% ± 0.2, while another clade clustered GenBank sequences
from Cq. fuscopennata, Cq. (Coq.) versicolor (Edwards, 1913) and Cq. (Coq.) microannulata
(Theobald, 1911). The sequence of Cq. (Coq.) metallica (Theobald, 1901) from Mozambique
(File S-II Figure S50) clustered in a monophyletic clade with an intraspecific variation of
1.1% ± 0.3. This was confirmed by network and PCOORD analyses (File S-IV, Figure S18).

 

Figure 16. Phylogenetic analysis of 26 partial coxI nucleotide sequences from mosquitoes of the
genus Coquillettidia. At specific branches, the number of * indicates the tree topological support
revealed by the different phylogenetic reconstruction methods, assuming relevant bootstrap and
aLRT values above 75% and posterior probability values above 0.80. The sequences obtained in this
work are indicated by the “EM” code and those with associated genitalia are indicated by horizontal
blue arrows. The sequences downloaded from GenBank and Boldsystems are indicated by their
respective accession numbers and access codes (respectively); the symbol “.” after the code of our
sequence indicates that said sequence was not identified by Boldsystems. Their country of origin
[South Africa (ZA), Madagascar (MG), Malawi (MW), Mozambique (MZ), Kenya (KE), Uganda (UG)]
are also indicated.
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3.2.7. Genus Mansonia

Mansonia (Mansonioides) africana (Theobald, 1901) and Ma. (Mnd.) uniformis (Theobald,
1901) were identified in this study based on female and male genitalia structures (File S-II
Figures S52 and S53). Sequences of Ma. uniformis, from the Afrotropical and Indomalayan
regions, were placed in two sister clades (Figure 17) with low intra-clade variation (ranging
from 0.4 to 0.7%) but diverging from one another by 4.1% ± 0.9. Mansonia africana joined
conspecific sequences from various African origins, with a divergence from Ma. uniformis
≥9%. These results were congruent with the network and PCOORD analyses (File S-IV,
Figure S19).

 
Figure 17. Phylogenetic analysis of 31 partial coxI nucleotide sequences from mosquitoes of the genus
Mansonia. At specific branches, the number of * indicates the tree topological support revealed by the
different phylogenetic reconstruction methods, assuming relevant bootstrap and aLRT values above
75% and posterior probability values above 0.80. The sequences obtained in this work are indicated by
the “EM” code and those with associated genitalia are indicated by horizontal arrows (blue = males,
red = females). The sequences downloaded from GenBank and Boldsystems are indicated by their
respective accession numbers and access codes (respectively). Their country of origin [South Africa
(ZA), China (CN), India (IN), Malawi (MW), Mozambique (MZ), Kenya (KE), Sri Lanka (LK), Thailand
(TH)] are also indicated.

3.2.8. Genus Uranotaenia

Uranotaenia alboabdominalis (File S-II Figure S55) formed a strongly supported mono-
phyletic clade (Figure 18) with an intraspecific variation of 0.2% ± 0.1. The sequences from
Ur. mashonaensis (File S-II Figure S54) clustered into a monophyletic clade with strong sup-
port; however, the intraspecific variation was 4.1% ± 0.8, with a divergence of 5.6% ± 1.1
between the two branches.
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Figure 18. Phylogenetic analysis of 13 partial coxI nucleotide sequences from mosquitoes of the genus
Uranotaenia. At specific branches, the number of * indicates the tree topological support revealed by
the different phylogenetic reconstruction methods, assuming relevant bootstrap and aLRT values
above 75% and posterior probability values above 0.80. The sequences obtained in this work are
indicated by the “EM” code and those with associated genitalia are indicated by horizontal blue
arrows. The sequences downloaded from GenBank and Boldsystems are indicated by their respective
accession numbers and access codes (respectively); the symbol “.” after the code of our sequence
indicates that said sequence was not identified by Boldsystems. Their country of origin [South Africa
(ZA), China (CN), Guinea-Bissau (GW), Malawi (MW), Thailand (TH)] are also indicated. The vertical
lines mark the subgenera Uranotaenia and Pseudoficalbia.

4. Discussion

The genitalia of 663 mosquitoes (both male and female) were dissected and 55 species
were identified; 247 partial sequences of the CoxI gene from 65 species were obtained and
analyzed using complementary approaches, yielding a total of 67 species from 10 genera,
identified by either method. This corresponded to circa 40% (60/150) of Culicinae mosquito
fauna from South Africa and 34% (31/91) from Mozambique. Eleven of these partial CoxI
sequences are, to the best of our knowledge, here published for the first time, with corre-
sponding morphologic confirmation. Curiously, a considerable proportion of sequences
that were generated failed to be identified either using the BOLD taxonomy tool (36%) or
BLASTn (47%). In these cases, formal species assignment was carried out based on a fine
morphological confirmation (genitalia) and/or by phylogenetic reconstruction.

Interspecific congeneric distances ranged between 1% and 20%, with mean values be-
tween 7% and 15% (Fiel S-IV Table S12). These values are mostly within the range observed
for divergence in congeneric species, 2.3–21.8%, although the majority of cases are in the
4–11% interval (Ashfaq et al., 2014; Wang et al., 2012; refs. [21,27]). Low divergence values
in congeneric taxa, such as 0.6–2.0%, can be interpreted as species of recent divergence [47].
Divergence between conspecific specimens typically ranges between 0% and 2.4% [21,27]
or as high as 3% or 5.4% [18,48].

In some instances, divergence values > 2% in conspecific sequences were observed;
hence, they were greater than expected in members of the same taxa; conversely, divergence
values < 2% between taxa of different species were also obtained, revealing a failure of the
CoxI marker to separate such taxa.

Higher than expected genetic diversity was observed in Ad. africana, where sequences
from Malawi and Mozambique on the one hand and Kenya on the other formed separate
clades with a divergence of 6.9%. Aedes cumminsii from South Africa fell within the Dentatus
group as expected, jointly with Ae. dentatus from South Africa, a vector of RVFV and the
Middelburg virus (MIDV) [2,3], while sequences from Kenya, Guinea, and Senegal formed
a separate clade, diverging from the former by >7%. Aedes unilineatus, a monotypic member
of the Unilineatus group [5] was considered a potential vector of ZIKV [49], with a very
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wide distribution in sub-Saharan Africa, the Middle East, and Asia [1], in which South
African sequences and those originally from Pakistan had an interclade variation of 5.3%.
Aedes metallicus, the monotypic member of the Metallicus group [5], an important vector
of sylvatic YFV and potential vector of ZIKV in Africa [2], had high sequence divergence
of 7.4% between South Africa and Mozambique versus that from Kenyan specimens.
Aedes furcifer from South Africa, Kenya, and Senegal, had an intraspecific variation of
8.1%. Aedes caballus from South Africa clustered separately from those originating in Iran,
with a divergence of ≥3.6% between them. Mansonia uniformis formed separate clades,
according to African or Indomalayan-Asian origin, with a divergence of 4% between them.
Uranotaenia mashonaensis from South Africa had a considerable variation of 4.1%.

Such divergence may be explained, in some cases, by comparing sequences of natu-
rally different conspecific populations collected far apart geographically, such as in this
study with Ae. unilineatus, Ae. caballus, and Ma. uniformis, which compared sequences of
specimens originating from South Africa to those from the Asian region. However, others
such as Ad. africana, Ae. cumminsii, Ae. metallicus, Ae. furcifer, and Ur. mashonaensis exhibited
a large genetical divergence in sequences between specimens originating from a span of
regional context in the African continent, e.g., South Africa, Mozambique, and Kenya.

It is not surprising that Aedes cumminsii, a vector of MIDV, Spondweni virus (SPOV),
and RVFV [2], had considerable within-species sequence variations, as it is likely a sibling
species complex. Throughout its broad savanna- and forest-dwelling distribution in Africa,
many morphological variations have been noted (AJC personal communication and [4]). In
addition, Ae. cumminsii has undergone some taxonomic confusion since it was originally
described as a now designated valid subspecies, ssp mesostictus [1], which was originally
named ssp mediopunctatus (Theobald, 1909) and later placed synonymously and elevated
to a subspecies of Ae. cumminsii [50]. This subspecies was originally described from
specimens collected in Ghana and differs from the typical form of Ae. cumminsii by the
presence of small basal median whitish spots on the abdominal tergites in both sexes [4,5];
however, McIntosh [46] suggested that this subspecies occurs only in southern Africa.
We identified Ae. cumminsii with the typical features of the subspecies mesostictus in
northeastern South Africa, such as Guarido et al. [12], with a divergence of >7% from
specimens from Kenya [15].

A lack of CoxI sequence separation of taxa of different species was found between Ad.
madagascarica and Ad. africana; Ae. mcintoshi, Ae. circumluteolus, and Ae. unidentatus; Ae.
simpsoni and Ae. bromeliae; Ae. scatophagoides and Ae. sudanensis; Cx. quinquefasciatus and Cx.
pipiens; Cx. simpsoni and Cx. sinaiticus; and Cx. bitaeniorhynchus and Cx. infula. In these cases,
they could not be correctly segregated into species-specific clusters either by traditional
phylogenetic reconstruction, networks, or PCOORD analyses. Fortunately, although being
morphologically similar species, they can still be differentiated by fine morphological
details or male genitalia. Furthermore, genetic distance analysis disclosed overlapping
intra- and inter-specific values, circa <2%, showing a limitation in their resolution capacity.
Such overlap has been responsible for misidentifications and impossibilities of delimiting
species based on pairwise distances [17,51]. One such example includes the segregation
of Ad. africana from Mozambique (EM_245, LC662529) and Malawi (LC473725) with Ad.
madagascarica (MK033247.1). Although Ad. madagascarica has only been described in
Madagascar, the genetic divergence between this species and Ad. africana was only 0.2%.
In a contrasting situation, Ad. africana CoxI sequences from neighboring countries were
separated as aforementioned, raising the need for further clarification of the significance
of both the similarity between sequences of Ad. madagascarica and Ad. africana from
Mozambique and Malawi and the divergence of Ad. africana from Mozambique and
Malawi versus Kenya.

Among the Aedes, the subgenus Neomelaniconion includes potential vectors of ar-
boviruses, such as Ae. mcintoshi, a major vector of RVFV, and Ae. circumluteolus and Ae.
unidentatus as potential RVFV vectors [2], but also potential vectors of the Shuni virus
(SHUV) [31]. These three taxa could not be differentiated through phylogenetic reconstruc-
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tion, in agreement with previous findings [12,13]. Evidence from Kenya suggests that Ae.
mcintoshi forms a complex of morphologically indistinguishable species, with discordant
results between CoxI and ITS markers [38], particularly ITS2, thereby failing to resolve
species and species complexes in the subgenus Neomelaniconion in Madagascar [52].

Culex pipiens and Cx. quinquefasciatus, which are members of the Culex pipiens complex,
not only display wide geographic distribution but are also highly relevant in the trans-
mission of various pathogens, including arboviruses such as USUV, WNV, and SINV [1].
The female specimens of the two species are morphologically similar but differ in their
vectorial efficiency and may occur sympatrically; additionally, hybridization has been
reported in some locations [53–55], but not in South Africa [53]. In this study, the absence of
pipiens-quinquefasciatus hybrids in southern Africa was also noted. Hybrids of the molestus
and pipiens ecotypes, which, so far, have only been reported in the United States [56],
Southern Europe [55], and North Africa [57], have also been described in this work as
male Cx. pipiens specimens from South Africa. Curiously, while CoxI analyses could not
resolve the closely convergent Cx. quinquefasciatus and Cx. pipiens into species-specific
clusters, the molestus ecotype sequences clustered out, diverging 2.2–2.8% in relation to
pipiens ecotype, pipiens-molestus hybrids, and Cx. quinquefasciatus. Other studies have
reported an intraspecific variation in Cx. pipiens (3%), larger than the interspecific distance
with Cx. quinquefasciatus (1.6%) and their lack of separation [18,24]. The CoxI gene has
been successful in differentiating members of the Cx. pipiens complex, though with low
variability; therefore, it may not be the better marker to infer the evolutionary relationship
of such close taxa, and more polymorphic markers or a multilocus analysis may be more in-
formative [58]. A lack of differences in CoxI between different species can also be explained
by possible introgression of mitochondrial DNA after several interspecific crosses, which
was proven for Culex species using several DNA markers [58].

Culex bitaeniorhynchus and Cx. infula belong to the Cx. bitaeniorhynchus complex of
the subgenus Oculeomyia; Cx. bitaeniorhynchus has a wide distribution, being present in
tropical and subtropical areas of the Afrotropical, Southern Palearctic, and Indomalayan
regions, and on the mainland and islands of Southeast Asia and Australasia [1], and
can be involved in the transmission of arboviruses [34]. Its status, as well as that of
Cx. infula and Cx. ethiopicus Edwards, 1941, has been the subject of controversy [34,36].
The morphological characteristics of the specimens identified as Cx. bitaeniorhynchus
(synonymous Cx. ethiopicus) corresponded to those described by Edwards [4] and Jupp [5],
while the specimen of Cx. infula from Mozambique only allowed us to ascertain it as a
Cx. sp., confirmed by the analysis of the genitalia. Malawian mosquitoes identified as Cx.
ethiopicus were found to differ in the shape of the wing scales and diverge in the CoxI gene
> 2% with Cx. bitaeniorhynchus from Asia [13]. In our study, the genetic divergence ranged
from 2.0% (±0.6) to 2.7% (±0.7) with sequences from Asia, and the tree topology, networks,
and PCOORD analysis suggest that CoxI does not have discriminating power for separating
Cx. bitaeniorhynchus from Cx. infula. The Cx. infula CoxI sequence from Mozambique also
deviated from Cx. infula from Asia by a similar range. So far, Cx. infula has only been
described in Asia [1]; however, we were able to confirm its previous identification by
Ribeiro in Angola of five male specimens which he designated as Cx. bitaeniorhynchus [59].
Furthermore, specimens collected in Africa continue to be classified as Cx. bitaeniorhynchus
and Cx. ethiopicus, according to Edwards’ [4] nomenclature [13,29]. Altogether, based on the
evidence presented, we believe that most of the specimens identified as Cx. bitaeniorhynchus
in Africa actually are Cx. infula, a situation that Harbach [34] had already anticipated.

Aedes aegypti Linnaeus, 1762 is one of the most important vectors of several global
health impact arboviruses, such as DENV, ZIKV, CHIKV, and YFV, not only in Africa but
globally [1,2,60]. In the phylogenetic analysis, all sequences of Ae. aegypti grouped into
a single clade with strong branch support. Although this clade was divided into two
branches, albeit only one with reasonable support, and both with a very small distance,
there were no data to support the notion that these may correspond to either subspecies
Ae. aegypti aegypti or Ae. aegypti formosus Walker, 1848. Our samples and data set were not
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adequate for such a separation as no clear morphological differentiation was noticed in our
specimens. A small set of sequences (N = 10) was analyzed, and for low variability data,
as in this case, the phylogenetic study performed was not that indicated, and haplotype
analyses of markers such as mtDNA ND4 [61] or microsatellites [62] were necessary.

As to the arrangement of genera, on the whole, Aedes sequences formed clusters
that mainly corresponded to the subgenera, in agreement with the morphology-based
taxonomy, including the informal groups proposed by McIntosh for the species of Sub-
genus Aedimorphus [5,46]. Subgenera Neomelaniconion, Stegomyia, Catageiomyia, Fredwardsius,
Ochlerotatus, and Mucidus formed monophyletic clades, but Diceromyia, Aedimorphus, and
Albuginosus did not. Subgenus Diceromyia was represented by Ae. furcifer and Ae. fascipalpis,
which, although well separated, yielded a paraphyletic arrangement. Genus Aedes is a
highly complex entity, the taxonomy of which is in dire need of clarification [35], and that
mitogenome evolutionary analysis has shown to be paraphyletic [63].

Genus Culex segregated into a highly paraphyletic topology, where most species of sub-
genus Culex coincided with the informal groups and subgroups proposed by Harbach [64];
however, mitogenome phylogenetics has found genus Culex to be monophyletic [63]. To
the best of our knowledge, this is the first phylogenetic study including African members
of the subgenus Culiciomyia. While sequences of only two species were included in this
study, the monophyly of Culiciomyia was well supported, and the CoxI marker performed
well in the discrimination of Cx. nebulosus and Cx. cinereus. Multiple species of Culiciomyia
occur in Africa and all have identical female and male external morphologies, relying solely
on male genitalia structures for species identification [65]. Separation of species by CoxI
gene sequences may be fruitful in the case of Culiciomyia.

Lutzia tigripes is the only representative of the genus Lutzia in the Afrotropical re-
gion [1], clustering as a monophyletic assemblage within the Culex radiation, as previously
found with CoxI and ITS2 [20,22,66]. Morphological data from adults and larvae support
different patterns of relationships between Lutzia and Culex [67], while a recent analysis of
the complete mitochondrial genome concluded that Lutzia forms a monophyletic group
with genus status [68], emphasizing the limitations of phylogenetic studies with a single
marker. However, the classification controversy is not limited to the genus Lutzia. Support
for the monophyly of Culicini generic-level groups is granted for all except subgenera
Culex, Eumelanomyia, and Neoculex [67]. Our analysis could not confirm subgenus Culex
as a monophyletic group, while Eumelanomyia formed a clade distant from the remaining
Culex, in agreement with previous works [23,28,69]. Nevertheless, the study of all gen-
era together yielded some interesting results; except for subgenus Eumelanomyia of Culex,
there was support for tribes Aedini, Culicini, Ficalbiini, and Mansoniini, in agreement
with the monophyly of genera Mansonia, Coquillettidia, and Culex, through mitochondrial
phylogenomics [63].

In most of these cases, representative studies involving more taxa, a higher number
of specimens per taxa sampled over a wider geographic range, and merging morpholog-
ical and molecular characterization are needed to unravel the specific status of different
populations and characterize species complexes in Africa and their relationship with their
members elsewhere and/or the monophyly/paraphyly of some subgenera or genera. The
systematics within the Culicini tribe cannot be resolved with morphological data alone [67],
stressing the relevance of obtaining new molecular data.

Circa 40% (36–47%) of the sequences obtained in this study could not be correctly
identified using BOLD and BLASTn as identification tools; this was because (i) the sequence
was obtained for the first time, (ii) they had been obtained from members of species
complexes, or (iii) there was an incorrect assignment, including at the genus level, such as
sequences from Cx. inconspicuosus and Ae. durbanensis that were identified in BOLD as Ae.
argenteopuntatus and Cx. tritaeniorhynchus, respectively, with >99% probability. Although
studies that associate morphological and CoxI barcode-based molecular identifications are
increasing, few include a definite diagnostic identification [20,24,48]. This absence is a
potential source of error, as many species are only distinguishable by subtle morphological
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differences in the male genitalia. In fact, we have detected sequences from the barcode
fragment of the CoxI gene from GenBank and Boldsystems which, given their phylogenetic
signal, suggested the possibility of misassignment to another species. Examples of such are
the Coquillettidia heterospecific sequences that clustered with our sequence of Cq. chrysosoma
and the sequence ascribed to Er. Silvestris, which had complete identity with our sequence
of Er. quinquevittatus, given that in both cases we had the morphology-based identification
to the level of male genitalia for our sequences. This type of error has already been identified
in other studies based on the CoxI marker [25,26] and ITS [33]. Such species assignment
errors are perpetuated and amplified when authors consider only genetic similarities with
previous GenBank entries. CoxI-based barcoding should complement morphologically-
based identification [20], rather than species identification being based only on genetic
similarities with existing sequences in the GenBank database [15].

Incorrect assignments also cause irregular situations in the BINs (barcode index num-
bers) assigned to what the BOLD system defines as operational taxonomic units, ideally
corresponding to different species. For example, as in the case of the Aedeomyia species
from the Afrotropical region, where three BINs were identified, the first for Ad. furfurea
from Malawi (BOLD:AEH5592), the second BIN was shared between Ad. madagascarica
and Ad. africana (BOLD:ADV5603) and the third was shared between Ad. africana and Ad.
furfurea (BOLD:ACK8488). In the third case, there may have been an incorrect assignment
of certain sequence(s) to the species Ad. furfurea, a situation that phylogenetic analysis was
able to resolve. In other cases, more than one species clustering into one BIN have been
registered, and another species has been split into more than one BIN [26].

5. Conclusions

Our study has contributed to the barcode library of Afrotropical mosquitoes, some
of which are known potential vectors of arboviruses [2,3] or have recently been found to
be so, or carriers of insect specific flavivirus [30–32,70]. This was achieved by associating
careful morphologically identified referenced voucher specimens to specific molecular
marker CoxI partial sequences. However, partial CoxI sequences have been shown to fail in
unambiguously discriminating some proximal species or members of species complexes in
addition to overestimating the diversity of Culex spp. [17]. Hence, it will be necessary to use
alternative molecular markers, including nuclear, such as Ace2 [11], microsatellites [54–56],
or mitochondrial, such as ITS, to molecularly delineate species. However, that may prove to
not always be sufficient [52] and other markers such as 16S [26], ND4 [71], or the complete
mitochondrial genome [63,68] may be required.
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Abstract: Several pathogens are known to be transmitted by arthropods. One of the most relevant,
in economic terms, affecting animals is bluetongue virus. Its known vectors are several species
of Culicoides midges. In Europe, the considered main vector species are Culicoides imicola and
Culicoides obsoletus, though other species may be implicated at different levels. In the present work,
the activity of these vector species between sunset and sunrise from May to November is analyzed
according to their captures in a rotator bottle collector adapted to a light trap. Additionally, the
Culicoides populations of two areas in Mallorca (Spain) with different characteristics (rural vs. urban)
are compared. The results indicated that June is the month of higher abundance of C. obsoletus in
our climatic conditions—being active during the first three hours after sunset. Conversely, C. imicola
reached the maximum level of captures during October, and captures were more evenly distributed
during the night. Collections from the two areas revealed that Culicoides populations were composed
by the same species; however, abundance and sex ratio presented marked differences. These results
add valuable insight into the ecology of Culicoides and may be used to design more accurate strategies
to control diseases associated with Culicoides.

Keywords: Bluetongue; bottle rotator; Culicoides imicola; Culicoides obsoletus; sex ratio; Spain

1. Introduction

Culicoides Latreille (Diptera: Ceratopogonidae) midges are small (1–3 mm) Nematocera
insects known to act as vectors of several pathogens. The most important, from an economi-
cal point of view, are bluetongue (BT) and African horse sickness [1]. However, a significant
number of other pathogens –ranging from nematodes to several types of virus—may be
transmitted to animals and humans by the bites of some species of Culicoides [2–4]. In
Europe, the Southern species Culicoides imicola Kieffer 1913 and the Northern species from
the Obsoletus complex ((mainly C. obsoletus (Meigen 1818) and Culicoides scoticus Downes
and Kettle 1952)) are considered to play a major role in the transmission of BT disease [5–9].
An large number of BT outbreaks have occurred in Europe since 2000, when it was detected
for the first time in the Balearic Islands (Spain) [10,11]. Nowadays, restrictive and prophy-
lactic measures have succeeded in reducing the incidence of BT disease in Europe [12,13].
However, a certain degree of entomological and serological surveillance should always be
maintained since one of the main entry pathways of the disease to Europe is considered to
be via infected Culicoides transported by warm air currents from North Africa to southern
Europe [14–16].

Due to their small size and, as a result, the difficulty in rearing the vector species of
Culicoides in laboratory conditions, knowledge of the ecological and behavioral aspects
of this genus is still quite limited. Flight patterns and optimal environmental condi-
tions for the different Culicoides species have been determined in previous studies [17–20];
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however, sub-populations of the same species may exhibit different behavioral patterns
depending on their suitable environment. The most important environmental drivers
for Culicoides vector species are related to temperature and precipitation [21]. In Spain,
the species C. obsoletus/C. scoticus are active almost the whole year in Northern provinces,
while C. imicola is absent in the North, with peaks of abundance between September and
November in Southeastern areas [22]. The activity period of adult C. obsoletus/C. scoticus is
longest in low elevation sites with warmer springs and high livestock abundance; mean-
while, C. imicola adult females prefer not only lower elevation regions but also sites with
broad-leaved vegetation [23].

For the present study, our aim was to improve the knowledge of the above men-
tioned ecological aspects of Culicoides midges, focusing on the vector species C. imicola and
C. obsoletus/C. scoticus. Seasonal and nocturnal flight activity patterns were determined
for several Culicoides in two different habitats (rural vs. urban), and the composition and
abundance of midges between the two study areas were compared.

2. Materials and Methods

Culicoides midges for this trial were collected from two different areas in Mallorca
(Balearic Islands, Spain). The areas separated 31.4 km from each other. One of them was
a rural farm named Ca’s Boter, located 6 km away from the closest urban area (Felanitx;
39◦31′27′′ N; 3◦7′36′′ E), dedicated to cattle raising and milking (≈30 dairy cattle and
20 veal calves), and 18.4 km from the nearest city (Manacor). The farm had an area of
7413 m2, of which 5620 m2 (75.8%) was intended for the animals and surrounded by
several areas of different sizes dedicated mainly to agricultural or farming practices (sheep
flocks of different sizes were scattered in some of the surrounding areas). In this area,
no light sources were available during the night. The other was a non-farming property
in a residential area named Rialema (s’Aranjassa; 39◦32′22′′ N, 2◦47′28′′ E) and located
10 km away from the capital city of Mallorca island (Palma). The area covers 7530 m2

of Mediterranean scrub and vegetation (pine grove area). The area has streetlights, and
the property was surrounded by other residences with similar sizes and characteristics.
Animals commonly found in the area mainly include pet dogs and cats.

Insects were collected from the two areas during 2012 using a collection bottle rotator
(model 1512, John W. Hock Company, Gainesville, FL, USA) adapted to a downdraft black-
light (UV) trap (CDC miniature light trap model 912, John W. Hock Company, Gainesville,
FL, USA). The rotator traps were set at 1.8 m from the ground. In Ca’s Boter, the trap was
placed 1 m close to the livestock premises, while in Rialema, it was set in the backyard. Ro-
tator traps operated during the main Culicoides activity period in the area (May–November).
A number of nights were sampled per month (Table 1), avoiding rain and strong winds,
and bottles were rotated every 1:15 h to 2 h depending on the scotoperiod. Trappings were
conducted during the same nights between both places. Eight bottles were rotated during
the sampling nights, the first one starting soon after sunset (between 19:00 h to 21:00 h
depending on the month) and the last one collecting insects before sunrise (between 7:00 h
to 8:00 h) (GTM + 1).

Collected midges were taken to the laboratory of zoology of the University of the
Balearic Islands to identify their wing pattern according to the method described by
Rawlings [24], and were separated by sex and gonotrophic condition according to Dyce [25].
Composition and activity patterns of the Culicoides populations from the two areas (rustic vs.
urban) were compared. Flight activity of vector species C. imicola and C. obsoletus/C. scoticus
were analyzed. Two flight activity patterns were observed: the activity pattern (from May
to November) and the nocturnal activity pattern (from sunset to sunrise). Temperatures
during the trial were obtained from a nearby climatic station of AEMET [26].

Species from Obsoletus complex were sent to CIRAD (Centre International de Recherche
de l’Agriculture et du Dévéloppement) and identified via PCR assay according to the pro-
cedures of Nolan et al. [8].
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Table 1. Collected C. obsoletus/C. scoticus and C. imicola species from two areas in Mallorca with
different environmental conditions—Ca’s Boter (rural) and Rialema (urban). Letters denote significant
differences between months (ANOVA test, p < 0.011 for Obsoletus complex and p < 0.006 for C. imicola).

Ca’s Boter Rialema

Species Month Total Captures
Nights

Sampled
Captures/Night Total Captures

Nights
Sampled

Captures/Night

C. obsoletus/
C. scoticus

May 1993 3 664.3 ± 11.2 a

June 5514 7 853.2 ± 9.2 a 6 1 6.0 ± 0.0
July 272 3 90.7 ± 4.7 a 12 5 2.4 ± 0.3
August 47 3 15.7 ± 2.0 b 2 2 1.0 ± 0.0
September 28 6 4.7 ± 1.3 b 6 4 1.5 ± 0.7
October 43 10 4.3 ± 0.6 b 6 4 1.5 ± 1.0
November 7 3 2.3 ± 1.0 b 2 5 0.4 ± 0.4
Total 7904 35 225.8 ± 21.9 34 21 1.6 ± 0.3

C. imicola

May 7 3 2.3 ± 0.2 b

June 36 7 5.1 ± 0.9 b 0 1 0.0
July 9 3 3.0 ± 1.2 b 2 5 0.4 ± 0.4
August 7 3 2.3 ± 1.2 b 1 2 0.5 ± 0.7
September 56 6 9.7 ± 1.9 b 3 4 0.8 ± 0.9
October 259 10 28.8 ± 1.3 a 5 4 1.3 ± 0,4
November 41 3 13.7 ± 3.7 b 1 5 0.2 ± 0,4
Total 415 35 9.3 ± 0.5 12 21 1.0 ± 0.6

A Shapiro–Wilk test for checking normal distribution of the data followed by an
Analysis of Variance (ANOVA) was performed with the STATGRAPHICS plus V 3.0
program to determine the statistical differences between Culicoides species abundance
among sites, months, and sex ratio. Differences were considered significant at p < 0.05.

3. Results

3.1. Species Composition, Sex Ratio, and Gonothrophic Condition

During the complete trial, 12,376 Culicoides midges were collected—12,050 from Ca’s
Boter and 326 from Rialema. At least 10 species were collected from Ca’s Boter, namely the
following: Obsoletus complex (7904 specimens; 66.1%), C. imicola (415 specimens; 3.5%),
Culicoides cataneii Clastrier 1957 (494 specimens; 4.1%), Culicoides circumscriptus Kieffer
1918 (1683 specimens; 14.1%), Culicoides jumineri (Callot and Kremer 1969) (345 specimens;
2.9%), Culicoides longipennis (Khalaf 1957) (26 specimens; 0.2%), Culicoides maritimus (Kief-
fer 1924) (36 specimens; 0.3%), Culicoides newsteadi (Austen 1921) (527 specimens; 4.4%),
Culicoides paolae (Boorman 1996) (436 specimens; 3.6%), Culicoides puncticollis (Becker 1903)
(86 specimens; 0.7%). The remaining 98 specimens had missing wings or were unidentifi-
able. A molecular analysis of the Obsoletus complex population revealed that 0.6% of the
samples belonged to C. scoticus, while the remaining (99.4%) belonged to C. obsoletus.

Nine out of the ten species encountered in Ca’s Boter were also present in Rialema.
However, the predominant species in the latter area were C. circumscriptus and C. paolae
(instead of C. obsoletus), which represented more than 45% of the Culicoides collected. The
species composition of the Culicoides collected from Rialema was as follows: Obsoletus
complex (34 specimens; 10.4%), C. imicola (12 specimens; 3.7%), C. cataneii (47 specimens;
14.4%), C. circumscriptus (88 specimens; 27%), C. jumineri (9 specimens; 2.8%), C. maritimus
(20 specimens; 6.1%), C. newsteadi (48 specimens; 14.7), C. paolae (67 specimens; 20.6%), and
C. puncticollis (1 specimen; 0.3%).

Regarding the sex and gonotrophic condition of the Culicoides midges collected from
Ca’s Boter, 3.7% were males, while 95.3% were females, which included 34.6% nulliparous,
23.7% parous, 35.3% gravid, 1.3% blood-fed, and 0.5% specimens without an abdomen.
The remaining 1% belonged to intersexed specimens of C. circumscriptus. For the Culicoides
collected from Rialema, 48.2% were males, while the remaining females included 20.2%
nulliparous, 17.5% parous, 13.2% gravid, and 0.9% blood-fed specimens. Differences in the
abundance and sex ratio between the sampled areas were highly significant (p < 0.016).
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3.2. Seasonal and Nocturnal Activity Pattern

The Culicoides collected from Ca’s Boter farm indicated that June was the month in
which the population of the C. obsoletus/C. scoticus reached its peak (Av. ± SE = 853.2 ± 9.2
Culicoides/night) (Table 1)—when the average temperature was 24.4 ◦C (max: 39.7 ◦C, min:
13.2 ◦C) (Table 2). Differences in the number of captures were not significant between June
and May–July (p > 0.011), but they were with the rest of the months (p < 0.011). Regarding
C. imicola, the highest number of captures were obtained also in Ca’s Boter in October
(Av. ± SE = 28.8 ± 1.3 Culicoides/night), recording an average temperature of 18.8 ◦C (max:
30.1 ◦C, min: 3.9 ◦C). Significant differences were observed between the collections of this
species during this month and the rest of the season (p < 0.006). Populations of these two
species reached their highest levels in Rialema during the same months.

Table 2. Average temperatures during the sampling months.

Site Month Av. T (C◦) Max. T (C◦) Min. T (C◦)

Ca’s Boter

May 18.8 33.1 6.0
June 24.4 39.7 13.2
July 24.9 36.4 14.0
August 27.0 39.4 16.8
September 22.1 33.3 12.0
October 18.8 30.1 3.9
November 14.1 23.3 3.8

Rialema

May 18.9 32.0 7.4
June 24.2 36.7 13.5
July 25.3 37.5 14.9
August 27.1 38.5 17.5
September 22.5 32.6 12.2
October 19.6 30.4 5.2
November 15.0 23.6 4.5

The rates of collection regarding Culicoides midges from the Rialema area were too low
to display a proper nocturnal activity pattern; hence, the results presented here are those
obtained from Ca’s Boter farm. More than 50% of the midges were collected during the first
three hours after sunset, both for the C. obsoletus/C. scoticus and for the total population,
while C. imicola was collected more evenly throughout the night (Figure 1). During the
months wherein there was a higher abundance of C. obsoletus/C. scoticus (May, June, and
July), the monthly distribution pattern of collection was well defined and in accordance
with the seasonal pattern (Figure 2). However, the distribution pattern changed during the
months wherein there was a lower abundance of these species (August, September, October,
and November), and the rates of collection of individuals of these species were more
uniform during the night or even before the sunset (Figure 3). In contrast, the nocturnal
activity of C. imicola showed a different pattern, and collections of this species were obtained
more evenly throughout the night, with peaks pre-sunset in October and November, as
seen in Figure 4.
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Figure 1. Percentage of different Culicoides species collected with a bottle rotator operated between
sunset (collector 1) and sunrise (collector 8) in 2012 in Ca’s Boter farm.

Figure 2. Percentage of C. obsoletus/C. scoticus collected with a bottle rotator operated between sunset
(collector 1) and sunrise (8) during the months of highest abundance with regards to this species
during 2012 in Ca’s Boter farm.
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Figure 3. Percentage of C. obsoletus/C. scoticus collected with a bottle rotator operated between sunset
(collector 1) and sunrise (collector 8) during the months of lowest abundance with regards to this
species during 2012 in Ca’s Boter farm.

Figure 4. Percentage of Culicoides imicola collected with a bottle rotator operated between sunset
(collector 1) and sunrise (collector 8) during the months of highest abundance with regards to this
species during 2012 in Ca’s Boter farm.
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4. Discussion

The collection of Culicoides from areas with different environmental conditions re-
vealed that urban areas host a significantly lower abundance of Culicoides than rural areas.
However, results showed that in spite of the lower rates of capture in Rialema, the species
composition was mostly the same in both areas (nine out of ten) with significant differences
in sex ratio (F/M ratio from Ca’s Boter = 23.9 times higher than F/M ratio from Rialema). It
has been suggested that males do not disperse as far as females, and the collection of high
numbers of males are probably indicative of a proximal breeding site and larval habitat [27].
No identification of larval habitats was observed in Rialema, but the breeding conditions in
that area did not seem optimal (i.e., absence of humid or standing water to lay eggs and lack
of host animals to parasitically infect). Previous reports indicated that some species, such
as C. circumscriptus or C. puncticollis, bred near the collection site of Ca’s Boter [28], and the
proportion of males collected in the last were extremely low compared to those obtained
from Rialema. This fact suggests that most of the males of the different Culicoides species
do not linger near the place wherein they spent time as larvae, as previously mentioned
and supported by the results of Braverman [29]. Conversely, streetlights in the residential
area of Rialema could interfere with the results. Further studies, including more locations
and habitats (e.g., peri-urban sites) or even records of the moon phase [30], should be
performed to compare Culicoides populations regarding breeding sites, available hosts, and
anthropic presence.

The results obtained in the present trial indicated that, in our climatic conditions,
June is the month in which the abundance of C. obsoletus/C. scoticus is at its peak (avg.
temp = 24.4 ◦C), while, during October, environmental conditions are optimal for the
development of C. imicola populations (avg. temp = 18.9 ◦C). These results are in accordance
with those presented by Miranda et al. [31], indicating that, in our climatic conditions, the
higher numbers of C. obsoletus are able to be observed and obtained between June–July,
while, during October, the abundance of C. imicola reaches its peak. Hence, particular
attention should be paid to the preventive measures against biting midges during these
months due to the higher epidemiological risk associated with vector abundance. In fact,
the BT outbreaks that occurred in Mallorca during 2000, 2004, and 2021 were detected
during these months [12].

When C. obsoletus/C. scoticus populations are at their higher level, the species was most
commonly captured during the first 3 h after sunset. However, C. imicola seemed to be active
before sunset, with the collection of this species being more evenly distributed throughout
the night. Peak nocturnal activity in C. obsoletus and C. scoticus during the first hours
after sunset was also observed in mainland conditions by Viennet et al. [32]. Information
concerning the most frequent hours of activity among C. obsoletus and C. scoticus indicates
the period of time whereby the risk of disease transmission associated with this vector
species is maximal; hence, the proper preventive measures (such as stabling during peak
hours of vector activity) should be implemented during these time periods. However, as
our results indicate, the activity of C. imicola is highest during the majority of the night;
therefore, preventive measures should be maintained throughout the night during the
period of maximal abundance of this vector species (October, in our conditions). The
same Culicoides species, but in different numbers, were found in areas with very different
environmental conditions. It should be considered that, in regions with temperate and cool
climates, some Culicoides adult species enter into diapause or shift their diel activity patterns
when the number of daylight hours or the temperature declines [33,34]. Hence, the lack of
any daytime data, especially as overnight temperatures cool later in the year, could leave
some uncertainty about Culicoides activity patterns and potential transmission dynamics.

The activity of Culicoides midges was measured following their capture in UV light
traps. However, the composition of Culicoides populations may differ broadly depending
on the collection method [35–37]. Traps with CO2 and/or animal baited traps should be
the preferable method to more accurately determine the epidemiologic risk depending on
the hour of the night and the month of the season, and the results obtained from that trial
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could be compared with the Culicoides obtained with light traps to assess their validity.
Additionally, environmental conditions may vary from one year to the next, and parameters
such as temperature, rain, and relative humidity should be taken into consideration when
conducting risks assessments for the area.

Future trials assessing the biting rate of Culicoides vector species among farm animals
depending on the hour of the night and months of the season are encouraged. Light
traps are easier to handle and less time-consuming than animal-baited traps; hence, if
results derived from the use of UV light traps and animal baiting are found to be related, a
gold standard to assess the risk of infection in a determined area could be adopted. This
approach would provide information to more accurately determine the disease risk periods
associated with Culicoides vectors and hence contribute to the optimization of available
resources against potential disease outbreaks.
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Abstract: In 2006 and 2011, two biting-midge-borne arboviruses of high veterinary importance
emerged for the first time in Central Europe: bluetongue virus (BTV) and Schmallenberg virus (SBV).
Members of the native Obsoletus and Pulicaris Groups were soon identified as the potential vectors.
However, despite several years of extensive taxonomic research on these groups, correct species
identification and differentiation from closely related species are still challenging due to isomorphic
features, the existence of cryptic species and obsolete PCR identification assays. At present, 17 valid
West Palaearctic biting midge species of the Culicoides subgenus Culicoides, including the Pulicaris
Group, are known, and additional genetic variants have been described. For many of them, no
identification tests are available, and their roles in disease transmission have remained unknown. In
this study, 465 GenBank DNA sequence entries of the mitochondrial cytochrome c oxidase subunit
I (COI) gene were used to design PCR primers as specific genetic markers for 21 West Palaearctic
biting midge taxa of the Culicoides subgenus Culicoides. During their validation with DNA from
field-collected biting midges and synthetic DNA from biting midge genotypes not available from the
field, all primers detected their target taxa, while few showed cross-reactions. Our results indicate
the great potential of the new primers in PCR assays and clearly demonstrate the suitability of the
COI gene as an excellent marker for the identification of different biting midge species and genetic
variants of the Culicoides subgenus Culicoides.

Keywords: Culicoides; Pulicaris Group; West Palaearctic; vectors; polymerase chain reaction (PCR);
mitochondrial cytochrome c oxidase subunit I (COI)

1. Introduction

Biting midges of the genus Culicoides Latreille (Diptera: Ceratopogonidae) are consid-
ered the smallest hematophagous dipterans on our planet [1], capable of transmitting a
variety of nematodes, protozoan parasites and viruses to domestic animals, an unknown
number of wild animal species and—in rare cases—humans [2,3]. Despite their high abun-
dance in Europe, the early isolation of African horse sickness virus (AHSV) from mixed
pools of the widely distributed Obsoletus and Pulicaris Groups [4,5] and the detection of
bluetongue virus (BTV) in field-collected C. obsoletus specimens [4], little attention had
been given to indigenous biting midge species for many years. In 2006, the unprecedented
outbreak of bluetongue disease (BT) in European areas where the Afro-Asian vector species
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C. imicola was absent changed this attitude and highlighted the importance of Palaearctic
biting midges in pathogen transmission. Subsequent entomological surveillance confirmed
the long-suspected involvement of species of both the Obsoletus Group (genus Culicoides,
subgenus Avaritia Fox, 1955) and the Pulicaris Group (genus Culicoides, subgenus Culicoides
Latreille, 1809) in the transmission of BTV [6–14] and, a few years later, also associated
them with the newly emerged Schmallenberg virus (SBV) [15–26]. However, for most
species, vector competence has so far been suggested rather than experimentally proven,
and correct species identification is challenging, especially in the heterogeneous subgenus
Culicoides, to which the Pulicaris Group belongs.

To date, 17 valid species of the subgenus Culicoides have been described for the
western Palaearctic: C. almeidae Cambournac, 1970; C. boyi Nielsen, Kristensen and Pape,
2015; C. bysta Sarvašová and Mathieu, 2017; C. cryptipulicaris Talavera, Muñoz-Muñoz,
Verdún and Pagès, 2017; C. delta Edwards, 1939/C. lupicaris Downes and Kettle, 1952
(considered synonymous); C. fagineus Edwards, 1939; C. flavipulicaris Dzhafarov, 1964;
C. grisescens Edwards, 1939/C. remmi Damien-Georgescu, 1972 (considered synonymous);
C. impunctatus Goetghebuer, 1920; C. kalix Nielsen, Kristensen and Pape, 2015; C. newsteadi
Austen, 1921; C. paradoxalis Ramilo and Delécolle, 2013; C. pulicaris (Linnaeus, 1758);
C. punctatus (Meigen, 1804); C. quasipulicaris Talavera, Muñoz-Muñoz, Verdún and Pagès,
2017; C. selandicus Nielsen, Kristensen and Pape, 2015; and C. subfagineus Delécolle and
Ortega, 1998 [27]. However, the taxonomy of the subgenus Culicoides is apparently far
more complex, and the elucidation of biting midge phylogeny must be seen as an ongoing
process [2].

Confusingly, a variety of synonyms are commonly used for one and the same species
in the subgenus Culicoides: e.g., C. pulicaris is also known as C. setosinervis Kieffer, 1913;
C. pullatus Kieffer, 1915; C. stephensi Carter, 1916; C. cinerellus Kieffer, 1919; C. quinquepunc-
tatus Goetghebuer, 1921; C. flaviplumus Kieffer, 1924; and C. sawamotoi Kono and Takahasi,
1940 [27]. In some cases, it has been further discussed whether synonyms, for example,
C. delta/C. lupicaris and C. grisescens/C. remmi, should be considered separate species [2,28–31].

The identification of biting midges is classically based on morphological features,
particularly the wing pigmentation of adult insects, which allows a quick separation into
the Obsoletus Group, Pulicaris Group and other Culicoides spp. [32,33]. This method proves
to be difficult for the identification to the species level of females of closely related species
that have very similar or identical (isomorphic) features and is even more challenging
for juvenile specimens (larvae, pupae) [34–36], for which either identification keys have
not yet been developed or distinguishing features are not yet even established for corre-
sponding adults. Furthermore, morphological species identification cannot be used for the
determination of phylogenetic distances [37] and may require time-consuming analyses of
slide-mounted microscopical insect preparations to visualize fine structures [38], a lot of
practical experience and fresh material with distinct coloration.

The development and implementation of molecular tools such as species-specific PCR
tests and DNA barcoding have improved the knowledge of phylogenetic relationships and
revolutionized the species identification of biting midges. For these genetic techniques,
various molecular markers have been used, such as mitochondrial and nuclear genes,
including ribosomal markers [39]. The mitochondrial cytochrome oxidase c subunit I (COI
or COX1) gene has been by far the most widely utilized marker for phylogenetic studies
and identification purposes in culicoid biting midges, as it is a sufficiently long high-copy
gene that is composed of both conserved and variable regions [40–42].

In the past two decades, comprehensive studies of the COI region have revealed
a considerable number of genetic variants in the subgenus Culicoides: Pagès et al. [43]
described a new haplotype of C. pulicaris (C. pulicaris haplotype P3) from Spain, which was
described later as C. cryptipulicaris [31], a previously unknown haplotype of C. fagineus
(referred to as C. fagineus haplotype F1), and three new genetic variants of C. newsteadi
(haplotypes N1, N2 and N3). These findings were supported by COI analyses of biting
midges collected in Denmark and Sweden [44]. Similar heterogeneity in the mitochondrial
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gene sequence was found in C. grisescens specimens from Switzerland (haplotypes G1 and
G2) [45] and in C. lupicaris biting midges from various European countries, including Spain,
Denmark, Czech Republic, France, Slovakia, Sweden, Turkey and Austria (C. lupicaris
sensu stricto (s.s.), C. lupicaris haplotypes L2 and L3) [30,43,44,46–49]. Additionally, another
genotype that is morphologically similar to C. fagineus haplotype F1—Culicoides WBS—was
recently reported from the Black Sea region of Turkey [48], and it is expected that further
genetic variants will be discovered in the future [43,46,47].

Several PCR tests have been designed to distinguish between common West Palaearc-
tic species of the subgenus Culicoides and some of their genetic variants known at that
time [34,43,45,50]. However, these PCR tests are incapable of differentiating newly discov-
ered haplotypes and were developed more than ten years ago using a small and spatially
restricted gene pool, which limits their applicability. Commonly used COI barcoding is
not an appropriate alternative for species identification, as it cannot be applied to pooled
samples due to the risk of mixed taxa/sequences and the consequent detection of the more
abundant species. Moreover, previous analyses of engorged females led to the unintended
identification of the blood-donor species and failed to characterize individuals stored
in ethanol for extended time periods. Thus, a revision of published PCR tests and the
development of new diagnostic assays are urgently necessary.

In the present study, a huge dataset of West Palaearctic subgenus Culicoides COI gene
sequences from GenBank was analyzed with the aim to develop easy-to-use multiplex PCR
assays for the differentiation of their species and genetic variants. The COI gene features
both variable and conserved regions and is represented in GenBank by a number of entries
sufficient to provide comprehensive and reliable information on DNA variations and ho-
mologies between species and haplotypes. Some authors, however, have already addressed
the issue of wrong entries in such data repositories [46,51,52], which are mainly regarded
as attributable to the preceding incorrect morphological identification of specimens. Since
classical taxonomists are becoming progressively scarce all the while cryptic taxa are being
detected, reliable alternative techniques have to be developed, thus providing the basis for
the improved identification of potential vector species and a better understanding of the
Culicoides biting midge distribution and ecology.

2. Materials and Methods

2.1. Biting Midge Collection

Culicoid biting midges were collected with BG-Sentinel UV-light suction traps (Bio-
gents, Regensburg, Germany) operated once a week for 24 h during various German moni-
toring activities. The individual specimens analyzed originated from samplings in other
European countries. Biting midges were morphologically pre-identified under a stereomi-
croscope to the group or species level using commonly used identification keys [38,53–55].
Pre-sorted biting midges were kept in 75% EtOH for subsequent molecular analysis.

2.2. Genetic Identification of Field-Collected Biting Midges

After discarding the ethanol and evaporating the remaining fixative for 1 min at room
temperature, three steel beads with a diameter of 3 mm (TIS GmbH, Gauting, Germany)
were added to morphologically pre-identified, single specimens of the subgenus Culicoides.
The samples were supplemented with either 180 μL of buffer ATL and 20 μL of Proteinase K
(Qiagen, Hilden, Germany) or 350 μL of in-house ZB5d medium (Eagle’s minimal essential
medium with Earle’s and Hank’s salts plus non-essential amino acids) containing 3.5 μL of
penicillin–streptomycin (100 U/mL) and 0.7 μL of gentamycin–amphotericin (0.01 mg/mL,
0.25 μg/mL) (Thermo Fisher Scientific, Dreieich, Germany). Samples were homogenized
for 3 min at 30 Hz with a TissueLyser II (Qiagen), and total DNA was isolated using the
QIAamp DNA Mini Kit (Qiagen) or the NucleoMag VET Kit (Macherey-Nagel, Düren,
Germany) according to the manufacturers’ instructions, with a final elution volume of
50 μL of AE-buffer (QIAamp DNA Mini Kit) or 100 μL of VEL-buffer (NucleoMag VET
Kit), respectively.
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DNA extracts were used to generate amplicons of the COI gene with the species-
specific PCR described in Nolan et al. [50], the universal primers PanCuli-COX1-211F and
PanCuli-COX1-727R according to the authors’ protocol [56] or the self-designed generic
primer PanCuli-COX1-025F (5′-ACTTTATATTTTATTTTTGGAGYWTGRGC-3′) in combi-
nation with PanCuli-COX1-727R using an adapted protocol (54 ◦C annealing temperature)
from Lehmann et al. [56]. PCR products with expected lengths were excised and extracted
with the QIAquick Gel Extraction Kit (Qiagen). For sequencing, DNA fragments were cy-
cled with the PCR primers using the BigDye Termintor v1.1 Cycle Sequencing Kit (Thermo
Fisher Scientific). The resulting PCR products were purified with the Bioanalysis Nucle-
oSEQ Kit (Macherey-Nagel), and 15 μL of the eluates were mixed with the same volume of
Hi-Di formamide (Thermo Fisher Scientific). Each sample was sequenced on a 3500 Genetic
Analyzer (Applied Biosystems/Hitachi, Darmstadt, Germany), followed by sequence edit-
ing with Geneious Prime software version 2021.0.1 (Biomatters, Auckland, New Zealand).
Edited sequences were deposited in GenBank.

2.3. COI Data Analysis and Primer Design

All available GenBank entries of West Palaearctic taxa of the subgenus Culicoides were
collected and checked for plausibility: COI sequences (Table S1) were compared with
sequences of the first description to find incorrect entries. Dubious sequences were re-
analyzed with the NCBI nucleotide BLAST tool (https://blast.ncbi.nlm.nih.gov/Blast.cgi
(accessed on 28 October 2022)), assigned to fitting species or—if no sequence match could be
found—excluded from further analysis. Remaining sequences were used for the generation
of consensus sequences with Geneious Prime software (Biomatters), which were finally
compared in a Geneious multiple alignment using initial settings. In this context, it is to be
noted that no sequences were found in GenBank under the species name ‘C. delta’. Instead,
sequences of that taxon had been deposited using the name ‘C. deltus’, which had been
used for ‘C. delta’ until renaming in 2015.

Inter- and intraspecific variances in the DNA sequence were used to design specific
forward primers, including wobble sites, according to common guidelines for primer
design [57–59]. Promising primer candidates were checked regarding melting temperature,
GC content, self-dimerization and primer-dimer formation with the Oligo Analysis Tool
(https://eurofinsgenomics.eu/en/ecom/tools/oligo-analysis/ (accessed on 14 December
2021)) and analyzed with the NCBI BLAST tool for repetitive sequences before ordering.
Primers were checked for functionality, specificity and the capability of multiplexing and
finally validated with genetically identified biting midge material from the field or—in case
no field-collected material of the respective taxon was available—synthetic COI gene DNA
(Table S2), produced by GenExpress (Berlin, Germany).

2.4. Multiplex PCRs

The newly designed specific forward primers were applied in combination with the
published universal reverse primer PanCuli-COX1-727R [56] in several multiplex PCRs
(mPCRs), which can be carried out in parallel or successively. For easier handling, the
approach was based on a universal annealing temperature instead of primer-specific
annealing temperatures, although this increased the risk of reduced primer sensitivity and
specificity. As far as possible, the primers were combined in the various mPCRs according
to morphological similarities of the species or haplotypes they were meant to detect, but
this was not possible in all cases.

The master mixes were composed of 10 μL of 2× QuantiTect Multiplex PCR NoROX
reagent (Qiagen), 0.5 μM of each primer and 2 μL of DNA template and replenished
with water to give a total volume of 20 μL. DNA amplification was performed using the
following thermoprofile: 15 min at 95 ◦C (activation of Taq polymerase), followed by
42 cycles of 30 s at 95 ◦C (denaturation), 45 s at 63 ◦C (primer annealing) and 45 s at 72 ◦C
(primer elongation), and a final elongation step for 5 min at 72 ◦C. The complete PCR
reaction mixture was supplemented with 2.5 μL of 6× DNA Loading Dye (Thermo Fisher
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Scientific) and applied to 1.5% agarose gels, pre-mixed with 5 mg/mL ethidium bromide
solution. After running for 50 min at 100 V, gels were visualized with a ChemiDoc MP
Imaging System (Bio-Rad, Feldkirchen, Germany).

3. Results

During the analysis of the comprehensive GenBank dataset of COI sequences from
21 different countries, a significant number of subgenus Culicoides sequences was found to
be incorrectly deposited, especially those of specimens with similar morphology (e.g., C. new-
steadi group). However, implausible entries could be identified, and a total number of
465 COI sequences could accurately be assigned to the respective species and haplotypes
(Table S1).

For each species and haplotype, specific consensus sequences with lengths between
412 and 1535 base pairs were generated, which revealed high intraspecific pairwise identity
between 98.3% and 99.8% (average: 99.4%, Table S1). Multiple alignment comparison of the
consensus sequences displayed interspecific differences between 6.0% and 19.7% (Figure 1).
Interestingly, genetic distances between synonymous C. delta/C. lupicaris taxa and recently
described haplotypes of the same species, especially C. newsteadi, were comparatively high
(10.0% to 18.0%), questioning their taxonomic status. Thus, these taxa were considered
separate taxonomic entities during PCR development.

 

Figure 1. Inter- and intraspecific pairwise genetic comparison of COI gene DNA sequences between
tested West Palaearctic taxa of the subgenus Culicoides: genetic distances are displayed in the left-
bottom half of the matrix and highlighted with graded colors from red (low distance) through yellow
(medium distance) to green (high distance). Genetic similarities are presented in the right-upper
half of the matrix. Values (in %) were calculated through the comparison of species- and haplotype-
specific consensus sequences of respective GenBank entries (n). C. pulicaris (pul), C. cryptipulicaris
(cry), C. delta (del), C. lupicaris haplotype L1 (lup L1), C. punctatus (pun), C. impunctatus (imp), C.
kalix (kal), C. boyi (boy), C. bysta (bys), C. newsteadi haplotype N3 (new N3), C. lupicaris haplotype L2
(lup L2), C. flavipulicaris (fla), C. newsteadi haplotype N1 (new N1), C. grisescens haplotype G1 (gri G1),
C. selandicus (sel), C. fagineus haplotype F1 (fag F1), C. fagineus haplotype F2 (fag F2), C. subfagineus (sub),
C. newsteadi haplotype N2 (new N2), C. grisescens haplotype G2 (gri G2) and C. newsteadi s.s. (new).

Genetic differences were subsequently used to develop specific forward primers for
21 West Palaearctic biting midge taxa of the Culicoides subgenus Culicoides according to the
PCR concept published in Lehmann et al. [56] (Table 1). On average, 14 primers per species
(290 in total, Table S3) were tested, and in many cases, pre-testing revealed cross-reactivity
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with other subgenus Culicoides taxa. However, the targeted insertion of wobbles and
mismatch bases significantly reduced unspecific detection. The best-performing forward
primers (Table 1), in combination with PanCuli-COX1-727R as a reverse primer [56], were
put together in various single-tube mPCRs. Merely the number of species and haplotypes
to be considered and the limited length of generated consensus sequences made it necessary
to subdivide the PCR approach into four reactions (mPCRs A–D). The mPCRs were pre-
tested with DNA extracts of single specimens or with an equivalent of 106 copies of synthetic
COI gene DNA (calculated based on serial dilution quantitative real-time PCR) of subgenus
Culicoides taxa to verify multiplexability (Figure 2A–D). Each multiplex PCR showed the
expected amplicons of the target species between 139 bp and 491 bp, whereas no amplification
was observed for no-template negative controls (Figure 2, lanes 2, 9, 15 and 21).

Table 1. Newly designed forward primers specific for 21 taxa of the Culicoides subgenus Culicoides to
be used in combination with the universal reverse primer PanCuli-COX1-727R.

mPCR Species/Haplotype Primer Code Primer Sequence (5′-3′) Modification (Position) Amplicon (bp)

C. bysta bys-COI-158F AATCTTACTTCTCTTATCTCTRC R-wobble (2) 158
C. punctatus pun-COI-227F TCATATGCGATCAAACGGG A > C (18) 227

A C. boyi boy-COI-275F AGCTATTTCATCAATTCTTGGA G > C (20) 275
C. grisescens G2 gri2-COI-346F CCACACCTTTCTGCAAACA C > A (15) 346

C. kalix kal-COI-419F CCACCCTTCTCTAACATTGC C > A (18) 419
C. grisescens G1 gri1-COI-463F GATATAGCTTTCACACGAATG C > A (9) 463

C. fagineus F2 fag2-COI-151F 3 TTGCATCTTTCCCTCCCTGTA T > A (17) 151
C. flavipulicaris fla-COI-215F 3 CAATCGTATTACTTTTGATCGT G > C (18) 215

B C. subfagineus sub-COI-318F 3 CTGTRGCTTCTGTAGATC R-wobble (14), G > T (15) 318
C. fagineus F1 fag1-COI-420F TTCCTCCATCTCTTTCCCTAT C > T (17) 420
C. impunctatus imp-COI-491F ATTGGTTCCATTAATACTCGGA none 491

C. delta del-COI-161F TGCTATATTACTTCTTTTGTCAC T > A (17) 161
C. lupicaris L1 1 lup1-COI-214F AATGGAATGTCATTCGACCGT T > G (13) 214

C C. pulicaris s.s. pul-COI-313F 2,3 GCATCCGTAGACTTGGCC none 313
C. cryptipulicaris cry-COI-405F CGTTACTCTTATTGAGCAGAT none 405

C. lupicaris L2 lup2-COI-467F TCCTGATATAGCTTTTCCC none 467

C. newsteadi N2 new2-COI-139F 3 CTCCCAGTTCTTGCTGGT none 139
C. newsteadi s.s. new-COI-231F TTATTAATATGCGATCCGCC none 231

D C. newsteadi N3 new3-COI-296F 3 CATCTTCTCCCTACACCTG none 296
C. newsteadi N1 new1-COI-351F TATATCCGCCTCTTTCAAGA none 351

C. selandicus sel-COI-403F TGACTATTATTAAGTAGCTTGGTA T > G (23) 403

1 For easier demarcation from C. lupicaris haplotype L2, C. lupicaris s.s. is designated as C. lupicaris haplotype L1
according to the nomenclature of Ander et al. [46]. 2 Modified primer from Nolan et al. [50]. 3 Modified primer
from Pagès et al. [43].

To validate the specificity and sensitivity of the designed forward primers, the mPCRs
were further tested with the DNA material of 41 genetically pre-identified specimens
or the synthetic DNA of various taxa of the subgenus Culicoides (Table 2). All forward
primers reliably detected their specific DNA, with the exception of the primer sel-COI-403F
(mPCR D), which only generated specific PCR amplicons for two of three C. selandicus DNA
samples, resulting in a total sensitivity of all mPCRs of 97.6%.

In terms of specificity, mPCRs A and B showed no unspecific annealing of the forward
primers to non-target subgenus Culicoides taxa at all (100% specificity). However, three
forward primers of mPCRs C and D showed weak signals with other subgenus Culicoides
taxa: while using mPCR C, unspecific reaction signals were observed for del-COI-161F with
the only C. impunctatus sample, for cry-COI-405F with one out of five tested C. punctatus
samples and with C. grisescens haplotype G2, and for lup2-COI-467F with the synthetic
DNA of C. flavipulicaris. In the case of mPCR D, the forward primer new3-COI-296F
incorrectly reacted with the only C. impunctatus sample and with four of five DNA samples
pre-identified as C. lupicaris haplotype L2. Additionally, one of five tested C. punctatus
samples were identified as C. newsteadi haplotype N1 with the primer new1-COI-351F, and
a 403 bp fragment of the genomic DNA of C. grisescens haplotype G2 (one sample tested)
was amplified with the primer sel-COI-403F.

125



Diversity 2023, 15, 699

Finally, the mPCRs were tested with the genomic DNA of single biting midge speci-
mens not belonging to the subgenus Culicoides (n = 21) but to other subgenera of the genus
Culicoides to check whether the pre-sorting of biting midges to the group level is necessary
before using the new PCRs. The agarose gel analyses summarized in Table 3 show no
unspecific detection of tested Culicoides species with mPCR B. In the case of mPCR D, three
unspecific DNA fragments with lengths of 120 bp, 550 bp and 900 bp were amplified when
using the only C. dewulfi and C. sanguisuga DNAs as templates, but no unspecific signals
occurred with the other 19 Culicoides taxa. mPCR A showed no unspecific amplicons at
all, but the primer pun-COI-227F incorrectly detected C. griseidorsum and C. pictipennis as
C. punctatus. Most cross-reactivity was observed for mPCR C: the primer lup1-COI-214F
detected C. riethi, and the primer pul-COI-313F C. poperinghensis and the forward primer
lup2-COI-467F amplified a 467 bp fragment with the genomic DNA of C. festivipennis,
C. kibunensis, C. obsoletus clade O1 and C. sanguisuga. Additionally, one or more forward
primers of mPCR C generated unspecific PCR amplicons with lengths of approximately
600 bp if C. festivipennis DNA was tested.

 

Figure 2. Validation of the different multiplex PCR tests (mPCRs (A–D)) for the subgenus Culicoides
taxa. The specific primers used were as follows: bys-COI-158F, pun-COI-227F, boy-COI-275F, gri2-
COI-346F, kal-COI-419F and gri1-COI-463F (lanes 2–8) for mPCR (A); fag2-COI-151F, fla-COI-215F,
sub-COI-318F, fag1-COI-420F and imp-COI-491F (lanes 9–14) for mPCR (B); del-COI-161F, lup1-COI-
214F, pul-COI-313F, cry-COI-405F and lup2-COI-467F (lanes 15–20) for mPCR (C); new2-COI-139F,
new-COI-231F, new3-COI-296F, new1-COI-351F and sel-COI-403F (lanes 21–26) for mPCR (D). In
all multiplex PCRs, forward primers were used in combination with the universal reverse primer
PanCuli-COX1-727R. DNA samples used for PCR validation contained 106 synthetic COI gene copies
or DNA extracts of single Culicoides specimens. Lane 1: 50 bp ladder (Gene Ruler, 50–1000 bp); lanes
2, 9, 15 and 21: no-template control; lane 3: C. bysta; lane 4: C. punctatus; lane 5: C. boyi; lane 6:
C. grisescens haplotype G2; lane 7: C. kalix; lane 8: C. grisescens haplotype G1; lane 10: C. fagineus
haplotype F2 (=C. fagineus s.s.); lane 11: C. flavipulicaris; lane 12: C. subfagineus; lane 13: C. fagineus
haplotype F1; lane 14: C. impunctatus; lane 16: C. delta; lane 17: C. lupicaris haplotype L1; lane 18:
C. pulicaris s.s.; lane 19: C. cryptipulicaris; lane 20: C. lupicaris haplotype L2; lane 22: C. newsteadi
haplotype N2; lane 23: C. newsteadi s.s.; lane 24: C. newsteadi haplotype N3; lane 25: C. newsteadi
haplotype N1; lane 26: C. selandicus. Primer-dimer formation was observed in the case of mPCR C
(lanes 15 and 18).
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4. Discussion

In the past, several PCR tests were developed using either the mitochondrial COI
gene [34,43,45,50,56,60] or nuclear-encoded ribosomal ITS1 [61–65] and ITS2 genes [65–67]
to identify the species of the Obsoletus and Pulicaris Groups, which contain the putative
biting midge vectors of BTV and SBV. GenBank DNA sequence analyses performed in
the framework of the present study demonstrated that only the COI gene provides a
sufficient number of entries for species and haplotypes of the subgenus Culicoides (COI:
495 sequences; ITS1: 15 sequences; ITS2: 39 sequences; as of September 2022), allowing the
design of specific primers.

While most existent PCR assays for indigenous biting midge species are based on a
limited number of COI sequences from field-collected specimens caught in a certain country
or region, the present approach made use of all available sequence data for 21 subgenus
Culicoides taxa deposited in GenBank. However, searching for suitable DNA sequences
was not trivial with regard to the species variety within the subgenus, the wide use of
synonyms for one and the same species [27] and misidentifications, which increase the
chance of incorrect entries in databases. In this study, a significant number of GenBank
COI sequences of subgenus Culicoides taxa were found to be incorrectly assigned to species
(Table S1), which confirmed the results of previous studies [46,51,52] demonstrating the
limitations of biting midge classification based on genetic data alone. Instead, it highlights
the importance of the morphological definition of species and taxa whose sequences are to
be entered into databases by experienced Culicoides taxonomists. It should also be discussed
whether taxonomic changes have to be updated in such data repositories.

Despite these problems and the general issue of the genetic delimitation of species [68],
a procedure was found to generate consensus sequences for the subgenus Culicoides taxa
with high intraspecific homology. Further comparison of consensus sequences revealed
variations between taxa, which suggests that some described cryptic taxa, especially those
of C. newsteadi and the synonymous C. delta and C. lupicaris, should be regarded as separate
species rather than genetic variants. This observation confirms the results obtained by
Yildirim et al. [48]. The genetic variations were deployed for the development of specific
primers, using identical cycling conditions for simultaneous sample analysis. The concept
is based on the use of specific forward primers in combination with a universal reverse
primer (PanCuli-COX1-727R) in a cost-effective and easy-to-use single-tube (multiplex)
approach, generating one characteristic band for each taxon after the gel electrophoresis of
PCR products. Another advantage of the idea of using one and the same reverse primer
for all possible target DNAs is the efficient use of the COI gene fragment available in
GenBank [50,56,69]. Its limited length of usually less than 500 base pairs reduces the
options for primer positioning and makes the development of conventional multiplex PCR
tests extremely difficult.

Despite many advantages, the application of a universal reverse primer simultane-
ously implies a great challenge: the specificity of the PCR is exclusively provided by the
forward primer. Thus, in most cases, initial experiments resulted in the cross-reactive
binding of potential primers to other taxa of the subgenus Culicoides and required more
intensive testing. This issue could be solved by inserting single mismatch bases into the
conserved regions of the primer sequence, assuming that mismatch base pairing would be
less detrimental to the detection of the target taxa, according to the higher binding strength
of the primer, than to non-target taxa. There was an attempt to apply the ’general hierarchy
of mismatch impact’ described in the literature [70–76]. However, except for the observa-
tion that incorrect base pairing at the 3′-terminal part of the primer should be avoided, it
seemed to be more trial-and-error to find the best working mismatch in this study, which is
not unexpected since many factors can influence the mismatch behavior [74,76]. After a
considerable optimization process, primer specificity was adapted in a way that allowed the
different taxa of the subgenus Culicoides to be distinguished, although some of the primers
containing mismatches showed weaker binding strength than others. Thus, we elongated
the affected primers despite the risk of reduced specificity, resulting in four functional
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mPCRs detecting five to six species or haplotypes, each in a single reaction mixture. The
sensitivity and specificity of these multiplex PCRs were checked as extensively as possible,
although sample materials of species or haplotypes from the field were restricted. Among
other things, this dilemma is caused by the comparatively low abundance of biting midges
of the subgenus Culicoides as compared to those of the subgenus Avaritia (e.g., Obsoletus
Group) in general and the over-representation of C. pulicaris and C. punctatus specimens
within the subgenus Culicoides in particular in field collections from Germany [77–80]. In
addition, in some taxa, only a few specimens have been found so far, probably due to the
limited knowledge of their specific ecological niches and difficulties in identifying them.
Missing materials for certain taxa were compensated for by using synthetic COI DNA.

In this study, PCR tests on four recently described species of the Pulicaris Group
(C. boyi, C. bysta, C. kalix and C. selandicus) were developed for the first time, and all
21 newly designed specific forward primers for the subgenus Culicoides were able to
identify their target taxa. In addition, 15 of the 21 forward primers showed no cross-
reactivity with other members of the group if total DNA from single biting midges or
equivalent (106 copies of synthetic COI gene) were tested, while six primers showed cross-
talk within the subgenus Culicoides without a comprehensible explanation for how these
primers were able to anneal to unspecific targets, especially if the number of mismatches
(c.f. Table S4), the high annealing temperature and the use of hot-start Taq polymerase to
reduce unspecific annealing are considered [57,58]. In one case, the forward primer for
C. delta (del-COI-161F, mPCR C) produced a weak signal with the genomic DNA of the
only C. impunctatus specimen available, although the primer sequence differed in 8 of the
23 bases, basically at the 3′-terminal part of the primer, from the sequence of the tested
sample. Usually, such mismatch values prevent primer binding to unintended targets,
and mismatches toward the 3′-end particularly hamper primer annealing [59]. Similar
implausible results were obtained with the cry-COI-405F primer (mPCR C), incorrectly
detecting one out of five C. punctatus samples (seven-base difference between primer and
template sequence, with all tested samples having identical sequences) and the primer
new3-COI-296F (mPCR D), incorrectly detecting four out of five C. lupicaris haplotype L2
samples (again, all with the same primer binding site sequence) despite mismatch pairing
at seven positions. In another case, the primer (sel-COI-403F) only detected two out of
three C. selandicus DNA samples despite the 100% sequence identity of all three specimens
in the primer binding region. This false-negative result was attributed to the low DNA
quantity of the non-identified sample. The DNA extraction of that one was performed with
the NucleoMag VET Kit and a 100 μL elution volume, whereas the other two samples were
processed with the QIAamp DNA Mini Kit and eluted in 50 μL of buffer. In the case of the
only available C. impunctatus sample, which was non-specifically detected with the C. delta-
and C. newsteadi haplotype N3-specific forward primers, a DNA extract from a previous
study was used, which cannot be excluded without a doubt to have originated from a
pool of biting midges. In order to circumvent such uncertainties, each DNA sample was
generally sequenced before use; however, it might be possible that only the more abundant
species within a mixed pool was determined. With respect to the other cross-reactions
observed within the subgenus Culicoides, a plausible explanation cannot be found yet.
Despite all preventive measures to avoid contamination and methodological measures to
avoid unspecific annealing, as well as the application of the ‘four eyes’ principle during
sample preparation, individual mistakes, including the confusion of tubes, cannot be
ruled out.

Unspecific binding was also observed in several cases in which biting midge species
not belonging to the subgenus Culicoides were tested. For instance, although in the primer
pun-COI-227F (mPCR A), there are exchanges of two bases compared to C. griseidorsum
DNA and three bases compared to C. pictipennis DNA, all of them exclusively in the middle
and at the 5′-terminal part of the primer (Table S4), unspecific binding occurred with the
DNA of these species. This is not unusual, as only a few mismatches in the middle or at
the 5′-end of the primer do not necessarily lead to the complete loss of primer binding
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capacity, which is exploited, for example, in site-directed mutagenesis or the insertion
of restriction sites [59]. However, the PCRs were meant to differentiate taxa within the
subgenus Culicoides, and cross-reactivity with taxa not belonging to this subgenus appears
to be extremely difficult to avoid, if not impossible, simply because of the huge number of
taxa to be considered. These cases in fact demonstrate the importance of the morphological
pre-sorting of biting midges to the group level before genetic examination.

Unfortunately, morphological pre-sorting is time-consuming and unsuitable for the
high-throughput approaches needed to process the tremendous numbers of biting midges
usually obtained from field collections. According to this, and considering that classical
taxonomists are becoming an ‘extinct species’, there is a great need for finding alternative
techniques for Culicoides classification. A biochemical method for species-specific protein
profiling, Matrix-Assisted Laser Desorption/Ionization Time of Flight (MALDI-TOF), was
suggested to soon become a reference method for arthropod identification [81], as it is rapid
and cost-effective and does not require entomological expertise or special training [81].
Subsequently, several authors successfully used this method for the species identification
of adult [82–86] and juvenile Culicoides specimens [87]. However, like all methods, MALDI-
TOF has some disadvantages: (i) comparatively high costs for initial equipment [88,89],
(ii) results do not provide evolutionary information for phylogenetic analyses [39], (iii) in-
congruent protein spectra, depending on the developmental stage of the insect [81,87]
and the selected body parts used for analysis [81], (iv) no public library available with a
sufficient number of reference protein profiles of each Culicoides species or haplotype and,
finally, (v) relatively low resolution and limited sensitivity, insufficient to distinguish very
closely related species [81]. Facing these obstacles, scientists need to think of more creative
ways for the fast and accurate classification of Culicoides. Perhaps, artificial intelligence will
help develop new identification methods in the future.

So far, PCR-based approaches seem to be the methods of choice, and in particular,
quantitative real-time PCR is becoming increasingly important because of the possibility
of analyzing pooled specimens [39]. Since there are indications that variations in the COI
gene are insufficient for species delimitation within some subgenera [46,90], which could
be confirmed by the present work, the implementation of multi-marker PCR approaches
might be a great advantage, as already demonstrated in a recent study using several gene
loci for phylogenetic analysis within the subgenus Avaritia [91].

Our results clearly demonstrate that developing multiplex PCR tests is a great chal-
lenge, merely based on the number of molecules used together in one reaction mixture
and the multitude of possible interactions between them. Due to restricted availability,
the newly developed tests were evaluated with a limited number of specimens and need
further evaluation with additional samples, including pools of subgenus Culicoides bit-
ing midges, as tested during PCR development for the Obsoletus Group in a previous
study [65]. However, the mPCR tests described here enable the parallel identification of
almost all taxa of the subgenus Culicoides for the first time, among them recently described
genetic variants and species not detectable with published PCR tests.

Moreover, it was attempted to keep the PCRs as simple as possible: in contrast to the
PCR test of Pagès et al. [43], the utilization of one specific forward primer per species or
haplotype, in combination with a universal reverse primer, decreases costs and simplifies
the PCR evaluation. As opposed to previous PCRs developed for the Pulicaris Group and
its relatives [43,50], the annealing temperature of the new mPCRs was generalized, thus
applying a uniform PCR temperature profile and simplifying the experimental protocol.
Depending on the aim of the study, each specific forward primer can also be used together
with the universal reverse primer in a singleplex approach, which again reduces the cost
per reaction. Each of the four mPCRs can be performed with fewer primers than suggested,
but specific primers should not be mixed in other combinations in order to reduce primer-
dimer formation and avoid the simultaneous production of amplicons indistinguishable
by length. Despite the observed unspecific binding of individual primers, the first results
with the PCRs are promising and indicate the great potential of our tests to improve the
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identification of suspected vector species within the subgenus Culicoides and the knowledge
on biting midge distribution and ecology.

5. Conclusions

The results presented in this study confirm the great potential of the COI marker
for species identification within the culicoid subgenus Culicoides [28,46]. The aim of the
study, the development of PCR tests for the differentiation of species and haplotypes
of the subgenus Culicoides, and the members of the Pulicaris Group in particular, was
achieved through bioinformatic analysis of all COI sequences available from GenBank. This
successful approach stresses the importance of such databases and resulted in different
multiplex assays now becoming available to identify taxa of the subgenus Culicoides. A
particular achievement of the assays is the inclusion of recently discovered species and
haplotypes, for which no PCR identification tests have been available so far and whose
ecologies and vector roles are completely unknown. Nonetheless, further testing with more
specimens from field collections has to be performed to confirm the reproducibility and the
benefit of the developed tests. Future analysis of the complete mitochondrial genome of
Culicoides could significantly increase the possibilities of genetic differentiation and help
unveil systematic issues.
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infection in cattle and midges in Poland. Transbound. Emerg. Dis. 2013, 60, 97–101. [CrossRef]
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Abstract: Glaciation has been a powerful determiner of species distributions and the genetic struc-
ture of populations. Contemporary distributions of many organisms in North America’s Western
Cordillera reflect the influence of Pleistocene glaciation. We identified a pattern of north–south
differentiation in the genus Prosimulium of western North America, which reflects the separation of
northern and southern populations by the North American Ice Sheet during the Pleistocene Epoch.
The taxonomic implication is that new species exist within nominal species, requiring formal de-
scription or revalidation of names currently in synonymy. We morphologically and cytogenetically
examined populations of one nominal species of black fly, Prosimulium esselbaughi Sommerman, over
its known range from Alaska south to California and Colorado. Chromosomal and morphological
evidence supports the presence of two species, P. esselbaughi sensu stricto from Alaska to at least
southern British Columbia, and a new species, Prosimulium supernum in the central Rocky Mountains
and high Sierra Nevada range of the United States. The new species is described in all life stages
above the egg, along with its polytene chromosomes. The existence of differentiated populations of
other nominal species of black flies in northern and southern North America provides a system for
investigating possible co-differentiation of vectors and parasites.

Keywords: aquatic insects; cytogenetics; glaciation; Pleistocene; Rocky Mountains; speciation

1. Introduction

Mountains provide rich opportunities for population isolation and, therefore, are
often hotspots for speciation, biodiversity, and endemism. North America’s vast Western
Cordillera, running from the Brook’s Range of Alaska southward through the Rockies, Cas-
cades, Coast Ranges, and Sierra Nevada, has an ancient history of tectonic
influences [1,2]. Superimposed on the orogenic consequences have been cyclical glacial and
interglacial periods, most recently the Last Glacial Period (ca. 115,000–12,000 BP) with its
Late Glacial Maximum about 26,500 to 19–20,000 BP [3]. Species distributions and genetic
structure have been profoundly influenced by glaciation cycles, particularly during the
Quaternary Period of the past 2.6 million years [4–6].

Among the cold-adapted organisms that inhabit the Western Cordillera are members
of the dipteran family Simuliidae. The family’s oldest extant lineages are in the Holarctic
Region, reflecting the hypothesis that these flies evolved in cool, mountainous areas [7]. One
of the oldest extant lineages is the Holarctic genus Prosimulium, consisting of 80 nominal
species, of which 25 inhabit the Western Cordillera, including 23 that are precinctive to
this mountain chain [8]. Only two of the 80 species of Prosimulium are found in both the
Nearctic and Palearctic regions [8]. All species of Prosimulium are cold-adapted, particularly
the high-elevation inhabitants, and therefore are potential sentinels for monitoring climate
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change. The female flies of Prosimulium are mammalophilic, and those of some species
have been incriminated as vectors of onchocercid worms [9,10].

The extensive ranges of many western nominal Prosimulium species from northern
Alaska southward through the Rocky Mountains and Sierra Nevada, coupled with genetic
differences, have suggested the presence of multiple species [11,12]. Populations in Cali-
fornia’s Sierra Nevada, for example, were tentatively identified as Prosimulium esselbaughi
Sommerman, with the caveat that they might represent a new species, based on novel
sex-linkage of chromosomal rearrangements [11]. Our discovery of chromosomally and
morphologically similar populations in the central Rocky Mountains led to an evaluation of
the Rocky Mountain and Sierra Nevada populations and the conclusion that they represent
a new species. We describe these populations as a new species, based on chromosomal
band patterns and morphology of the female, male, pupa, and larva. We highlight the
geographic distributions of the new species and its close relative and discuss the general
pattern of north–south differentiation of Prosimulium species in western North America.

2. Materials and Methods

2.1. Collection Sites

At the type locality of the new species in Wyoming (Figure 1A,B), larvae and pupae
were collected in the North Fork drainage basin of the Little Laramie River in Albany
County (Table 1). Larvae and pupae were taken from trailing vegetation and stones in
2007 and 2008 and from black plastic bags anchored in the stream on 1 June 2008. Holes in
the ice allowed access to the stream. The plastic bags were used as attachment substrates
for larvae and particularly for pupae that are typically concealed in sediment. The plastic
was checked weekly through the third week of July. Larvae were collected into Carnoy’s
fixative (3 parts 99% ethanol: 1 part glacial acetic acid) and transferred to fresh fixative
2–4 h later. Pupae were collected by cutting the plastic around them and placing them in
Petri dishes with moist filter paper. Adults were allowed to emerge from the pupae in the
laboratory (elevation 2184 m) and were dispatched 12–24 h later by freezing. Pupal exuviae
and cocoons were associated with each adult.

Larvae in Colorado were collected from the Michigan River and Cache La Poudre
drainages in Jackson County (Figure 1C,D) in June 2022 and fixed in Carnoy’s fixative,
which was refreshed 4–8 h later (Table 1). Plastic bags were placed in the streams in June
and retrieved in July 2022, but no larvae or pupae were attached to them.

Table 1. Sites from which type material was collected for Prosimulium supernum n. sp. in the Rocky
Mountains of Colorado and Wyoming.

Site Location (Stream Width) Latitude Longitude
Elevation (m above

Sea Level)
Date Life Stage

1a
WY, Albany County,

Snowy Range Pass, Libby
Creek (2.0–2.5 m)

41◦21′07” N
106◦17′01′′ W 3233 11 June 2007 13 larvae (4 chromosome

preparations)

1b 12 June 2008 2 larvae (2 chromosome
preparations)

1c 7 July 2008 7 pupae, 2 males and 5 females
with pupal exuviae

1d 17 July 2008 4 pupae, 2 females with
pupal exuviae

2

CO, Jackson County, near
Cameron Pass, snowmelt

trib. Michigan River
(0.5–1.0 m)

40◦30′31′′ N
105◦53′05′′ W 3089 11 June 2022 6 larvae (6 chromosome

preparations)

3 CO, Jackson County, trib.
Michigan River (0.5–1.0 m)

40◦30′56′′ N
105◦53′11′′ W 3139 20 June 2022 2 larvae (2 chromosome

preparations)

4
CO, Jackson County,

Cameron Pass, Michigan
Ditch (2.0–2.5 m)

40◦31′13′′ N
105◦53′32′′ W 3135 20 June 2022 2 larvae (2 chromosome

preparations)
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Figure 1. Collecting sites for Prosimulium supernum n. sp. (A) Map of North America. Solid black
circles represent P. supernum n. sp. and open circles represent chromosomally confirmed records of
its near relative P. esselbaughi; map by Daniel Feher, https://www.freeworldmaps.net/about.html
(accessed on 20 December 2022). (B) Type locality of P. supernum n. sp., Libby Creek, Wyoming,
12 June 2008. (C) Cameron Pass, snow melt tributary of Michigan River, Colorado, 11 June 2022
(site 2, Table 1). (D) Cameron Pass, Michigan Ditch, Colorado, 20 June 2022 (site 4, Table 1).

In addition to material collected in Colorado and Wyoming, we also examined lar-
val material from California (Figure 1A) currently housed, as Prosimulium esselbaughi, in
the Clemson University Arthropod Collection (Clemson, SC, USA). Because larvae of
P. minifulvum Adler, Currie and Wood are not morphologically distinguishable from those
of so-called P. esselbaughi from California, we examined only those larvae that had originally
been identified chromosomally.

2.2. Chromosomes

The posterior half of each larval abdomen was removed, and the chromosomes and
gonads were Feulgen-stained, dissected from the abdomen, and analyzed under oil im-
mersion [13]. Diagnostic chromosomal sequences were photographed with a Jenoptik
ProgRes® SpeedXT Core 5 digital camera mounted on an Olympus BX40 light microscope.
The images were imported into Adobe® PhotoShop® Elements 8 to assemble and label the
chromosome maps.

The band sequences of the long (L) and short (S) arms of each of the three chromosomes
(I, II, and III) were compared with the standard sequence for the genus Prosimulium [14,15].
Chromosomal rearrangements previously found in other taxa were named according to
their original designations [14]. New rearrangements were assigned unique numbers. En-
hanced bands (i.e., heterobands) relative to the standard are identified by the chromosome
arm and section number (e.g., IIIS hb80). Fixed inversions in the text and on the maps are
italicized; polymorphic rearrangements appear in non-italic type. We also indicate on our
maps the following landmarks that are homologous throughout the Simuliidae and that
have been used throughout the history of simuliid chromosomal studies [11,14,15]: CI, CII,
CIII (centromeres of chromosomes I, II, and III, respectively), NO (nucleolar organizer), Pb
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(parabalbiani), and RB (ring of Balbiani, a lightly stained area that varies among nuclei and
individuals from little or no puffing (e.g., Figure 2C) to well-expressed puffing).

 

Figure 2. Chromosomes of Prosimulium supernum n. sp. from Colorado (male larvae), showing
standard sequence. (A). IS basal half, including standard (non-transformed) centromere region;
bracket indicates breakpoints of autosomal inversion IS-37; CI, centromere of chromosome I; NO,
nucleolar organizer. (B). IS distal half. (C). IIS; bracket indicates breakpoints of autosomal inversion
IIS-17; CII, centromere of chromosome II; RB, ring of Balbiani. (D). IIL; brackets indicate breakpoints
of autosomal inversions IIL-15 and IIL-16; Pb, parabalbiani.
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2.3. Morphology

Selected specimens for light microscopy were dissected in 80% ethanol. Larval struc-
tures and adult legs were temporarily slide-mounted in a drop of 50% acetic acid. Pupal
gills were removed and moved to depression slides in glycerin. Adult heads and terminalia
were heated for ca. 2 min in 85% lactic acid, transferred to a drop of glycerin in a depression
slide, further dissected into component parts, and oriented for interpretation and imaging.

Structures were photographed at multiple focal planes with a Jenoptik ProgRes®

SpeedXT Core 5 digital camera mounted on an Olympus BX40 light microscope. Helicon
Focus (version 7.7.5) stacking software was used to form composite images from multi-
ple focal planes. All morphological images were made from specimens collected at the
type locality.

Adults in ethanol were chemically dried using hexamethyldisilazane and then pinned
through the thorax with a minuten. The pupal exuviae and cocoon were placed in a
microvial with glycerin and pinned beneath the associated adult. Dissected parts were
pinned in a separate microvial beneath the adult. Descriptions of colors were based on
pinned specimens.

Larvae and pupae for scanning electron microscopy were dehydrated through an
ethanol series, dried in hexamethyldisilazane, mounted on conductive stubs with double-
sided adhesive tape, sputter-coated for 3 min with platinum, and imaged with a Hitachi
TM-3000 Scanning Electron Microscope (composite mode, 15 kV, and full vacuum).

Terminology for structures follows that of Adler et al. [11] and, for the larval mandible,
Chance [16].

2.4. Type Depositories

After larvae were prepared for chromosomal study they were transferred from Carnoy’s
fixative to 80% ethanol. The holotype and most paratypes were deposited in the United
States National Museum (USNM), Washington, DC. Additional paratypes (adults with
pupal exuviae) were deposited in the Canadian National Collection (CNC), Ottawa.

3. Results

Prosimulium supernum Adler and Reeves, n. sp.

Prosimulium esselbaughi: [11] (part: Alpine and Mariposa Counties, California, possi-
bly Nevada).

3.1. Chromosomal Description

Chromosomal sequences of all 18 larvae (10 females, 8 males) prepared for analysis
were read completely. The chromosomal complement (haploid number = 3) had standard
arm associations and the homologues were tightly paired. The nucleolar organizer was in
the standard position (chromosome section 22) for the P. hirtipes group (Figure 2A). The
centromere region of chromosome I was standard (i.e., not transformed) (Figure 2A), and
that of chromosome II was not expanded beyond the standard for the genus (Figure 2C,D).
A chromocenter was absent.

All chromosome arms had the standard banding sequence for the genus Prosimulium,
except IIIL, which was fixed for IIIL-2 (Figure 3). Sex determination was located on the
IIIL arm. Fundamentally, the X sequence carried IIIL-3 (Figure 3A). We interpreted the Y
sequence as standard for IIIL-3, with differential expression of bands in sections 85 to 87
(Figure 3B,C). We use “differential band expression” as a descriptive term meaning that
the bands in one homologue are well-stained and distinct but in the other homologue the
same bands are diffuse and weakly stained. Loops or knots were not expressed in the IIIL-3
region of males. Rather, the homologues in sections 85–87 showed consistent repulsion.
Additional rearrangements were frequently associated with the sex arm. Half the larvae in
the Colorado populations were heterozygous for IIIL-37 (Figure 3A,B). Differential band
expression also occurred outside the IIIL-3 region, in chromosome section 83, in Wyoming
larvae (Figure 3C).
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Figure 3. Chromosome III of Prosimulium supernum n. sp.; CIII, centromere. (A). Sequence of female
larva from Colorado, showing the presence of homozygous IIIL-2 and IIIL-3 and heterozygous IIIL-37
(arrow indicates breakpoints). Limits of IIIL-36 (not present) indicated by brackets; locations of
heterobands IIIS hb80 and IIIS hb81 (neither present) indicated by a plus sign (+). (B). Sequence
of male larva from Colorado, showing the presence of homozygous IIIL-2 and heterozygous IIIL-3
and IIIL-37 (arrow indicates breakpoints). (C). Sequence of male larva from Wyoming, showing the
presence of homozygous IIIL-2, heterozygous IIIL-3, and heterobands (+) IIIS hb83 and IIIS hb84.

Six autosomal polymorphisms were found (Table 2): IS-37, IIS-17, IIL-15, IIL-16
(Figure 2), IIIS hb80, and IIIS hb81 (Figure 3A).
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Table 2. Frequency of homologues with chromosomal rearrangements in larvae of Prosimulium
supernum n. sp. from the Rocky Mountains of Colorado and Wyoming.

Site

1a 1 1b 1 2 3 4

Female:Male 3:3 0:2 4:2 2:0 1:1
IS-37 – 2 – 0.08 – –
IIS-17 – – – 0.25 0.25
IIL-15 0.42 – – –
IIL-16 – – – – 0.25

IIIS hb80 – – – 0.25 –
IIIS hb81 1.00 1.00 0.08 –
IIIL-2 3 1.00 1.00 1.00 1.00 1.00
IIIL-3 4 * * * * *
IIIL-36 – – 0.17 – 0.25
IIIL-37 – – 0.17 0.50 0.25

1 Site 1a/1b corresponds to the type locality. 2 A dash (–) indicates a frequency of 0.00. 3 Italics indicate the
inversion was fixed. 4 An asterisk (*) indicates that IIIL-3 was linked to the X chromosome; the Y chromosome
was standard for IIIL-3.

3.2. Morphological Description

Female. Thorax length 1.4–1.7 mm (mean = 1.5 mm, n = 7). Body grayish brown,
pollinose, except pronotum, postpronotal lobes, and scutellum pale yellowish brown. All
hair yellowish to golden. Head about 0.6 times as wide as thorax. Frons and clypeus
well-haired; frons 0.3 times as wide as head. Labrum slightly shorter than clypeus. Antenna
(Figure 4E) brownish, paler basally, with scape, pedicel, and 9 flagellomeres; proportional
lengths of pedicel, first flagellomere, and second flagellomere 1.7: 1.6: 1.0. Maxillary palp
(Figure 4A) brownish, with proportional lengths of third, fourth, and fifth palpomeres
1.5: 1.0: 1.6; sensory vesicle (Figure 4B) elongated, slender, about 0.4 times length of third
palpomere, with short neck and wide mouth about 0.25 times length of vesicle. Lacinia
(Figure 4A) with 27–29 teeth. Mandible (Figure 4D) with 23–25 inner teeth and 7 or 8 outer
teeth. Cibarium (Figure 4C) at junction with pharynx smooth, unarmed, shallow, broadly
U-shaped. Pleural membrane, katepisternum, and postnotum bare. Precoxal bridge incom-
plete. Legs yellowish, except coxae, trochanters, apices of femora, and tibiae pale brownish;
tarsi brownish except basal ¾ of posterior margin of hind basitarsus brownish yellow. Hind
leg with basitarsus (Figure 4I) nearly parallel-sided, about 5.3 times as long as wide, and
0.7 times as wide as greatest width of hind tibia; calcipala and pedisulcus absent. Claw
(Figure 4J) unarmed or with minute basal tooth. Wing 3.6–4.2 mm long (mean = 4.0 mm,
n = 6). Costa, subcosta, and radius with fine setae dorsally and ventrally. Halter grayish
white. Segment VIII (Figure 4F) with sclerotized sternal plate; other segments lacking
sclerotized sternal plate. Hypogynial valves (ovipositor lobes) (Figure 4F) gently curved
toward midline, obliquely truncated posteromedially, membranous except inner margin of
each valve sclerotized; inner margins concave, creating teardrop-shaped space. Genital fork
(Figure 4H) with stem and arms slender, well sclerotized; space between arms mitre-shaped;
each arm expanded into slender triangular lateral plate directed posteromedially. Anal
lobe in lateral view (Figure 4G) narrow anteriorly, expanded posteroventrally as broadly
rounded lobe extended to, or slightly beyond, anterior margin of cercus. Cercus in lateral
view (Figure 4G) short, subrectangular, rounded posteriorly, about twice as wide as long.
Spermatheca (Figure 4H) broadly tapered apically, about as long as basal width, wrinkled,
heavily pigmented except broad basal area completely devoid of pigment; spermathecal
duct and both accessory ducts unpigmented.
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Figure 4. Female of Prosimulium supernum n. sp. (A) Maxillary palp with 5 palpomeres and
lacinia; inset shows apex of lacinia. (B) Maxillary palpomeres I, II, and III, showing sensory vesicle.
(C) Cibarium, anterior. (D) Mandible, apex. (E) Antenna. (F) Sternite VIII and hypogynial valves.
(G) Anal lobe and cercus, lateral view. (H) Genital fork and spermatheca. (I) Hind tibia (apical
portion only), tarsus, and acropod with claws. (J) Hind claw.

Male. Thorax length 1.3–1.4 mm (n = 2). Body dark brown to matte black, except
scutellum pale brown. All hair pale golden. Head 0.8 times as wide as thorax. Antenna
(Figure 5L) brownish, with scape, pedicel, and 9 flagellomeres; proportional lengths of
pedicel, first flagellomere, and second flagellomere 1.7: 1.5: 1.0. Maxillary palp (Figure 5J)
brownish, with proportional lengths of third, fourth, and fifth palpomeres 1.2:1.0:2.0;
sensory vesicle (Figure 5I) small, about 0.2 times as long as third palpomere, with small,
round mouth. Lacinia (Figure 5G) with small apical set of hairs. Katepisternum, pleural
membrane, and postnotum bare. Legs pale brownish, except coxae, trochanters, and
apices of femora and tibiae brown. Hind basitarsus (Figure 5K) 3.2 times as long as its
greatest width, 0.75 times as wide as greatest width of hind tibia; calcipala and pedisulcus
absent. Wing 3.4–3.5 mm long (n = 2). Costa and radius with fine setae; subcosta with
fine setae ventrally. Halter grayish brown. Gonocoxite in ventral view (Figure 5A) about
1.2 times longer than gonostylus. Gonostylus in ventral view (Figure 5A) smoothly curved
toward midline, gradually tapered, with 2 apical spinules; in inner lateral view (Figure 5F)
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about 1.6 times as long as its greatest width. Ventral plate in ventral view (Figure 5A)
subquadrate, slightly tapered, with minute setae in broad triangular pattern; anterior
margin rather straight (although dorsal wall in one specimen with protuberance of dark
cuticle) and posterior margin slightly concave; body of plate slenderer and more tapered in
progressively tilted views (Figure 5B,C); arms somewhat divergent from each other and
forming broad U-shape; in lateral view (Figure 5E) convex posteriorly; in terminal view
(Figure 5D) subtriangular, strongly rounded distally. Median sclerite (Figure 5D) short,
bifurcated apically. Paramere subquadrate, with slender anterior projection, without spines
or setae. Dorsal plate absent. Aedeagal membrane with fine setae. Abdominal tergite
X (Figure 5H) minute, subrectangular, with or without anterior and posterior incisions.
Cercus (Figure 5H) small, rounded, with 23 or 24 setae.

Figure 5. Male of Prosimulium supernum n. sp. (A) Genitalia, ventral view. (B) Ventral plate, ventral
view (slightly tilted). (C) Ventral plate, ventral view (moderately tilted to show median sclerite). (D)
Ventral plate and median sclerite, terminal view. (E) Ventral plate, lateral view. (F) Gonostylus, inner
lateral view. (G) Lacinia. (H) Tergite X and cerci. (I) Maxillary palpomere III, showing sensory vesicle.
(J) Maxillary palp with 5 palpomeres and lacinia. (K) Hind tibia (apex only), tarsus, and acropod
with claws. (L) Antenna.

Pupa. Length (excluding gills) (n = 7) 4.2–5.1 mm, mean = 4.6 mm. Cephalic plate
with dense covering of minute, rounded microgranules and 1 pair of unbranched facial
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trichomes. Thorax (Figure 6D,E) superficially wrinkled (most prominent laterally), densely
covered with minute, rounded microgranules; 3 or 4 unbranched dorsal trichomes per
side. Gill (Figure 7A,B) about 0.5–0.6 times as long as pupa, with 16 (rarely 15) slender,
grayish filaments in 3 groups arising from short basal stalk about as long as wide; stalks
of all 3 groups about as long as to 3 times longer than wide; branching pattern: dorsal
group with 8 (rarely 7) filaments arranged as [2 + (1 + 2)] + (1 + 2) or [1 + (1 + 2)] + (1 + 2),
lateral and ventral groups each with 2 petiolate pairs of filaments; in lateral view, dorsal
group often separated from lateral and ventral groups (Figure 7A); filaments furrowed
(Figure 6C). Abdomen densely covered with minute, rounded microgranules, dorsally with
postscutellar bridge bearing 4 small unbranched setae per side; segment I with 3 or 4 small
unbranched setae per side; segment II with 5–7 small unbranched setae per side; segments
III and IV each with 4 recurved hooks and 2 or 3 small unbranched setae per side; segments
V–IX each with spine comb and 1–5 small unbranched setae per side; segment IX (Figure 6F)
with pair of long terminal spines. Abdomen laterally with pleurites each bearing 1 or 2
small unbranched setae per side; striate membrane with 0–3 small unbranched setae per
side; segments V and VI each with 1 short, stout seta in tiny sclerite per side. Abdomen
ventrally with segment IV bearing pair of slender hooks on each side; segments V–VII
each with pair of stout, bifid or trifid hooks per side. Cocoon sac-like, without definitive
structure, densely woven, typically covering pupa and part of gill.

Figure 6. Scanning electron micrographs of Prosimulium supernum n. sp. (A) Larval mandible, apex,
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aboral surface. (B) Hypostoma, ventral view (teeth tilted dorsally). (C) Pupal gill filaments, showing
surface sculpture. (D) Pupal thoracic sculpture and trichomes, dorsal view; the ecdysial line is faintly
visible, running obliquely from right to left. (E) Pupal thoracic sculpture, dorsal view along the
ecdysial line. (F) Pupal segment IX, showing terminal spines, dorsal view.

Figure 7. Pupal gill of Prosimulium supernum n. sp. (A,B) Lateral views with slight differences in
orientation; apices of filaments not shown.

Larva. Length (n = 4) 6.0–7.6 mm, mean = 6.6 mm. Body (in Carnoy’s fixative)
grayish brown to pale brownish. Head capsule (Figure 8A) yellowish brown to chest-
nut brown, palest anteriorly; head spots pale brown, often obscure or faint; anterome-
dial and sometimes first anterolateral spots typically most conspicuous. Venter of head
capsule (Figure 8B) brown, with horizontal long spot and round spot on each side of
postgenal cleft brownish. Antenna about as long as, or slightly shorter than, labral fan
stalk, with basal and medial articles hyaline and distal article dark brown; proportional
lengths of proximal, medial, and distal articles 1.0: 1.7: 1.2. Labral fan (n = 15) with
17–21 (mean = 19.5) primary rays (25–28 for California larvae). Mandible (Figure 6A) with
5 apical teeth, numerous spinous teeth, and 14 or 15 marginal teeth. Maxillary palp about
2 times as long as basal width, with fine, colorless setae along its length (Figure 8D,E).
Hypostoma (Figure 8C) with median tooth extended anteriorly beyond all other teeth;
sublateral teeth posterior to lateral teeth and extended to same level as tines of median
tooth (or beyond if teeth are tilted dorsally; Figure 6B); with 3–5 lateral serrations and 3 or
4 sublateral setae per side. Postgenal cleft (Figure 8B) short, with anterior margin truncate
or slightly arched, about 0.3 times as long as postgenal bridge (measured from anterior mar-
gin of anterior tentorial pits to hypostomal groove). Cervical sclerites (Figure 8A) minute,
enclosed within occiput. Gill histoblast of 16 long, thread-like filaments. Lateral plate of
thoracic proleg well-sclerotized, slender, L-shaped. Abdominal cuticle with short, colorless,
unbranched setae. Rectal papillae of 3 finger-like lobes. Anal sclerite rectangular, with ante-
rior arms about 1.3–1.4 times as long as posterior arms. Posterior circlet with 67–74 rows
of 11–13 hooklets per row.
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Figure 8. Larva of Prosimulium supernum n. sp. (A) Frontoclypeal apotome. (B) Head capsule, ventral
view. (C) Hypostoma, ventral view. (D) Maxillary palp, apex. (E) Maxilla with maxillary palp,
lateral view.

3.3. Diagnosis

The following characters place P. supernum n. sp. in the P. hirtipes group: chromosomes
fixed for inversion IIIL-2 (Figure 3); female with laciniae and mandibles toothed and
spermatheca about as long as, or longer than, wide; male with gonostylus bearing 2 apical
spinules; pupa with 10–16 filaments; and larva with abdomen rather abruptly expanded at
segment V.

Chromosomally, P. supernum n. sp. can be distinguished from all other species of
the P. hirtipes group in western North America by the centromere region of chromosome
I in standard (not transformed) configuration (Figure 2A), X-linkage of IIIL-3 (Figure 3),
absence of a chromocenter, and absence of fixed inversions other than IIIL-2; however,
females of P. supernum n. sp. and P. esselbaughi both carry IIIL-2 and IIIL-3 and cannot be
distinguished from one another.

Morphologically, the female of P. supernum n. sp. cannot be reliably distinguished
from the females of most other western species in the P. hirtipes group, such as P. esselbaughi
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and P. daviesi Peterson and Defoliart. The male of P. supernum n. sp. can be distinguished
from those of 5 of the 13 species in the P. hirtipes group with known males (that of P. idemai
Adler, Currie and Wood is unknown) by having a dark brown to black (rather than orange)
scutum, a ventral plate (Figure 5A) with a weakly concave posterior margin and long basal
arms (in ventral view), and yellowish femora. Prosimulium supernum n. sp. is not reliably
distinguished from the remaining 7 species (P. daviesi, P. doveri Sommerman, P. esselbaughi,
P. fulvithorax Shewell, P. minifulvum, P. rusticum Adler, Currie and Wood, and P. travisi Stone).
Prosimulium opleri Peterson and Kondratieff, known from a single specimen (male) collected
in Rocky Mountain National Park, Colorado, within 14 km of our nearest collection site
for P. supernum n. sp., is currently in synonymy with P. shewelli Peterson and DeFoliart. It
differs most prominently by the following characters: first flagellomere distinctly longer
than pedicel (rather than about as long as), sensory vesicle slightly less than half as long
palpomere III (rather than only about 0.2 times as long as), costal base and stem vein with
black (rather than pale golden) setae, and terminalia “unusually small” sensu [17] for the
P. hirtipes group (rather than of typical size). The pupa of P. supernum n. sp. with its 16
(rarely 15) filaments can be separated from those of other 16-filamented western species
in the P. hirtipes group by the clustering of the lateral and ventral branches apart from the
dorsal branch (Figure 7A); however, if this configuration is not expressed (Figure 7B), the
pupa becomes inseparable from those of species with the branches rather evenly spaced.
The larva of P. supernum n. sp. can be distinguished from all western species of Prosimulium,
except P. esselbaughi, P. idemai, and P. minifulvum by the middle hypostomal tooth extended
well beyond the lateral teeth (Figures 6B and 8C). The head spots of P. supernum n. sp. are
generally paler than those of P. idemai, which has 13 or 14 filaments (rather than 15 or 16) in
its gill histoblast.

Overall, P. supernum n. sp. is structurally and chromosomally most like P. esselbaughi.
The most consistent and reliable diagnostic structural difference between the two species is
the configuration of the pupal gill, best appreciated in lateral view. In P. supernum n. sp., the
lateral and ventral branches either run parallel, thus appearing as a single cluster separate
from the dorsal branch (Figure 7A), or all three branches appear separate (Figure 7B),
whereas in P. esselbaughi, the dorsal and lateral branches typically run parallel and present
a cluster separate from the ventral branch [18,19].

3.4. Type Material

Holotype (USNM): Male (pinned) with dissected genitalia (in associated glycerin vial)
and pupal exuviae and cocoon (in associated glycerin vial), Wyoming, Albany County,
Snowy Range Pass, Libby Creek, 41◦21′07′ ′ N 106◦17′01′ ′ W, 3233 m asl, 7 July 2008, col-
lected by W. K. Reeves. Paratypes (USNM and CNC): Same location and collector as
holotype, 11 June 2007, 13 larvae; 12 June 2008, 2 larvae; 7 July 2008, 7 pupae, 1 male
and 5 females (pinned with pupal exuviae in glycerin vials); 17 July 2008, 4 pupae, 2 fe-
males (pinned with pupal exuviae in glycerin vials). Colorado, Jackson County, near
Cameron Pass, snowmelt tributary of Michigan River, 40◦30′31′ ′ N 105◦53′05′ ′ W, 3089 m asl,
11 June 2022, W. K. Reeves, 6 larvae; tributary of Michigan River, 40◦30′56′ ′ N 105◦53′11′ ′ W,
3139 m asl, 20 June 2022, W. K. Reeves, 2 larvae; Cameron Pass, Michigan Ditch, 40◦31′13′ ′
N 105◦53′32′ ′ W, 3135 m asl, 20 June 2022, W. K. Reeves, 2 larvae.

3.5. Additional Specimens Examined

California, Alpine Co., Rt. 4, trickle 1.2 mi. W of Raymond Meadow Creek bridge
24 June 1991, P. H. Adler, 2 larvae; Mariposa County, Rt. 41, Rail Creek, 12 May 1997, P. H.
Adler, 7 larvae; Rt. 41, 1 mi. E of Big Meadow Overlook, 14 May 1997, P. H. Adler, 3 larvae;
Rt. 41, 2 mi. W of 5000′ elev. marker, 11 May 1997, P. H. Adler, 3 larvae; Rt. 41, 1.7 mi. N of
Avalanche Creek, 12 May 1997, P. H. Adler, 5 larvae; Rt. 41, 4 mi. N of tunnel, 14 May 1997,
P. H. Adler, 1 larva; Mono Co., Rt. 108, ca. 2 mi. east of border between Mono County and
Tuolumne County, 11 June 1990, P. H. Adler, 1 larva.

149



Diversity 2023, 15, 212

3.6. Distribution

Prosimulium supernum n. sp. is confirmed from the Rocky Mountains of Colorado and
Wyoming. We also ascribe populations from the Sierra Nevada of California to this species,
based on chromosomal and morphological diagnostic characters. A sample of three larvae
from Nevada (Pine County, Lehman Creek, 25 August 1966) with chromosomes matching
P. esselbaughi are possibly those of P. supernum n. sp., but the larvae were females; the two
species are chromosomally indistinguishable as females. Our map (Figure 1A) shows only
localities for which we had both morphological and chromosomal data and could, therefore,
make accurate identifications of the new species and P. esselbaughi sensu stricto. We suspect
that all previous literature records of P. esselbaughi sensu lato from Alaska and Canada (i.e.,
Alberta, British Columbia, and the Yukon) [11,19] pertain to P. esselbaughi in the strict sense,
based on the distributions and morphological characters (particularly of the pupal gill)
that accompanied the records. Literature records of P. esselbaughi sensu lato from Montana,
Oregon, and Washington [11] might apply to P. esselbaughi sensu stricto, P. supernum new
species, or both; this area possibly represents the transition of the ranges of the two species.

3.7. Bionomics

Larvae of P. supernum n. sp., like those of the closely related P. esselbaughi [18], are
found in fast, cold streams about a meter or more wide. Whereas P. esselbaughi has been
found from sea level to above the timberline in the area around Anchorage, Alaska [18],
P. supernum n. sp. is a specialist of high elevations, having been found only at elevations
above 3000 m in the Rocky Mountains and above 1500 m in the Sierra Nevada. The larvae
of P. supernum n. sp. have been collected in association with Helodon susanae (Peterson),
P. daviesi, Simulium carbunculum Adler, Currie and Wood, and the S. arcticum complex. Like
all species of Prosimulium, the new species is univoltine. One larva from Mariposa County,
California, was infected with an unidentified mermithid nematode.

Topotypical females emerged with their abdomen replete with fat body, suggesting
autogeny, at least in the first gonotrophic cycle, as discovered [18] for P. esselbaughi. The
females are inferred to feed on mammals, based on their fully functional biting mouthparts
and claws adapted for mammal feeding. The inference is bolstered by a few records
available for P. esselbaughi, indicating that large mammals (e.g., sheep and humans) are
hosts [18,20].

3.8. Etymology

The species name supernum is from Latin, meaning celestial, high, or lofty, in reference
to the high-elevation habitat of the species.

4. Discussion

East–west differentiation of North American taxa is a common, long-recognized
pattern; the distinction is usually defined by the Rocky Mountains. In the simuliid genus
Prosimulium, only one of the 38 nominal species, the trans-arctic P. ursinum (Edwards),
is shared between eastern and western North America [11]. In contradistinction, most
nominal species in the group are continuously distributed along a north–south axis [11].
Yet, given the history of glaciation, availability of refugia, dissected topography, and
consequent opportunities for isolation, north–south differentiation should be a prominent
feature of organisms in western North America. Accordingly, phylogeographic analyses
have revealed north–south differentiation in taxa as evolutionarily diverse as birds [21,22],
mammals [23], and plants [24].

During the Last Glacial Maximum, the North American Ice Sheet separated the west-
ern half of the continent into two major refugia, Beringia in the north and most of the
continent to the south of present-day Canada [25], with smaller hypothesized refugia along
the Pacific Northwest coast [26]. The biological implication of this vast ice sheet is that
populations to its north and south should express disparities in life history, structure, and
genetics. This trend is apparent within all nominal species of western Prosimulium that
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are distributed from Alaska southward into the Rockies and Sierra Nevada [11], each of
which consists of genetically different northern (e.g., Alaskan) and southern (e.g., central
Rocky Mountain) populations. Prosimulium frohnei Sommerman and P. fulvum (Coquil-
lett) lack a chromocenter in southern populations but both are chromocentric in Alaska;
P. fulvum also expresses differential sex-chromosome linkage in northern versus southern
populations [11,27]. Alaskan and Yukon populations of P. neomacropyga Peterson and
P. travisi show substantial cytogenetic and molecular divergence from Colorado popula-
tions, suggesting cryptic species [11,12,15,28]. Northern and southern populations, formerly
treated as cytoforms of P. doveri [27], were recently recognized as distinct species: the north-
ern P. doveri and southern P. daviesi [11]. The taxonomic implication is that new species will
need to be described, and in other cases some names currently held in synonymy will need
to be revalidated. Further insights into these north–south relationships could be gained
from molecular analyses, such as the DNA barcoding that was conducted for P. travisi and
P. neomacropyga [12].

Chromosomally and structurally, P. supernum n. sp. most closely resembles the
more northern P. esselbaughi first described from Alaska. It was originally identified as
P. esselbaughi [11] and is here considered a separate species, differing largely in the pupal
gill configuration and chromosomal rearrangements linked to sex. In addition, the floating
rearrangement profiles are unique; none of the 17 total floating rearrangements are shared
between the two species. Prosimulium esselbaughi and P. supernum n. sp., thus, represent
the sixth example of north–south differentiation of Prosimulium in the Western Cordillera
and the second case among western Prosimulium species in which northern and southern
populations are accorded separate species status.

Other simuliid taxa of the Western Cordillera also express north–south disparity. The
sister-species Metacnephia sommermanae (Stone) and M. coloradensis Peterson and Kondratieff,
for example, differ cytogenetically and morphologically [11,29]. Why the trend has not
been more frequently observed among the Simuliidae might reflect limited north–south
genetic investigations and the subtle nature of morphological differences often attributed
to intraspecific variation.

Overlain on the large-scale pattern of differentiated populations to the north and south
of the North American Ice Sheet is the possibility of further differentiation in northern and
southern populations, reflecting isolation, reduced population sizes, and local adaptation
in historical microrefugia [30]. Prosimulium supernum n. sp. from the Sierra Nevada of
California, for instance, might be expected to show different chromosomal rearrangement
profiles, although a detailed investigation was not possible for the material now stored
in ethanol. Genetically unique populations of other taxa, such as birds and mammals,
have been found in the Sierra Nevada [21,31]. Post-glacial factors also might be at work in
determining current population genetics at high elevations, such as limited dispersal and
local adaptation. Even between the Colorado and Wyoming populations of P. supernum n.
sp., which are separated by 100 km, chromosomal differences in autosomal polymorphism
profiles are stark—only one of nine floating rearrangements is shared.

Post-glacial range expansions of populations north and south of the ice sheet would be
expected to bring the differentiated populations into closer proximity, eventually including
a zone of overlap in some cases. The species pair, P. doveri Sommerman to the north and
P. daviesi to the south, overlap in the Coast Range of northwestern Washington [11]. A zone
of overlap has not been found for P. supernum n. sp. and P. esselbaughi, although genetic
sampling has been limited. Prosimulium esselbaughi, however, extends in a cytogenetically
homogenous north–south band more than 2100 km, from at least the Anchorage area of
southern Alaska to Vancouver in southern British Columbia [15] (as P. hirtipes “2 (Alaska)”).
The Alaskan population might represent Beringian survival, whereas the British Columbian
population is perhaps the result of post-glacial movements southward from the Beringian
refugium. The Alaskan and British Columbian populations not only share both fixed
inversions (IIIL-2 and IIIL-3), but also the sex inversion and three of the five other floating
inversions [15].
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The influence of glaciation and subsequent divergence on host use, parasites, and
potential vector relationships of P. supernum n. sp. and P. esselbaughi is unknown. The mam-
malian hosts of each species and any associated pathogens and parasites transmitted during
blood-feeding also would have been subjected to the influences of glaciation. Perhaps, too,
the non-vector-transmitted symbiotes (e.g., mermithid nematodes) also carry a signature
of Pleistocene isolation. Contemporary populations to the north and south of the great
North American Ice Sheet provide ideal subjects for examining potential co-differentiation
of black flies and their parasites.
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Abstract: DNA barcoding based on the cytochrome oxidase I gene is increasingly used in black flies
(Diptera: Simuliidae), but extensive data for larger areas are still rare. Slovakia, with well-explored
black fly fauna, was chosen to verify the reliability of DNA barcoding for species identification. The
DNA barcoding region of the COI gene of 235 individuals of 25 black fly species from Slovakia
was sequenced. Among them, 30 sequence clusters with assigned Barcode Index Numbers (BINs)
were identified, and 5 of them were recorded for the first time. The average intraspecific genetic
divergence was 0–3.24%, whereas the average interspecific divergence was 12.3–17.8%. Based on
the barcode sequence, 14 species could be identified unambiguously, and 3 of them (Prosimulium
latimucro, Simulium costatum, S. degrangei) are split into two or more barcode clusters. In eleven
species, some degree of barcode sharing occurred, often combined with barcode splitting. The results
showed hidden diversity as well as cases of shared barcode sequences among the studied species.
Further investigation using other molecular markers is necessary due to the overlap of intraspecific
and interspecific variability.

Keywords: black flies; Simuliidae; DNA barcoding; genetic distance; cryptic diversity; Slovakia

1. Introduction

Black flies (Simuliidae) are mainly known as pests and vectors of parasitic diseases.
More than 2000 out of 2398 known species feed on the blood of birds or mammals [1].
About 28 species of vertebrate parasites have been recorded in black flies [2]. The main
scientific interest has been focused on the vectors of human onchocerciasis. According to
WHO estimates from 2017, 220 million people in the world need preventive drugs against
onchocerciasis, 14.6 million have skin symptoms of the disease, and 1.15 million have
impaired vision [3]. The most common diseases of veterinary importance transmitted by
Simuliidae are bovine onchocerciasis [4,5] and avian leukocytozoonosis [6]. In addition to
transmitting parasitic diseases, blackfly outbreaks are also problematic. The saliva of black
flies contains anesthetic and anticoagulant substances, which can cause allergic reactions;
numerous attacks can cause fever (so-called black fly fever), toxic shock, and in some cases,
even death [7]. Grazing farm animals on pastures in the vicinity of black fly breeding
sites are often stressed by constant attacks, which also causes a decrease in production and
associated economic losses [8,9]. In addition to their great importance as a blood-sucking
group, the larvae and pupae of black flies also represent an important part of flowing water
communities, which also contributes to the need for better knowledge of their diversity.
Cytogenetic studies covered about one quarter of known black fly species and revealed that
the described morphospecies are often complexes of two or more sibling species. These
species might have different habitat preferences and often differ in their ability to transmit
parasitic diseases [10,11].
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Although cytotaxonomy provides valuable information supplementing the classical
taxonomy, molecular methods are being widely used as well. The chromosomal analysis
requires a lot of experience, and it can be performed only on the last instar larvae, which
were specifically fixed in an ad hoc solution of ethanol and acetic acid (3:1). Therefore,
reliable molecular methods for species identification are needed. The most used molecular
marker is the barcoding region of the mitochondrial COI gene. Comprehensive studies
on the barcoding of black flies were performed for example in North America [12,13],
Central America [14], and Thailand [15–18]. Several studies showed the applicability of
barcoding in resolving a particular problem with the identity or identification of European
black fly species. Barcoding helped to resolve the problem of the identity of Simulium
reptans and confirmed the presence of a second similar species, Simulium reptantoides [19,20].
Used together with cytotaxonomy, the DNA barcoding unambiguously identified all four
species of the Simulium aureum group in Great Britain [21] and it confirmed that the Italian
endemic species Prosimulium italicum is not a synonym of the widely distributed and
morphologically very similar Prosimulium hirtipes [22]. In Europe, larger studies on the
barcoding of black flies are still missing, except for Spain, with a barcoding project covering
22 species and 199 individuals [23]. In this study, Slovakia, with its relatively well-explored
black fly fauna consisting of 46 species [24], is used as an example area for verifying the
reliability of the use of barcoding for black fly species identification.

2. Material and Methods

The larvae and pupae of black flies were collected from branches, rocks, and veg-
etation in streams and rivers at 26 locations in Slovakia (Table 1, Figure 1). Collected
individuals were fixed in 96% ethanol. Larvae and pupae were identified with Zeiss
SteREO Discovery.V12 stereoscopic microscope and Zeiss AxioLab microscope using multi-
ple identification keys for European black fly taxa [25–30]. All specimens were identified
to the species level based on the morphological characters; the only exceptions are two
pupae of the subgenus Eusimulium, which were identified to the species level as Simulium
angustipes Edwards, 1915 and Simulium rubzovianum (Sherban, 1961) based on their barcode
sequence because no reliable morphological characters are known for identification of the
pupae. Nomenclature follows the recent inventory of black flies [1]. Material was deposited
at the Department of Zoology of Comenius University in Bratislava, Slovakia.

 

Figure 1. Sampling sites for analyzed specimens. The localities are listed and numbered in Table 1.
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Table 1. Species and BIN classification of the studied dataset.

Species BIN N
Locality

Waterbody,
Municipality

Coordinates
N, E

Date
No. of Specimen

(Per Date)

Prosimulium hirtipes
(Fries, 1824)

AER9302

7 1 Čierny potok, Dolný Harmanec
48.8201,
19.0342

1 May 2021
11 May 2021
10 June 2021

4
2
1

1 2 Kamenný potok, Častá
48.3940,
17.3037 24 April 2021 1

7 3 Potok Račková, Pribylina 49.1055,
19.8069

11 May 2021
10 June 2021

2
5

AAB9204 2 1 Čierny potok, Dolný Harmanec
48.8201,
19.0342

11 May 2021
10 June 2021

1
1

Prosimulium latimucro
(Enderlein, 1925)

AEF3934

1
4 Malé Žabie Javorové pleso, Tatranská

Javorina
49.2023,
20.1500 14 September 2009 1

1 5 Prostredné Spišské pleso, Vysoké Tatry 49.1910,
20.1972 12 August 2009 1

2 6 Malé Spišské pleso, Vysoké Tatry 49.1901,
20.2004 12 August 2009 2

AEI9525 * 2 6 Malé Spišské pleso, Vysoké Tatry 49.1901,
20.2004 12 August, 2009 2

AEF3642 2 6 Malé Spišské pleso, Vysoké Tatry 49.1901,
20.2004 12 August 2009 2

Prosimulium rufipes
(Meigen, 1830)

AER9302

11 1 Čierny potok, Dolný Harmanec
48.8201,
19.0342

1 May 2021
11 May 2021
10 June 2021

3
6
2

9 3 Potok Račková, Pribylina 49.1055,
19.8069

11 May 2021
10 June 2021

2
7

Prosimulium tomosvaryi
(Enderlein, 1921) AEA2402

2 1 Čierny potok, Dolný Harmanec
48.8201,
19.0342 1 May 2021 2

4 7 Drieňovka, Bratislava-Nové Mesto 48.1877,
17.1234 5 May 2021 4

3 2 Kamenný potok, Častá
48.3940,
17.3037 24 April 2021 3

4 8 Závada, Kšinná 48.8302,
18.3631 1 April 2017 4

Simulium
erythrocephalum
(De Geer, 1776)

AAJ6649 2 9 Vojčianske rameno, Kyselica 47.9751,
17.3702 16 September 2020 2

Simulium angustipes
Edwards, 1915

AAF4267 1 10 Bíňovce 48.5092,
17.4772 6 March 2022 1

Simulium rubzovianum
(Sherban, 1961)

AAP9556 1 13 Hydina, Uhrovec (Látkovce) 48.6929,
18.3499 1 April 2017 5

Simulium costatum
Friederichs, 1920

AEH7122 * 6 12 Sučiansky potok, Nitrianske Sučany 48.7431,
18.4564 1 April 2017 6

AEH4753 1 12 Sučiansky potok, Nitrianske Sučany 48.7431,
18.4564 1 April 2017 1

Simulium cryophilum
(Rubtsov, 1959)

ACU9243
5 13 Hydina, Uhrovec (Látkovce) 48.6929,

18.3499 1 April 2017 5

3 14 Vríca, Vrícko 48.9764,
18.6875 12 September 2020 3

Simulium vernum
Macquart, 1826

AAB8624

1 7 Drieňovka, Bratislava-Nové Mesto 48.1877,
17.1234 21 March 2022 1

1 13 Hydina, Uhrovec (Látkovce) 48.6929,
18.3499 1 April 2017 1

4 15 Struha, Bratislava-Vajnory 48.2258,
17.1815 21 March 2022 4

6 12 Sučiansky potok, Nitrianske Sučany 48.7431,
18.4564 19 May 2018 6

AET1431 1 15 Struha, Bratislava-Vajnory 48.2258,
17.1815 21 March 2022 1

Simulium
argenteostriatum

Strobl, 1898
AEH6008 * 8 3 Potok Račková, Pribylina 49.1055,

19.8069 17 July 2019 8
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Table 1. Cont.

Species BIN N
Locality

Waterbody,
Municipality

Coordinates
N, E

Date
No. of Specimen

(Per Date)

Simulium degrangei
Dorier & Grenier, 1960

ACD5131 3 16 Belá, Liptovský Hrádok 49.0448,
19.7227 13 June 2013 3

ACQ6722 1 16 Belá, Liptovský Hrádok 49.0448,
19.7227 13 June 2013 1

Simuium ornatum
Meigen, 1818

AEN0363

1 17 Dunaj, Bratislava-Devín 48.1681,
16.9873 18 March 2022 1

3 11 Nitrica, Diviacka Nová Ves 48.7339,
18.4993 27 July 2017 3

2 18 Nitrica, Liešt’any (Lomnica) 48.8436,
18.4701 27 July 2017 2

5 19 Striebornica, Uhrovec 48.7530,
18.3625 20 September 2017 5

2 20 Váh, Liptovský Hrádok 49.0349,
19.7112 13 June 2013 2

3 14 Vríca, Vrícko 48.9764,
18.6875 12 September 2020 3

AEW0869

5 21 Rudava, Vel’ké Leváre 48.4888,
17.0096 25 September 2020 5

1 19 Striebornica, Uhrovec 48.7530,
18.3625 20 September 2017 1

AAV2392

1 11 Nitrica, Diviacka Nová Ves 48.7339,
18.4993 27 July 2017 1

1 20 Váh, Liptovský Hrádok 49.0349,
19.7112

13 June 2013 1

AAN3313 1 20 Váh, Liptovský Hrádok 49.0349,
19.7112

13 June 2013 1

Simulium trifasciatum
Curtis, 1839

AEN0363 2 19 Striebornica, Uhrovec 48.7530,
18.3625 20 September 2017 2

AEW0869 1 19 Striebornica, Uhrovec 48.7530,
18.3625 20 September 2017 1

Simulium
colombaschense (Scopoli,

1780)
ADZ9523 * 5 22 Dunaj, Medved’ov 47.7887,

17.6651 16 May 2013 5

Simulium reptans
(Linnaeus, 1758)

AAA9951 9 23 Morava, Vysoká pri Morave 48.3219,
16.9081 30 April 2013 9

Simulium reptantoides
Carlsson, 1962

AAA9950
7 24 Váh, Ivachnová 49.0960,

19.4118 19 July 2014 7

3 16 Belá, Liptovský Hrádok 49.0448,
19.7227 19 July 2014 3

Simulium argyreatum
Meigen, 1838

AAB8783

7 1 Čierny potok, Dolný Harmanec
48.8201,
19.0342 1 May 2021 7

3 25 Podhradský potok, Zliechov 48.9699,
18.3714 30 June 2018 3

3 3 Potok Račková, Pribylina 49.1055,
19.8069 17 July 2019 3

ADK2119 2 1 Čierny potok, Dolný Harmanec
48.8201,
19.0342 1 May 2021 2

Simulium maximum
(Knoz, 1961)

ACV0745 4 3 Potok Račková, Pribylina 49.1055,
19.8069 10 June 2021 4

AES0919 * 4 3 Potok Račková, Pribylina 49.1055,
19.8069 10 June 2021 4

Simulium monticola
Friederichs, 1920

AAB8783 14 1 Čierny potok, Dolný Harmanec
48.8201,
19.0342

24 September 2020
1 May 2021

6
8

Simulium sp. aff.
monticola ACV0745 14 1 Čierny potok, Dolný Harmanec

48.8201,
19.0342

24 September 2020
1 May 2021

4
10

Simulium variegatum
Meigen, 1818 AAB8783

6 25 Podhradský potok, Zliechov 48.9699,
18.3714 30 June 2018 6

9 3 Potok Račková, Pribylina 49.1055,
19.8069 17 July 2019 9

Simulium balcanicum
(Enderlein, 1924)

AAM4036 4 26 Priesakový kanál, Bratislava-Rusovce 48.0729,
17.1395 23 March 2019 4
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Table 1. Cont.

Species BIN N
Locality

Waterbody,
Municipality

Coordinates
N, E

Date
No. of Specimen

(Per Date)

Simulium equinum
(Linnaeus, 1758)

AAM3554 3 11 Nitrica, Diviacka Nová Ves 48.7339,
18.4993 27 July 2017 3

Simulium lineatum
(Meigen, 1804)

AAM4036

1 17 Dunaj, Bratislava-Devín 48.1681,
16.9873 18 March 2022 1

7 11 Nitrica, Diviacka Nová Ves 48.7339,
18.4993 27 July 2017 7

*—unique (new) BIN in BOLD database. N—number of specimens per BIN and locality. 1–26—numbers of
localities used in Figure 1.

A small piece of larval or pupal muscle tissue from each specimen was used for DNA
extraction. The rest of each specimen was stored in 96% ethanol at −20 ◦C for further
analysis. The DNA was extracted using commercial kit prepGEM Insect (Zygem), following
the instructions of the manufacturer.

The barcoding region of the cytochrome c oxidase subunit I (COI) fragment was
amplified using the primers HCO1490 (5′-GGTCAACAAATCATAAAGATATTGG-3′) and
LCO2198 (5′-TAAACTTCAGGGTGACCAAAAAATCA-3′) [31]. The PCR reaction was
performed in a total volume of 25 μL: DNA or 2.5 μL Buffer Dream (Fermentas), 2.5 μL
MgCl2, 2.0 μL dNTPs, 0.5 μL of each primer, and 0.4 μL DNA polymerase DreamTaq
(Fermentas), or 10 μL Red Taq 2X Master Mix, (1.5 mM MgCl2 included); 0.4 μL of each
primer; 12.2 μL of Nuclease-Free water, and 2 μL of extracted DNA. The PCR program for
COI gene fragment consisted of initial denaturation at 94 ◦C for 5 min; 35 cycles at 94 ◦C
for 30 s, 45 ◦C for 30 s, and 72 ◦C for 30 s; the last polymerization was at 72 ◦C for 5 min.

The quality of PCR product was checked on 1% agarose gel stained with GoldView. PCR
products were purified and sequenced by Macrogen Europe, Amsterdam, The Netherlands.

Sequences were aligned and modified using Geneious 6.1.8 [32]. Genetic distances
were calculated using the program MEGA11 [33] using Kimura 2-parameter (K2P) with
bootstrap support values estimated 500 replicates. The most suitable evolutionary models
were also calculated in the jModelTest2 [34]. Phylogenetic trees were created using the
maximum parsimony (MP) method in PAUP 4.0 [35] with 100 random additions, nearest
neighbor interchange (NNI) algorithm, and heuristic search approach. Bootstrap support
values were estimated 1000 replicates. MrBayes v.3.1.2 [36] program was used for Bayesian
phylogenetic inference (BI), with four simulations of Markov chains, 5 M generation,
and sampling every 100 generations, with 25% of trees discarded as burn-in. Maximum
likelihood (ML) analysis was performed in RAxML [37] through raxmlGUI 2.0 [38] interface.

Two sequences of Drosophila melanogaster (Genbank Access Numbers: HM102299.1;
HM102298.1) were used as outgroups [39].

All sequences were uploaded to the Barcode of Life Database (BOLD) into dataset
DS-SIMSK—Black Fly Barcoding Slovakia (Diptera: Simuliidae), and subsequently to the
GenBank database (accession numbers: OQ922995—OQ923229).

Haplotype networks for selected groups were constructed in the PopART (Population
Analysis with Reticulate Trees) software [40], using TCS network method [41].

Maps were created in QGIS 3.30.0 [42], using basemaps from https://www.naturalearthdata.
com (accessed on 15 February 2023) and https://www.eea.europa.eu/data-and-maps (accessed
on 15 February 2023).

3. Results

The DNA barcoding region of 25 black fly species and 235 specimens was successfully
amplified. The COI barcodes for three species and one unnamed taxon are published for
the first time here (S. argenteostriatum, S. maximum, S. sp. aff. monticola, S. colombaschense).
In 216 specimens of 23 species, we obtained the barcoding region’s full length (658 bp).
The only exceptions were the species S. reptans and S. reptantoides, sequenced one-sided in
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the pilot step of the project, which produced at least 625 bp long sequences. None of the
sequences contained stop codons, deletions, or insertions.

3.1. Genetic Distances

In the genus Prosimulium, the average intraspecific genetic distances ranged between
0.06% (P. rufipes) and 1.81% (P. latimucro), and the maximal value of intraspecific genetic
distance was found in P. latimucro (3.64%). The minimal average interspecific genetic
distance was found in P. hirtipes (5.08%) and the maximal average interspecific genetic
distance was found in P. tomosvaryi (10.80%).

In the genus Simulium, the average intraspecific genetic distances ranged between 0 (S. sp.
aff. monticola) and 3.24% (S. ornatum). The maximal intraspecific genetic distance was found in
S. ornatum (7.79%), followed by S. costatum (7.13%). The average values of interspecific genetic
distance varied between 15.85% and 20.28%.

The overlap of intraspecific and interspecific genetic distance occurred in ten species
of the genus Simulium and two species of the genus Prosimulium (Table 2). The genetic dis-
tances and possible relations of the haplotypes for selected taxa are visualized in haplotype
networks (Figures 2–7).

Table 2. Genetic distances of analyzed species calculated by genera.

Species n
Intraspecific Genetic Distances Interspecific Genetic Distances

Min Max Average Std Min Max Average Std

P. hirtipes * 17 0.0000 0.0195 0.0047 0.0072 0.0000 0.1187 0.0508 0.0491
P. latimucro 8 0.0000 0.0364 0.0181 0.0122 0.0678 0.0997 0.0777 0.0099
P. rufipes * 20 0.0000 0.0048 0.0006 0.0011 0.0000 0.1147 0.0543 0.0487

P. tomosvaryi 13 0.0000 0.0064 0.0023 0.0016 0.0886 0.1187 0.1080 0.0071

S. erythrocephalum 2 0.0032 0.0032 0.0032 0.0000 0.1184 0.1880 0.1429 0.0175
S. angustipes 1 N/A N/A N/A N/A 0.0765 0.1942 0.1580 0.0149

S. rubzovianum 1 N/A N/A N/A N/A 0.0765 0.1914 0.1645 0.0132
S. costatum * 7 0.0000 0.0713 0.0225 0.0336 0.0586 0.2028 0.1453 0.0253
S. cryophilum 8 0.0000 0.0048 0.0016 0.0015 0.0586 0.1942 0.1518 0.0279

S. vernum 13 0.0000 0.0312 0.0117 0.0070 0.0877 0.1815 0.1443 0.0196
S. argenteostriatum 8 0.0016 0.0146 0.0058 0.0036 0.0977 0.1814 0.1429 0.0125

S. degrangei 4 0.0000 0.0163 0.0092 0.0065 0.0977 0.1834 0.1458 0.0144
S. ornatum * 25 0.0000 0.0779 0.0324 0.0246 0.0000 0.1923 0.1275 0.0236

S. trifasciatum * 3 0.0048 0.0567 0.0139 0.0268 0.0000 0.1858 0.1139 0.0399
S. colombaschense 5 0.0016 0.0032 0.0026 0.0008 0.0670 0.1585 0.1239 0.0205

S. reptans 9 0.0000 0.0130 0.0032 0.0047 0.0600 0.1665 0.1164 0.0219
S. reptantoides 10 0.0000 0.0130 0.0067 0.0044 0.0600 0.1731 0.1234 0.0218
S. argyreatum * 15 0.0000 0.0415 0.0143 0.0142 0.0000 0.1921 0.1049 0.0530
S. maximum * 8 0.0000 0.0163 0.0088 0.0073 0.0000 0.2006 0.1106 0.0483
S. monticola * 14 0.0000 0.0081 0.0034 0.0023 0.0000 0.1984 0.1042 0.0536

S. sp. aff. monticola * 14 0.0000 0.0000 0.0000 0.0000 0.0000 0.1984 0.1149 0.0447
S. variegatum * 15 0.0000 0.0113 0.0055 0.0024 0.0000 0.1898 0.1040 0.0531
S. balcanicum * 4 0.0000 0.0163 0.0103 0.0059 0.0081 0.1808 0.1500 0.0295

S. equinum 3 0.0000 0.0016 0.0011 0.0008 0.1167 0.2028 0.1777 0.0185
S. lineatum * 8 0.0000 0.0296 0.0172 0.0088 0.0081 0.1813 0.1518 0.0229

*—species with overlapped maximal intraspecific and minimal interspecific genetic distances, overlapping values
in bold. Std—standard deviation. n—number of specimens.
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Figure 2. Maximum parsimony (MP) tree based on 235 mitochondrial cytochrome c subunit I
haplotypes of 25 black fly species based on 625 bp long alignment. Bootstrap support values for
maximum parsimony (MP) and maximum likelihood (ML), and posterior probability values for
Bayesian inference (BI) are shown above branches or near branches.
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Figure 3. TCS haplotype network of COI 5P haplotypes from 58 individuals of four species of genus
Prosimulium. Mutational steps are represented by ticks across network connections and also by the
number if higher than five.

Figure 4. TCS haplotype network of COI 5P haplotypes from 29 individuals of three species of
subgenus Nevermannia. Mutational steps are represented by ticks across network connections and
also by the number if higher than five.
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Figure 5. TCS haplotype network of COI 5P haplotypes from 28 individuals of two species of ornatum
species group. Mutational steps are represented by ticks across network connections and also by the
number if higher than five.

Figure 6. TCS haplotype network of COI 5P haplotypes from 66 individuals of two species of
variegatum species group. Mutational steps are represented by ticks across network connections and
also by the number if higher than five.
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Figure 7. TCS haplotype network of COI 5P haplotypes from 15 individuals of three species of
subgenus Wilhelmia. Mutational steps are represented by ticks across network connections and also
by the number if higher than five.

3.2. Phylogenetic Trees

All phylogenetic trees (ML, MP, and BI) yielded similar topologies. All species groups
formed well-supported clades (Figure 2), and 14 species formed monophyletic clades with
high statistical support. On the other hand, 11 morphologically distinct species did not form
monophyletic clades. Non-monophyletic clades formed one species of the genus Prosimulium
(P. hirtipes), all species of S. variegatum group (S. argyreatum, S. monticola, S. variegatum, S. maxi-
mum, and S. sp. aff. monticola), two species of S. ornatum group (S. ornatum and S. trifasciatum),
and two species of subgenus Wilhelmia (S. lineatum and S. balcanicum).

3.3. Assignment to Barcode Index Numbers (BINs)

Sequences of all 25 species were classified into 30 BINs. Five BINs were identified
as unique (new in the database, Table 1), and three of them were assigned to species for
which the COI barcodes are published for the first time. Ten species were assigned a single
matching BIN each (P. tomosvaryi, S. erythrocephalum, S. angustipes, S. rubzovianum, S. cryophilum,
S. argenteostiatum, S. reptans, S. reptantoides, S. colombaschense, and S. equinum). Three species
(P. latimucro, S. vernum, S. degrangei) split into two or more BINs, yet those BINs were species-
specific and formed monophyletic clades (Figure 2), thus enabling reliable identification of
these taxa. In the case of S. costatum, two species-specific BINs were identified but the species
appeared to be paraphyletic regarding S. cryophilum (Figure 2).

Two species of the subgenus Wilhelmia (S. lineatum, S. balcanicum) shared the same BIN
(merge situation).

Nine of the species were mixtures, i.e., split into two or more BINs and at the same
time shared at least one BIN with another species. P. hirtipes split into two BINs, one of them
shared with the single BIN of P. rufipes. The same situation was observed in S. maximum
with two BINs and one of them shared with S. sp. aff. monticola. S. ornatum split into four
BINs and two of them also included specimens of S. trifasciatum, split into these two BINs.
Three species (S. argyreatum, S. monticola, and S. variegatum) shared the same BIN, and one
additional BIN was found for S. argyreatum.
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4. Discussion

Since its establishment in 2003, DNA barcoding has become an effective method for
specimen identification [43,44]. Thanks to the accessible public databases, the pace of
specimen identification to the species level has greatly accelerated. The success rate of
specimen identification based on DNA barcodes was nearly 100% in many taxonomic
groups [43,45–47]. However, in some groups, the efficiency of DNA barcoding in species
identification was lower [48–50].

In black flies, several comprehensive studies showed a high success rate of species
identification. A study of 75% of the North American simuliid genera correctly identi-
fied nearly 100% of the morphologically distinct species based on DNA barcodes [12].
In Thailand, DNA barcodes provided 96% correct identification of 41 black fly species.
Barcodes also successfully differentiated cytoforms of some species complexes; however, in
S. siamense complex, the levels of success were only 33% [51]. A more recent study from
Thailand revealed a 90% level of success in species identification but in several species
groups, the efficiency of COI sequences for species identification was very low [18]. In
subgenus Gomphostilbia, the values of intraspecific and interspecific genetic divergence
overlapped in 7 out of 13 species implying that DNA barcoding to identify these species
will be ambiguous [52].

Based on COI barcodes, we were able to unambiguously identify only 56% (14 out of
25) of species from our sample. The other 11 species shared a barcode with at least one
other species and the values of intraspecific and interspecific K2P genetic distance were
overlapping. Sharing of mitochondrial DNA between valid morphological, cytotaxonomic,
and biological species has often been recorded across the animal kingdom and represents
a serious disadvantage of mitochondrial barcoding [53–55]. The successful identification
of species based on DNA barcoding relies on the differences between intraspecific and
interspecific genetic divergence and their overlap could lead to errors in species identifica-
tion. Species non-monophyly (i.e., paraphyly, polyphyly) is the main reason for overlap of
intraspecific and interspecific genetic divergence [56].

4.1. Prosimulium, Hirtipes Group

All four species of genus Prosimulium reliably present in Slovakia were successfully
sampled. Specimens of Prosimulium tomosvaryi formed a single well-defined haplotype
group, listed under the BIN BOLD:AEA2402. In addition to our samples, the group also
includes conspecific specimens from Germany and Romania [57]. Its nearest neighbor
BOLD:ADJ9213 represents the British samples of P. tomosvaryi.

The alpine species Prosimulium latimucro (s.lat.) with intraspecific genetic distance of up to
3.64% shows remarkable mitochondrial diversity, being attributed to three BINs—BOLD:AEI9525,
AEF3934, and BOLD:AEF3642. At this point, we consider these groups to be intraspecific
diversity, being neighbors of one another and distant to other central European members
of the genus. The overall number of BINs for this species, therefore, rises to six public [57].
Two new BINs are currently formed mostly by our specimens from the Tatra Mountains in
Slovakia. The exceptions are one single unidentified specimen from Montenegro [57], and
one specimen from Spanish Pyrenees (Prosimulium sp.) [23,57], both in BIN BOLD:AEF3642.
These records indicate a much wider distribution of the clade containing our new BINs. The
closest relative of this triplet of BINs as a whole, is Prosimulium petrosum Rubtsov, 1955 from
Armenia (BOLD:ACQ0837) which is also considered a close relative of P. latimucro based
on cytotaxonomy and morphology [58].

Two BINs have been identified within samples of Prosimulium hirtipes and P. rufipes (s.lat.).
First of them, BOLD:AAB9204, a widespread haplotype group exclusive to P. hirtipes and
recorded across its range from the United Kingdom, through Scandinavia to Romania, was
present only in two Slovak specimens of P. hirtipes. BIN BOLD:AER9302, hitherto including a
sole sample of P. hirtipes from Spain [23], was present in both, P. hirtipes and P. rufipes (s.lat.).
The BIN was shared almost equally (15 specimens of P. hirtipes and 20 of P. rufipes), with most
specimens carrying a fully identical sequence, not differing in even a single mutation. These
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unexpected results were consistent in independent DNA isolations and PCR reactions and
across localities. The morphological identification of specimens was double-checked by the
authors and permanent microscopic slides were made to avoid any ambiguity.

To conclude, in Slovakia the DNA barcoding based on COI 5P region allows reliable
identification of P. tomosvaryi and P. latimucro (s.lat), however, it is not possible to distinguish
P. hirtipes and P. rufipes (s.lat.) sharing a common haplotype group.

4.2. Subgenus Boophtora

Simulium erythrocephalum is the only European member of the subgenus Boophtora and
has an extremely wide distribution, reaching from the United Kingdom in the west up to the
Russian Far East (Adler 2022). Both samples from Slovakia matched the only BIN recorded
for this species BOLD:AAJ6649, containing 66 records from various parts of Europe, Armenia,
and China [57]. Despite the extant range of the species, so far, there is no indication of higher
genetic diversity for this species; however, more detailed sampling is needed.

4.3. Subgenus Eusimulium

We analyzed only two specimens of the subgenus Eusimulium, representing two
of three species recorded in Slovakia so far. Simulium angustipes fits with the only BIN
recorded for this species containing 29 samples and distributed from the United Kingdom
over Sweden, Finland, Germany, and Armenia up to China. Similarly, S. rubzovianum
fits with the only BIN recorded for this species containing 50 samples (however, listed
under different names) and recorded in various parts of Europe, Morocco, and Turkey.
A study of all four species of the subgenus Eusimulium in Great Britain showed that the
morphologically and chromosomally well-defined populations differed markedly in their
COI barcodes [21] and therefore barcoding seems to be suitable for the identification of
these species, which are morphologically extremely similar and except for adult males, not
possible to identify based on morphological characters only. Therefore, it would be useful
to verify if barcoding allows the identification of the Eusimulium species also outside of
Great Britain.

4.4. Subgenus Nevermannia, Vernum Group

Within subgenus Nevermannia, we sampled and sequenced only three species of the
vernum species group, therefore Nevermannia had the smallest representation among all
analyzed groups. Two of the analyzed species had a significant divergence of the COI
barcode, each consisting of two BINs, with a genetic distance of 3.12% in S. vernum and
7.13% in S. costatum. The BIN of S. costatum BOLD:AEH7122 with six samples from Slovakia
is unique, the only sample of S. costatum BOLD:AEH4753 fits with five samples from Turkey,
additionally S. costatum BOLD: AAD1733 was reported from Sweden, United Kingdom,
Germany, and Austria but not found in Slovakia. Twelve specimens of S. vernum belong to
the large group BOLD:AAB8624 consisting of 65 samples distributed across large areas of
Europe, and one sample represents a new unique BIN (BOLD:AET1431). In addition, five
more BINs were reported where samples identified as S. vernum occur in Europe and in
southwestern Asia. The eight specimens of S. cryophilum showed quite small interspecific
genetic distance of 0.48% and all of them are assigned to the BOLD:ACU9243, distributed
across Europe.

Higher levels of intraspecific genetic distance usually indicate the presence of species
complexes or sibling species [12,14]. In black flies, the value of maximal intraspecific genetic
distance around 5% (4.58–6.5%) is typically linked to the species complexes [12]. Therefore, the
high level of genetic distance within S. costatum (7.13%) indicates the presence of two species.

In the checklist of black flies of Slovakia, 13 species of the subgenus Nevermannia
are listed [24], and 12 of them belong to the vernum species group. It is likely that other
species of the vernum group occur in Slovakia, as seven of them have been recorded in the
surrounding countries and several others in the Alps within Germany, Italy, or France [1].
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A more detailed study of the barcodes of the vernum group based on a larger dataset is
strongly needed.

4.5. Subgenus Simulium, Argenteostriatum Group

Simulium argenteostriatum COI sequences are published for the first time here and they
represent a new and unique BIN BOLD:AEH6008, which is quite distant from all the other
known barcodes. The most similar BIN is BOLD:ACQ0608 represented by S. aureofulgens
(Terteryan, 1949) from Armenia with a minimal genetic divergence of 8.66% [57,59]. There
is no record of a barcode for the other two species from the group. The closest species
within our samples was S. degrangei with a minimal genetic divergence of 9.77%.

4.6. Subgenus Simulium, Bukovskii Group

Simulium degrangei, the only representative of this group in Slovakia, showed a high
intraspecific variability (up to 1.63%) and consisted of three BINs (Table 1). The COI
sequences, including samples from Slovakia, have already been studied [60], and apart
from the higher genetic divergence, no indications of the presence of cryptic species were
found, therefore we consider the variability to be intraspecific.

4.7. Subgenus Simulium, Ornatum Group

Only two species of the ornatum group, S. ornatum and S. trifasciatum, are known in
Slovakia [24]. We morphologically identified both in our samples. The three individuals
of S. trifasciatum were assigned to the BINs BOLD:AEW0869 and BOLD:AEN0363; both
also contained individuals which we determined as S. ornatum. The 34 individuals of
S. ornatum showed very high intraspecific variability up to 7.79% and were split into four
BINs. The majority of them (20) belong to BOLD:AEN0363, which is distributed from the
United Kingdom up to Iran and Georgia; however, it is missing in northern Europe. Three
individuals in our sample were assigned to BOLD:AAN3313, a smaller group recorded
only in the United Kingdom and in Spain so far and being close to the previous BIN. The
second largest group (10) was assigned to BOLD:AEW0869, a group common in the United
Kingdom and northern Europe and reaching up to Romania in the south and east. Finally,
one individual is assigned to BOLD:AAN3313, a group containing mostly individuals
identified as S. intermedium Roubaud, 1906 and with most sequences recorded from Finland,
followed by Spain and the United Kingdom. For further analyses, a complex taxonomic
revision of the S. ornatum complex and the entire ornatum group is essential.

4.8. Subgenus Simulium, Variegatum Group

The five species of the variegatum species group formed a paraphyletic clade. All species
split into four groups corresponded to different BINs, however, the BINs and the species did
not match at all. Simulium maximum and S. sp. aff. monticola formed a separate well-supported
clade of two BINs (Table 1, Figures 2 and 6), which was quite distant from the other species with
a genetic divergence of at least 6.20%. BOLD:AES0919 consisted of five samples of S. maximum;
BOLD:ACV0745 included all samples of S. sp. aff. monticola and four samples of S. maximum,
this BIN showed only minimal diversity, sharing a fully identical haplotype among all samples.
Simulium argyreatum, S. monticola, and S. variegatum presented the second well-supported clade
within the variegatum group (Figure 2) consisting of three BINs. BOLD:ADK2119 contained
two specimens of S. argyreatum, all the other 42 samples represented the BIN BOLD:AAB8783
and included all three species. The internal variability within this BIN was relatively high.
The samples of these three species included pupae only; thus, the morphological identification
of specimens does not leave any space for misidentification. A similar result was shown for
these three species in Spain [23], and the other unpublished samples in BOLD confirm this
pattern. In summary, DNA barcoding based on COI 5P is completely unusable for species
identification within the variegatum species group in Europe.
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4.9. Subgenus Simulium, Reptans Group

All three species of the reptans group form separate monophyletic clades with high
bootstrap support in the phylogenetic trees and one matching BIN was assigned to each
species (Figure 2). All species of reptans group can be unambiguously identified by the COI
barcodes. The COI sequences of S. reptans and S. reptantoides have been studied across Eu-
rope [19,20,61], and both species differ consistently to a similar extent. Simulium reptantoides
is missing in the Scandinavian and Baltic countries; however, two lineages of S. reptans
occur in Sweden and Great Britain, and only one of them was recorded in central Europe
and Balkan countries [19,20,61]. Simulium colombaschense COI sequences are published for
the first time here. Previous chromosomal studies revealed the presence of five cytoforms
with different geographical distributions, at least some of which represent reproductively
isolated species. According to the place of origin of the sequenced S. colombaschense samples
located in the Danube river, we assume that they belong to the cytoform ‘A’, which probably
represents the nominal species [62].

4.10. Subgenus Wilhelmia, Lineatum Group

All three specimens of S. equinum represented a well-supported sister branch to
S. balcanicum and S. lineatum in the phylogenetic trees (Figure 2), and they were assigned to
BOLD:AAM3554, a barcode recorded in 89 samples distributed across Europe and reaching
Turkey but missing in northern Europe. Simulium equinum in northern Europe is assigned
to BOLD:AAP9428 (five specimens in Finland), and this BIN is recorded also for Turkey
(three specimens). The other two species of Wilhelmia, S. balcanicum and S. lineatum, formed
one well-supported branch in the phylogenetic trees. Despite a few differences between
the species in the phylogenetic trees and haplotype network, we could not distinguish
between them based solely on the COI barcode sequence. Both species shared one BIN
(BOLD:AAM4036), although small differentiation between the species could be found in the
phylogenetic trees and haplotype network (Figure 7). This result agrees with the previous
study of these two species in larger areas of Europe and Turkey [63]. According to the
chromosomal study [64] and the small but consistent morphological difference between the
pupae of both species, they can be considered closely related sister species, and the overlap
in their barcodes could be the consequence of incomplete lineage sorting.

Mitochondrial haplotypes mixed and shared between valid morphological and cy-
totaxonomic species have been repeatedly recorded across the black fly family [23,65–67]
hindering the ability of DNA barcoding based on COI-5P region to reliably identify species.
Our study increases the number of such cases.

In some cases, e.g., S. degrangei, despite high genetic diversity and multiple BINs, there
are no indications of the existence of several taxa [60]. In others, such as S. ornatum group
and S. vernum group, multiple cryptic species are expected to exist, which may correspond
to separate haplotype groups after resolving. The most intriguing situations are those where
haplotype groups are partially or fully shared between well-defined species, presumably
due to phenomena such as retention of ancestral polymorphism and introgression [68,69].

In the future, it will be necessary to increase the sampling of taxa poorly represented
and missing in this study. Nuclear markers may be required for problematic groups to
resolve taxonomy and allow molecular identification.
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Abstract: Phlebotomine sand flies are vectors of several diseases of importance for public health, in-
cluding leishmaniosis, bartonellosis, and sand fly fevers. An entomological survey on blood-feeding
Diptera was conducted in June–November 2020–2021 to know the diversity of insect vectors in Mal-
lorca (Balearic Islands, Spain). Among the vectors collected, Phlebotomus (Larroussius) perfiliewi Parrot,
1930 was found being the first record of this species in Spain. Phlebotomus perfiliewi s.l. is one of the
main vectors of Leishmania infantum in the Mediterranean Basin and Central Asia. The identification
of this species was confirmed by both morphological features and DNA barcoding. Phylogenetic
analyses showed that the specimens captured were Ph. perfiliewi s.s. (99.85–100% homologues from
Italy and Algeria specimens), with a sequence divergence of 0.17%. The cytochrome c oxidase subunit
I gene clearly separates the three species that make up the Ph. perfiliewi species complex. In addition,
we also provide a brief discussion about their identification remarks, phylogenetic relationships, and
vector status.

Keywords: Balearic Islands; barcoding; Mallorca; Phlebotominae; sand fly; taxonomy

1. Introduction

Phlebotomine sand flies (Diptera: Psychodidae: Phlebotominae) are blood-feeding
insects of major medical–veterinary significance as they are vectors of a large number
of pathogens to animals and humans, including protozoa, bacteria, and viruses [1]. The
parasitic protozoan Leishmania sp. (Kinetoplastida: Trypanosomatidae) is responsible for
two clinical major forms, cutaneous leishmaniosis and visceral leishmaniosis, which are
endemic in several countries of the European Union, including the Iberian Peninsula, as
well as the Balearic Islands [2]. In Europe, the geographic distribution of sand flies increased
considerably in the last years, spreading into new areas [3] and causing progressively more
autochthonous outbreaks of phlebotomine-borne diseases [4]. Therefore, studies on sand
flies are increasing attention along most European countries.

Twenty-two species of sand flies were described in Europe [5], thirteen of them are
present in Spain [6], and five in the Balearic Islands [7,8] [Phlebotomus perniciosus Newstead,
1911; Phlebotomus sergenti (Parrot, 1917); Phlebotomus papatasi (Scopoli, 1786); Sergentomyia
minuta (Rondani, 1843); and Phlebotomus ariasi (Tonnoir, 1921)]. Based on their geographical
distribution and abundance, Ph. perniciosus and S. minuta are the most widespread and
abundant species in the Spanish territory [6]. Regarding their vector status, Ph. ariasi,
Phlebotomus langeroni Nitzulescu, 1930, Phlebotomus mascittii Grassi, 1908, and primarily Ph.
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171



Diversity 2023, 15, 400

perniciosus are highlighted to be proven or suspected vectors of Leishmania infantum Nicolle,
1908 in Spain [6]. However, other sand fly species were also highlighted in other European
countries to be involved in the transmission of L. infantum, such as Ph. tobbii Adler, Theodor
and Lourie, 1930 and Ph. neglectus Tonnoir, 1921, as well as Phlebotomus papatasi (Scolopi,
1976) and Phlebotomus perfiliewi s.l. Parrot, 1930, which are also vectors of other Phlebovirus.
The latter two species were pointed out to be changing their distribution range [3].

The taxonomic status of Ph. perfiliewi s.l. still remains undefined and some discrepan-
cies were reported between morphological analysis and molecular markers [9]. Overall, at
least three specific or subspecific value names are proposed into the Ph. perfiliewi species
complex, depending on the authors: Phebotomus perfiliewi s.s. Parrot, 1930, Phlebotomus
galilaeus Theodor, 1958, and Phlebotomus transcaucasicus Perfiliev, 1937, the former being the
taxa that occurs in western Mediterranean regions.

The current study provides the finding of a new phlebotomine record from Spain, and
in particular in Mallorca, the largest island of the Balearic Islands.

2. Materials and Methods

As part of a project focused on the collection of blood-feeding arthropods, a multi-
trapping entomological survey was conducted in eight farms (Formatges Burguera: 39.366579
and 3.02172891, 3 masl; Son Ajaume nou: 39.6448596 and 2.65217317, 89 masl; Can Cosme:
39.5222862 and 3.10583271, 80 masl; Son Simó: 39.8173189 and 3.05957789, 14 masl; Ranxo
Ses Roques: 39.8331397 and 3.10518693, 3 masl; Centre Hipic Son Reus: 39.6377295 and
2.66639607, 76 masl; Sa Teulera: 39.5840583, 3.1387411, 69 masl; and Son Feliu: 39.5300347
and 3.0338470, 142 masl) in the island of Mallorca (Spain), between June and November
2020–2021. Two types of downdraft traps were located close to animal barns (composed
mostly of domestic animals such as pigs, rabbits, cows, sheep, equines, and dogs) in each
of the sampling sites. The first type was hand-made traps equipped with incandescent
light (12 V, 0.3 amps) as attractant. The second type was mini CDC traps (6 V, model 512;
Bioquip, Compton, CA, USA) with CO2 as bait. Both traps operated on a weekly basis with
batteries and specimens were retained in collection cups with fine mesh in the bottom to
prevent from escaping. A subsample of the total 520 sand fly female collections (ca. 35%)
and all males (n = 841) were analyzed from the eight sampling sites. Head and terminal
segments of the abdomen of each female and male terminalia were dissected and mounted
on a microscope slide with Hoyer’s medium. The rest of the body was retained for molecu-
lar characterization. Morphological identification was based on features of the male and
genitalia, and pharyngeal armature of females, following the available phlebotomine sand
fly keys [10,11]. Diagnostic features of the specimens were photographed and measured
(mean ± SD) under a compound microscope (Carl Zeiss 37081, Jena, Germany, 40× mag-
nification) coupled with a camera (AxioCam ICc 1), and the images were processed by
ZEN 2.3 lite software.

Four males and four females showing morphological features compatible with Ph.
perfiliewi s.l. were selected for molecular characterization of the barcoding region. The
DNeasy Blood and Tissue Kit (Qiagen, Hilden, Germany) was used for genomic DNA ex-
traction of sand flies following the manufacturer’s instructions. Reactions were performed
using the universal DNA primers for polymerase chain reaction (PCR) amplification of a
658-bp fragment of the mitochondrial cytochrome c oxidase subunit I (COI) gene: LCO1490:
5′-GGTCAACAAATCATAAAGATATTGG-3′ and HCO2198: 5′-TAAACTTCAGGGTGAC-
CAAAAAATCA-3′ [12] following thermocycling conditions, agarose gel electrophoresis,
and PCR product purification methods described by Ruiz-Arrondo et al. [13]. In addition,
the four Ph. perfiliewi s.l. female specimens previously selected were also screened for
Leishmania sp. parasites following the procedures described elsewhere [14] with few modi-
fications. Amplicons of COI were sequenced in both directions in the Genomics Platform
of the CIBIR (La Rioja, Spain). The sequences were edited using Bioedit software 7.2 and
compared with sequences previously deposited in GenBank.
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Phylogenetic analyses were performed by constructing multiple alignments of nu-
cleotide sequences including eight high-quality amplicon-length sequences with 658 pb, to-
gether with individuals of Ph. perfiliewi s.l. (n = 19) from other countries retrieved from Gen-
Bank. These countries were selected to hold the three members of the Ph. perfiliewi species
complex: Ph. perfiliewi s.s., Ph. galilaleus, and Ph. transcaucasicus. In addition, one specimen
of Ph. perniciosus collected in the present study was included as the outgroup. These
analyses were constructed using MAFFT vs. 7 (https://mafft.cbrc.jp/alignment/server/,
accessed on 15 January 2023) and subsequently edited with GBlocks (http://molevol.
cmima.csic.es/castresana/Gblocks_server.html, accessed on 10 January 2023). The phy-
logenetic tree was built using the maximum likelihood (ML) method in IQ-tree v.2.2.0
(http://www.iqtree.org/, accessed on 10 January 2023). The best-fitting evolutionary
model was TPM2u + F + I. Intraspecific and interspecific genetic divergences were cal-
culated based on the Tamura–Nei model in MEGA X [15]. Sequence similarity searches
were carried out through the Barcode of Life Data System (https://www.boldsystems.org/
index.php/IDS_OpenIdEngine, accessed on 10 December 2022) and BLASTn (MegaBlast
option; https://blast.ncbi.nlm.nih.gov/Blast.cgi, accessed on 10 December 2022). Detailed
specimen records and sequence information of sand flies were submitted to the GenBank
public database under the following accession numbers: OP824886-OP824894.

3. Results and Discussion

Thirty-seven specimens of Ph. perfiliewi s.l. (12 females and 25 males) captured by
suction traps, equipped either with light (n = 17) or with CO2 (n = 20), were recorded
in two rural farms (Sa Teulera and Son Ajaume nou) of the island of Mallorca (Balearic
Islands) from mid-June to mid-July 2021. The analysis showed that only 4.8% (n = 25) of the
total sand fly male collections corresponded with Ph. perfiliewi s.l. from Sa Teulera (n = 24)
and Son Ajaume nou (n = 1), respectively, and all the females of Ph. perfiliewi s.l. were
derived from Sa Teulera (n = 12). So far, Ph. perfiliewi s.l. is distributed in the Mediterranean
Basin (from coast of France and Corsica to eastwards of Turkey and Ukraine) and North
Africa [16]. Therefore, the present finding represents the most westerly distribution of this
species in Europe, increasing the number of known phlebotomine sand fly species in Spain
to fourteen, and in the Balearic Archipelago to six.

Among the sand fly species cited in Europe, female Ph. perfiliewi s.l. can be misidenti-
fied with Ph. perniciosus, as both species share common morphological features. However,
various characters were proposed to separate both species attending to morphology. For
instance, females can be differentiated by the length and teeth of the pharyngeal armature
and features of the spermatheca (number of body segments, shape of the neck, and size of
bulges and ducts). In contrast, males are separated based on both the shape and colour of
the terminalia of the aedeagus [10,11].

The morphological analysis of the sand fly females captured in our study indicated
that the pharyngeal armature can be used as a reliable feature to discriminate both species
(Ph. perniciosus and Ph. perfiliewi s.l.). In Ph. perniciosus the pharyngeal armature usually oc-
cupies more than a quarter length of pharynx and teeth are arranged disorderly (Figure 1A),
whereas in Ph. perfiliewi s.l. the pharyngeal armature is smaller, and teeth end anteriorly in a
clear line of demarcation (Figure 1B). We found that the number of segments of the body of
the spermatheca is not a reliable morphological feature to separate both sand fly species, as
there is an overlap ranging from 9 to 12 in Ph. perniciosus (n = 10 specimens examined from
our study) and from 11 to 13 (n = 10 specimens examined) in Ph. perfiliewi s.l. (Figure 1C,D).
This remark was also noted by other authors [11]. The neck of the spermatheca is longer
(ca. 3/4 of the body of the spermatheca), more prominent, and thicker in Ph. perfiliewi s.l.
(spermatheca body: 48.3 ± 3.4 μm; neck: ca. 37.8 ± 1.9 μm length and 3.0 ± 0.2 μm wide)
than in Ph. perniciosus (spermatheca body: 40.6 ± 3.0 μm; neck: 24.6 ± 3.6 μm length and
2.1 ± 0.1 μm wide), which usually measures close to 2/4 the length of the spermatheca
body. Bending next to the base of the neck is generally more apparent in Ph. perniciosus
than in Ph. perfiliewi (Figure 1(E1,E2,F1,F2)). Ducts are not longer than three times (usually
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shorter) the length of a spermathecal body in Ph. perniciosus and about four times in Ph.
perfiliewi s.l. Males can be easily separated by the terminalia of the aedeagus (Figure 2). The
distal region of the aedeagus of Ph. perniciosus is bifid (fork-shaped, usually both ends are
asymmetric) (Figure 2A–C), whereas in Ph. perfiliewi s.l., the aedeagus extremity is rounded
(oar-shaped, usually having minuscules subapical denticles) (Figure 2B–D). The distal re-
gion of the aedeagus has a conspicuous colorless membrane (translucent) in Ph. perfiliewi s.l.,
whereas the aedeagus in Ph. perniciosus is completely dark or the subdistal region is lighter.
The measures of the Ph. perfiliewi aedeagus (length: 141.0 ± 5.2 μm; thickness: 13.2 ± 1.4 μm;
transparent part: 41.1 ± 3.4 μm) were similar to those reported by Depaquit [9], but overall,
slightly higher.

Figure 1. Morphometric characters used to discriminate females of Ph. perniciosus (A,C,E) and Ph.
perfiliewi s.l. (B,D,F). (A,B) = pharynx) and (C,D) = spermatheca and ((E1,E2) and (F1,F2)) = two
different examples of spermatheca necks (arrows).
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Figure 2. Aedeagus (male genitalia) of Ph. perniciosus (A,C) and Ph. perfiliewi s.l. (B,D). Detail of the
aedeagus tips (arrows).

The sand flies studied here were confirmed molecularly as Ph. perfiliewi s.l., showing
99.85–100% identity (query cover of 100%) with homologues from Italy (accession number:
KY646194) and Algeria (KJ481177) (Figure 3). The collected Ph. perfiliewi s.l. specimens
clustered together with the sequences of Ph. perfiliewi s.l. from Italy and Algeria and one
individual from Jordan.

Individuals of Ph. perfiliewi s.l. from other countries (Turkey, Azerbaijan, Greece,
Israel, and Jordan) were grouped in a different clade, which is further divided into two
subclades (Figure 3). The ML tree showed that Ph. perfiliewi s.l. sequences grouped in three
clades, each clade consisting of one of the three species forming the Ph. perfiliewi species
complex. Our results are in agreement with those reported by other authors based on
morphological features and both Cytochrome b (Cyt b) and internal transcribed ribosomal
spacer 2 (ITS2) genes [9,17,18]. The sequences from Spain, Italy, Algeria, and one from
Jordan correspond to Ph. perfiliewi s.s., which is a species well-distributed from North
Africa to Crimea, including the western Mediterranean. Thus, phylogenetic analyses based
on the COI gene showed congruent results on the known geographic distribution of the
three species of the Ph. perfiliewi s.l. It is interesting to note that Depaquit et al. [9] observed
that Ph. perfiliewi s.s. was closer to Ph. galilaeus than Ph. transcaucasicus based on the Cyt
b gene, which slightly differs from our ML-tree results, where Ph. transcaucasicus was
closer to Ph. galilaeus than Ph. perfiliewi s.s. In contrast, the above-mentioned authors
obtained incongruent phylogenetic hypotheses based on the Cyt b and ITS2 genes [9]. A
priori, the COI gene could offer a clearer resolution than the two aforementioned genetic
markers, but a greater number of sequences from more diverse origins would be needed
for further conclusions.
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Figure 3. Maximum likelihood phylogenetic tree based on COI sequences in Ph. perfiliewi s.l. At specific
branches, the first and second values separated by “/” indicate the topological branch support for the
ML analysis (aLRT/bootstrap), with values > 75% defining high stability. Red colour = cluster 1, Ph.
galilaeus; yellow colour = cluster 2, Ph. transcaucasicus; and violet colour = cluster 3, Ph. perfiliewi s.s.

In our study, the sequence divergence was 0.17% for Spanish Ph. perfliewi s.s. and
2.9% for the other Ph. perfiliewi s.l. sequences retrieved from GenBank. When the sequences
of the individuals were separated according to their geographical origin in the three species
of the Ph. perfiliewi species s.l., the intraspecific divergence was 0.18% for Ph. perfiliewi s.s.,
1.6% for Ph. galilaeus, and 1.4% for Ph. transcaucasicus (Table 1). The interspecific divergence
varied between 3.7% and 4.5% among the three species of the Ph. perfiliewi s.l. and was
higher than 7.0% when compared with Ph. perniciosus (Table 1).

Table 1. Interspecific (between groups) pairwise Tamura–Nei model genetic divergence based on
COI gene in the three Ph. perfiliewi species of the Perfiliewi complex and Ph. perniciosus.

Ph. perfiliewi s.s.
Ph.

galilaeus
Ph.

transcaucasicus
Ph.

perniciosus

Ph. perfiliewi s.s.
Ph. galilaeus 0.038

Ph. transcaucasicus 0.037 0.045
Ph. perniciosus 0.073 0.081 0.083

In Europe, the main species involved in the transmission of leishmaniosis disease are
Ph. perniciosus, Ph. ariasi, Ph. papatasi, and Ph. perfiliewi s.l. [19]. Phebotomus perfiliewi s.l. is
considered a vector with an important role in the transmission dynamics of L. infantum
in the Mediterranean Basin and in Central Asia [16]. Its vector role for L. infantum was
recorded several times, particularly in Italy and Iran, but also as a proven or suspected
vector of visceral leishmaniosis in Albania, Algeria, Croatia, Greece, Israel, Malta, Morocco,
Palestine, Republic of Macedonia, Romania, Tunisia, Turkey, and Hungary [1,16,20–24].
In our study, the four specimens of Ph. perfiliewi s.l. individually analyzed for Leishmania
parasites resulted negative, and therefore, its vector role in the Balearic Islands needs
further research.

In countries such as Italy, Phlebotomus perfiliewi s.s. was overcome in abundance to Ph.
perniciosus, particularly in rural areas along the central, south, and north Italy, where it plays
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a major role in the leishmaniosis sylvatic cycle, with wildlife acting as reservoirs rather than
dogs [25–27]. In addition, Ph. perfiliewi s.s. was also related to the potential transmission of
the Toscana virus (TOSV) and other phleboviruses [28,29], as well as Trypanosoma theileri
Laveran, 1902 in 2016 in Italy [30]. Other species of the Perfiliewi complex, such as Ph.
transcaucasicus, are also dominant in Iran, where it is a proven vector of L. infantum and
Leishmania donovani Laveran and Mensil, 1903 [22,31,32].

In the Balearic Islands, leishmaniosis is considered a regionally endemic disease, with
an overall rate of human leishmaniosis of ca. 0.7–3.5 cases per year/100,000 inhabitants,
and the prevalence of canine leishmaniosis can reach 45% in some areas of the island [7,33].
The collections of Ph. perfiliewi s.s. obtained in the current study were in June–July, which is
considered the peak of abundance in several Mediterranean countries [34].

4. Conclusions

The combination of identification by morphology and DNA barcoding is of great value
in epidemiological studies, as it provides accurate species identification to separate Ph.
perfiliewi s.l. from Ph. perniciosus, as well as to differentiates within the members of the
Perfiliewi complex. Phlebotomus perfiliewi s.s. is cited here for the first time in Spain and
the Balearic Islands, being the most westerly citation of this species in the Mediterranean
Basin. This species was associated with farms and was captured either in light or in CO2
traps. Its epidemiological role remains unknown due to the low number of specimens
analyzed in this study for the presence of L. infantum; however, based on its proven role in
the transmission of Leishmania parasites and arboviruses in the Mediterranean Basin, the
risk of leishmaniosis transmission exists all over the island.

Further entomological surveys should be conducted to identify the presence of this
species in mainland Spain due to its potential role as a vector of diseases with interest for
animal and public health. The authors suggest rechecking the material of sand flies previ-
ously collected through the Mediterranean coastline of Spain, as it might be possible that
female specimens were misidentified with Ph. perniciosus due to their closely morphological
features. In addition, it would be interesting to deepen whether this species only occurs in
restricted areas located in rural areas of Mallorca, or perhaps it was recently introduced.
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13. Ruiz-Arrondo, I.; Hernández-Triana, L.M.; Ignjatović-Ćupina, A.; Nikolova, N.; Garza-Hernández, J.A.; Rodríguez-Pérez, M.A.;

Oteo, J.A.; Fooks, A.R.; Lucientes Curdi, J. DNA barcoding of blackflies (Diptera: Simuliidae) as a tool for species identification
and detection of hidden diversity in the eastern regions of Spain. Parasites Vectors 2018, 11, 463. [CrossRef] [PubMed]

14. Nicolas, L.; Prina, E.; Lang, T.; Milon, G. Real-Time PCR for detection and quantitation of Leishmania in mouse tissues. J. Clin.
Microbiol. 2002, 40, 1666–1669. [CrossRef] [PubMed]

15. Tamura, K.; Stecher, G.; Kumar, S. MEGA11: Molecular evolutionary genetics analysis Version 11. Mol. Biol. Evol. 2021, 38,
3022–3027. [CrossRef]

16. ECDC (European Centre for Disease Prevention and Control). Phlebotomus perfiliewi—Current Known Distribution. March 2022.
Available online: https://www.ecdc.europa.eu/en/publications-data/phlebotomus-perfiliewi-current-known-distribution-
march-2022 (accessed on 15 November 2022).

17. Artemiev, M.M.; Neronov, V.M. Distribution and Ecology of Sandflies of the Old World (Genus Phlebotomus); Institut Ėvolyutsionnoı̆
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Abstract: In the subfamily Stomoxyinae there are currently 18 recognized Stomoxys species, plus two
subspecies. Most Stomoxys knowledge was gained through studies with S. calcitrans, a cosmopolitan
species, economic pest, and vector. Other Stomoxys spp. are known only from a few trapped adult
specimens. Herein, the Stomoxys spp. have been grouped by their ecological diversity, global
distribution, and phylogeny and phylogeography. Seven species are dependent to some degree on
humans and their activities, particularly animal production. Eleven species are dependent on wildlife
to some degree for their development, and little is known about their biology in many cases. Global
distributions include one cosmopolitan species (S. calcitrans), twelve species found only in Africa,
four species only in Asia, and one species (S. sitiens) in Africa and Asia. Most genetic studies on
Stomoxys calcitrans showed little variation in North America, possibly due to the adults’ long range
flight capability. Phylogeographic analysis of S. calcitrans showed a differentiation between Oriental
populations (first lineage) and populations from Afrotropical, Palearctic, Nearctic, Neotropical and
Oceanian regions (second lineage). Genetic studies were followed by sequencing of the Stomoxys
calcitrans genome and phylogenetic studies of the Stomoxys genus using 10 of the known species.
Phylogenetic relationships were established.

Keywords: synanthropic species; genetic sequencing; Afrotropical origin; two subspecies

1. Introduction

The genus Stomoxys Geoffroy (1762) belongs to the family Muscidae. Even if for a long
time the tribe of Stomoxyini was included within the subfamily Muscinae, today it seems
that most entomologists accept the proposal to group the 18 recognized species of the genus
Stomoxys within the subfamily Stomoxyinae [1]. The Stomoxys flies are biting flies, 3–10 mm
long, hematophagous, with the appearance of a housefly (Musca domestica Linnaeus, 1758)
but with an adapted biting mouth apparatus, the proboscis, directed forward in the axis of
the body and capable of piercing the skin. The subfamily Stomoxyinae includes ten genera,
of which the most important are Haematobosca Bezzi, 1907, Haematobia Lepeletier et Serville,
1828, and Stomoxys Geoffroy, 1762 [1]. Diagnosis between the different species of the genus
Stomoxys is achieved by different morphological characters, in particular the width of frons
in males, the colour of thorax and legs, the nervation of wings, the presence and number of
hairs and bristles, and the variability of abdominal patterns. Entomologists use the keys
of Zumpt [1]. For example, S. calcitrans is 4–7 mm long, and has an abdomen punctuated
with black spots of rounded shape and a discontinuous median black line. As keys for
males and females are separated, the distinction of sexes is based on the posterior part of
the abdomen, modified for copulation and oviposition, and on eye spacing at the apex of
the head, smaller in males than in females. The rigid biting apparatus, the proboscis, is
composed of three long, strongly sclerotized, nonretractile parts: a labium (lower lip), a
labrum (upper lip), and a hypopharynx forming two tubes. Saliva is injected into the host
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dermis through the thinner tube represented by the hypopharynx, while blood is drawn
through the larger tube formed by the labium and the dorsal part of the hypopharynx. In
Stomoxys flies, both sexes are hematophagous; blood is necessary for reproduction, but flies
can survive by feeding on nectar [2,3].

Knowledge on Stomoxys flies has been acquired mainly by studying the only species
that is cosmopolitan: Stomoxys calcitrans (Linnaeus, 1758), known as the stable fly (Figure 1).

 

Figure 1. Stomoxys calcitrans, known as stable fly, with a cosmopolitan distribution. Photo: Dr Mikel
Alexander González, Spain.

This species is the only one of the genus Stomoxys that is present on the European and
American continents. This knowledge of S. calcitrans has been acquired in relation to their
impact on the livestock industry. The adults represent a significant nuisance due to the
pain of their bite and the possible transmission of pathogens [4]. In the United States Taylor
et al. (2012) [5] estimated the economic impact of stable flies on the livestock industry
to be USD 2.2 billion per year. Using the same calculation formulas, French livestock
farming losses have been estimated to be EUR 145 million per year for the meat industry
and EUR 234 million per year for the dairy industry [6]. The health impacts are also very
important. Stomoxys adults are mechanical vectors of pathogens present in the blood
and skin of their hosts, especially livestock, but occasionally humans. Equine infectious
anaemia, African swine fever, West Nile, Rift Valley and lumpy skin disease viruses are
known to be transmitted by Stomoxys flies, while transmission of other viruses is suspected.
Rickettsia (Anaplasma, Coxiella) and other bacteria and parasites (Trypanosoma spp., Besnoitia
spp.) are also transmitted by Stomoxys adults. Finally, stable flies were also found to act
as an intermediate host of the helminth Habronema microstoma and may be involved in the
transmission of some Onchocerca and Dirofilaria. Being cosmopolite, Stomoxys calcitrans
might have a greater worldwide impact than previously thought on animal and human
pathogen transmission [4,7].

The traditional way of controlling these biting flies relies on the use of insecticides,
mainly pour-on insecticides on the back of animals, when most of the flies are seen on the
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lower legs. However, for several years now, breeders have noticed that these products are
no longer effective, despite the high frequency of application. This has been confirmed
by numerous laboratory studies showing, phenotypically and genetically, that stable flies
have become resistant to all available insecticides [8–12]. Other control methods have
become necessary.

This review attempts to gather updated information on the diversity, distribution,
phylogeny of the genus Stomoxys and the phylogeography of the cosmopolitan species
S. calcitrans.

2. Diversity and Ecological Remarks

The subfamily Stomoxyinae, comprising 10 genera and 49 species, was described as a
well-defined and monophyletic taxon by Zumpt (1973) [1]. Four species are divided into
two or three subspecies, which represent a total of fifty-four taxa. Since this work, three
new species have been described in the genus Haematobosca [13–15]. A total of 52 species
and 57 taxa are currently recognized (Table 1).

Table 1. List of genera and number of species and taxa known in 2023 in subfamily Stomoxyinae
(Diptera: Muscidae).

Genera
Number

of Species
Number of Taxa *

Rhinomusca Malloch (1932) 2 2

Neivamyia Pinto & Fonseca (1930) 5 5

Bruceomyia Malloch (1932) 1 1

Parastomoxys Zumpt (1973) 1 1

Prostomoxys Zumpt (1973) 1 1

Stygeromyia Austen (1907) 2 2

Haematobosca Bezzi (1907) 15 15

Haematobia Lepeletier & Serville (1828) 6 9

Haematostoma Malloch (1932) 1 1

Stomoxys Geoffroy (1762) 18 20
* Taxa: species and subspecies.

The 18 species of the genus Stomoxys can be easily identified using morphological char-
acters and the key proposed by Zumpt [1]. They can be grouped by their different ecologies:

Seven species are wholly or partly dependent on human activities and on livestock
farming [1].

1. Stomoxys calcitrans (Linnaeus, 1758), described by Linnaeus from specimens caught
in Sweden, has subsequently been found worldwide and redescribed under 32 synonymous
names. The first in-depth studies on its biology were conducted in Egypt [16–18]. These
authors showed that the developmental media of this species were the dung of cattle or
horses, mixed with straw and urine. They do not develop in pure faecal matter. The authors
have also shown that they grow very well in decaying plant material. A review on the
biology of this species was recently published [7].

2. Stomoxys niger Macquart, 1851 was described from specimens from the island of La
Réunion (Indian Ocean). Originally described as Stomoxys nigra, the name was changed
to S. niger when it was realized that the name Stomoxys was masculine [19]. It was then
redescribed under 12 different synonymous names. This species was then divided into
two subspecies when Zumpt (1973) [1] suggested that the species S. bilineata Grünberg,
1906 should be considered a subspecies of S. niger. The two subspecies, henceforth named
S. niger niger Macquart, 1851 and S. niger bilineatus Grunberg, 1906, are identified by
morphological characters of tibiae coloration [1]. Moreover, while S. niger niger appears to
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be well associated with livestock activities, S. niger bilineatus often appears in association
with wildlife [20,21]. S. niger niger is considered the most common species in Africa. It
has been described in many countries on the continent, but also in Madagascar and the
Mascarene Islands (Reunion, Mauritius, and Rodrigues). Recently, one of us (GD) has
received three specimens from Sao Tomé and Principe. Fiasson (1943) [22] (quoted by [1])
had also described it in Venezuela (South America), but this is obviously an error. This
species feeds on cattle, horses, donkeys, and sometimes on humans, and their bite is
painful.The subspecies Stomoxys niger bilineatus Grunberg, 1906 has been separated from
S. niger niger on morphological characters, of which the most visible is the coloration of the
tibiae. Zumpt (1973) [1] studied specimens from Mali, Ethiopia, Tanzania, Mozambique,
Zimbabwe, and South Africa. This species has also been captured in Gabon [20,21,23].

3. Stomoxys sitiens Rondani, 1873 was described from specimens from Eritrea, and
then redescribed by Brunetti in 1910 under the same name, and by other authors under two
other synonymous names with specimens from India and Singapore. This species has since
been captured in China [24] and in Thailand [1,25–27]. S sitiens is indeed present in both
the African continent and Asia. Hafez and Gamal-Eddin (1959) [16,17] showed in Egypt
that this species has a similar ecology to S. calcitrans. The preimaginal forms are found
in the dung of cattle, horses, and donkeys when mixed with straw, but also in decaying
vegetation. S. sitiens appears to prefer drier, semi-arid environments than S. calcitrans [1].

4. Stomoxys indicus Picard, 1908 was described as S. indica from specimens from the
Calcutta region of India. It has been redescribed under eight synonymous names from
specimens from Southeast Asia (India, Malaysia, Borneo, Vietnam, Taiwan). This species is
found mainly in contact with cattle, but also goats, in the same places as S. calcitrans. This
species has also been captured in Thailand [26,28,29]. However, it seems (Kano, 1953 [30]
cited by Zumpt, 1973 [1]; [26]) that this species has a crepuscular or nocturnal activity. The
larvae are found in the dungs of cattle and horses.

5. Stomoxys bengalensis Picard, 1908 was described from specimens from India. It
was redescribed under a synonymous name in 1910, and is known from the following
countries: India, Burma, Vietnam, Malaysia, and Indonesia [1]. It has also been captured
more recently in Thailand [26,27]. This species is known to feed on cattle, but its biology is
very poorly known.

6. Stomoxys uruma Shinonaga and Kano, 1966 was described from specimens from
Japan (Ryukyu) and China (Hong Kong). It has also been observed in Thailand [31],
Vietnam, and Taiwan. The larval stages are not known and the authors who described it
indicate that they feed on cattle and water buffalo. Changbunjong et al. (2012) [32] reported
large numbers of S. uruma collected in Kho Yai National Park (Thailand).

7. Stomoxys taeniatus Bigot, 1888 was described as S. taeniata from specimens from
South Africa. It was later redescribed under three synonymous names from specimens
from Cameroon, Tanzania, Sudan, and Congo. The larval forms are not known and Reid
(1956) [33] (quoted by [1]) indicated that specimens captured in Sudan were biting cattle.

Eleven species are known to be wildlife-related or of unknown biology.
8. Stomoxys omega Newstead, 1907 was described from specimens from the Congo.

These specimens had been captured from a wild buffalo that had just been shot [1]. Zumpt
(1973) [1] reported that he examined specimens from the following countries: Liberia,
Nigeria, Cameroon, Congo, Uganda, Malawi, and South Africa. This species has been
captured in abundance in Gabon in a forested area, far from any livestock [23].

9. Stomoxys xanthomelas Roubaud, 1937 was described from specimens from Congo.
Zumpt (1973) [1] also indicated its presence in Congo, Uganda, and Tanzania. He specified
that its biology is unknown, but specimens were captured in Gabon when Vavoua traps
were placed in the canopy 30 m above the ground [34]. Blood meal analysis showed that
this species fed on and associated with monkeys. This was confirmed by observing the
emergence of adults from chimpanzee faecal material placed in an emergence cage [35].

10. Stomoxys pallidus Roubaud, 1911 was described as S. pallida from specimens from
Benin. It was redescribed from Malawi in 1932 under a synonymous name [1]. Very close
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morphologically to S. xanthomelas because of the yellow coloration of their abdomens, it
differs in other characters. It is known from the following countries: Sierra Leone, Liberia,
Congo, Uganda, and Malawi [1]. This species, like S. xanthomelas, seems to prefer dense
forest areas and feeds on antelopes and hippopotami. The biology of this species is very
poorly known.

11. Stomoxys ochrosoma Speiser, 1940 was described from specimens from Tanzania.
Redescribed in 1932 under a synonymous name from specimens from Uganda, this species
is easily recognizable by the yellow colour of its entire body. It is also known from Kenya.
Concerning its biology, it has been indicated that the females project their eggs on columns
of Dorylinae ants. The larvae would thus develop in the anthills of this species [36] (quoted
by [1]). Nothing else is known about the biology of this species.

12. Stomoxys luteolus Villeneuve, 1934 was previously described as a subspecies of S.
ochrosoma, but Zumpt (1973) [1] confirms the separation between the two. This species is
known only from Congo and Uganda. No information is available on its biology.

13. Stomoxys stigma Van Emden, 1939 is a species very close to S. omega, described
from specimens from Uganda. No information on its biology is available.

14. Stomoxys transvittatus Villeneuve, 1916 was described as S. transvittata from speci-
mens from South Africa. It is also known from Malawi, Zimbabwe, Kenya, and Congo. S.
transvittatus was the most abundant species captured in a forested area in Gabon [23]. No
information is available on its biology.

15. Stomoxys pullus Austen, 1909 was described as S. pulla from specimens from India.
A very rare species in collections, nothing is known about its biology. This species has been
captured more recently in Thailand [32]. In Thailand, most of the specimens were captured
in Khao Yai National Park with abundant wildlife, but others were captured in a local beef
cattle farm at the border of the National Park.

16. Stomoxys boueti Roubaud, 1911 was described from specimens from Benin. This
species is morphologically close to the species S. uruma from the Oriental Region and is also
known from Congo. Some of the known specimens were taken from buffalo, but nothing
else is known about its biology [1].

17. Stomoxys inornatus Grünberg, 1906 was described as S. inornata from specimens
from Cameroon. This species, also described under another synonymous name, is widely
known from West and Central Africa: Liberia, Nigeria, Uganda, Kenya, Burundi, Rwanda,
Congo, and Sudan. This species has been captured more recently in Gabon [37,38]. The
biology of this species is unknown.

18. Stomoxys varipes Bezzi, 1906 was described from specimens from Eritrea. Very close
morphologically to S. niger, this species is also known from Ethiopia, Uganda, Kenya, Tan-
zania, Rwanda, Congo, Zimbabwe, and Malawi. The biology of this species is unknown [1].

3. Distribution

The global distribution of the 18 species of the genus Stomoxys can be summarised in
the following map (Figure 2).

Additional details to this distribution map are added:
- Stomoxys calcitrans is cosmopolitan, present in all the countries where it has been

researched. Almost always found in connection with human activities (breeding), it can
sometimes be found in littoral tourist destinations where it can feed on people and become
an important nuisance [39,40]. This species is thus adapted to all the climates of the planet,
from equatorial zones to mountainous zones with altitude or zones close to the poles.

- Stomoxys sitiens is present in both the African continent and Asia.
- twelve Stomoxys species are known only from the African continent: S. omega, S.

niger, S. xanthomelas, S. pallidus, S. ochrosoma, S. luteolus, S. stigma, S. transvittatus, S. boueti,
S. taeniatus, S. inornatus, and S. varipes.

- four Stomoxys species are known only from Asia: S. indicus, S. bengalensis, S. pullus,
and S. uruma.
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- Stomoxys niger: the indication of its presence in Venezuela by Fiasson (1943) [22] was
questioned by Zumpt (1973) [1]. We have contacted entomologists in this country, who
have confirmed that they have never seen any species other than S. calcitrans; nor have they
ever been aware of a publication indicating the presence of S. niger in their country.

- Stomoxys indicus: known from several Asian countries, its presence on the island of
La Reunion (Indian Ocean) has just been recently confirmed (L. Costet, personal commu-
nication). The identification of S. indicus has been confirmed morphologically by one of
us (GD) and genetically (paper in preparation). Only two species (S. calcitrans and S. niger
niger) were known until now on the island of La Reunion [41]. The presence of S. indicus
confirms the links between India and the Mascarene Islands.

Figure 2. Known distribution of the 18 species of Stomoxys.

4. Phylogeography of Stomoxys calcitrans

Most studies on Stomoxys flies’ genetics have been conducted on Stomoxys calcitrans.
The initial objectives of these studies were to obtain information on population dynamics,
the origin of outbreaks, and the identification and geographical distribution of insecticide
resistance, to thus develop more effective control strategies. Most studies were conducted
at a local level, with only a few at a more global scale. These aspects of S. calcitrans genetics
were reviewed by Rochon et al. (2021) [7]. Szalanski et al. (1996) [42] observed significant
gene flow between populations of S. calcitrans from Canada and the USA (Nebraska
and Texas). Biochemical and molecular methods showed little variation between these
populations, likely related to a bottleneck at the time of the colonization of North America
by these flies. This genetic homogeneity is related to the dispersal capacity of these flies [40].
Those results have been confirmed by Kneeland et al. (2013) [43] who, using the amplified
fragment length polymorphism (AFLP) method with samples from North America, showed
that S. calcitrans flies have a high level of gene flow on a continental scale.

Dsouli-Aymes et al. (2011) [44] conducted a phylogeographic analysis to study the
population genetic structure of S. calcitrans and to trace its global dispersion. They com-
pared twenty populations from the five major zoogeographic regions of the world using
mitochondrial (COI-cytochrome c oxidase subunit I, Cyt B-cytochrome B, and ND1-16S-
nicotinamide adenine dinucleotide) and nuclear (ITS2-internal transcribed spacer 2) genes.
Their results show a differentiation between Oriental populations (first lineage) and popu-
lations from Afrotropical, Palearctic, Nearctic, Neotropical and Oceanian regions (second
lineage). These two clades were separated by mean genetic distances of 1.7 to 2.3% [44].
The absence of shared haplotypes between them and the genetic distance suggest that they
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diverged in allopatry, and that the Oriental lineage has been isolated since 0.7–1 million
years ago (mid-Pleistocene) [44]. Oriental populations appear in their work as isolated and
not participating in the colonization of other regions. Afrotropical populations seem the
source of S. calcitrans dispersion to other regions. Tsai et al. (2023) [45] also performed a
detailed study of the phylogeography of S. calcitrans, using 13 populations from Taiwan,
10 specimens from Poland, and all available data in GenBank and BOLD. They confirmed
that the likely origin of S. calcitrans is in the Afrotropical region. They also suggested
that the differences observed between the phylogroups of the Afrotropical, Oriental and
Nearctic regions could be due to the isolation of populations in different refugia during
the Pleistocene glaciations. They also showed the influence of transnational livestock trade
activities by giving the example of the arrival of stable flies from North America to Taiwan
with the importation of cattle. They also indicated by examining intra- and inter-population
genetic distances, in agreement with [44,46], that the species S. calcitrans may in fact contain
several cryptic species. Kneeland et al. (2015) [47] also studied the genetic diversity of
S. calcitrans on a global scale. Specimens from different biogeographic regions were anal-
ysed with the AFLP technique. Their results show a lack of genetic differentiation despite
geographical barriers. They did not observe a correlation between geographical origin and
genetic distance. This is inconsistent with the results of Dsouli-Aymes et al. (2011) [44],
but they had no samples from the Oriental region in their work. These studies eventually
led to the sequencing of the Stomoxys calcitrans genome [48]. This work has allowed the
identification of many gene families, allowing a better understanding of the behaviour of
this species, but also consideration of new and more effective control methods, e.g., the use
of olfactory attractants or repellents.

5. Phylogeny of Genus Stomoxys

Dsouli et al. (2011) [49] were the first authors, to our knowledge, to have studied
the phylogeny of the genus Stomoxys considering 10 of the 18 known different species.
Phylogenetic relationships have been established using maximum likelihood and Bayesian
methods from DNA fragments from COI, CytB mitochondrial genes, and ITS2 nuclear
genes. A phylogenetic tree inferred from the concatenation of the three genes (totalizing
1635 nucleotide sites) and a chronogram resulting from the relaxed clock Bayesian analysis
of the same concatenation are available in their publication [49]. The main results of this
work were:

- the genus Stomoxys appears as paraphyletic because of the inclusion of the species
Prostomoxys saegerae (Zumpt, 1969) in the analysis. The phylogenetic tree shows P. saegerae
as a sister group of S. varipes. The monospecific genus Prostomoxys was created by Zumpt [1]
on a simple morphological character showing maxillary palpi as long as the proboscis,
when it is shorter for the genus Stomoxys. The authors proposed to reintegrate the species
P. saegerae into the genus Stomoxys [49].

- a deep molecular divergence was observed between the subspecies Stomoxys niger
niger and S. niger bilineatus. The authors proposed that these taxa should be considered as
distinct species.

- three distinct lineages were observed within the genus Stomoxys, identified by
Bayesian phylogenetic analyses. The first lineage includes the species Stomoxys indicus,
which appears as the sister species to all other Stomoxys species. The second lineage
groups strictly African species S. inornatus, S. transvittatus, S. omega, and S. pallidus. The
third lineage includes the cosmopolitan S. calcitrans, African species such as S. varipes,
Oriental species such as S. bengalensis, and S. sitiens, which is present in Africa and the
Oriental region.

- the chronogram gave estimations of the divergence time between taxa. If the diver-
gence time between the Stomoxys genus and its Stomoxyinae sister-clade (Haematobia and
Haematobosca) is estimated around 30.8 Mya, the age estimate for the emergence of S. indicus
is estimated at about 27 Mya [49]. The placement of S. indicus as the sister group to the
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remaining Stomoxys species lets us suggest that this species would be at the origin of the
genus Stomoxys in the Oriental region.

6. Conclusions

The subfamily Stomoxyinae currently consists of 18 recognized Stomoxys species plus
two subspecies. When grouped by ecological diversity, seven species are synanthropic to
some degree and benefit particularly from animal production. Eleven species are dependent
on wildlife to some degree for their development, and little is known about their biology in
many cases. Global distributions include one cosmopolitan species (S. calcitrans), twelve
species found only in Africa, four species found only in Asia, and one species (S. sitiens)
found in both Africa and Asia.

Little genetic variation is found in North America, possibly because of gene flow from
the adults’ long range flight capability. Phylogeographic analysis of S. calcitrans showed a
differentiation between Oriental populations (first lineage) and populations from Afrotrop-
ical, Palearctic, Nearctic, Neotropical and Oceanian regions (second lineage). Sequencing
of the Stomoxys calcitrans genome allows for better fly management opportunities. Phyloge-
netic studies of the Stomoxys genus using 10 of the known species produced phylogenetic
relationships among species. These studies let us suppose that the species S. indicus would
be at the origin of the genus Stomoxys in the Oriental region 27 Mya ago.

As most of the knowledge on Stomoxys flies has been acquired from the cosmopolitan
Stomoxys calcitrans, more research on the biology of other species is necessary; not only
those species known to be linked with human activities, but also other species which could
play a role in the transmission of pathogens between wild fauna and livestock.

At the same time, because of the developing resistance of these flies to available
insecticides, more research is also necessary on new and more sustainable control methods:
more efficient and specific trapping systems against adult flies, and biocontrols (parasitoids
and predators) against preimaginal stages.
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