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Abstract: Phlebotomine sandflies are important vectors of Leishmania spp. and phleboviruses causing
disease in animals and humans. Morphological identification of phlebotomine sandflies to the species
level is challenging, requiring microscopical examination of the genitalia, which is demanding and
time consuming. Molecular sandfly species identification can be a practical solution to save resources
since it enables further molecular studies capable of generating data, such as biting preferences by
blood meal analysis. In this study, resorting to a sandfly dataset collected between 2014 and 2018
across Portuguese territory under active mosquito surveillance and sandfly specific surveys, we
used molecular methods to explore the genetic diversity and spatial distribution, further exploring
ecological co-variants of four sandfly species—Phlebotomus ariasi, P. perniciosus, P. sergenti, and
Sergentomyia minuta—all of which are of public health importance. Sandflies were collected from
Spring to Autumn (May—-November) following local temperature patterns. P. perniciosus was the most
widespread detected species, with a nationwide distribution. All studied species clustered together
with known samples from the Iberian Peninsula. Further monitoring studies of sandfly species
diversity, distribution, and seasonality are essential for surveillance and control of sandfly-borne
pathogens both nationally and globally.
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1. Introduction

Phlebotomine sandflies (Diptera, Psychodidae, and Phlebotominae) are small insects
that can be found across the globe. They pose a threat from a public health point of view,
since they serve as vectors of several human and animal pathogens, the most important
of which are the parasites of the Leishmania genus (Kinetoplastida: Trypanosomatidae).
Leishmaniasis is a disease caused by several species of Leishmania each transmitted by
specific phlebotomine sandfly vectors [1]. In the Afro-Eurasia, sandflies of the genus
Phlebotomus are proven vectors of human and canine leishmaniasis. In Portugal, visceral
(VL) and cutaneous leishmaniasis (CL) caused by Leishmania infantum are endemic, with
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most reported cases being related to VL. This disease has so far been predominantly
detected in children, but since the 1990s most cases are reported in HIV-infected adults [2].
Domesticated dogs (Canis lupus familiaris) are recognized as the main host and reservoir [34],
but a recent increase in reported infections in cats (Felis catus) is questioning the role of
this species in Leishmania’s zoonotic cycle in urban and peri-urban habitats [5-8]. The
phlebotomine species associated with Leishmania transmission in Portugal are Phlebotomus
perniciosus and P. ariasi [9].

In the Mediterranean region, in addition to Leishmania parasites, sandflies are cur-
rently responsible for the transmission of viruses of the Phlebovirus genus (Phenuiviridae),
which includes 66 viral species [10]. Although the pathogenic potential of most Phenuiviri-
dae is unknown, some are important disease agents, such as, e.g., the Rift Valley Fever
phlebovirus (transmitted by mosquitoes) and the Toscana phlebovirus (TOSV) transmitted
by sandflies. In Mediterranean countries, Naples and Sicilian phleboviruses are recog-
nized as important disease agents causing mild febrile syndromes, commonly designated
as “sandfly or three-day fever” [11]. TOSV is nonetheless considered the most relevant
pathogen sandfly-borne phlebovirus, which can cause severe and potentially fatal neuro-
invasive disease, responsible for a significant number of neurological disease cases during
the summertime [12]. TOSV, Massillia phlebovirus (namely, Arrabida virus and Massillia
virus isolates 21, 70, 127, 130) [13-15] and Alcube phlebovirus [14] are known to circulate
in Portugal, but human infections have only been associated to TOSV and Sicilian phle-
boviruses [16].

There are almost 1000 species of sandflies distributed within six genera; however, only
three genera, Phlebotomus, Lutzomyia, and Sergentomyia, have hematophagous species. The
genera Phlebotomus and Sergentomyia are confined to Afro-Eurasia, and Lutzomyia species
are found only in the Americas [17]. In Portugal, five sandfly species have so far been
reported. P. papatasi (Scopoli, 1786) was firstly reported in 1913 [18], followed by the report
in 1918 of P. perniciosus (Newstead, 1911) and P. sergenti (Parrot, 1917) [19]. P. ariasi (Tonnoir,
1921) and S. minuta (Rondani, 1843) were reported in 1944 by Meira and Ferreira [20].
Phlebotomine sandflies are fragile, tiny (1.5-3.5 mm), ectothermic, hairy insects that are
unable to colonize new distant areas either by passive transport or individual motility, none
being considered so far as invasive species [21]. Sandfly-borne pathogen transmission in
endemic areas is strongly seasonal, being driven by environmental factors that affect vector
and reservoir host abundance [21]. Adult female sandflies from hematophagous species
feed on a wide range of mammals and birds. The sandflies’ life cycle takes at least six
weeks to complete, with their vector activity being seasonal and linked to climate natural
fluctuations, especially temperature and precipitation [22]. Depending on latitude, sandflies
tend to be detected from April to November in Europe [22]. Phlebotomine sandflies’ species
and inherent genetic lineages have diverse endurance to disparate climate conditions, with
P. ariasi reported to be associated with cooler and humid environments, while P. perniciosus
appears adapted to a wider range of climatic conditions [23].

Due to their small size, morphological identification of phlebotomine sandflies to
species level requires meticulous microscopical examination of internal structures. DNA
sequence data have been proven as a successful approach for sandfly species identifica-
tion [24] with the advantage of enabling further molecular and population genetics studies.
Investing on molecular approaches also has the advantage of providing research paths
beyond species classification, such as characterizing biting preferences by blood meal anal-
ysis. Although several local reports of sandflies in Portugal are available, mainly related to
reported Leishmania foci [9,20,24-28], country-wide studies of the population genetics of
these insects are needed to better understand their distribution, population structure, and
potential contribution for vector-borne pathogen transmission into human populations.

In this study, resorting to a sandfly dataset collected between 2014 and 2018 across
Portuguese territory under active-mosquito- and sandfly-specific surveillance surveys,
we explored the genetic diversity, spatial distribution, and ecological co-variates of four



Zoonotic Dis. 2022, 2

21

sandfly species—P. ariasi, P. perniciosus, P. sergenti, and S. minuta—all of which are of public
health importance, both nationally and globally.

2. Materials and Methods

A total of 173 sandflies analysed in this study were collected using different method-
ologies: (1) specific for sandflies at their recognized habitats and (2) in mosquito surveil-
lance directed collections. From 2014 to 2018, sandflies collected under the regular adult
mosquitoes monitoring activities of the national REVIVE vector surveillance network [29]
using CDC miniature light traps (John W Hock Company, Gainesville, FL, USA) baited
mostly with dry ice or by aspiration were included in this study. Between May and Octo-
ber 2018 specific sandflies entomological field surveys took place in the Arrabida region
(Palmela, Setubal, and Sesimbra counties) and eastern Algarve (Loul€, Faro, Olhao, and
Tavira counties), near or in animal facilities such as kennels, rabbit hutches, pigsties, chicken
pens, or sheep corrals (using modified CDC miniature light traps with a reduced collection
cup mesh size) and baited with dry ice. For vector samples with an identified presence of
sandflies, collection dates, geographical coordinates (latitude and longitude), the altitude
of collection sites and the capture methodology are shown in Table S1. When the altitude
was not recorded in place, an estimation was made superimposing geographical coordi-
nates with local topographic maps [30]. All samples were collected at public and private
proprieties with the respective accountable owners” knowledge and permission.

Alive sandflies were immediately processed or stored at —80 °C. Samples for DNA
extraction were selected individually according to date, trapping origin, and gender. Sam-
ples were grinded with a mortar and pestle with liquid nitrogen and 500 pL of minimal
essential medium supplied with 10% FBS, streptomycin (0.1 mg/mL), and amphotericin
B (1 mg/mL). An aliquot of 300 pL was preserved at —80 °C, and the remaining volume
was further grinded with 300 uL of Lysis Buffer (NUCLISENS® easyMAG, Biomérieux,
Marcy-1'Etoile, France), added to the homogenizer cartridge (Invitrogen), and centrifuged
at 12,000 g for 2 min to remove cellular debris and reduce lysate viscosity. Total nucleic
acid extraction was performed using the prepared lysate suspensions in the automated
platform NUCLISENS® easyMAG (Biomérieux).

Samples were molecularly identified using cytochrome ¢ oxidase subunit I gene
(COX1) of mitochondrial DNA using primers LCO 1490 and HCO 2198 [31], as previously
described [32]. Vertebrate hosts constituting bloodmeals were identified by PCR amplifi-
cation of a 508 bp fragment of CytB using primers MamC+ and MamC- [33] using DNA
extracted from single blood-fed female sandflies. Bloodmeal analysis was performed by
screening 39 engorged females belonging to the four identified species (11 for P. ariasi, 22
for P. perniciosus, 1 for P. sergenti, and 4 for S. minuta) (see Table S1). High Fidelity PCR
Master (Roche, Mannheim, Germany) was used for PCR amplification according to the
manufacturer’s instructions. Amplicons were visualized by agarose gel electrophoresis
and purifed using Jet Quick-PCR purifcation kit (Genomed, Warszawa, Poland). Purified
DNA fragments were sequenced in an ABI automated DNA capillary system (Applied
Biosystems, Foster City, CA, USA) using the ABI Big Dye Terminator kit (Applied Biosys-
tems). Sequences were assembled using the BioEdit software (version 7.2.5) [34]. Positive
identification and host species assignment were made by sequence similarity searches
(basic local alignment search tool, BLASTN algorithm, NCBI [35]. Positive (of known-
origin animal blood) and negative controls were processed and correctly identified with the
above-mentioned procedure. A bloodmeal was classified as mixed when chromatograms
from each PCR demonstrated double-nucleotide peaks.

Partial COX1 sequences were submitted to the GenBank database (accession numbers
MH559420-MH559497 and OL364747-1364845). Nucleotide consensus sequences of COX1
gene were aligned against multiple sequences available at GenBank for each species, using
BioEdit. Maximum likelihood analysis was performed with a Tamura-3-parameter model
with a gamma-distributed (G) rate among sites for P. ariasi and P. sergenti trees, a Tamura-3-
parameter model for P. perniciosus, and a Tamura-Nei model with G rate among sites for S.
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minuta (the determined best fit models) using Molecular Evolutionary Genetics Analysis
(MEGAX) software [36]. The robustness of the internal nodes was tested by 500 bootstrap
replications. The resulting trees were then visualized and annotated with ggtree in R [37].
Metrics of genetic diversity, including the number of polymorphic sites and nucleotide
diversity for COX1 sequences, were estimated using DnaSP v.5.0 [38].

The local temperature and the land type of each sample were obtained from Coper-
nicus satellite data sources. For the land type, the data source used was “Land cover
classification gridded maps from 1992 to present derived from satellite observations” [39]
and for temperature it was “Essential climate variables for assessment of climate variabil-
ity” [40]. We used each sample’s geo-location (closest latitude-longitude match between
sample and satellite data) and the month and the year of collection to extract the tempera-
ture and the land type. Temperature was at a time resolution of mean per month per year,
and land type was at a resolution of years. Land-type data came with 22 classifications
(see [39]) and was here aggregated into five relevant classes: bare (class 200), cropland
vegetation (classes 10, 11, 12, and 20), natural vegetation (classes 60, 70, 90, 100, 110, 120,
122, 130, and 180), mixed vegetation (i.e., natural and cropland; classes 30 and 40) and
urban (class 190). The approach was the same as in our recent study in Portugal [41].

Portuguese districts (total of 18) were aggregated into five macro regions of interest:
North (districts: Viana do Castelo, Braga, Porto, Vila Real, and Braganga); Central (Aveiro,
Viseu, Guarda, Coimbra, Castelo Branco, Coimbra, and Leiria); Lisbon (Lisboa, Santarém,
and Settibal); Alentejo (Portalegre, Evora, and Beja); Algarve (Faro).

3. Results

A total of 173 sandflies, collected in 66 geographical sites in 46 counties and belonging
to 16 districts in mainland Portugal (only missing data from two northern districts, Braga
and Vila Real) from 2014 to 2018 were analysed in this study (Table S1). Molecular analysis
of COX1 gene allowed the identification of 33 P. ariasi, 124 P. perniciosus, 3 P. sergenti, and
13 S. minuta. Below we explore and summarize the genetic population structure of these
samples in the context of other already-known genetic sequences, as well as the seasonal
timing of the different species, their geographical distributions, and ecological contexts.

3.1. Genetic Analysis

Analysis of partial DNA sequences from the COX1 gene obtained from sandflies
collected from 2014 to 2018 showed that the number of polymorphic sites and parsimony
informative sites was low for all species, reinforcing the high level of intra-specific conserva-
tion and the potential of the analysed gene region as bar coding. The highest conservation
degree was observed in P. pernicious sequences with only six parsimony informative sites
(pis.) out of 452 nucleotides (nt) (totalling 1.32%). Nucleotide diversity per site was
the lowest at 7t = 0.00040 for this species amongst the analyzed species’ sequences. This
conservation was also confirmed in the resulting maximum likelihood (ML) phylogenetic
reconstruction that did not show supported clusters (Figure 1b). P. ariasi sequence infor-
mation (27 p.i.s. / 451 nt; 7t = 0.01275) indicated the presence of a genetically diverse
population in the southernmost region of Portugal (Figure 1a). For P. sergenti a clear clus-
tering of Iberian sequences was observed as well as two clusters with African/overseas
populations (Figure 2a). S. minuta COX1 partial sequence analyses showed the highest
number of p.i.s. (at 44 out of 388 nt, totally 11.34%; with 7t = 0.00295). Three well-supported
clusters were obtained in the S. minuta ML tree (Figure 2b). The Portuguese sequences
grouped together with European and African sequences, and two divergent clusters were
formed with sequences from Cyprus and Crete, Greece, Malta, and Montenegro, respec-
tively. G+C content was similar in all sequences ranging from 33.6% (P. perniciosus) to 38.0%
(P. sergenti).
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Figure 1. Maximum likelihood (ML) phylogenetic trees of: (a) P. ariasi and (b) P. perniciosus were

inferred using partial COX1 sequence with MEGA version 10 software. Distance matrices were

calculated based on the Tamura 3-parameter model. Bootstrap values obtained from 500 replicate
trees are shown for key nodes (>0.7). Scale bar at the bottom represents substitutions per site.
GenBank accession number, place, and year of collection are indicated. Coloured bullets associated

to geographical locations of each sequence are presented. The sequences related to this work are

highlighted in red.
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(a) Phlebotomus sergenti
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Figure 2. Maximum likelihood (ML) phylogenetic trees of: (a) P. sergenti; (b) S. minuta. were inferred
using partial COX1 sequence with MEGA version 10 software. Distance matrices were calculated
based on the Tamura 3-parameter model (a) and Tamura-Nei model (b). Bootstrap values obtained
from 500 replicate trees are shown for key nodes (>0.7). Scale bar at the bottom represents substitutions
per site. GenBank accession number, place, and year of collection are indicated. Coloured bullets
associated to geographical locations of each sequence are presented. The sequences related to this

work are highlighted in red.
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3.2. Distribution of Samples and Ecological Metadata

Most species, with the exception of P. sergenti for which only three samples existed,
were found across the longitude and latitude ranges of Portugal (Figure 3a, Table S1).
Together, the distribution of sandflies irrespective of species was virtually uniform across
the territory. The southernmost site where adult sandflies were collected was in Olhao
county in Faro (Algarve region, latitude 37.040103, P. perniciosus), and the northernmost
site was in Mirandela county in Braganca (North region, latitude 41.557417, P. perniciosus).
The westernmost site was in Loures county in Lisboa (Lisbon region, longitude -9.134300, P.
perniciosus and S. minuta), and the easternmost site was in Vila Nova de Foz C6a in Guarda
(Central region, longitude -7.141333, P. ariasi and P. perniciosus).
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Figure 3. Sample spatial, temperature, and land-type distributions: (a) Spatial location of each
sample according to species; (b) distributions of observed local (sample) temperature (data are
aggregated per month (1-12) over the observation period (2014-2018), and dashed horizontal lines
mark the minimum temperature (Celsius, °C) observed per species (P. ariasi 17.12 °C; P. perniciosus
13.40 °C; P. sergenti 18.00 °C; S. minuta 17.38 °C); (c) distributions of observed local (sample) altitude;
(d) proportion of samples (per species) according to local land-type classification (see Materials
and Methods). Land types coloured according to legend on the right. (a—c) The “country” entry
represents the observed values of the variables across Portugal. Points are the mean. Ranges are the
95% quantiles. For some species, when a simple sample was collected, a point is presented instead of
a distribution. Data coloured per species according to legend on the right.

The longer range of seasonal adult sandflies was found for P. perniciosus, from 5 May in
Faro (Algarve region) to 10 November in Santarém (Lisbon region) (Figure 3b). The seasonal
detection range of the remaining species was from 16 May to 23 October for P. ariasi, 12 July
to 9 October for P. sergenti, and 16 May to 11 September for S. minuta. These time windows
were generally compatible with the months of the year presenting with temperatures in
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excess of 13 Celsius (°C). Indeed, with the exception of a single sample from P. perniciosus
sampled in November when the mean temperature was 13.4 °C, all samples were found
at mean monthly temperatures above 17 °C. Looking at the range of temperatures across
the country over the months for the observation period (2014-2018), this 17 °C threshold
mirrored the Portuguese summer months, including all months between May and October.

Across samples, the lowest altitude was at 5 m above sea level in Albufeira county in
Faro (Algarve region, P. perniciosus), and the highest was at 770 m in Tabuago county in
Viseu (Central region, P. ariasi). Although a small country with a vast costal area, Portugal
presents a variety of landscapes with a wide range of altitudes (Figure 3c). The distributions
of sample altitudes across species did not appear to be different, although as expected
due to detrimental effects of altitude on sandflies’ life cycle [42], the observed ranges
were on the lower end of the country’s distribution. The proportion of samples collected
in different land types presented some similarities among the three Phlebotomus species
when compared to Sergentomya (Figure 3d). In particular, we observed a predominance
of samples from locations characterized by cropland vegetation among the Phlebotormus
species (~40% for P. ariasi, ~50% for P. perniciosus, and ~66% for P. sergenti). In contrast,
there were no samples found in croplands for Sergentomyia, for which the most common
land type was one characterized by a mix of natural and cropland vegetation (~58% of
samples). Important for public health was the finding of both Phlebotomus and Sergentomyia
species in land types classified as urban.

3.3. Blood Meals

A total of 37 screened females, the vast majority (97%), had fed only in humans. The
exceptions were one P. perniciosus presenting a mixed bloodmeal for which it was not
possible to determine the host source and one P. ariasi that had fed on a poultry (Gallus
gallus).

4. Discussion

Patterns of vector-borne disease transmission are directly related to the vector’s popu-
lation dynamics, geographic distribution, and genetic structure [21,22]. For sandflies and
their pathogens, these links can depend, e.g., on climate variation affecting population
dynamics [23], the landscape and land type affecting the spatial distribution [43], and the
spatio-temporal presence of cryptic species or genetic variants (lineages) [44], which may
vary in their susceptibility to the pathogen of interest [44], feeding behaviour including
degrees of anthropophily and animal preference [45], female longevity [46], etc. In the
European context, there is a lack of institutionalised sandfly surveillance, and control
infrastructure for sandfly-borne pathogens is missing (e.g., human leishmaniasis and TOSV
infections are not included in the list of diseases under EU surveillance) [21]. As such,
exploring data from ongoing, potentially non-specific surveillance initiatives that may
reveal factors dictating or associated with sandfly population dynamics, spatial distribution
and genetic structure are key for our understanding of their possible impact on human and
animal health.

Studies about the distribution of sandflies in Portugal are very scarce and mainly
local [9,20,22,25-28]. Previous studies have shown that several species of sandflies are dis-
tributed across Portugal [26]. For P. perniciosus, our results confirm previous reports [13,26]
finding that it is the most widespread species and that P. ariasi is typically the second,
although in some regions of Portugal the latter species may be dominant [27]. S. minuta
thrives in diverse habitats, but their low light attractiveness [22] may negatively bias the
number of specimens collected in this study. Although it is known to be less frequent in the
north [26], one of our samples had origin in a northern county, which means that more sys-
tematic studies using different collection methods need to be performed to clarify the real
distribution and abundance. The least-represented species in our samples was P. sergenti,
which according to other authors, is considered to have considerably low abundance in
the country, with a possible exception of the southern regions of Algarve and Alentejo [28].
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Sandflies have previously been found at varying altitudes, ranging from below sea level in
areas surrounding the Dead Sea in Israel and Jordan to 2800 m above sea level in the Andes
and Ethiopia [47]. In our dataset, sandflies were found at the lower end of the altitude
variation found in Portugal, with the lowest observed altitude of 5 m and a highest of 770 m
above sea level.

Besides climate and altitude, a third major determinant of sandfly spatial distribution
is land type, which critically also determines the presence and abundance of vertebrates and
thus the potential of sandfly species to participate in vector-borne pathogen transmission.
In our dataset, we found that Portuguese sandflies were preferentially associated with
cropland or mixed land (cropland and natural vegetation). There was nonetheless a
reasonable proportion of samples found in urban areas, in particular for P. ariasi and S.
minuta. Given the unspecific sampling nature of the dataset, it was not possible to discern
if this observation was due to sampling being mostly from mosquito surveys performed in
places with human presence.

Climate is a major determinant of the population dynamics of human and animal
arthropod vectors, such as mosquitoes, ticks, and sandflies. For sandflies [48-50] and
mosquitoes [51,52], temperature is the main determinant due to its effects on life-span
and developmental rates. Importantly, variation exists in the response to climate between
sandfly species and within species variants. For example, P. ariasi seemingly prefers wetter
and milder conditions (e.g., forests), while P. perniciosus is more commonly associated
with drier and warmer conditions (e.g., plains) [53]. Similarly, variants of P. sergenti from
Morrocco appear less tolerant to low temperatures than those from Spain [54]. In general,
seasonal variations in climate influence the intra-year, monthly abundance of sandflies. In
Portugal, it has been previously reported that sandfly abundance/presence is associated
with periods between April/May and October/November of each year [9,44,45]. Out of
this period, it is generally agreed that a developmental bottleneck is introduced by low
temperatures that may vary by species (e.g., 15 °C for P. perniciosus [55] and 16 °C for P.
papatasi [56].

In the analyses of our sandfly samples, we observed intra-year temporal windows
compatible with the aforementioned knowledge on the timing of Portuguese sandfly
seasons and on the effect of temperature. Namely, we found that sandflies were only present
in collections between May and October for a temperature threshold above 17 °C. The
exception was a single sample of P. perniciosus from November with associated temperature
of 13.4 °C. While thresholds as low as 13 °© have been described for some species (e.g., P.
neglectus [57]), and considering the restricted and non-specific sampling of the presented
dataset, it remains to be shown if any species of sandfly is commonly abundant in Portugal
at such low temperatures typical of March and November.

Although we screened a total of six samples from henneries (Table S1), only one
specimen of P. ariasi had fed on poultry, while the rest had fed on humans. It is not entirely
surprising that specimens of P. ariasi, P. perniciosus, and P. sergenti were found engorged with
human blood since they are recognised vectors of human pathogens in the Mediterranean
Basin [44]. However, the fact that 97% of the bloodmeals were in humans is unexpected
since sandflies are often reported to feed on a variety of vertebrates. Indeed, the feeding
behaviour of P. ariasi, P. sergenti, and P. perniciosus has been reported to be similar and of
opportunistic nature according to whatever vertebrate is of easier access, including humans,
domesticated vertebrates, and birds [1,42,58]. On the other hand, sandflies from the genus
Sergentomyia were previously believed to feed only on reptiles [59], although recent studies
have shown that S. minuta also feeds on mammals, including humans [60]. All analysed
engorged sandflies resulted from captures in mosquito surveys performed in places with
human presence, and although some of them were rural environments with the presence of
other animals, this is likely the reason why human bloodmeals dominated the dataset.

Our genetic analysis confirmed the previously reported utility of COX1 phylogenetic
analysis as a tool in sandfly species identification [24]. This approach enabled species
identification of all samples tested, due to the high level of intra-specific conservation
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observed for this gene region in all studied species. Despite the high level of conservation
of the COX1 sequences analysed, two lineages were clearly observed in P. perniciosus,
in agreement with previous reports [61,62]: the “typical lineage” with sequences found
in Tunisia, Algeria, and Italy and the “Iberian lineage,” clustering all Portuguese with
Spanish sequences. This clustering of Iberian sequences (including Portugal, Spain) is also
observed in P. ariasi and P. sergenti, probably diverging from an ancient African population
(Figures 1 and 2). In S. minuta although the proximity between Iberian sequences was
also seen, a diverse evolution history seems to be shaping the observed genetic structure
with a well-defined “Eastern Mediterrenean” cluster and a closer relation between African
and Iberian samples. Further studies, including more Phlebotomine sandfly specimens
(from widespread collection sites over their geographical distribution) and using highly
variable gene sequences at the intra-specific level, as the 3’ end of the COX1 gene [63,64],
the cytochrome b (CytB) gene [65,66], or even complete mitogenome sequences, will be
necessary to clarify the Portuguese genetic diversity and evolutionary history.

In this study, we summarized and analysed a series of Portuguese sandfly samples
collected over specific and mosquito-focused surveillance between 2014 and 2018. For a
generalized overview of the sandfly population, we explored sample genetic population
structure in the context of local and global known genetic sequences and explored their
geographical distribution, seasonal timing and associated temperature, altitude, land type,
and bloodmeals. To our knowledge, this study is the first nationwide report of sandflies in
Portugal.

Due to the use of different sampling methods of the presented sandfly dataset, this
work presents a series of limitations. It is unlikely that a complete characterization of
the existing genetic diversity of the four species included was achieved or that the full
seasonal timing and spatial distribution was captured with our analyses. The non-specific
sampling is also likely the reason why the vast majority of bloodmeal results was associated
with humans, although sandflies are expected to feed on a vast diversity of vertebrate
hosts. Most of blood meal analysis (68%, from 2014 to 2016) were from sandflies captures
using CDC light traps for mosquito collection, mostly in habitats under surveillance for
being reported by population as “mosquito annoyance /high mosquito bite rate” related
and as such were inherently biased towards the proximity to human populations. This,
however, did not hamper our ability to confirm ecological expectations and to replicate
expected observations, such as the finding of sandflies across the geographical scale of
Portugal, a genetic structure highly associated with small scale geographical clustering,
the predominance of samples during the summer months when temperatures are above
17 °C, and the association with lower altitudes. Overall, this study reiterates the need
for investment in sandfly-specific surveillance to adequately characterize the existing
populations and their potential for local vector-borne pathogens and relevance for human
and animal public health.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/zoonoticdis2010003/s1, Table S1: Sandflies analysed in this
study.
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