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Abstract

The genus Phlebotomus (Diptera: Psychodidae: Phlebotominae) comprises a group of small winged insect species of medical im-
portance. To date, ten species of Phlebotomus are known to be present in Greece; yet their evolutionary history is poorly studied due
to the lack of comprehensive phylogenetic and phylogeographic studies. Herein, we aim to clarify the phylogenetic relationships
amongst the local species collected from 12 Aegean Islands, Cyprus and Turkey; and to identify which of the palacogeographic
events may have influenced their biogeographic history. Our analyses revealed for the first time the presence of P. cf. major and P,
sergenti in the Aegean Islands. All studied local species were retrieved as monophyletic and the mtDNA and nDNA phylogenetic
trees indicated a plausible mitochondrial introgression between the closely related species of the P. major complex. From a palae-
ogeographic viewpoint, the major driving force that shaped the biogeographic history of the studied Phlebotomus species seems
to be the dispersal that started in the Oligocene epoch, followed by several speciation events that occurred at the end of Miocene
and the Plio-Pleistocene, including multiple dispersal events of Asiatic origin. The Messinian Salinity Crisis, the bimodal Mediter-
ranean climate, and the glacial and interglacial periods were identified as key drivers for the diversification of the local species of
Phlebotomus.
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1.  Introduction

The genus Phlebotomus Rondani & Berte belongs to the
subfamily of Phlebotominae (sand flies). They are hae-
matophagous insects and vectors of the protozoan par-
asites of the genus Leishmania Ross (Killick-Kendrick
1990) as well as the bacterium Bartonella bacilliformis
Strong, Tyzzer, Brues, Sellards & Gastiaburu (Chamber-
lin et al. 2002) and arthropod-borne viruses (phlebovirus-
es and vesiculoviruses) (Bichaud et al. 2011, 2014; Al-
wassouf et al. 2016). According to the database Systema
Dipterorum, approximately 576 sand fly species are found
in the Old World belonging to the genera of Phlebotomus,
Sergentomyia Franca & Parrot and Chinius Leng (Ak-
houndi et al. 2016; Evenhuis and Pape 2022). Thirteen
sand fly species are known from Greece, ten belonging to
the genus Phlebotomus and three to the genus Sergento-
myia (Léger et al. 1986; Ivovi¢ et al. 2007; Xanthopou-
lou et al. 2011; Christodoulou et al. 2012; Tsirigotakis
et al. 2018). Most of the Phlebotomus species present in
Greece have wide geographical distribution including the
Middle East, parts of Asia and the Mediterranean basin.
Phlebotomus (Adlerius) creticus Antoniou, Depaquit &
Dvorak and Phlebotomus (Transphlebotomus) killicki
Dvortak, Votypka & Volf on the other hand, are restricted
to the Aegean and eastern Mediterranean, respectively.
Five of them transmit or are suspected of transmitting
Leishmania parasites: P. (Larroussius) neglectus Tonnoir,
P. (Larroussius) tobbi Adler, Theodor & Lourie, P. (Lar-
roussius) perfiliewi Parrot, P. (Paraphlebotomus) similis
Perfiliev and P. (Phlebotomus) papatasi Scopoli.

Phlebotomus is considered a monophyletic group
(Seccombe et al. 1993; Aransay et al. 2000) and com-
prises 14 subgenera (Akhoundi et al. 2016; Cruaud et al.
2021), which are widely distributed in the Old World.
Six of them are present in Greece; however, they consist
of several species that are not found in the country (ex-
cept Artemievus Depaquit). Nevertheless, comprehensive
phylogenetic analyses are limited, and most research is
focused on a limited number of loci and species. Due to
its medical importance, subgenus Larroussius Nitzulescu
is the most researched group in the genus, with multi-
ple studies focusing on different species (Esseghir et al.
2000; Pesson et al. 2004; Latrofa et al. 2011; Depaquit et
al. 2013). Phylogeographic studies on the genus are also
limited and focus on specific species or subgenera (Es-
seghir et al. 2000; Depaquit et al. 2002; Kasap et al. 2015;
Cruaud et al. 2021).

The Aegean archipelago is located in the eastern Med-
iterranean at the crossroads of three continents (Europe,
Asia and Africa). It consists of more than 7,500 islands
and islets with various island sizes and geological his-
tories (Sfenthourakis and Triantis 2017). The Greek Ae-
gean Islands provide an interesting area for phylogenetic
and phylogeographic studies because of their topography
(nearby Greek mainland or Anatolia) and geological his-
tory. This region was the epicentre of many studies, which
either focused on the speciation that occurred within the
Aegean region or on the dispersal of faunas from the

neighbouring regions (e.g. Turkey or Greek Mainland) to
the Aegean. Over the last two and a half decades, approxi-
mately 75 animal genera have been studied in the Aegean
(Poulakakis et al. 2015; Trichas et al. 2020). Such studies
included, for example, the green lizard (Lacerta Linnae-
us) (Kornilios et al. 2019), land snails (4/binaria Vest)
(Douris et al. 2007), the centipede species Scolopendra
cingulata Latreille (Simaiakis et al. 2012), tenebrionid
beetles (Papadopoulou et al. 2009, 2010), the cave cricket
genus Dolichopoda Boliva (Borissov et al. 2020) and the
woodlouse genus Trachelipus Budde-Lund (Parmakelis
et al. 2008). The Aegean region was subject to different
geological and climatic events that contributed to the ex-
isting landscape and influenced different faunas. Such
events were, for example, the formation of the Aegean
Barrier [AB; a sea barrier often termed the mid-Aegean
Trench (Poulakakis et al. 2015; Kornilios et al. 2019)],
the Messinian Salinity Crisis (MSC) and the glacial and
interglacial periods in the Pleistocene (Sfenthourakis and
Triantis 2017). These events may have played an essen-
tial role in the diversification or the dispersal of sand flies
from neighbouring regions.

Esseghir et al. (2000) and Kasap et al. (2015) suggest-
ed that the palaeogeographic events in the Mediterranean
and Aegean Sea played important roles in the history of
the Phlebotomus subgenera Larroussius and Transphle-
botomus Artemiev & Neronov. It was proposed that Lar-
roussius lineages were derived from speciation events
associated with habitat shifts by aridification during
the Pliocene (Esseghir et al. 2000). The Transphleboto-
mus lineages were associated with the palacogeograph-
ic events of the eastern Mediterranean, which may have
been the main drivers of their diversification (Kasap et al.
2015). Depaquit et al. (2002) suggested that P. sergenti
Parrot and P. similis resulted from two migration routes
during Miocene, one north of the Paratethys and the other
south of the Tethys (Depaquit et al. 2002). Nevertheless,
Trajer et al. (2021) suggested that P. similis, P. sergenti
and P. (Paraphlebotomus) jacusieli Theodor could have
separated after the tectonic subsidence of the Hellenic
Orogenic Belt in late Miocene (Trajer 2021). In 2021,
Cruaud et al. examined the systematics and the phylo-
geography of the subgenus Paraphlebotomus Theodor.
The subgenus was not recovered as monophyletic, and
thus, they described a new subgenus (4rtemievus) for P
(Artemievus) alexandri Sinton. They also suggested that
Paraphlebotomus originated between 8.5 and 12.9 mya
and was distributed from the peri-Mediterranean to the
Irano-Turranian regions (Cruaud et al. 2021).

The main objectives of our study include the inves-
tigation of the phylogenetic relationships amongst the
local sand fly species found in 12 Greek Aegean Islands
(Fig. 1), the estimation of the divergence times and the
reconstruction of the ancestral distributions. Also, we aim
to establish which palacogeographic and palacoclimatic
events may have contributed to the evolutionary histo-
ry of these species and associate them with divergence
times. To accomplish these, two mitochondrial and four
nuclear loci were analysed using multilocus phylogenetic
and coalescence-based methods. The sample-set includ-
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Table 1. Sand fly species collected from all study areas (Tsirigotakis et al. 2018; Dvotak et al. 2020; Omondi et al. 2020). The cor-
responding numbers for each study area in Fig. 1 are given in parenthesis.

Species/Regi Crete Cyclades Dodecanese North Aegean Cyprus Turkey
peciesiRegion (C: 12-15) (A: 6-11) (A: 2-5) (A: 1) (E: 18) (D: 16-17)
P, neglectus N \ v N v
P. perfiliewi \ \ \
P, tobbi y J N y J \/
P, halepensis v
P, simici N \ v N v
P. creticus N
P, (Adlerius) sp. \
P. papatasi N \ v \
P, sergenti \
P, similis N \ v v
P. alexandri \/ \ v
P, killicki y
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Figure 1. Geographical map indicating all study areas. A Key

map; B Aegean Islands (1: Ikaria, 2: Patmos, 3: Leros, 4: Nisyros,

5: Karpathos, 6: Anafi, 7: Santorini, 8: Folegandros, 9: Milos, 10: Sifnos, 11: Andros); C Crete (12: Botanical Garden-Chania, 13:
Fodele-Heraklion, 14: Foinikia-Heraklion, 15: Xerokampos-Lasithi); D Turkey (17: Antalya, 17: Kayseri); E Cyprus (18: Agioi

Trimithias-Nicosia).

ed multiple specimens from all collected species in the
Aegean Islands, with additional specimens from Cyprus
and Turkey.

2. Methods

2,1. Sampling

Sand fly trapping in the Greek Aegean Islands was con-
ducted during previous field work (2016-2019) (Tsirig-
otakis et al. 2018; Dvorak et al. 2020) using CDC min-

iature light traps (John W. Hock Co., Gainesville, FL,
USA). The studied Aegean Islands included Crete, Cy-
clades (Andros, Sifnos, Milos, Folegandros, Santorini &
Anafi), Dodecanese (Patmos, Leros, Nisyros & Karpa-
thos), and North Aegean (Ikaria) (Fig. 1) (Tsirigotakis et
al. 2018; Dvorak et al. 2020). Due to the presence of spec-
imens with morphological uncertainties (e.g. specimens
of P. similis), additional sampling took place during 2018
and 2019 in Cyprus (Agioi Trimithias) and Turkey (Kay-
seri & Antalya) (Omondi et al. 2020), in order to collect
closely related species (e.g. P. sergenti) and enable us to
resolve these uncertainties. Overall, 300 traps were used,
with each trap being set for one night. Sand fly head, gen-
italia and wing of all collected specimens were mounted
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Table 2. Primers and PCR conditions.

Locus | Primers | Sequence (5-3”) (Sli;e) PCR conditions
LCO1490 | GGTCAACAAATCATAAAGATATTGG 3mM MgCl, 0.4uM primers, 0.2mM dNTP’s, 1U Taq DNA
~710 | polymerase
o HCO2198 | TAAACTTCAGGGTGACCAAAAAATCA (94°C/1min, 42-50°C/1min, 72°C/1min) 35 cycles
C171632 | TGATCAAATTTATAAT 3mM MgCl, 0.4uM primers, 0.2mM dNTP’s, 1U Taq DNA
~560 | polymerase
CIN2191 | GGTAAAATTAAAATATAAACTTC (94°C/1min, 42°C/1min, 72°C/1min) 35 cycles
CB3-PDR | CAYATTCAACCWGAATGATA 3mM MgCl, 0.6uM primers, 0.2mM dNTP’s, 1U Taqg DNA
CytB ~550 | polymerase
NIN-PDR | GGCAYWTTGCCTCGAWTTCGWTATGA (94°C/1min, 43-46°C/1min, 72°C/1min) 35 cycles
Cla CCTGGTTAGTTTCTTTTCCTCCGCT 2.5mM MgCl, 0.6uM primers, 0.2mM dNTP’s, 1.5U Tag DNA
ITS2 ~530 | polymerase
JTS3 CGCAGCTAACTGTGTGAAATC (94°C/1min, 54-64°C/1min, 72°C/1min) 35 cycles
(28H | CTACTATCCAGCGAAACC 2mM MgCl, 0.6uM primers, 0.2mM dNTP’s, 1.5U Taq DNA
288 680 polymerase
23K GAAGAGCCGACATCGAAG "Cf}(/):lz}sldown PCR (94°C/1min, 60+58°C/1min, 72°C/1min) 5+32
EF-FO5 | CCTGGACATCGTGATTTCAT 2.5mM MgCl, 0.6uM primers, 0.2mM dNTP’s, 1.5U Tag DNA
EFl-a ~500 | polymerase
EF-R08 | CCACCAATCTTGTAGACATCCTG (94°C/0.5min, 44-48°C/0.5min, 72°C/0.5min) 35 cycles
TPII1IFb | GGNAAYTGGAARATGAAYGG 3mM MgCl, 0.6uM primers, 0.2mM dNTP’s, 1.5U Taq DNA
— 460 polymerase
Touchdown PCR (94°C/0.5min, 54+50+45°C/0.5min,
TPI275R | GCCCANACNGGYTCRTANGC 720C/1.5min) 5+5430 cycles

in CMCP-10 mounting medium (Polysciences, Inc., War-
rington, PA, USA). At the same time, the rest of the body
was stored in 70% ethanol at —20°C. Species identifica-
tion was made using the morphological characters of the
head, wing and genitalia (Lewis 1982; Killick-Kendrick
et al. 1991; Kasap et al. 2015; Dvorak et al. 2020).

All morphologically identified Phlebotomus spp. are
shown in Table 1. The collected Phlebotomus fauna from
our study areas included 12 species, with the most com-
mon being P. neglectus, P. tobbi, P. (Adlerius) simici Nit-
zulescu and P, similis. Phlebotomus killicki and P. creticus
were found only in Crete, P. sergenti only in Cyprus and
P. (Adlerius) halepensis Theodor only in Turkey. Also,
a male specimen (“C147B”) of the subgenus Adlerius
Nitzulescu collected from Andros could not be identified;
nevertheless, it had morphological similarities with P
creticus.

2.2. DNA extraction, PCR
amplification and sequencing

The sand fly genomic DNA was extracted from the thorax,
legs and the anterior part of the abdomen of each chosen
specimen using the Qiagen QIAamp DNA micro kit (Qia-
gen, Hilden, Germany). Double-stranded PCR was per-
formed to amplify partial sequences of two mitochondrial
loci (mtDNA) and four nuclear loci (nDNA). These loci
were cytochrome c oxidase subunit 1 (COI), cytochrome
b (CytB), internal subscribed spacer 2 (ITS2), domain 9
and 10 of 28S ribosomal RNA (288S), elongation factor 1
alpha (EF1-a) and triose-phosphate isomerase (TPI). All
PCR reactions had 25ul volume and were performed in

T100 thermal cycler (Bio-Rad Laboratories, California,
USA). Primers and PCR conditions are described in Ta-
ble 2. Single-stranded Sanger sequencing was performed
in CeMIA SA (Larisa, Greece) using the same primers as
in PCR.

2.3. Sequence editing, alignment and
model selection

Sequence chromatograms were viewed and edited using
CodonCode Aligner v.9.0.1 (CodonCode Corporation,
Centerville, USA). Multiple sequence alignments for
each locus were performed using MAFFT v.7.475 (Ka-
toh and Standley 2013) with the default settings and the
E-INS-i alignment strategy. Our alignments consisted
of our samples and some additional sequences retrieved
from the GenBank database, belonging to species that
are closely related to our samples. The NCBI accession
numbers of these sequences are shown in Table S1 of
Supporting information. Protein coding sequences were
translated into amino acids using Sequence Manipulation
Suite (Stothard 2000) to check for the presence of stop
codons.

The optimal nucleotide substitution model for each
locus was identified using PartitionFinder v.2.1.1 (PF)
(Lanfear et al. 2016). For each protein-coding locus, the
alignment was partitioned into three blocks containing
the 1%, 2* and 3 codon positions. We ran PF three times
for each locus using the greedy search algorithm with
linked branch lengths in calculations of likelihood scores
under the Bayesian information criterion (BIC). The dif-
ference in those runs was the restriction of the candidate
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Table 3. Conserved, variable and informative sites at each locus (without the outgroup).

Locus Total sites Conserved sites Variable sites Parsimony informative
Col 619 398 221 211

CytB 461 273 188 174

EFl-a 423 294 129 126
TPI 373 281 92 90
28S 654 543 111 110

ITS2 526 272 224 204

models to those that were available in MrBayes v.3.2.6
(Ronquist et al. 2012), IQ-TREE v.1.6.12 (Nguyen et al.
2015), and BEAST2 v.2.6.2 (Bouckaert et al. 2019). The
models which included both gamma distribution and in-
variable sites were ignored because of the high correla-
tion between the proportion of the invariable sites and the
gamma shape, making it extremely difficult to estimate
both parameters reliably (Yang 2006).

All retrieved sequences were submitted to GenBank
and their NCBI accession numbers are given in Table S1
of Supporting information. The aligned mtDNA, nDNA
and concatenated datasets consisted of 1,080, 1,976 and
3,056 base pairs (bp), respectively. Information on con-
served, variable and informative sites is given in Table 3.
PartitionFinder indicated the best-fit nucleotide substitu-
tion models for each locus and each analysis, which are
summarised in Table S2 of Supporting information.

2.4. Genetic distances and
phylogenetic analyses

Genetic distances were calculated using the Tamura-Nei
model (Tamura and Nei 1993) as implemented in MEGA
v.7 (Kumar et al. 2016) to better compared with oth-
er studies. Phylogenetic trees were constructed using
Bayesian Inference (BI) and Maximum Likelihood (ML)
on the mtDNA, nDNA gene trees and the concatenated
alignments. The BI analysis was performed in MrBayes
with four runs and eight chains per run for 10,000,000
generations, with a sampling frequency of 100 using the
substitution models selected by PF. To check for conver-
gence and stationarity, we used several convergence di-
agnostics, such as the average standard deviation of split
frequencies (ASDSF-values below 0.01 indicate conver-
gence), the log-likelihood values, the Effective Sample
Size (ESS-values below 100 may indicate insufficient
sampling) and the average Potential Scale Reduction
Factor (PSRF-values should be close to 1 for all param-
eters). The —InL stabilised after approximately 10° gen-
erations, and the first 25% of the trees were discarded as
‘burn-in’ phase. A majority-rule consensus tree relied on
the remaining trees, and posterior probabilities were cal-
culated as the percentage of samples recovering any par-
ticular clade (Huelsenbeck and Ronquist 2001). The ML
analysis was performed in IQ-TREE with bio-neighbor
joining starting tree under the suggested models selected
in PF. Two independent runs were performed with boot-
strap (Felsenstein 1985) and ultrafast bootstrap (Minh

et al. 2013) values, which were estimated by 1,000 and
10,000 replicates, respectively. Sergentomyia minuta
Rondani represented the outgroup in these analyses. Fig-
Tree v.1.4.4 (Rambaut 2018) was used to display the phy-
logenetic trees and Tracer v.1.7.1 (Rambaut et al. 2018)
was used to assess the convergence statistics.

2.5. Coalescent species tree and
divergence time estimation

We performed a molecular clock test in MEGA before the
divergence times estimation analysis was applied to the
studied loci. The null hypothesis of equal evolutionary
rates throughout the tree was rejected at a 5% significance
level (p=<0.05), thus we applied an uncorrelated lognor-
mal relaxed clock for the time estimation (Drummond et
al. 2000).

The coalescent species tree and the estimation of di-
vergence times were calculated using Starbeast2 (Ogilvie
et al. 2017) as included in the BEAST?2 software package
(Bouckaert et al. 2019). We used BEAUti v.2.6.2, as im-
plemented in the BEAST2 software package, to create the
input file. We used the partitions and substitution mod-
els selected by PF (Lanfear et al. 2016). Also, the Yule
Model was used for the speciation and the Uncorrelat-
ed Lognormal Models for the relaxed molecular clock.
The Markov chain Monte Carlo (MCMC) analysis run
for 4*10® generations and saved the result every 5,000%
generation. Tracer was used to verify that the analysis
had converged and that the satisfactory Effective Sam-
ple Size had been obtained. The —InL stabilised after ap-
proximately 4*107 generations, and the first 10% of the
trees were discarded. Sergentomyia minuta represented
the outgroup, and FigTree was used to display the species
tree. To estimate divergence times, we used the available
gene-specific substitution rates on CytB from previous
studies. Specifically, the substitution rate for CytB was
2.1% (1.57-2,64%), and the clock rate was set at 0.0105
(Esseghir et al. 2000).

2.6. Biogeographic analysis

Biogeographic analysis was constructed in Reconstruct
Ancestral State in Phylogenies (RASP) v.4.2 (Yu et al.
2015) and the ancestral distributions were reconstruct-
ed using the Statistical Dispersal-Vicariance Analy-
sis (S-DIVA) (Yu et al. 2010), allowing a maximum of
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two areas per node. The analysis was conducted using
the trees and the dated species tree generated from the
BEAST?2 software package (Bouckaert et al. 2019). Five
geographical regions were defined: A, Middle East; B,
Aegean islands; C, East Europe; D, West Europe; E,
North Africa.

2.7. Species delimitation

For conducting species delimitation, we used BP&P
v.4.3 (Flouri et al. 2018), which uses the multispecies
coalescent model to compare different models of species
delimitation and phylogeny in the Bayesian framework.
This method accounts for incomplete lineage sorting due
to polymorphism and differences between gene trees and
species tree (Yang and Rannala 2010). We conducted
the A1l analysis for the joint species delimitation and
species tree inference of unguided species delimitation
(Yang and Rannala 2014), which attempts to group dif-
ferent populations into one species and explore different
phylogenetic relationships among the delimited species
(Yang and Rannala 2014). Our dataset comprised of five
different loci (mtDNA, EF1-a, TPI, 28S & ITS2). The
samples were divided into 17 potential distinct species
that corresponded to the major clades of the phylogenetic
concatenated tree and the morphological identification.
The ijMCMC analysis was conducted for 100,000 gener-
ations, with a sampling interval of three, ‘burn-in’ phase
of 2,500 and each species delimitation model had equal
prior probability. We tested three combinations of priors
(Leaché and Fujita 2010), where the prior distribution
on the ancestral population size (8) and the prior for the
root age (t,) were set either to 0.1 [IG(3, 0.2)] or 0.001
[IG(3, 0.002)]. The first combination assumed relative-
ly large ancestral population sizes and large divergences
[6~IG(3, 0.2) & 1,~IG(3, 0.2)]; the second combination
assumed low ancestral population sizes and low diver-
gences [0~IG(3, 0.002) & t,~IG(3, 0.002)] and the third
combination assumed relatively large ancestral popula-
tion sizes and low divergences among species [0~IG(3,
0.2) & t,~IG(3, 0.002)]. Each analysis was run twice
with different seed numbers (positive and negative in-
teger) to confirm the consistency between the runs. The
starting tree had the topology of the coalescent species
tree.

3. Results

3.1. Genetic distances

The genetic distances for mtDNA between the local
Phlebotomus spp. ranged from 2.78% to 28.35% and for
nDNA ranged from 0.4% to 23.22%. Genetic distances
among and within species for mtDNA and nDNA (except
ITS2) are given in Table 4. Sequence divergence for the
COlI ranged from 4.32% to 22.04%, for CytB from 3.79%

to 32.24%, for EF1-a from 0% to 13.99%, for TPI from
0.93% to 21.81%, for 28S from 0.73% to 9.92% and for
ITS2 from 1.94% to 32.8%. The genetic distances for all
loci separately are presented in Tables S3—S5 of Support-
ing information.

3.2. Combined phylogenetic tree and
mtDNA/nDNA gene trees

Both BI and ML analyses on the concatenated dataset re-
sulted into similar and well-supported phylogenetic trees
(BIL: InL = —15,458.60; ML: Bootstrap InL = —-15,314.19
and Ultrafast Bootstrap InL = —15,314.12) (Fig. 2). Ac-
cording to our results, all local species were monophylet-
ic with very good statistical support. Also, each subgenus
representative formed distinct monophyletic clades, with
Artemievus being more closely related with Phleboto-
mus rather than Paraphlebotomus. Moreover, subgenus
Transphlebotomus is more closely related to Adlerius
than Larroussius. The Adlerius specimen (“C147B”)
from Andros Island, which was morphologically similar
to P. creticus, was placed in the same clade with P, creti-
cus from Crete; thus, we assigned it to P. creticus, whose
closest relative appears to be P. (Adlerius) balcanicus
Theodor. As for the species of the P major complex, P.
(Larroussius) syriacus Adler & Theodor was the earliest
branching lineage and P. major Annadale was the sister
species to P. neglectus. The male specimens “M292” and
“M293” (P. cf. major), which were morphologically dif-
ferent from the males of P. neglectus, were grouped with
P. major sequences.

The mtDNA and the nDNA datasets produced trees
with InL = —7,489.09 and —7,848.33 for BI, respectively,
and; InL = -7,312.67 and —7,679.85 for Bootstrap ML,
respectively and InL = —7,312.06 and —7,679.21 for Ul-
trafast Bootstrap ML, respectively. The phylogenetic
analyses produced less resolved trees but with similar to-
pologies to that of the concatenated gene tree (Fig. S1 in
Supporting information). The most important differences
were the positions of the P major complex, P. sergenti
and P, similis. More specifically, according to the nDNA
phylogenetic tree, P. sergenti and P. similis form a single
well-supported clade. In contrast, the topology of these
two species in the mtDNA gene tree was identical to the
concatenated phylogenetic tree. Regarding the P. major
complex, P. neglectus was resolved as paraphyletic in the
mtDNA alignment tree since its lineage contained also
the specimens of P. major and P. cf. major (Fig. S1 in
Supporting information).

3.3. Coalescent species tree and
divergence times

The coalescent species tree analysis resulted in good ESS
values (InL =-16,111.83) and the species tree presented
very good posterior probabilities (Fig. 3). Phlebotomus
alexandri is more closely related to P. papatasi rather
than P, sergenti and P. similis, which are closely related.
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Phlebotomus creticus is more closely related to
P. balcanicus rather than P. halepensis or P. simi-
ci. Phebotomus perniciosus, which is distributed
in the west Mediterranean (Léger and Depaquit
2002), appears to be closely related to P tobbi
(east Mediterranean). The species of the P ma-
Jjor complex appear to be closely related between
them, with P. syriacus being the root lineage of
the complex.

According to divergence time estimation (Fig.
3), the studied local species of the genus Phlebot-
omus separated from S. minuta at 34.37 mya (95%
HPD 21.79-49.27) and started to diverge in the
Oligocene at 29.92 mya (95% HPD 18.89-42.36),
with the separation of Artemievus, Phlebotomus
and Paraphlebotomus from all the other subge-
nera. The closely related species P. similis and
P sergenti diverged in the Pliocene at 3.62 mya
(95% HPD 1.86-5.55). The estimated age for the
split between the representatives of the subgenus
Larroussius and those of the subgenera Trans-
phlebotomus and Adlerius was 21.87 mya (95%
HPD 14.72-29.73) (early Miocene). Phleboto-
mus major complex started diverging in the early
Pleistocene at 2.45 mya (95% HPD 0.87-4.47),
and P. creticus diverged from its closest relative
(P. balcanicus) also in the early Pleistocene at 2.11
mya (95% HPD 0.7-3.73).

3.4. Biogeographic analysis

The results of the biogeographic analysis are
shown in Fig. 3 and Fig. S2 of Supporting Infor-
mation. The S-DIVA analysis proposed that the
distributional history for the studied local spe-
cies of Phlebotomus was dominated by disper-
sal. More specifically, the results indicated that
33 total dispersal events and only two vicariant
events (nodes 5 & 8 in Fig. 3) were necessary
to explain the current species distribution. Most
dispersal events occurred from A (Middle East)
to B (Aegean Islands) (11 events) and from A to
C (East Europe) (eight events), while A was also
the area with the most speciation events (14). Ac-
cording to the analysis, Middle East was the main
contributing geographical area for most Phlebot-
omus species in this study. The majority of the
geographical regions for the ancestral nodes were
Middle East.

3.5. Species delimitation (BPP)

The results of the species delimitation analyses
are given in Table 5. Assuming large ancestral
population sizes and large divergences among
species, the posterior probabilities of the species
in the analysis ranged between 0.89 to 1, with the
least supported species being P. major (0.89), P.

Table 4. Genetic distance (%) under the Tamura-Nei model between species. Genetic distance between species for mtDNA (COI & CytB) is given below diagonal and for nDNA (EF1-a, TPI & 28S)

above diagonal. Diagonal values represent the genetic distance within species (in parenthesis the nDNA distances). n.a.: not available.
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Node Ancestral aeras Probability P, (Larroussius) cf. major (AB)
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11 A (100% 1 . : ;
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15 A (100%) 1 1/6.81 P. (Larroussius) tobbi (ABC)
16 | AC (20%). AB (20%). AE (20%). - 3.92,9.89]
AD (20%). A (20% )
(0% A L20%) P. (Larroussius) perfiliewi (ABCE)
p
1/21.87
T o3|/ P. (4dlerius) balcanicus (AC)
12.11)
[057,3.12]
1/5.56 P. (Adlerius) creticus (B)
[3.12,8.26]
05??1: 10 ——P (4dlerius) halepensis (A)
12992 712 1116§4 11 —————P (Adlerius) simici (ABC)
[18.89, 42.36] 746, 16.65]
P. (Transphlebotomus) killicki (AB)
P. (Artemievus) alexandri (ABCDE)
0.97/14.37
13
[8.45,20.7]
L P. (Phlebotomus) papatasi (ABCDE)
[21.79, 49.27] 1/18.49
[11.94, 25.83] 14
P. (Paraphlebotomus) sergenti (ABCDE)
1/3.62
15
[1.86, 5.55]
P. (Paraphlebotomus) similis (ABC)

S. minuta (ABCDE)

Figure 3. Dated coalescent species tree with posterior probabilities and mean divergence times (above the nodes). The 95% HPD

are displayed below the nodes; ancestral geographical distribution is displayed in the up-left corner; letters next to the species cor-
respond to their geographical distribution for the S-DIVA analysis (A: Middle East; B: Aegean Islands; C: East Europe; D: West

Europe; E: North Africa).

cf. major (0.89) and P. balcanicus (0.90). The best-sup-
ported scheme included all 17 species groups and had
a posterior probability equal to 0.76. The next proposed
scheme included 16 species groups, with the fusion of
P major-P. cf. major. Assuming low ancestral popula-
tion sizes and low divergences among species, species
delimitation analysis supported a scheme of all 17 spe-
cies-level clusters with a posterior probability equal to
0.81. The posterior probabilities of the species groups
ranged from 0.85 to 1, with the least supported species
groups being P. major (0.85) and P. cf. major (0.86). The
posterior probabilities of the species for the third combi-
nation of priors (large ancestral population sizes and low
divergences among species), ranged from 0.84 to 1. The
least supported species were P. balcanicus (0.84) and P,
major (0.90).

4. Discussion

This study is the first multilocus phylogenetic and phy-
logeographic approach of the Phlebotomus genus in the
Greek Aegean Islands. The Aegean area is of great im-
portance regarding biodiversity, biogeography and epide-
miology due to its geographic location and history. Our
analyses report for the first time the presence of P. ser-
genti and P. cf. major in the Aegean Islands, which were
morphologically identified as P. similis and P. neglectus,
respectively by Tsirigotakis et al. (2018). Phlebotomus
sergenti was found in Nisyros, Leros, Patmos, Sifnos,
Ikaria, Andros, Anafi, and P. cf. major in Nisyros. Phle-
botomus sergenti is a proven vector of L. tropica Wright,
and the species of the P. major complex are proven vec-
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Table 5. Species delimitation results assuming 17 species and using different prior schemes. Posterior probabilities are the average

of the two runs with different seed number.

Prior scheme 0~IG(3, 0.2) & 10~IG(3,0.2) 0~IG(3, 0.002) & T0~IG(3,0.002) | 0~IG(3, 0.2) & T0~IG(3, 0.002)
Candidate species Poster.i or Poster-i or Poster‘iqr
probability probability probability
S. minuta 1 1 1
P. similis 1 1 1
P, alexandri 1 1 1
P, tobbi 1 1 1
P. neglectus 1 1 1
P. perfiliewi 1 1 1
P. simici 1 1 1
P. sergenti 1 1 1
P. papatasi 1 1 0.99
P. creticus 0.98 0.98 0.99
P. perniciosus 0.96 1 0.92
P. halepensis 0.96 0.97 0.96
P, killicki 0.96 1 0.91
P. syriacus 0.95 0.99 0.90
P, balcanicus 0.90 0.95 0.84
P. cf. major 0.89 0.86 0.92
P. major 0.89 0.85 0.90
P. major & P. ct. major 0.11 0.14 0.08
P. balcanicus & P. halepensis 0.03 0.03 0.02
P, creticus & P. balcanicus 0.03 0.02 0.02
P. major & P. syriacus 0.01 0.03
P. cf. major & P. syriacus 0.01
Number of possible species pfgligegl(i)try proilzgflity pIr)c()’l:;ebfill(i)try Prior probability pfgljta‘:)rillci)try prolP;Zgirlity
15 0.03 0.06 0.01 0.06 0.05 0.06
16 0.22 0.03 0.19 0.03 0.26 0.03
17 0.76 0.01 0.81 0.01 0.68 0.01

tors of L. infantum Nicolle (Akhoundi et al. 2016). These
findings can aid in predicting the geographical distribu-
tion of leishmaniases in the region, by defining the geo-
graphical distribution of the various sand fly species.

4.1. Phylogenetic relationships

The interspecific genetic distances of the studied local
species of Phlebotomus were similar to those found by Es-
seghir et al. (2000). Our phylogenetic analyses indicated
that all studied local species were monophyletic and each
subgenus representative formed distinct monophyletic
clades. Nevertheless, species complexes such as P. major,
P. perniciosus and P. perfiliewi, need further investigation
by sampling the remaining taxa, in order to resolve their
taxonomic status. Subgenus Artemievus (which is com-
prised of only P. alexandri) appears to be more closely
related with Phlebotomus rather than Paraphlebotomus
(where P. alexandri was previously classified). This is
in agreement with previously published work, which
showed that P. alexandri is more closely related to P. pa-
patasi, P. (Phlebotomus) duboscqi Neveu-Lemarie and
P. (Phlebotomus) bergeroti Parrot rather than the species
of the subgenus Paraphlebotomus (Kriiger et al. 2011;

Cruaud et al. 2021). The two species of Paraphleboto-
mus in our study are closely related to each other, since
they formed a single well-supported clade in the nDNA
gene tree, while they formed two distinct, well-supported
clades in the mtDNA gene tree (Figure S1 of Supporting
information).

Subgenus Larroussius is closely related to Transphle-
botomus and Adlerius, which agrees with the classifica-
tion of morphological characters by Rispail and Léger
(1998). Larroussius was divided into two major clades,
with the first one comprising P. perfiliewi, P. perniciosus
Newstead and P. tobbi. Phlebotomus perfiliewi was the
earliest branching lineage, and this is congruent with the
phylogenetic analysis made by Esseghir et al. (2000). The
second clade included the species of the P. major com-
plex with P. syriacus as the earliest branching lineage.
Phlebotomus cf. major from Nisyros was placed in the
same subclade with P. major, and P. neglectus appears as
their sister species. Kasap et al. (2013) observed similar
phylogenetic relationships in this species complex. The
P. major complex consists of six species with P. neglec-
tus, P. major and P. syriacus present in Turkey (Kasap et
al. 2013, 2019). Kasap et al. (2013) examined the distri-
bution of these species in Turkey and found three major
lineages: P. syriacus (distributed in southeast Turkey); P



Arthropod Systematics & Phylogeny 80, 2022, 137-154

147

neglectus s.str. (sympatric with P. syriacus and the third
lineage); and the third lineage composed of P. major se-
quences (distributed in central and southwest Turkey).
These P. major sequences, which match those in our
study, originated from specimens from Iran. Badakhshan
et al. (2011) reported that most specimens from Iran were
not representatives of P. major s.str. Kasap et al. (2013)
suggested that these specimens may belong to a different
cryptic species of the P. major complex. We assume that
the specimens (seven males) found in Nisyros may be-
long to the same latter species.

The first lineage of subgenus Adlerius to branch off
was P. simici, while the other three species appear to be
closely related. According to our analyses, P. creticus
formed a single well-supported clade with P. balcanicus
as its closest relative. These results were also observed by
Dvorak et al. (2020). The Adlerius specimen (“C147B”)
from Andros was grouped with the specimens of P. cre-
ticus from Crete, and also, the genetic distance from
P creticus was 1.63% for mtDNA and 0% for nDNA.
Consequently, we assume it represents P. creticus, which
was found in cave entrances across all of Crete, while
the Andros specimen was found in an abandoned stone
building.

Another important finding of our study is the proba-
ble mitochondrial introgression between the species of
the P. major complex. In the nDNA gene tree (Figure S1
of Supporting information), three distinct lineages were
present, corresponding to the three taxa, and with P. syri-
acus as the earliest branching lineage. In the mtDNA gene
tree (Figure S1 of Supporting information), all taxa were
included in a single clade without separating the differ-
ent species. Pesson et al. (2004) had suggested mtDNA
introgression (most likely by hybridization) between P.
perniciosus and P. (Larroussius) longicuspis Nitzulescu
(Pesson et al. 2004), which are sympatric in southwest
Mediterranean (Léger and Depaquit 2002). Esseghir et
al. (2000) also suggested introgressive hybridizations be-
tween species whose ranges overlap [P, (Larroussius) ori-
entalis Parrot & P. (Larroussius) langeroni Nitzulescu].

According to Bayesian species delimitation analyses,
the least supported species are P. balcanicus, P. cf. major
and P. major. The taxonomic status of P. balcanicus is
unresolved probably because of the only two mitochon-
drial loci (CytB & COI) that are available in the GenBank
database. Further molecular data (nuclear data) of P. bal-
canicus are needed to resolve its status. The relationship
between P. cf. major and P. major is unresolved probably
because they may belong to the same species or due to
the few molecular data (CytB and EF1-a) available for
P. major.

4.2. Phylogeography of Greek Aegean
Island sand flies

According to our dating analysis, the studied local species
of Phlebotomus were separated from S. minuta at 34.37
mya, which is congruent with the suggestion of Tuon
et al. (2008) and Akhoundi et al. (2016) that the genus

Phlebotomus emerged in the Eocene epoch (33.9 to 55.8
mya). The emergence of Larroussius occurred at 21.87
mya (early Miocene) and started diverging at 13.35 mya
(Serravalian age). Léger and Pesson (1987) associated the
speciation of Mediterranean Larroussius with vicariance
due to tectonic activities during early Miocene, while Es-
seghir et al. (2000) concluded that the speciation was not
dependent on tectonic vicariance, but was affected by pa-
lacoecological changes during late Miocene and that the
faunal turnover and dispersion has determined the current
species distributions (Léger and Pesson 1987; Esseghir
et al. 2000). To extract safer assumptions on the factors
that played key roles to the divergence of the subgenus
Larroussius, additional sampling for more taxa is needed.

Phlebotomus perfiliewi diverged from P. tobbi and P.
perniciosus during the pre-evaporitic stage of the Mes-
sinian age (7.25-5.96 mya) (Prista et al. 2015) through
dispersal events from an Asiatic origin. However, this
hypothesis contradicts the conclusion made by Trajer et
al. (2021), who emphasized that during Messinian, the
active dispersal of sandflies was very difficult or impossi-
ble due to the thermal conditions (Trajer et al. 2021). The
only vicariant event in Larroussius lineages occurred at
4.24 mya (Zanclean age), diverging the lineages of P. fob-
bi and P. perniciosus. This lineage split occurred after the
refilling of the Mediterranean Sea and the re-establish-
ment of the marine conditions (Prista et al. 2015). Phle-
botomus tobbi is distributed in eastern Mediterranean and
Middle East (Léger and Depaquit 2002), while P. perni-
ciosus 1s distributed in western Mediterranean, from Mo-
rocco to Libya and from Portugal to Croatia (Pesson et
al. 2004). Therefore, we hypothesize that the ancestor of
these two species may have occupied the Mediterranean
region sometime before the refilling of the Mediterranean
Sea (probably during MSC) and the latter may have acted
as the vicariant event that split their lineages.

The speciation within the P major complex appears
to have coincided with the glacial and interglacial peri-
ods during the early Pleistocene (2.46 to 2.11 mya) (Pou-
lakakis et al. 2015; Suc et al. 2019), and ancestral recon-
struction showed that the complex has an Asiatic origin.
During these periods, cycles of alternating hot, dry and
cold, wet seasons were present in the Aegean area, with
glacial periods outlasting the interglacial (Poulakakis et
al. 2015). Consequently, we assume that the glacial and
interglacial periods were the key factors for the specia-
tion within the complex and the current distribution of
each species was achieved through dispersal. Esseghir et
al. (2000) also suggested an Asiatic origin; however, they
suggested that the speciation occurred during or shortly
after the MSC, which acted as a vicariant event.

The subgenus Transphlebotomus is restricted to the
Mediterranean basin (Kasap et al. 2015) and the subgenus
Adlerius is distributed mostly in Asia and eastern Med-
iterranean. Our subgenera representatives of Transphle-
botomus and Adlerius, appear to have an Asiatic origin,
and their split occurred at 11.84 mya (late Miocene) when
the AB began its formation in the Aegean area (Poulaka-
kis et al. 2015). This dating is congruent with that of
Kasap et al. (2015). The studied local species of Adlerius
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have an Asiatic origin and the speciation amongst them
was dominated by dispersal. Phlebotomus simici separat-
ed from the other species of Adlerius at 8.79 mya (after
the formation of the AB). Therefore, we assume that the
ancestor of P, simici was able to disperse from the Middle
East to the Aegean and East Europe despite the presence
of the AB. Due to the apparent crossing of the AB from
the ancestor of P. simici, we propose that the AB had a
minor influence on this diversification. Species of the
woodlouse genus Dolichopoda and the tenebrionid beetle
Dichomma dardanum are similar cases where the cross-
ing of the AB was observed (Allegrucci et al. 2009, 2011;
Papadopoulou et al. 2009).

The separation of P. halepensis from P. balcanicus
and P, creticus coincided with the MSC (5.96-5.33 mya)
(Krijgsman et al. 1999), which may have provided the
opportunity for the dispersal of the ancestor of P. balca-
nicus and P. creticus from the Middle East to the Aege-
an through the formation of steppes and saline deserts.
A similar case has been suggested for the separation of
bush cricket lineages of the Poecilimon jonicus group
(Orthoptera), which they may have taken the opportunity
for dispersal during MSC, and were isolated during the
refilling of the Mediterranean (Borissov et al. 2020). The
ancestor of P, creticus and P. balcanicus had occupied the
Middle East and the Aegean, and its diversification was
due to a vicariant event during the Pleistocene. This event
may have been the alternating glacial and interglacial pe-
riods. The current distribution of P. balcanicus consists
of the Balkans, Turkey, Armenia and Georgia (Léger and
Depaquit 2002; Cazan et al. 2019). Consequently, we as-
sume that these periods may have acted as the vicariant
event that separated these lineages, while the ancestor of
P. balcanicus was able to disperse in the Balkans.

Finally, the separation of the subgenera Paraphle-
botomus, Phlebotomus and Artemievus from each other
appears to coincide with the Mid-Miocene Climatic Op-
timum (~17-15 mya), which represents a geologically
warming event (Bohme 2003; Song et al. 2018). As for
the closely related P. sergenti and P. similis, they appear
to have separated before the establishment of the Medi-
terranean climate regime as we know it today (3.2 to 2.8
mya) (Blondel et al. 2010) in late Pliocene through dis-
persal from an Asiatic origin. According to Trajer et al.
(2018), the ancestor of these species adapted to the hot
and dry summers of the Mediterranean during late Neo-
gene and the lowest minimum tolerable temperature of P
sergenti and P. similis is —7.2°C and —4°C, respectively
(Trajer et al. 2018). Subsequently, we assume that this
climate regime was the main factor of their divergence
through climate adaptation. This assumption is incongru-
ent with the hypothesis made by Depaquit et al. (1998),
who suggested that during the Miocene, both species
followed different migration routes, one north of the Pa-
ratethys and the other south of the Tethys (Depaquit et
al. 1998). Our assumption is also incongruent with the
alternative proposed hypothesis made by Trajer et al.
(2021), in which P. similis, P. sergenti and P. (Paraphle-
botomus) jacusieli could have separated after the tectonic

subsidence of the Hellenic Orogenic Belt in late Miocene
(Trajer 2021). Furthermore, Cruaud et al. (2021) suggest-
ed that the separation of the Paraphlebotomus lineages
was probably the result of a Messinian vicariant event in
which extreme prolonged drought has been instrumental
(Cruaud et al. 2021).

5. Conclusions

Under the framework of our regional sampling, all stud-
ied taxa were recovered as mutually monophyletic. Phle-
botomus sergenti and P. cf. major were recorded for the
first time in the Greek Aegean Islands. Furthermore, our
results indicated a probable mitochondrial introgression
between the species of the P. major complex, while their
genetic diversification appears to be low. Phlebotomus
creticus was indicated as the sister species of P. balca-
nicus, with their diversification being the most recent
one amongst all studied species. According to our phy-
logeographic analyses, the palacoecological events in the
Mediterranean region such as the MSC, the establishment
of the Mediterranean climate, and glacial and interglacial
periods were identified as the major drivers for the diver-
sification of the studied species. Dispersal was the major
driving force that shaped the biogeographic history and
the current geographical species distributions since most
of the species’ diversification was due to dispersal events
from Middle East.

Further molecular and morphological research studies
are needed for resolving the P. major complex and the re-
lationships between the species comprising it. Likewise,
additional molecular data (nuclear DNA) are needed for
a more comprehensive study of the relationship and the
status between P. balcanicus and P. creticus. Due to the
close relationship of these two species, additional stud-
ies are required to determine the vector capability of P
creticus. Additional sampling in the Aegean Islands is
necessary to locate more specimens of P. creticus and
determine its geographical range. This study highlighted
the importance of the Aegean Islands and the need for
more studies. They may host important sand fly species
that play a crucial role in the biodiversity and the epi-
demiology of leishmaniasis of the area. Finally, further
exhaustive sampling in other areas is crucial, in order to
collect as many taxa as possible, to clarify the taxonomic
status of species complexes and to carry out a more com-
prehensive phylogenetic study on the genus.

6. Auvadilability of data and
materials

All generated sequences were submitted to GenBank and their NCBI
accession numbers are given in Table S1 of Supporting information.
All remaining DNA samples and sand fly specimens are deposited in
Natural History Museum of Crete (University of Crete).
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