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Simple Summary: Phlebotomus perfiliewi is one of the main vectors of Leishmania infantum, etiologic
agent of zoonotic visceral leishmaniasis (ZVL), in the Western Mediterranean basin including Tunisia.
Phlebotomus perfiliewi, originally endemic only in Northern humid bio-climatic zones, became estab-
lished in a highly irrigated area of the central arid bioclimatic zone. Therefore, surveillance of sandfly
vectors is a cornerstone for the establishment of control strategies. An entomological survey was
carried out using light traps in a humid and in a highly irrigated arid bio-climatic zone located in
northern and central Tunisia, respectively. Collected sandflies were identified based on morphological
criteria, and identification of Ph. perfiliewi was confirmed by molecular tools. Results indicated that
Ph. perfiliewi is the most abundant sandfly species in both sites and it is genetically variable. Thus,
surveillance and control of sandflies is highly needed to limit the incidence of sandfly-borne diseases.

Abstract: Based on nucleotide sequences, we re-identified representative samples of Phlebotomus
perfiliewi originating from two different biogeographical areas of Tunisia, whose populations had
previously been identified based on morphological criteria. A partial region of the mitochondrial
DNA cytochrome b gene was targeted, and sandfly species was determined by analogy with DNA
sequences available in the GenBank database via a BLAST analysis, taking into account the query
coverage and percentage identity. The recognized species presents the most substantial homology
with the analyzed sequence. The results of the molecular identification showed complete agreement
with the morphological identifications, and Phlebotomus perfiliewi is genetically variable.

Keywords: Phlebotomus perfiliewi; morphological identification; molecular identification; bioclimatic
areas; zoonotic visceral leishmaniasis

1. Introduction

Phlebotomus perfiliewi is a proven vector of Leishmania infantum, an etiologic agent of
zoonotic visceral leishmaniasis (ZVL) in the western Mediterranean basin, including Alge-
ria [1,2], Italy [3], and Tunisia [4,5]. The geographical distribution of Ph. perfiliewi covers
the southern Mediterranean basin from Morocco, which represents its extreme western
range limit [6], to Algeria [7,8] and Tunisia [9,10], and the northern Mediterranean basin
from France which represents its extreme western limit in Europe [11], to Italy [12], and
Crimea [13]. Prior to 1980, Ph. perfiliewi was abundant in humid, sub-humid, and semi-arid
biogeographical areas and rare in the south of the Tunisian Ridge [9,10,14]. Therefore, low
humidity was considered a limiting factor for the distribution of this sandfly species [15].
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Following the intense development of irrigation systems in the arid biogeographical ar-
eas in central Tunisia after 1980, Ph. perfiliewi became endemic in these highly irrigated
areas located in the south of the Tunisian Ridge [4,16]. Subsequently, a stable cycle of
L. infantum transmission has been established that has led to the emergence of ZVL in these
areas [4,5,17–21].

The taxonomic status of Ph. perfiliewi is somewhat complex and has been debated. It
includes three taxa with a specific or a sub-specific rank: (1) Ph. perfiliewi sensu stricto Parrot,
1930 present in North Africa, western Europe, the Balkans, and Crimea, (2) Ph. galilaeus
Theodor, 1958 in Israel/Palestine and Cyprus, and (3) Ph. transcaucasicus Perfiliev, 1937
in the Caucasus and Central Asia [22]. Therefore, in the absence of consensus, these
populations are named Ph. perfiliewi sensu lato [22]. In Tunisia, as a direct consequence
of anthropogenic disturbances due to the development of irrigation systems, the popu-
lation of Ph. perfiliewi might have spread and established in the previously central arid
biogeographical areas [4]. Thus, it is of major importance to conduct a faunistic research in
previously surveyed areas [4,16]. The present study aims to characterize the sandfly fauna
in two distinct bioclimatic regions of Tunisia and confirm the identification of Ph. perfiliewi
populations with molecular markers.

2. Materials and Methods
2.1. Study Sites

Tunisia spans a wide range of climates, from the rainy (in winter) Mediterranean
climate in the north to the Saharan climate in the south. The Tunisian Ridge, running from
northeast to southwest for some 220 km, is the climatic boundary between the Mediter-
ranean north and the dry steppe of central Tunisia, delimiting northern and southern
Tunisia. An extensive series of plateaus called the High Tell is localized between the north
slopes of the Tunisian Ridge and the chains of hills bounding it on the south. Salted areas
called chotts separate the Sahara from the central steppe [23] (Figure 1).

2.2. Collection of Sandflies

Sandfly sampling was performed in two rural villages belonging to two bio-climatic
zones (Utique 37◦08′ N, 7◦74′ E, sub-humid; Saddaguia, 34◦51′ N, 9◦29′ E, arid) (Figure 1).
It is important to point out that Saddaguia is a highly irrigated area located in arid central
Tunisia [4]. These two villages are not adjacent to mountainsides where houses are located
on small farms surrounded by agricultural fields. One house per village was chosen after
obtaining oral consent from the landlord. Using only CDC miniature light traps (John
W. Hock Company, Gainesville, FL, USA), sandflies were collected inside houses, in peri-
domestic areas, and in animal shelters. Traps were placed from dusk to dawn one night
per site from June to July 2018 (30 June 2018), corresponding to the first peak of sandfly
activity [24–26]. A total of 11 CDC light traps were placed in each house corresponding to
a total of 22 night traps in both sites. All sandflies were washed in sterile distilled water
before dissection. The head and genitalia of each sandfly were removed and mounted on
glass slides in Mark André medium [27] for morphological identification to the species
level, using the identification keys of Croset et al. [28] and Léger et al. [29]. Special
attention was paid to the atypical form of Ph. perniciosus females, often misidentified as
Ph. longicuspis [30,31]. The remaining part of the bodies was placed in PBS at −20 ◦C for
molecular analysis.
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2.3. Population Structure and Diversity Indices

We used species richness to measure the numbers of different species of sandflies
present in a particular biotope, and we used equality to compare the similarity of the
population size of each sandfly species present. When taking into account species richness
and relative abundances, the Simpson diversity index was calculated to understand the
distribution of individuals among different sandfly species. We used these indices to
characterize community structure relative to the rarity or the commonness of the various
sandfly species present. The following ecological parameters and indexes were calculated:

Relative abundance (Ar):

(Number of a sandfly species/Total number of sandflies in the sample) × 100

Species richness (S): number of species in the sample [32].
Species diversity was also measured using diversity indexes that simultaneously

express the relation between the numbers of species and individuals [32].
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Simpson index (IS) = 1/∑ pi2

ipi: Ar/100

Is varies between 1 and S
Is = 1: dominance of one species, Is = S: species having equal abundances

Shannon index (IH) = IH = −∑pi log 2 pi

Equitability (E): E = IH/log2S

E varies between 0 and 1
E = 0: one species dominates, E = 1: species have equal abundance
Data analysis was performed by using XLSTAT to determine ecological parameters

and indexes.

2.4. Molecular Analysis

A total of 20 specimens, morphologically identified as Ph. perfiliewi, were selected for
molecular analysis with an equal sex ratio, including 5 males and 5 females from each study
site (Utique and Saddaguia). DNA extraction was performed using the QIAmp DNA Mini
Kit (Qiagen, Hilden, Germany). Confirmation of the taxonomic status of morphologically
identified sandfly specimens of Ph. perfiliewi was done by amplification of a fragment
(450 nucleotides) of the mitochondrial cytochrome b subunit I (Cyt-b) gene [33,34]. It is
important to point out that Cyt-b is a very helpful molecular marker able to discriminate
two closely related species [35,36].

Forward CB1 primer (5′_TATGTACTACCATGAGGACAAATATC-3′) and CB3-RA
reverse primer (5′_GCTATTACTCCYCCTAACTTRTT-3′) used for PCR amplification of
the Cyt-b gene fragment were mixed with 5 µL of extracted DNA. The PCR reaction
was performed using a Taq DNA recombinant polymerase kit (Invitrogen) in an Applied
Biosystems 2700 Thermocycler. The amplification program is as follows: (i) a first denat-
uration step at 94 ◦C for 12 min, (ii) 5 cycles starting with denaturation at 94 ◦C for 30 s,
hybridization at 40 ◦C for 30 s, and elongation at 72 ◦C for 1 min, (iii) 30 cycles starting
with denaturation at 94 ◦C for 30 s, hybridization at 44 ◦C for 30 s and elongation at 72 ◦C
for 1 min. The program ended with an elongation step at 72 ◦C for 10 min.

Quality of the amplification products was visualized by agarose gel electrophoresis.
The products were then purified by the ExoSAP-IT enzymatic purification method based
on the association of the exonuclease I (Exo I) with Shrimp Alkaline phosphatase (ShrAP),
allowing the preservation of DNA. Purified DNAs were sequenced in both directions using
forward and reverse PCR primers (CB1, CB3-RA) and a Big Dye Terminator ready reaction
cycle sequencing v3.1 kit (Applied Biosystems). Consensus sequences were deduced from
the forward and reverse sequences alignment using CLUSTAL_W 1.4 implemented in
MEGA 11 [34]. Taxonomic status was then determined via a search for homology to
sequences in the GenBank database using the Blast “Basic Local Alignment Search tool”
“http://blast.ncbi.nlm.nih.gov/Blast (accessed on 11 February 2020)”.

The phylogenetic analysis was carried out based on Ph. perfiliewi sequences from our
work and Ph. perfiliewi Cyt-b gene sequences from the GenBank database. Only sequences
with at least 90% of coverage were considered. The analysis was performed using MEGA
11 software according to the maximum likelihood method using the Hasegawa-Kishino-
Yano model. A total of 1000 bootstrap replications were carried out to evaluate the nodes’
robustness. A sequence of Ph. perniciosus, a genetically Ph. perfiliewi close species, was used
as an outgroup. The intra- and inter-species genetic divergence values were calculated
using the p-distance model implemented in MEGA 11 software [37].

http://blast.ncbi.nlm.nih.gov/Blast
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3. Results
3.1. Sandfly Species, Relative Abundance, and Population Structure

A total of 233 and 685 sand flies were collected from Utique and Saddaguia, re-
spectively. Morphological identification of sandflies collected from Utique showed that
Ph. perfiliewi was the most abundant species (N = 113, 48.5%), followed by Ph. perniciosus
(N = 92, 39.5%), Ph. longicuspis (N = 20, 8.6%), and Ph. papatasi (N = 8, 3.4%) (Table 1).

Table 1. Biodiversity indexes and dominant sandflies species in the site of Utique.

Ph. perf. 113 Ph. pern. 92 Ph. long. 20 Ph. pap. 8

pi 0.48497854 0;39484979 0.08583691 0.03433476
Pi2 0.23520419 0.15590635 0.00736798 0.00117888

∑pi2 0.39965739
Ar 48.5 39.5 8.5 3.5
Is 2.50214315
H 1.51190652

Equitability 0.75336671

The population structure of sandflies is characterized by the dominance of two species
belonging to the subgenus Larroussius. Phlebotomus perfiliewi occupied almost half of the
sandfly species fauna trapped with a relative abundance of 48%, followed by Ph. perniciosus
with a relative abundance of 39%. This points to the sympatry of these species within this
bio-geographic area. On the other hand, the Simpson and Shannon biodiversity indexes
showed that the sandfly fauna is not as diversified because these two values remain lower
than the species richness, supported by the low relative abundance of Ph. longicuspis and
Ph. papatasi. The value of Equitability (E) also showed that the guild of the sandfly fauna is
not balanced because it is represented by four species that are not equitably distributed.

Morphological identification of sandflies collected from Saddaguia showed that
Ph. perfiliewi was the most abundant species (N = 295, 43.06%), followed by Ph. perniciosus
(N = 238, 34.74%), Ph. longicuspis (N = 65, 9.48%), and Ph. papatasi (N = 87, 12.7%) (Table 2).

Table 2. Biodiversity indexes and dominant sandflies species in the site of Saddaguia.

Ph. perf. 295 Ph. pern. 238 Ph. long. 65 Ph. pap. 87

pi 0.43065693 0.34744526 0.09489051 0.1270073
pi2 0.1854654 0.12071821 0.00900421 0.01613085

∑pi2 0.33131866
Ar 43.0656934 34.7445255 9.48905109 12.7007299
Is 3.01824228
H 2.46274993

Equitability 1.22716173

The relative abundances within the Saddaguia region also showed the dominance of
two sandfly species belonging to the Larroussius subgenus: Ph. perfiliewi and Ph. perniciosus,
which are considered sympatric in the studied area. The relative abundance of Ph. papatasi
was higher in Saddaguia compared to Utique. This species is most abundant in the arid
zones of central and southern Tunisia. The Equitability (E) value also confirmed that the
sandfly fauna is dominated by just two species at this site. It is important to note that no
Sergentomyia species were collected at either site.

3.2. Morphological Analysis

The male of Ph. perfiliewi is easily distinguished by the characteristic shape of the
parameral sheath (=aedeagus or penis), which has a flattened transparent apex on the
ventral side and bears 4 to 5 serrated denticles on the opposite side (Figure 2A,B).
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The female spermatheca includes 10 to 18 rings. Their identification is mostly based on
the base of their individual spermathecal ducts which open into a large triangular wrinkled
pocket (Figure 3).
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3.3. Molecular Analysis

Of the 20 specimens analyzed, only 12 sequences were obtained and deposited in
the NCBI database (GenBank accession numbers are listed in Table 3). All sequences
identified Ph. perfiliewi as the most probable species (Table 3), which fully agreed with the
morphological identification.

Table 3. Homology (%) between Ph. perfiliewi samples identified in Utique and Saddaguia obtained
and the available sequences from the NCBI database.

Code of Specimens
(GenBank Accession Number) Nearest Sequence Query Cover Homology Identified Species

4F_uti (ON515731) MN385555 100% 99.05% Ph. perfiliewi
6M_uti (ON515732) MN385555 100% 97.79% Ph. perfiliewi
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Table 3. Cont.

Code of Specimens
(GenBank Accession Number) Nearest Sequence Query Cover Homology Identified Species

7M_uti (ON515733) MN385555 100% 100% Ph. perfiliewi
8M_uti (ON515734) MN385555 100% 100% Ph. perfiliewi
21F_sad (ON515735) MN385544 100% 100% Ph. perfiliewi
22F_sad (ON515736) MN385555 100% 100% Ph. perfiliewi
23F_sad (ON515737) MN385555 100% 100% Ph. perfiliewi
24F_sad (ON515738) MN385555 100% 100% Ph. perfiliewi
26M_sad (ON515739) MN385555 100% 100% Ph. perfiliewi
27M_sad (ON515740) MN385555 100% 99.68% Ph. perfiliewi
28M_sad (ON515741) MN385555 100% 100% Ph. perfiliewi
30F_sad (ON515742) MN385555 100% 100% Ph. perfiliewi

The phylogenetic tree including our 12 sequences compared to the 29 of Ph. perfiliewi
available in GenBank, compared to 1 Ph. perniciosus sequence is shown in Figure 4 which
also exhibits the details of the geographic origins and accession numbers.
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Figure 4. Maximum likelihood tree obtained using a Hasegawa-Kishino-Yano model on a dataset of
cytochrome b mtDNA sequences. Ph. perfiliewi collected from the sites of Saddaguia (sad) and Utique
(uti) and processed in the present study are compared with available sequences in Genbank after
rooting on Ph. perniciosus. The tree topology was supported by 1000 Bootstrap replicates. Bootstrap
values >50% indicated close to the considered nodes.
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The Ph. perfiliewi sequences of the processed Tunisian specimens cluster with most
of the Italian ones available in the GenBank (Figure 4), except 4F uti and 6M uti which
are clearly themselves individualized mostly due to 3 bp transversions, and 21F sad
shared its haplotype with the Sardinian MN385544 (1 nucleotide differing from the main
haplotype). All the processed Ph. perfiliewi are well separated from Ph. perniciosus. The
overall nucleotide divergence within all Ph. perfiliewi Cyt b sequences analyzed is just 1%.

4. Discussion

For a better understanding of sandfly faunistic patterns, we quantified species di-
versity [31] and found that diversity was low in both sites, as Ph. perfiliewi was the most
abundant species. The morphological identification of sandfly species in this two sites
revealed the presence of three species belonging to the subgenus Larroussius (Ph. perfiliewi,
Ph. pernicious, and Ph. longicuspis) and a single species of the subgenus Phlebotomus
(Ph. papatasi). While sampling was performed during the first peak of activity of sandflies,
our findings are in agreement with those performed in the same surveyed region during the
first and second peaks of activity, which all confirmed the dominance of Ph. perfiliewi [4,16].
Despite the bioclimatic difference between the two study sites, sandfly species composition
is similar, with a predominance of Ph. perfiliewi in both sites.

Originally, the two investigated sites belonged to different biogeographical areas hav-
ing differences in sandfly faunas [9,10,14]. Phlebotomus perfiliewi is the predominant sandfly
species in the humid and sub-humid areas and was absent in the arid areas until 1980 [14].
Similarly, Ph. papatasi is absent from the northern humid area and is the predominant
sandfly species of the arid and Saharan biogeographical areas [14,20,38,39]. An important
extension of Ph. perfiliewi toward the central arid biogeographical areas occurred following
environmental changes due to the development of irrigation systems in that region [4,20,40].
It is important to note that sandfly sampling procedures in studies performed before 1980
and after were made using different methods: sticky traps before 1980 and CDC light traps
after. Studies performed in the central arid areas using both sandfly sampling methods
showed the predominance of Ph. perfiliewi [4,40–42]. Thus, the differences observed be-
tween studies performed in the past and in the present could not be attributed to the use
of different sampling methods rather than the occurrence of environmental changes. In
the central arid zones, with intensive irrigation such as Saddaguia, Ph. perfiliewi has been
established and has become the most abundant sandfly species [4,40–42], which has led to
the emergence of ZVL in the south of the Tunisian ridge [4,5,19–21].

Phlebotomus perniciosus is the second most common sandfly species in both sites.
Phlebotomus perniciosus was formerly predominant in semi-arid areas north of the Tunisian
Ridge and rare in arid biogeographical areas in the south [14,24,28]. No atypical forms of
Ph. perniciosus were observed. Aridity is considered as a limiting factor for the geographical
distribution of Ph. perniciosus [15,28]. Entomological investigations through a north-south
transect performed in 1980 and in 2006 reported relative abundances of Ph. perniciosus in the
arid bio-climatic zone of 0.3% (n = 11,724) and 20% (n = 1024), respectively [14,20]. Therefore,
the geographical distribution of Ph. perniciosus is extending toward arid biogeographical
areas located in central Tunisia. Irrigation appears to be responsible for the pullulating of
Ph. perniciosus in Saddaguia [4].

Phlebotomus longicuspis has also been found in all bio-geographical areas of Tunisia,
from the humid north to the Saharan, with a predominance of 60% in the Saharan biogeo-
graphical areas [20]. Thus, the ecological plasticity of this sandfly species allows its wide
geographical distribution as it can apparently survive in both humid and arid regions.

Phlebotomus papatasi is rare in the humid, sub-humid, and semi-arid bioclimatic zones,
and becomes abundant in the arid and Saharan bioclimatic zones [14,20,38,39]. Subse-
quently, the geographical distribution of Ph. papatasi is related to bioclimatic factors [15].
Increased humidity appeared to be a limiting factor for the geographical extension of
Ph. papatasi, as the abundance of this species increases with the aridity.
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Phlebotomus sergenti and Sergentomyia spp. were absent at both sites. Since both sandfly
species are known to be abundant only in villages adjacent to mountainside arid areas of
central Tunisia [43], their absence within the peri-domestic areas was expected.

The goal of the study was to characterize Ph. perfiliewi from two Tunisian populations.
We randomly selected 20 specimens for molecular studies and we succeeded in sequenc-
ing 12 specimens. Molecular typing has confirmed the morphological identification of
Ph. perfiliewi and also has emphasized some genetic variability. The 12 Ph. perfiliewi se-
quences collected in this study are grouped with Italian specimens. The sandfly population
circulating in the site of Saddaguia is homogeneous while the population of Utique seems
to be heterogeneous, especially with the specimens 6M uti and 4F uti showing variability
mostly due to three variable nucleotides. Our findings provided strong evidence that the
circulating populations are in fact Ph. perfiliewi s. st. [22]. Our results are in agreement with
previous studies performed in the surveyed regions showing that Ph. perfiliewi is endemic
in the central arid areas [16,26].

5. Conclusions

In the present study, we characterized morphologically the sandfly fauna in two distinct
bioclimatic regions of Tunisia showing that Ph. perfiliewi is the dominant sandfly species
in the humid and in the highly irrigated arid bioclimatic areas located in northern and
central Tunisia, respectively. In addition, we confirmed the identification of Ph. perfiliewi
populations with molecular markers. Our results showed complete agreement between
morphological and molecular identification. Therefore, monitoring sandflies systematically
is of major epidemiological importance for effectively controlling sandfly-borne diseases
such as ZVL.

Author Contributions: Conceptualization, I.C. and E.Z.; methodology, I.C., A.A., M.A.S.A., K.D., W.F.
and J.D.; validation, I.C., W.F., J.D. and E.Z.; formal analysis, A.A.; investigation, I.C., A.A., M.A.S.A.,
K.D., W.F. and E.Z.; resources, E.Z.; writing—original draft preparation, E.Z.; writing—review and
editing, E.Z., W.F. and J.D.; visualization, I.C., A.A. and E.Z.; supervision, I.C. and E.Z.; project
administration, E.Z.; funding acquisition, E.Z. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was supported by the Institut Pasteur de Tunis, and in part by a previous grant
from the US National Institutes of Health (grant number R21AI117107-01A1, EZ). The funders had
no role in study design, data collection, decision to publish or preparation of the manuscript.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: GenBank accession numbers of specimens sequenced in the present
study are ON515731-ON51574.

Acknowledgments: The authors would like to thank Howard Ginsberg, Denis Sereno, and Mourad
Ben Said, for their constructive comments.

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

References
1. Izri, M.; Belazzoug, S. Phlebotomus (Larroussius) perfiliewi naturally infected with dermotropic Leishmania infantum at Tenes, Algeria.

Trans. Roy. Soc. Trop. Med. Hyg. 1993, 87, 399. [CrossRef]
2. Bennai, K.; Tahir, D.; Lafri, I.; Bendjaballah-Laliam, A.; Bitam, I.; Parola, P. Molecular detection of Leishmania infantum DNA and

host blood meal identification in Phlebotomus in a hypoendemic focus of human lesihmaniasis in northern Algeria. PLoS Negl.
Trop. Dis. 2018, 12, e0006513. [CrossRef]

3. Maroli, M.; Gramiccia, M.; Gradoni, L. Natural infections of sandfy Phlebotomus perfiliewi with Leishmania infantum in a cutaneous
leishmaniasis focus of the Abruzzi region, Italy. Trans. Roy. Soc. Trop. Med. Hyg. 1987, 81, 596–598. [CrossRef]

4. Barhoumi, W.; Fares, W.; Cherni, S.; Derbali, M.; Dachraoui, K.; Chelbi, I.; Ramalho-Ortigao, M.; Beier, J.C.; Zhioua, E. Changes of
sand fly populations and Leishmania infantum infection rates in an irrigated village located in arid Central Tunisia. Inter. J. Envir.
Res. Public Health 2016, 13, 329. [CrossRef]

http://doi.org/10.1016/0035-9203(93)90011-E
http://doi.org/10.1371/journal.pntd.0006513
http://doi.org/10.1016/0035-9203(87)90420-2
http://doi.org/10.3390/ijerph13030329


Insects 2022, 13, 1057 10 of 11

5. Remadi, L.; Chargui, N.; Jiménez, M.; Molina, R.; Haouas, N.; González, E.; Chaabane-Banaouas, R.; Ben Salah, E.; Haddaji,
M.; Chaabouni, Y.; et al. Molecular detection and identification of Leishmania DNA and blood meal analysis in Phlebotomus
(Larroussius) species. PLoS Negl. Trop. Dis. 2020, 14, e0008077. [CrossRef]

6. Rioux, J.A.; Croset, H.; Leger, N.; Rosin, G. Présence au Maroc de Phlebotomus perfiliewi. Ann. Parasitol. Hum. Comp. 1977,
52, 377–380. [CrossRef]

7. Parrot, L. Notes sur les phlébotomes. XXV. Présence de Phlebotomus perfiliewi dans la banlieue d’Alger. Arch. Inst. Pasteur Alger.
1941, 19, 360–361.

8. Russo, J.; Rioux, J.A.; Lambert, P.; Rispal, A.; Belmonte, S.; Bechri, S. Chorologie des phlébotomes de l’Est Algérien (Diptera,
Psychodidae). Ann. Parasitol. Hum. Comp. 1991, 66, 247–251. [CrossRef]

9. Parrot, L.; Clastrier, J. Notes sur les phlébotomes. XLV. Présence de Phlebotomus perfiliewi en Tunisie. Arch. Inst. Pasteur Alger.
1944, 22, 60–62.

10. Dancesco, P.; Dedet, J.P.; Ben Osman, F.; Chadli, A. Les phlébotomes capturés dans des foyers de leishmaniose canine à Tunis.
Rôle probable de Phlebotomus perniciosus et Phlebotomus perfiliewi dans la transmission. Arch. Inst. Pasteur Tunis. 1970, 52, 65–88.

11. Izri, M.A.; Marty, P.; Fauran, P.; Le Fichoux, Y.; Rousset, J.J. Phlebotomus perfiliewi Parrot, 1930 (Dipteran, Psychodidae) dans le
sud-est de la France. Parasite 1994, 1, 286. [CrossRef]

12. Maroli, M.; Bigliocchi, F.; Khoury, C. Sandflies in Italy: Observation on their distribution and methods for control. Parasitologia
1994, 36, 251–264.

13. Lewis, D. A taxonomic review of the genus Phlebotomus. Bull. Brit. Mus. Nat. His. (Ent.) 1982, 45, 121–209.
14. Rioux, J.A.; Lanotte, G.; Petter, F.; Deureure, J.; Akalay, O.; Pratlong, F.; Velez, I.D.; Fikri, N.B.; Maazoun, R.; Denial, M.; et al. Les

leishmanioses cutanées du bassin Méditerranéen occidental, de l’identification enzymatique à l’analyse éco-épidémiologique.
L’exemple de trois «foyers» tunisien, marocain et français. In Leishmania. Taxonomie et Phylogénèse. Applications éco-épidémiologiques.
International Colloquium CNRS/INSERM, (Juillet, 1984); IMEEE: Montpellier, France, 1986; pp. 471–478.

15. Rioux, J.A.; Rispail, P.H.; Lanotte, G.; Lepart, J. Relations phlébotomes-bioclimats en écologie des leishmanioses. Corollaires
épidémiologiques. L’exemple du Maroc. Bull. Soc. Bot. Franç. 1984, 131, 549–557. [CrossRef]

16. Fares, W.; Charrel, R.N.; Dachraoui, K.; Bichaud, L.; Barhoumi, W.; Derbali, M.; Cherni, S.; Chelbi, I.; de Lamballerie, X.; Zhioua, E.
Infection of sand flies collected from different bio-geographical areas with phleboviruses. Acta Trop. 2015, 141, 1–6. [CrossRef]

17. Ayadi, A.; Ben Ismail, R.; Ben Rachid, M.S. Extension de l’aire de transmission du Kala Azar à Leishmania infantum (Nicolle 1908)
vers le centre et le sud de la Tunisie. Arch. Inst. Pasteur Tunis. 1991, 68, 269–273.

18. Besbes, A.; Pousse, H.; Ben Said, M.; Kharrat, H.; Chenimi, L. Leishmanioses viscérales infantiles du centre Tunisien (221 cas).
Méd. Mal. Infect. 1994, 24, 628–634. [CrossRef]

19. Ben Salah, A.; Ben Ismail, R.; Amri, F.; Chlif, S.; Ben Rzig, F.; Karrat, H.; Hadhri, H.; Hassouna, M.; Dellagi, K. Investigation of the
spread of human visceral leishmaniasis in central Tunisia. Trans. Roy. Soc. Trop. Med. Hyg. 2000, 94, 382–386. [CrossRef]

20. Zhioua, E.; Kaabi, B.; Chelbi, I. Entomological investigation following the spread of visceral leishmaniasis in Tunisia. J. Vect. Ecol.
2007, 32, 371–374. [CrossRef]

21. Zoghlami, Z.; Chouihi, E.; Barhoumi, W.; Dachraoui, K.; Massoudi, N.; Ben Helel, K.; Habboul, Z.; Hadhri, M.H.; Limam, S.;
Mhadhbi, M.; et al. Interaction between canine and human visceral leishmaniases in a holoendemic focus of Central Tunisia. Acta
Trop. 2014, 139, 32–38. [CrossRef]

22. Depaquit, J.; Bounamous, A.; Akhoundi, M.; Augot, D.; Sauvage, F.; Dvorak, V.; Chaibullinova, A.; Pesson, B.; Volf, P.; Léger, N. A
taxonomy study of Phlebotomus (Larroussius) perfiliewi s. l. Infect. Gen. Evol. 2013, 20, 500–508. [CrossRef]

23. Gounot, M.; Le Houerou, H.N. Essai de synthèse sur la végétation et la phyto-écologie tunisiennes. In Élément de Botanique et de
Phyto-Écologie Tunisiennes; Tome, I., Nabli, M.A., Eds.; Faculty of Sciences of Tunis and MAB: Tunis, Tunisia, 1989; p. 387.

24. Croset, H.; Rioux, J.A.; Juminer, B.; Tour, S. Fluctuations annuelles des populations de Phlebotomus perniciosus Newstead, 1911,
Phlebotomus perfiliewi Parrot, 1930, et Sergentomyia munita parroti (Adler et Theodor, 1927) (Diptera-Psychodidae) en Tunisie du Nord.
Arch. Inst. Pasteur Tunis 1970, 47, 43–56.

25. Chelbi, I.; Derbali, M.; AL-Ahmadi, Z.; Zaafouri, B.; El Fahem, A.; Zhioua, E. Phenology of Phlebotomus papatasi (Diptera:
Psychodidae) relative to the seasonal prevalence of zoonotic cutaneous leishmaniasis in Central Tunisia. J. Med. Entomol. 2007,
44, 385–388. [CrossRef]

26. Dachraoui, K.; Chelbi, I.; Ben Said, M.; Ben Osman, R.; Cherni, S.; Charrel, R.; Zhioua, E. Transmission dynamic of Punique virus
in Tunisia. Viruses 2022, 14, 904. [CrossRef]

27. Abonnenc, E. Les phlébotomes de la région éthiopienne (Diptera, Psychodidae). Mém. ORSTOM 1972, 55, 289.
28. Croset, H.; Rioux, J.A.; Master, M.; Bayar, N. Les phlébotomes de la Tunisie (Diptera, Phlebotominae). Mise au point systématique,

chorologique et éthologique. Ann. Parasitol. Hum. Comp. 1978, 53, 711–749. [CrossRef]
29. Léger, N.; Pesson, B.; Madulo-Leblond, G.; Abonnenc, E. Sur la différentiation des femelles du sous-genre Larroussius Nitzulescu,

1931 (Diptera: Phlebotominae) de la région méditerranéenne. Ann. Parasitol. Hum. Comp. 1983, 58, 611–623. [CrossRef]
30. Pesson, B.; Ready, J.S.; Benabdennbi, I.; Martín-Sánchez, J.; Esseghir, S.; Cadi-Soussi, M.; Morillas-Marquez, F.; Ready, P.D.

Sandflies of the Phlebotomus perniciosus complex: Mitochondrial introgression and a new sibling species of Phlebotomus longicuspis
in the Moroccan Rif. Med. Vet. Entomol. 2004, 18, 25–37. [CrossRef]

31. Boussaa, S.; Boumezzough, A.; Remy, P.E.; Glasser, N.; Pesson, B. Morphological and isoenzymatic differentitation of Phlebotomus
perniciosus and Phlebotomus longicuspis (Diptera: Psychodidae) in Southern Morocco. Acta Trop. 2008, 106, 184–189. [CrossRef]

http://doi.org/10.1371/journal.pntd.0008077
http://doi.org/10.1051/parasite/1977523377
http://doi.org/10.1051/parasite/1991666247
http://doi.org/10.1051/parasite/1994013286
http://doi.org/10.1080/01811789.1984.10826694
http://doi.org/10.1016/j.actatropica.2014.09.009
http://doi.org/10.1016/S0399-077X(05)80704-8
http://doi.org/10.1016/S0035-9203(00)90112-3
http://doi.org/10.3376/1081-1710(2007)32[371:EIFTSO]2.0.CO;2
http://doi.org/10.1016/j.actatropica.2014.06.012
http://doi.org/10.1016/j.meegid.2013.10.006
http://doi.org/10.1093/jmedent/44.2.385
http://doi.org/10.3390/v14050904
http://doi.org/10.1051/parasite/1978536711
http://doi.org/10.1051/parasite/1983586611
http://doi.org/10.1111/j.0269-283x.2004.0471.x
http://doi.org/10.1016/j.actatropica.2008.03.011


Insects 2022, 13, 1057 11 of 11

32. Spellerberg, I.F.; Fedor, P.J. A tribute to Claude Shannon (1916–2001) and a plea for more rigorous use of species diversity and the
« Shannon-Wiener » Index. Glob. Ecol. Biogeogr. 2003, 12, 177–183. [CrossRef]

33. Depaquit, J.; Ferté, H.; Léger, N.; Killick-Kendrick, R.; Rioux, J.A.; Killick-Kendrick, M.; Hanafi, H.A.; Gobert, S. Molecular
systematics of the phlebotomine sandflies of the subgenus Paraphlebotomus (Diptera-Psychodidae, Phlebotomus) based on ITS2 rDNA
sequences. Hypotheses of dispersion and speciation. Insect. Mol. Biol. 2000, 9, 293–300. [CrossRef] [PubMed]

34. Depaquit, J.; Léger, N.; Lefranc, F.; Alves-Pirez, C.; Hanafi, H.; Maroli, M.; Morillas-Marquez, F.; Rioux, J.A.; Svobodova, M.; Volf,
P. ITS 2 sequences heterogeneity in Phlebotomus sergenti and Phlebotomus similis (Diptera, Psychodidae): Possible consequences in
their ability to transmit Leishmania tropica. Inter. J. Parasitol. 2002, 32, 1123–1131. [CrossRef]

35. Esseghir, S.; Ready, P.D.; Killick-Kendrick, R.; Ben-Ismail, R. Mitochondrial haplotypes and phylogeography of Phlebotomus
vectors of Leishmania major. Insect. Mol. Biol. 1997, 6, 211–225. [CrossRef] [PubMed]

36. Depaquit, J. Molecular systematics applied to Phlebotomine sandflies: Review and perspectives. Infect. Genet. Evol. 2014,
28, 744–756. [CrossRef]

37. Tamura, K.; Stecher, G.; Kumar, S. MEGA 11: Molecular Evolutionary Genetics Analysis Version 11. Mol. Biol. Evol. 2021,
38, 3022–3027. [CrossRef]

38. Chelbi, I.; Kaabi, B.; Bejaoui, M.; Derbali, M.; Zhioua, E. Spatial correlation between Phlebotomus papatasi Scopoli (Diptera:
Psychodidae) and incidence of zoonotic cutaneous leishmaniasis in Tunisia. J. Med. Entomol. 2009, 46, 400–402. [CrossRef]
[PubMed]

39. Ghrab, J.; Rhim, A.; Bhach-Hamba, D.; Chahed, M.K.; Aoun, K.; Nouira, S.; Bouratbine, A. Phlebotominae (Diptera: Psychodidae) of
human leishmaniasis sites in Tunisia. Parasite. 2006, 13, 23–33. [CrossRef]

40. Barhoumi, W.; Chelbi, I.; Zhioua, E. Effects of the development of irrigation systems in the arid areas on the establishment of
Phlebotomus (Larroussius) perfiliewi Parrot, 1930. Bull. Soc. Pathol. Exot. 2012, 105, 403–405. [CrossRef]

41. Barhoumi, W.; Qualls, W.A.; Archer, R.S.; Fuller, D.O.; Chelbi, I.; Cherni, S.; Derbali, M.; Arheart, K.L.; Zhioua, E.; Beier, J.C.
Irrigation in the arid regions of Tunisia impacts the abundance and apparent density of sandfly vectors of Leishmania infantum.
Acta Trop. 2014, 141, 73–78. [CrossRef] [PubMed]

42. Fares, W.; Dachraoui, K.; Barhoumi, W.; Cherni, S.; Chelbi, I.; Zhioua, E. Co-circulation of Toscan virus and Leishmania infantum in
a focus of zoonotic visceral leishmaniasis from Central Tunisia. Acta Trop. 2020, 204, 105342. [CrossRef]

43. Abbas, M.A.S.; Lachheb, J.; Chelbi, I.; Louati, D.; Dachraoui, K.; Ben Miled, S.; Zhioua, E. Independant circulation of Leishmania
major and Leishmania tropica in their respective sandfly vectors for transmission of zoonotic and chronic cutaneous leishmaniasis
co-existing in a mixed focus of Central Tunisia. Pathogens 2022, 11, 855. [CrossRef] [PubMed]

http://doi.org/10.1046/j.1466-822X.2003.00015.x
http://doi.org/10.1046/j.1365-2583.2000.00179.x
http://www.ncbi.nlm.nih.gov/pubmed/10886413
http://doi.org/10.1016/S0020-7519(02)00088-7
http://doi.org/10.1046/j.1365-2583.1997.00175.x
http://www.ncbi.nlm.nih.gov/pubmed/9272439
http://doi.org/10.1016/j.meegid.2014.10.027
http://doi.org/10.1093/molbev/msab120
http://doi.org/10.1603/033.046.0229
http://www.ncbi.nlm.nih.gov/pubmed/19351095
http://doi.org/10.1051/parasite/2006131023
http://doi.org/10.1007/s13149-012-0261-x
http://doi.org/10.1016/j.actatropica.2014.10.008
http://www.ncbi.nlm.nih.gov/pubmed/25447265
http://doi.org/10.1016/j.actatropica.2020.105342
http://doi.org/10.3390/pathogens11080855
http://www.ncbi.nlm.nih.gov/pubmed/36014976

	Introduction 
	Materials and Methods 
	Study Sites 
	Collection of Sandflies 
	Population Structure and Diversity Indices 
	Molecular Analysis 

	Results 
	Sandfly Species, Relative Abundance, and Population Structure 
	Morphological Analysis 
	Molecular Analysis 

	Discussion 
	Conclusions 
	References

