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Abstract

Background: Since sand flies are insects of medical importance and most of its sensilla were found on the antennae,
the present investigation was designed to characterize the ultrastructure of the antennae of males and females and
the sensilla distribution using scanning electron microscopy (SEM).

Results: The filiform antenna of males and females consisted of a scape, pedicel, and flagellum. Male antennae
appeared longer than those of females and exhibited obvious sexual dimorphism. In addition to the microtrichiae, six
cuticular sensillary types, namely trichoid, coeloconic (subtype the common grooved coeloconic), chaetic, campani-
form, squamiform, and the basiconic, were identified. The trichoid sensilla occurred in five subtypes, namely long
blunt-tipped trichoid, short sharp-tipped trichoid, short blunt-tipped trichoid, medium pointed-tipped trichoid, and
apical trichoid. Little changes in the number and distribution pattern of same sensillar types between males and
females were revealed. Trichoid sensilla were the most abundant of all sensillar types. The short sharp-tipped trichoid
sensilla were observed on the pedicel of males, while in females they were found on both scape and pedicel. The
position of the apical trichoid sensilla on the last flagellomere differs in males than in females.

Conclusions: The current study is the first to describe differences in the last three flagellomeres between males and
females. Our results could provide a foundation for further research on sensory organs and approaches for the control
of sand flies and enable for the use of new taxonomic characters to differentiate among species.
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Background

Phlebotomus papatasi (Scopoli, 1786) (Diptera: Psy-
chodidae) is the sand fly vector of Leishmania major
(Yakimoff and Schokhor, 1914) (Kinetoplastida:
Trypanosomatidae), the etiological agent of zoonotic
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cutaneous leishmaniasis in the Old World, a human
disease that spreads in rural areas (WHO, 2018). Old
World sand fly species exhibited variations of important
taxonomic characters. The measurements of the anten-
nal segments are important in systematic descriptions.
The number and disposition of the ascoids (chaetic sen-
silla) on the antennae are important taxonomic charac-
teristics of Phlebotominae (Kirk & Lewis, 1951). Sand
fly antennae are very fragile and could be easily lost or
damaged during handling for any routine microscopic
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investigation. Scanning electron microscopy (SEM)
enabled the characterization of morphological criteria
of sensilla such as distribution, presence, and num-
ber. Antennae of phlebotomine sand flies are small in
size and densely covered with pilosities and bristles
which renders measuring the odor response difficult
(Fernandes et al., 2008). Observations on the antennal
sensilla using SEM were considered necessary before
carrying out electrophysiological studies because they
enable precise introduction of electrode to detect olfac-
tory stimuli in insects (Fernandes et al., 2020). Olfac-
tion in insects is important for survival, reproduction,
and communication with conspecifics. Odor detection
is perceived by sensilla mainly located on the antennae
(Cassau & Krieger, 2021).

Sand flies are insects of medical importance, and
most of its sensilla were found on the antennae (Chap-
man, 1991; Hallberg & Hansson, 1999). Hematopha-
gous insects including sand flies use sensory organs
(sensilla) to locate vertebrate host for blood meal acqui-
sition as well as detecting variations both internally and
externally (Fernandes et al., 2008). Only female sand
flies feed on blood which can be obtained from vari-
ous vertebrate hosts including humans. However, males
in nature feed entirely on plant juices and honeydew
secretions of aphids. More importantly, female sand
flies need sugary substances for the development of
Leishmania parasites in their guts and egg maturation
(Kassem, 1998; Souza et al., 1995).

Accordingly, the present investigation was designed
to characterize the ultrastructure of the antennae of
males and females and the sensilla distribution using
scanning electron microscopy (SEM). This study pre-
sented a detailed description of antennal sensilla of
male and female P. papatasi, based on current nomen-
clature used for sand flies which could provide foun-
dation for further investigations on the antennae of
Phlebotominae.

Methods

Sand fly

Specimens of Phlebotomus papatasi flies used in this
study were obtained from a perpetuating colony origi-
nally caught from Sad El Rawafaa in Northern Sinai,
Egypt. The sand fly colony was maintained in a walk-in
insectary environmentally controlled and regulated to
27 £2 °C, 60-70% relative humidity, and 12:12 light/dark
photoperiod (L:D) at Faculty of Graduate Studies and
Environmental Research, Ain Shams University. The sand
fly colony has never been exposed to insecticides. Colo-
nization and rearing procedures for sand flies were simi-
lar to those of Modi and Tesh (1983).
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Identification of male and female sand flies

Males and females P. papatasi were differentiated by their
general shape and external genitalia according to the keys
of Kirk and Lewis (1951) and Lane (1986). Specimens
were segregated under a dissecting microscope. The
styles of male terminalia bear well distinguished spines,
while the abdomen of females appears almost rounded
and has no styles or spines.

Specimen preparation and scanning electron microscopy
(SEM) examination

Specimens of males and females were selected, and the
heads were dissected, together with part of the thorax,
washed in phosphate-buffered saline (PBS), and immedi-
ately fixed in 70% ethyl alcohol. They were mounted on
aluminum stubs with double-sided sellotape and sputter-
coated on Eduardo S150 Sputter coater with a thin layer
of gold. Specimens were photographed using JEOL-JSM-
5500LV (SEM) with high vacuum mode at the Regional
Center of Mycology and Biotechnology (RCMB), Al-
Azhar University, Cairo, Egypt.

Ultrastructural analysis of antennae

The sensillary classification were performed according
to the descriptions of morphological types illustrated
in specialized literature. To classify sensillary types,
we adopted the nomenclature originally developed by
researchers in insect sense organs (e.g., Mclver, 1982;
Zacharuk, 1985; Hallberg & Hansson, 1999) and updated
for the sensory subtypes by Fernandes et al. (2020). The
general aspects of the antennal segments of P. papatasi as
well as the typology and distribution of antennal sensilla
have been documented by SEM and discussed with the
previous studies carried out on P. papatasi (Jobling, 1987;
Quate, 1964; Zayed et al., 2002a) and other sand fly spe-
cies (Ilango, 2000; Zayed et al., 2002a, 2002b; Fernandes
et al.,, 2008; Fernandes et al., 2020; Bahia et al., 2021).

Results

Morphological characteristics of Phlebotomus papatasi
antennae

Phlebotomus papatasi male and female antennae were
filiform, composed of a short scape with irregular shape
(first antennal segment), a dome-like pedicel (second
antennal segment) and a flagellum consisting of 14 flag-
ellomeres (Fig. 1A, B). The length of the male antennae
appeared longer than female antennae.

Flagellomere I was the longest of all flagellomeres
(Fig. 1A, B). The flagellomeres II-XI were morpho-
logically similar to distinct filiform shape. However,
the flagellomeres from XII-XIV were slightly different
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Fig. 1 General morphology of the antennae of Phlebotomus papatasi.
A Anterior view of the female antenna. B Anterior view of the male

antenna. S: Scape; P: Pedicel; flg: Flagellomeres

being shorter and globular in females (Figs. 1A and 3D),
while in males they look abraded with a distinct fault in
the last flagellomere (Figs. 1B and 3F).

Typology of sensilla

In case of similar sensillar types, electromicrographs
of either males or females were provided to avoid
redundancy. We observed six cuticular sensillar types,
namely trichoid, common grooved coeloconic, chaetic,
campaniform, squamiform, and the basiconic. The
trichoid sensilla occurred in five subtypes, namely long
blunt-tipped trichoid, short sharp-tipped trichoid,
short blunt-tipped trichoid, medium pointed-tipped
trichoid, and apical trichoid sensillum. In addition to
these sensillar types and subtypes, numerous smaller
spinules called microtrichiae were observed on both
male and female antennae, being more abundant on the
proximal antennal segments.

1. Trichoid sensilla: differentiated into well-defined
subtypes
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a. Long blunt-tipped trichoid sensilla, cylindrical-
shaped bristles of varying thickness and size, long
in many antennal segments (Fig. 2A) but may
also be of medium size, presenting a blunt tip and
flexible insertion base (Fig. 2C). These sensilla
appeared serrated due to the presence of parallel
rows of spines covering its surface (Fig. 2A).

b. Short sharp-tipped trichoid sensilla, small hairs
with a prominent implantation base and thin tip.
They were found in a group of three on scape and
two on pedicel in females (Fig. 2A, B). In males,
the short-tipped trichoid sensilla were present
only on pedicel as a set of three in addition to
a set of two at the neck between the scape and
pedicel (Fig. 2C, D).

c. Short blunt-tipped trichoid sensilla, small hairs
with slightly blunt tip with a cuticular collar sur-
rounding its implantation base; smaller than the
short sharp-tipped trichoid sensilla (Fig. 3B).

d. Medium pointed-tipped trichoid sensilla,
medium size pointed hairs with no cuticular col-
lar, found on flagellomeres XII and XIII (Fig. 3D,
E).

e. Apical trichoid sensillum, a single small hair, only
found at the apex of the terminal flagellomere
of male antenna (Fig. 3F) while observed on the
base of the extension of the last flagellomere of
females (Fig. 3D, E).

. Common grooved coeloconic sensilla: were charac-

terized by small size and a shallow pit surrounded
by protective covering and appeared like fingers of
a hand. They could be seen on the proximal part of
flagellomeres I and XIII in females (Fig. 3C), and in
larger numbers on the flagellomere XIII of males
(Fig. 3F).

. Chaetic sensilla: long robust hairs found in pairs on

both sides of flagellomeres I-XIII (Fig. 3C).

. Campaniform sensilla: circumvallate papilla occurred

only on the pedicel (Fig. 2E, F), embedded in the
cuticle within a marginally circular collar.

. Squamiform sensilla: hair with an implantation base

similar to the long blunt-tipped trichoid sensilla;
however, its dorsal surface was covered by brush-like
pilosities (Fig. 3A, B).

. Basiconic sensilla: found on the base of the first

flagellomere in a set of three near the distal margin
(Fig. 3A). They appeared as small cone-like spines
with their base directly implanted into the cuticle.
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Fig. 2 SEM micrographs of the antennae of female and male Phlebotomus papatasi. A Lateral view of the female first two segments and first
flagellomere showing, scape (S) and pedicel (P); with short-tipped trichoid (st); arranged in a set of three on the scape and a set of two on the
pedicel; long blunt-tipped trichoid (bt) sensilla; next to some ommatidia (om); and squamiform (sq) sensillum on the first flagellomere (flg 1);
and microtrichiae (m) covering the surface of these antennal segments. B Three short sharp-tipped trichoid (st) sensilla observed in higher

magnification on scape (encircled area) in female. C Male antenna showing, pedicel (P) with set of three short sharp-tipped trichoid (st); two short
sharp-tipped trichoid (encircled area); a fallen sensillum insertion site (fs). D Higher magnification of short sharp-tipped trichoid (st) observed in a
set of two and three on pedicel of male (encircled) area. E Campaniform (c) sensillum; surrounded by microtrichiae (m) on the pedicel of female. F

Higher magnification of campaniform (c) sensillum; long blunt-tipped sensillum (bt); microtrichia (m) on the pedicel of female

Discussion

Antennal morphology

In the present study, the shape and number of the
antennal segments of the males and females P papa-
tasi coincide with the previously described in the New
World sand flies: males and females of Lutzomyia
longipalpis (Fernandes et al., 2008); the females of

Nyssomyia intermedia (Fernandes et al., 2020) and Old
World sand flies: Ilango (2000) in female P argentipes;
and Bahia et al. (2021) in females P. duboscqi. Few stud-
ies were available in literature on the antennae of male
sand flies. Most studies focused on females because
they are most targeted in control campaigns and they
solely feed on blood and thus could be easily located
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Fig. 3 SEM micrographs of Phlebotomus papatasi flagellomeres. A Flagellomere | of female showing, squamiform sensilla (sq); basiconic (b); short
blunt-tipped trichoid (sb); and common grooved coeloconic sensilla (gc). B Higher magnification of female flagellomere | showing, squamiform
(sq); short blunt-tipped (sb) sensilla, besides microtrichia (m). C Flagellomere Xl of female showing, long blunt-tipped tipped trichoid (bt);
common grooved coeloconic (gc); chaetic (ch) sensillum. D Last three flagellomeres of females showing, long blunt-tipped trichoid (bt); medium
pointed-tipped trichoid (mpt); chaetic (ch) sensillum; and last antennal flagellomere XIV showing, apical trichoid (ap) sensillum. E The apex of the
last flagellomere in higher magnification in the female showing, the apical trichoid sensillum. F Last two flagellomeres in male showing, apical
trichoid (ap) sensillum; common grooved coeloconic sensilla (gc); chaetic (ch) sensillum; and medium pointed-tipped trichoid (mpt) sensilla

near its vertebrate hosts (Bahia et al., 2021). The anten-
nae of male P papatasi were longer than in females,
which could provide more sensorial zone of pheromone
and allelochemical perception (Romero-Lépez et al,,
2010). Similar results have been reported previously in
Lepidoptera especially those that use sex pheromones
(Wee et al., 2016; Yan et al,, 2017) and Diptera (Zhang
et al., 2021). Morphological difference between male

and female P papatasi antennae was more distinctive
in the last three flagellomeres, being shorter and globu-
lar in females, while in males they appeared truncated
with a clear well-defined fault in the last flagellomere.
To our knowledge, such difference has not been pre-
viously recorded in the available literature and could
provide a new taxonomic character among others to
differentiate between males and females.
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Typology of sensilla

All sensillar types described in this study were found in
both male and female P. papatasi. The chaetic sensillum
(previously known as ascoids) was observed on the flag-
ellomeres of P. papatasi in both sexes. The morphology
of the chaetic sensilla provided a useful characteristic
for taxonomic separation between important vectors
by light microscopy (e.g., El Sawaf et al., 1985; Jobling,
1987; Kirk & Lewis, 1951). Chaetic sensilla were found
to be responsible for olfactory stimuli in Lu. longipalpis
(Dougherty et al., 1995, 1999; Fernandes et al., 2008).
The olfactory function of chaetic sensillum on Lu. lon-
gipalpis antennae was confirmed by Fernandes et al.
(2008). Although no measurements were made for the
chaetic sensilla in the present work, it appeared shorter
in males than females. This observation corroborated
the findings of Quate (1964).

The morphology of the common grooved coeloconic
sensilla (commonly known as papillae) provided a use-
ful characteristic for taxonomic identification of sand
flies (Galati, 2003). In the present work, the number and
distribution of the common grooved coeloconic sensilla
on the flagellomeres of P. papatasi differ in males than
in females being greater in males. The number of sen-
sory cells of the common grooved sensilla was around
five in P. papatasi. Sensilla of this type (appearing as
fingers of a hand) were classified as a subtype among
other grooved coeloconic sensilla and were observed
on the last flagellomere of Lu. longipalpis (Fernandes
et al., 2008).

Here, the campaniform sensilla observed on the anten-
nae (and the cervical sclerites and tergites; photographs
not provided) of P. papatasi were much similar to those
found on Lu. longipalpis (Fernandes et al., 2008). In other
insect species, this type of sensilla was responsible for
monitoring the stress caused by mechanical distortion of
the cuticle (proprioception) (Chapman, 1991).

The squamiform sensilla on P papatasi antennae
appeared morphologically similar to the long blunt-
tipped trichoid sensilla observed in Lu. longipalpis (Fer-
nandes et al., 2008) and similar to the mechanoreceptors
sensilla described in other insect species (Fernandes
& Linardi, 2002; Spiegel et al., 2005). Scales similar to
squamiform sensilla were implicated to concentrate sex
pheromones closer to the olfactory sensilla in moth spe-
cies (Wang et al., 2018). However, the role of squamiform
sensilla in sand flies needs to be demonstrated.

The basiconic sensilla were observed on P. papatasi as
small sensilla, with their base directly inserted into the
cuticle and occurred in sets of three spine-like sensilla.
The basiconic sensilla were observed as small little fingers
in female P. duboscqi (Bahia et al., 2021) a closely related
species to P papatasi. The morphological functional
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classification of these sensilla was considered olfactory
(Fernandes et al., 2020).

The trichoid sensilla were the most common type
found on the antennae of P papatasi. Five subtypes
of trichoid sensilla were observed, namely long blunt-
tipped, short sharp-tipped, short blunt-tipped, medium
pointed-tipped, and apical. Bahia et al. (2007) observed
the trichoid sensilla in the larvae of Ny. whitmani and Ny.
intermedia, and they considered it as the most common
sensory organ in mature and immature stages of insects.

In female P. papatasi, the short sharp-tipped trichoid
sensilla were observed as a set of three sensilla on the
scape in addition to a set of two on the pedicel. In males,
however, they were observed only on the pedicel as a set
of three and a set of two at the neck between the scape
and pedicel. The short sharp-tipped trichoid sensilla as
well as the campaniform sensilla have been described as
olfactory and mechanoreceptors in Lu. longipalpis and
Ny. intermedia sand flies (Fernandes et al., 2008, 2020).
Similarly, they were also found on the scape and pedicel
of mosquitoes and other insects (Zacharuk, 1985). It is
possible that they have the same function in P. papatasi.

The long blunt-tipped trichoid sensilla and squami-
form sensilla of P papatasi are morphologically similar
and were described in some other sand fly species (Bahia
et al,, 2021; Fernandes et al., 2008, 2020). However, they
can be easily distinguished from each other by the serra-
tions found on the long blunt-tipped trichoid, while the
squamiformia sensilla were characterized by brush-like
pilosities covering its dorsal surface.

In male P papatasi, the apical trichoid sensillum was
seen at the apex of the last flagellomere. In females, how-
ever, it was found on the base of the extension of the last
antennal segment. Such difference in the strategic posi-
tion of the apical trichoid sensillum could be attributed
to morphological differences observed in the last three
flagellomeres of both sexes. The position of the apical
trichoid sensilla on the tip of the antennae of insects was
considered very important in detection of sex phero-
mones and other harmful substances (Fernandes et al.,
2020). The short, medium pointed trichoid sensilla and
the apical sensilla found on the antenna of P papatasi
were very similar to the chemoreceptor sensilla described
in Lu. longipalpis (Fernandes et al., 2008).

Previous studies on external morphology of sand fly
antennal sensilla using SEM varied among species regard-
ing their types, number, and distribution on the antennal
segments. Ilango (2000) described trichoidea (two sub-
types), coeloconica, chaetica, basiconica, and auricillia on
P, argentipes antennae. Fernandes et al. (2008) described
11 subtypes of sensilla in Lu. longipalpis, including five
subtypes of trichoidea sensilla. Two coeloconic sensilla
(grooved and praying hands subtypes) and campaniform,
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chaetica, basiconica, and squamiformia sensilla. More
recently, Fernandes et al. (2020) identified 14 well-differ-
entiated sensilla in Ny. intermedia among six cuticular
types: trichoidea, campaniformia, squamiformia, basi-
conica, chaetica, and coeloconica. Bahia et al. (2021)
identified 13 well-differentiated sensilla among six types
(trichoid, squamiform, campaniform, basiconic, coelo-
conic, and chaetic) on the antennae of female P. duboscqi.
Zayed et al. (2002a) observed trichoidea (three subtypes),
chaetica, basiconica, campaniformia, squamiformia,
Bohm, and falcate sensilla on P bergeroti antennae and
observed trichoidea (three subtypes), chaetica, basicon-
ica, campaniformia, squamiformia, B6hm on P. papatasi
antennae. In the present work, 11 well-differentiated sen-
silla among six cuticular types were identified: trichoid
sensilla (five subtypes), campaniform, squamiform, basi-
conic, chaetic, and common grooved coeloconic. All the
previously mentioned sensillar types were evidenced in
the present work in males and females P. papatasi except
the Bohm, falcate, auricillia, and the praying hand coe-
loconic sensilla. Zayed et al. (2002a) described Bohm’s
sensilla and three subtypes of trichoidea in P papatasi.
However, in the present work Bohm’s sensilla could not
be identified. Additionally, coeloconic sensilla and five
subtypes of trichoidea were identified herein. This might
be attributed to differences in nomenclature systems
used. However, Bohm’s bristles/sensilla were identified
on the scape and pedicel of Plutella xylostella (Lepidop-
tera: Plutellidae) (Yan et al., 2017) and in moth flies (Dip-
tera: Psychodidae) (Faucheux & Gibernau, 2011).

In this study, we described and updated the nomencla-
ture of sensillary types found on the antennae of P. papa-
tasi. In addition, comparison of the number, distribution,
and morphology of sensillar types on male and female
antennae was defined. Previous studies on sand flies
have described sensory organs on different parts of the
body (Mohamed et al., 1999; Ilango, 2000; Zayed et al.,
2002a, 2002b). Although sexual differences in the anten-
nal morphology of P papatasi were observed, further
investigations are needed to investigate sexual antennal
dimorphism in other sand fly species. Such information
could be of taxonomic and biological importance. Elec-
trophysiological studies are needed to identify the role of
sensilla found on the antennae of P papasti. Such infor-
mation may assist in discovering new insect attractants
and/or repellents to control sand flies thus suppressing
leishmaniasis transmission.

Conclusions

Sexual dimorphism in the morphology of male and
female P. papatasi antennae was observed. Male anten-
nae were longer than female antenna. In addition, the
last three flagellomeres appeared shorter and globular
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in females, while a distinct fault was seen in the last
three flagellomeres of males. The antennae were iden-
tified as filiform. In addition to the microtrichiae, six
types of sensilla were observed, including five subtypes
of trichoid sensilla (long blunt-tipped, short sharp-
tipped, short blunt-tipped, medium pointed-tipped,
and apical), the common grooved coeloconic, cam-
paniform, chaetic, basiconic, and squamiform. Trichoid
sensilla were categorized into five subtypes widely dis-
tributed over antennal surface, including the scape and
pedicel, and flagellum. These results not only improve
our understanding of insect biology, host location
mechanisms, but also provide important information
for future electrophysiological and behavioral analysis
of the chemical ecology between sexes.

Abbreviations

ap: Apical trichoid sensillum; b: Basiconic sensillum; bt: Long blunt-tipped
trichoid sensilla; c: Campaniform sensillum; ch: Chaetic sensillum; flg: Flagel-
lomeres; fs: Fallen sensillum insertion site; gc: Common grooved coeloconic
sensilla; (L:D): Light/dark; m: Microtrichiae; mpt: Medium pointed-tipped
trichoid sensillum; om: Ommatidia; P: Pedicel; S: Scape; sb: Short blunt-tipped
trichoid sensilla; sq: Squamiform sensilla; st: Short-tipped trichoid sensilla; SEM:
Scanning electron microscopy.

Acknowledgements
Not applicable.

Author contributions

BS contributed to conceptualization, supervision, and writing—original draft;
MA conducted the research and was involved in investigation; AF and JG con-
tributed to supervision; and HK was involved in supervision, provided study
material, and contributed to writing, review, and editing. All authors read and
approved the final manuscript.

Funding
This research was self-funded.

Availability of data and materials
All data generated or analyzed during this study are included in this published
article [and its supplementary information files).

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

"Entomology Department, Faculty of Science, Ain Shams University,

Cairo 11566, Egypt. 2Zoology Department, Faculty of Women for Arts, Science
and Education, Cairo 11757, Egypt. *Faculty of Graduate Studies and Environ-
mental Research, Ain Shams University, Cairo 11566, Egypt.

Received: 26 April 2022 Accepted: 10 July 2022
Published online: 22 July 2022



El Sawaf et al. The Journal of Basic and Applied Zoology (2022) 83:40

References

Bahia, A. C,, Secundino, N. F, Miranda, J. C,, Prates, D. B,, Souza, A. P, Fernandes,
F.F, Barral, A, & Pimenta, P. F. P. (2007). Ultrastructural comparison of
external morphology of immature stages of Lutzomyia (Nyssomyia)
intermedia and Lutzomyia (Nyssomyia) whitmani (Diptera: Psychodidae),
vectors of cutaneous leishmaniasis, by scanning electron microscopy.
Journal of Medical Entomology, 44, 903-914. https://doi.org/10.1603/0022-
2585(2007)44[903:ucoemo]2.0.co;2

Bahia, A. C,, Barletta, A. B. F, Pinto, L. C, Orfand, A. S., Nacif-Pimenta, R, Volfova,
V., Volf, P, Secundino N. F. C, Fernandes, F. F. & Pimenta, PF. P. (2021). Mor-
phological characterization of the antennal sensilla of the Afrotropical
sand fly, Phlebotomus duboscqi (Diptera: Psychodidae). Journal of Medical
Entomology, 58, 634-645. https://doi.org/10.1093/jme/tjaa247. Erratum
in: Journal of Medical Entomology, (2021) Nov 09. https://doi.org/10.1093/
jme/tjab185

Cassau, S, &Krieger, J. (2021). The role of SNMPs in insect olfaction. Cell and
Tissue Research, 383, 21-33. https.//doi.org/10.1007/500441-020-03336-0

Chapman, R. F. (1991). General anatomy and function. In: The insects of Australia
(Vol. 1, pp. 33-67). CSIRO, Cornell.

Dougherty, M. J, Guerin, P. M., & Ward, R. D. (1995). Identification of oviposition
attractants for the sandfly Lutzomyia longipalpis (Diptera: Psychodidae) in
volatiles of faeces from vertebrates. Physiological Entomology, 20, 23-32.
https://doi.org/10.1111/j.1365-3032.1995.tb00797 x

Dougherty, M. J,, Guerin, P. M., Ward, R. D., & Hamilton, J. G. C. (1999). Behav-
joural and electrophysiological responses of the phlebotomine sandfly
Lutzomyia longipalpis (Diptera: Psychodidae) when exposed to canid host
odour kairomones. Physiological Entomology, 24, 251-262. https://doi.org/
10.1046/j.1365-3032.1999.00139.x

El Sawaf, B, Kassem, H. A, & El Said, S. (1985). Description of the hitherto
unknown female of Phlebotomus langeroni (Diptera: Psychodidae). Jour-
nal of Medical Entomology, 22, 312-314. https://doi.org/10.1093/jmede
nt/22.3.312

Faucheux, M. J. & Gibernau, M. (2011). Antennal sensilla in five Psychodini
moth flies (Diptera: Psychodidae: Psychodinae) pollinators of Arum spp.
(Araceae). Annales de la Société entomologique de France (N.S.), 47, 89-100.
https://doi.org/10.1080/00379271.2011.10697700

Fernandes, F. F, & Linardi, P. M. (2002). Observations on mouthparts of Derma-
tobia hominis (Linneaus Jr, 1781) (Diptera: Cuterebridae) by scanning
electron microscopy. Journal of Parasitology, 88, 191-194. https://doi.org/
10.1645/0022-3395(2002)088[0191:00MODH]2.0.CO;2

Fernandes, F. F, Bahia, A. C, Pinto, L. C, Leal, C. S, Secundino, N. F, & Pimenta,
P.F. P.(2008). Fine structure and distribution pattern of antennal sensilla
of Lutzomyia longipalpis (Diptera: Psychodidae) sand flies. Journal of Medi-
cal Entomology, 45,982-990. https://doi.org/10.1603/0022-2585(2008)
45[982:fsadpo]2.0.co;2

Fernandes, F. F, Barletta, A. B. F, Orfano, A. S., Pinto, L. C,, Nacif-Pimenta, R,
Miranda, J. C, Secundino, N. F. C, Bahia, A. C, & Pimenta, P. F. P. (2020).
Ultrastructure of the antennae and sensilla of Nyssomyia intermedia (Dip-
tera: Psychodidae), vector of American cutaneous leishmaniasis. Journal
of Medical Entomology, 13(57), 1722-1734. https://doi.org/10.1093/jme/
tjaal24

Galati, E. A. B. (2003). Morfologia e taxonomia: Morfologia, terminologia de
adultos e identificagao dos téxons da America. In E. F. Rangel, R. Lainson,
Flebotomineos do Brasil, Fiocruz, Rio de Janeiro, 53-175.

Hallberg, E., & Hansson, B. S. (1999). Arthropod sensilla: Morphology and
phylogenetic considerations. Microscopy Research and Technique, 47,
428-439. https://doi.org/10.1002/(sici) 1097-0029(19991215)47:6%3C428::
aid-jemt6%3E3.0.co;2-p

llango, K. (2000). Morphological characteristics of the antennal flagellum and
its sensilla chaetica with character displacement in the sandfly Phleboto-
mus argentipes Annandale and Brunetti sensu lato (Diptera: Psychodidae).
Journal of Biosciences, 25,163-172.

Jobling, B. (1987). Anatomical drawings of biting flies. 119 pp. British Museum
(Natural History), London.

Kassem, H. A. (1998). Optimised dietary regimens for the laboratory mainte-
nance of Phlebotomus langeroni Nitzulescu (Diptera: Psychodidae). Annals
of Tropical Medicine and Parasitology, 92, 615-620. https://doi.org/10.1080/
00034989859311

Kirk, R, & Lewis, D. J. (1951). The Phlebotominae of the Ethiopian Region. Trans-
actions of the Royal Entomological Society of London, 102, 383-510. https://
doi.org/10.1111/j.1365-2311.1951.tb00759.x

Page 8 of 8

Lane, R. P.(1986). The sandflies of Egypt (Diptera: Phlebotominae). Bulletin of
the British Museum (natural History) Entomology Series, 52, 1-35.

Mclver, S. B. (1982). Sensilla of mosquitoes (Diptera: Culicidae). Journal of Medi-
cal Entomology, 19, 489-535. https://doi.org/10.1093/jmedent/19.5.489

Modi, G. B, & Tesh, R. B. (1983). A simple technique for mass rearing Lutzomyia
longipalpis and Phlebotomus papatasi (Diptera: Psychodidae) in the
laboratory. Journal of Medical Entomology, 20, 568-569. https://doi.org/10.
1093/jmedent/20.5.568

Mohamed, H. I, Mohamed, F. A, Hassan, H. |, & Bahgat, D. F. (1999). Fine
structure of receptors associated with antennae and mouth parts of
the sandfly, Phlebotomus kazeruni (Diptera: Psychodidae). Bulletin of the
Entomological Society of Egypt, 77,125-138.

Quate, L. W. (1964). Phlebotomus sandflies of the Paloich area in the Sudan
(Diptera, Psychodidae). Journal of Medical Entomology, 1,213-268. https://
doi.org/10.1093/jmedent/1.3.213

Romero-Lépez, A, Mordn, M, & Valdez, J. (2010). Sexual dimorphism in anten-
nal receptors of Phyllophaga ravida Blanchard (Coleoptera: Scarabae-
oidea: Melolonthidae). Neotropical Entomology, 39, 957-966. https://doi.
0rg/10.1590/51519-566X2010000600018

Souza, N. A, Andrade-Coelho, C. A, Barbosa, A. F, Vilela, M. L, Rangel, E. F,

& Deane, M. P. (1995). The influence of sugars and amino acids on the
blood-feeding behaviour, oviposition and longevity of laboratory colony
of Lutzomyia longipalpis (Lutz & Neiva, 1912) (Diptera: Psychodidae, Phle-
botominae). Memérias Do Instituto Oswaldo Cruz, 90, 751-757. https://doi.
0rg/10.1590/50074-02761995000600017

Spiegel, C. N, Oliveira, S. M., Brazil, R. P, & Soares, M. J. (2005). Structure and dis-
tribution of sensilla on maxillary palps and labella of Lutzomyia longipalpis
(Diptera: Psychodidae) sand flies. Microscopy Research and Technique, 66,
321-330. https://doi.org/10.1002/jemt.20180

(WHO) World Health Organization. (2018). WHO Global Leishmaniasis Pro-
gramme. Global Health Observatory (GHO) data. Leishmaniasis situation
and trends. World Health Organization.

Wee, S. L, Oh, H. W, & Park, K. C. (2016). Antennal sensillum morphology and
electrophysiological responses of olfactory receptor neurons in trichoid
sensilla of the diamondback moth (Lepidoptera: Plutellidae). Florida
Entomologist, 99, 146-158.

Wang, Q, Shang, Y, Hilton, D. S, Inthavong, K, Zhang, D., & Elgar, M. A. (2018).
Antennal scales improve signal detection efficiency in moths. Proceedings
of the Royal Society B, 285, 20172832. https://doi.org/10.1098/rspb.2017.
2832

Yan, X.Z, Deng, C. P, Xie, J. X, Wuy, L. J,, Sun, X. J, & Hao, C. (2017). Distribution
patterns and morphology of sensilla on the antennae of Plutella xylostella
(L)—A scanning and transmission electron microscopic study. Micron,
103, 1-11. https://doi.org/10.1016/j.micron.2017.08.002

Zacharuk, R.Y. (1985). Antennae and sensilla. In G. A. Kerkut & L. I. Gilbert (Eds.),
Comparative insect physiology, biochemistry and pharmacology (Vol. 6, pp.
1-69). Oxford: Pergamon Press.

Zayed, A. B, Hassan, M. I, Mohammed, H., & Fares, A. (2002a). Antennal sensilla
of the sand flies, Phlebotomus papatasi and Phlebotomus bergeroti (Dip-
tera: Psychodidae). Experimental Pathology and Parsitology, 5, 10-20.

Zayed, A. B, Ibrahim, M. H,, Hassan, M. . & Fares, A. (2002b). Sensilla associated
with antennae and mouth parts of sand fly Phlebotomus sergenti Parrot
(Diptera: Psychodidae). In The 9th international conference of Union of Arab
Biologists, Aleppo, Syria 1-6 September (2002b).

Zhang, F, Chen, J, Ma, M, Ly, P, Liu, S, Guo, K, Xu, R, Qiao, H., & Xu, C. Q. (2021).
Morphology and distribution of antennal sensilla in the gall midge
Gephyraulus lycantha (Diptera: Cecidomyiidae). Micron, 145, 103061.
https://doi.org/10.1016/j.micron.2021.103061

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://doi.org/10.1603/0022-2585(2007)44[903:ucoemo]2.0.co;2
https://doi.org/10.1603/0022-2585(2007)44[903:ucoemo]2.0.co;2
https://doi.org/10.1093/jme/tjaa247
https://doi.org/10.1093/jme/tjab185
https://doi.org/10.1093/jme/tjab185
https://doi.org/10.1007/s00441-020-03336-0
https://doi.org/10.1111/j.1365-3032.1995.tb00797.x
https://doi.org/10.1046/j.1365-3032.1999.00139.x
https://doi.org/10.1046/j.1365-3032.1999.00139.x
https://doi.org/10.1093/jmedent/22.3.312
https://doi.org/10.1093/jmedent/22.3.312
https://doi.org/10.1080/00379271.2011.10697700
https://doi.org/10.1645/0022-3395(2002)088[0191:OOMODH]2.0.CO;2
https://doi.org/10.1645/0022-3395(2002)088[0191:OOMODH]2.0.CO;2
https://doi.org/10.1603/0022-2585(2008)45[982:fsadpo]2.0.co;2
https://doi.org/10.1603/0022-2585(2008)45[982:fsadpo]2.0.co;2
https://doi.org/10.1093/jme/tjaa124
https://doi.org/10.1093/jme/tjaa124
https://doi.org/10.1002/(sici)1097-0029(19991215)47:6%3C428::aid-jemt6%3E3.0.co;2-p
https://doi.org/10.1002/(sici)1097-0029(19991215)47:6%3C428::aid-jemt6%3E3.0.co;2-p
https://doi.org/10.1080/00034989859311
https://doi.org/10.1080/00034989859311
https://doi.org/10.1111/j.1365-2311.1951.tb00759.x
https://doi.org/10.1111/j.1365-2311.1951.tb00759.x
https://doi.org/10.1093/jmedent/19.5.489
https://doi.org/10.1093/jmedent/20.5.568
https://doi.org/10.1093/jmedent/20.5.568
https://doi.org/10.1093/jmedent/1.3.213
https://doi.org/10.1093/jmedent/1.3.213
https://doi.org/10.1590/S1519-566X2010000600018
https://doi.org/10.1590/S1519-566X2010000600018
https://doi.org/10.1590/s0074-02761995000600017
https://doi.org/10.1590/s0074-02761995000600017
https://doi.org/10.1002/jemt.20180
https://doi.org/10.1098/rspb.2017.2832
https://doi.org/10.1098/rspb.2017.2832
https://doi.org/10.1016/j.micron.2017.08.002
https://doi.org/10.1016/j.micron.2021.103061

	Ultrastructural comparison and distribution of sensilla on male and female antennae of the sand fly Phlebotomus papatasi (Diptera: Psychodidae): the vector of cutaneous leishmaniasis in Egypt
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Methods
	Sand fly
	Identification of male and female sand flies
	Specimen preparation and scanning electron microscopy (SEM) examination
	Ultrastructural analysis of antennae

	Results
	Morphological characteristics of Phlebotomus papatasi antennae
	Typology of sensilla

	Discussion
	Antennal morphology
	Typology of sensilla

	Conclusions
	Acknowledgements
	References


