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Abstract
Leishmaniases are serious parasitic diseases the etiological organisms of which are transmitted by insect vectors, phlebotominae sand flies.
Two sand fly species, Phlebotomus papatasi and P. sergenti, display remarkable specificity for Leishmania parasites they transmit in nature, but
many others are broadly permissive to the development of different Leishmania species. Previous studies have suggested that in ‘specific’ vectors
the successful parasite development is mediated by parasite surface glycoconjugates and sand fly lectins, however we show here that interactions
involving ‘permissive’ sand flies utilize another molecules. We did find that the abundant surface glycoconjugate lipophosphoglycan, essential
for attachment of Leishmania major in the specific vector P. papatasi, was not required for parasite adherence or survival in the permissive
vectors P. arabicus and Lutzomyia longipalpis. Attachment in several permissive sand fly species instead correlated with the presence of midgut
glycoproteins bearing terminal N-acetyl-galactosamine and with the occurrence of a lectin-like activity on Leishmania surface. This new binding
modality has important implications for parasite transmission and evolution. It may contribute to the successful spreading of Leishmania due to
their adaptation into new vectors, namely transmission of L. infantum by Lutzomyia longipalpis; this event led to the establishment of L. infantum/chagasi in Latin America.
Ó 2007 Elsevier Masson SAS. All rights reserved.
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1. Introduction
Parasitic protozoa of the genus Leishmania are transmitted
by the bite of bloodsucking female phlebotomine sand flies
(Diptera: Phlebotominae). Parasites taken up with the blood
meal undergo a period of replication and development in the
midgut, after which they differentiate to an infective metacyclic stage adapted for transmission to mammals [1]. Initially,
procyclic promastigotes, the flagellated parasite developmental stages, are enclosed by the sand fly peritrophic matrix,
which decays within a few days. Promastigotes of suprapylarian species of Leishmania (subgenus Leishmania) then attach
Abbreviations: LPG, lipophosphoglycan; HPA, Helix pomatia lectin; GalNAc, N-acetyl galactosamine; FITC, fluorescein isothiocyanate.
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to the midgut epithelium via insertion of flagella between microvilli [2,3]. This attachment is an essential part of the Leishmania life cycle as it enables the parasite to avoid expulsion
from the midgut when the remnants of the digested blood
meal are defecated by the sand fly. It has been proposed that
only bona fide sand fly vectors can support the establishment
of parasites via this attachment mechanism [1,2].
A series of studies performed with L. major in P. papatasi
showed that the attachment is controlled by species-specific
modifications of the major surface glycoconjugate of Leishmania promastigotes, lipophosphoglycan (LPG) [1,4e6]. In
this parasiteesand fly duo, the LPG phosphoglycan repeating
units are modified by galactosyl residues, which selectively
bind to the midgut galectin receptor PpGalec [1,7]. Midgut detachment during metacyclogenesis arises following a further
modification of the LPG, into an arabinosyl-capped form
unable to bind to the midgut galectin [7]. In other
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Leishmaniaesand fly pairs, the role of LPG in attachment has
not been investigated in such detail as in the L. majoreP. papatasi model. Nonetheless, the available data were consistent
with the model invoking LPG as the major adhesin responsible
for midgut binding in all Leishmania species [4,8e11].
Laboratory studies examining the development of different
Leishmania in a range of sand fly species suggest that sand
flies fall into two groups. Certain species are specific vectors
as they are refractory to the development of most Leishmania
species; i.e. P. papatasi supports development of Leishmania
major but not of any other parasite species tested [4]. Another
example of a specific vector is P. sergenti, the vector of L.
tropica [8]. In contrast, most sand fly species examined to
date support the development of a broad range of Leishmania
species and fall into a second group, which we propose to call
‘‘permissive’’ vectors. These include Lutzomyia longipalpis
[12], P. argentipes [4], P. halepensis [13] and P. arabicus
[14]. Evidently, the parasites are able to develop in any permissive sand fly species, if given the opportunity. Mechanisms
underlying this broad permissivity have not been fully elucidated, and a variety of candidate molecules have been proposed to mediate this process, such as relatively conserved
promastigote surface proteins like flagellar proteins [3]. Based
upon the LPG-dependent model briefly introduced above, it
was hypothesized that midguts of broadly permissive vectors
possess a receptor for a conserved oligosaccharide on LPG,
which P. papatasi and P. sergenti lack [2]. In this study we
show that another LPG-independent lectin-like mediated process exists in the permissive sand flies, which plays a dominant
role in parasite attachment to the sand fly midgut.
To investigate the role of LPG in permissive sand flies, we
made use of the L. major mutant lpg1 which specifically lacks
LPG through deletion of the LPG1 galactofuranosyl transferase
required for synthesis of the LPG core [15]. The data obtained
argued that LPG is unlikely to play a major role in the adherence
of Leishmania in permissive sand fly species. Thus analyses of
sand fly midguts were undertaken to detect insect molecules mediating Leishmania attachment. Special attention was paid to
glycosylation of polypeptides, as this post-transcriptional modification is known to play a key role in parasiteehost interactions
[16]. Our study demonstrated the importance of sand fly midgut
glycoproteins bearing N-acetyl-galactosamine (GalNAc) and
revealed the presence of the new binding modality in sand flies
otherwise shown to be permissive for a broad range of Leishmania species.

papatasi (Turkey), P. sergenti (Turkey), P. halepensis (Jordan),
P. arabicus (Israel), P. perniciosus (Italy) and P. argentipes
(India). Experiments were done with 5e10-day-old females.
Leishmania infantum MHOM/TR/2000/OG-VL and two lines
of L. major LV39 (MRHO/SU/1959/Neal P), the wild type
(wt) and LPG null mutant (lpg1), were maintained on medium
199 supplemented with 20% fetal calf serum (Gibco BRL) and
gentamicin (50 mg/ml). For the lpg1 mutant, hygromycin
15 mg/ml and puromycin 11 mg/ml was added to the culture
medium.

2. Materials and methods

The 4-day culture of L. major was washed and diluted to
a final density of 107 promastigotes/ml, spotted onto a slide,
air-dried and fixed using methanol. Slides were incubated
for 30 min with supernatant (100,000  g/30 min/4  C) of P.
halepensis or P. papatasi midgut lysates diluted in Trise
NaCl and for another 30 min with FITC-HPA (125 mg/ml) in
TriseNaCl. To check the specificity of binding of midgut molecules the Leishmania were incubated first with 250 mM GalNAc. Then the unbound GalNAc was washed out and parasites
were incubated with supernatant of midgut lysate followed by
FITC-HPA. In negative controls either the parasites were

2.1. Reagents
All reagents, if not otherwise stated, were purchased from
Sigma.
2.2. Parasites and sand fly colonies
Laboratory colonies of seven sand fly species were used: Lutzomyia longipalpis (origin from Jacobina, Brazil), Phlebotomus

2.3. Leishmania development in sand flies
Female sand flies were fed through a chick skin membrane
with 5-day-old promastigotes at cell density of 5  106 promastigotes/ml in heat-inactivated rabbit blood. Bloodengorged females were maintained at 28  C and sacrificed for
microscopical examination and enumeration of parasites in
the midgut before defecation (day 2) or 4 days after defecation
(day 7 for Lutzomyia longipalpis and day 8 for P. papatasi and
P. arabicus). Parasite density was graded according to criteria
reported previously [13]. The experiments were repeated
twice.
2.4. Detection of glycoproteins in sand fly midgut lysates
Midgut glycoproteins of sand fly females were analyzed by
SDS PAGE (10% gel, reducing conditions, 10 mg protein per
lane) followed by western blotting. The nitrocellulose membrane was incubated with TriseNaCleTween (20 mM Tris,
150 mM NaCl, pH 7.6) with 5% bovine serum albumin and
then with biotinylated Helix pomatia lectin (HPA, 1 mg/ml)
or concanavalin A (0.5 mg/ml). After repeated washing the
blots were incubated with streptavidin peroxidase (2.5 mg/
ml) in TriseNaCleTween and developed in 4-chloro-1-naphthol solution. The specificity of lectin reactions was controlled
by addition of 250 mM GalNAc for HPA and methyl-mannopyranoside for ConA. To study sensitivity of glycoconjugates
to trypsin exposure, lysates of ten midguts of P. arabicus (in
15 ml of TriseNaCl) were incubated with 4 or 20 units of bovine trypsin at 37  C for 1 h and than analyzed by SDS PAGE
and western blotting with HPA.
2.5. Binding of sand fly midgut lysates to
Leishmania promastigotes
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preincubated with 250 mM GalNAc or TriseNaCl buffer only.
Sections were mounted in Vectashield mounting medium with
propidium iodide (Vector Laboratories) and checked under the
fluorescent microscope Olympus BX51.

L. major vectors. Within both species lpg1 mutans were
able to attach within the midgut, and yield a high percentage
of sand flies with high parasite loads (Fig. 1).

2.6. Localization of HPA-binding epitopes
on sand fly midguts

3.2. GalNAc-displaying glycoproteins are present in the
midgut lysates of the permissive sand flies

Abdomens of Lutzomyia longipalpis females were fixed using 2% paraformaldehyde and embedded into LR-White resin.
Sections 2 mm thick were incubated for 2 h with 2% bovine serum albumin and then for 1 h with FITC-HPA diluted in Trise
NaCl (final concentration 100 mg/ml). Finally, the sections
were post-stained with Evans blue, mounted and checked as
described above. In negative controls the reaction was blocked
by addition of 250 mM GalNAc into FITC-HPA-containing
solution.

Initially, midgut proteins of two specific vectors, P. papatasi
and P. sergenti, and the midguts of two permissive sand fly species, Lutzomyia longipalpis and P. halepensis, were compared
by lectin blotting. All midgut lysates displayed peptides that
bind concanavalin A, a lectin detecting terminal mannose residues present on high mannose-, hybrid- and complex-type of
N-linked glycans (Fig. 2A). In contrast, Helix pomatia agglutinin (HPA) showed reactivity only with the two permissive
sand flies, showing strong reactivity with a small number of
molecules ranging from 30 to 70 kDa (Fig. 2A). This lectin is
specific for GalNAc, a carbohydrate typically associated with
O-linked glycan-displaying glycoproteins such as mucins.
We extended these studies to other sand fly colonies representing three other species, P. argentipes, P. perniciosus and
P. arabicus. The first two represent proven vectors of parasites
of the L. donovani complex [17]. Since the susceptibility of P.
arabicus to Leishmania, other than L. tropica [14], had not
been previously reported, we fed P. arabicus on blood containing either L. infantum or L. major (Fig. 3). On day 8 post blood
meal, many P. arabicus females harbored heavy L. infantum
loads (1000 promastigotes per midgut), this parameter being
fully comparable to those previously obtained with proven
vectors. Similarly, P. arabicus supported the late-stage

3. Results
3.1. Leishmania major lpg1 mutants develop in
different permissive sand flies whereas they do not
develop in P. papatasi
Experiments with Leishmania mutants deficient in LPG revealed a striking difference between various sand fly species
with respect to the parasite development. In the specific vector
P. papatasi, lpg1 mutants did not adhere or survive well following blood meal digestion (Fig. 1). In contrast, the L. major
lpg1 survived normally in P. arabicus and Lutzomyia longipalpis, two permissive species not implicated as natural
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Fig. 1. LPG is not required for Leishmania major development in permissive sand flies. Phlebotomus papatasi, L. longipalpis and P. arabicus fed on blood containing Leishmania major lacking LPG (lpg1) and the wild type (wt). Parasite loads were classified into three categories: heavy (more than 1000 promastigotes
per gut), black bars; moderate (100e1000), grey bars; light (1e100), white bars. Numbers above the bars indicate the number of dissected females. c2 test was
used to compare the parasite load and the rate of successful parasite development between and within sand fly groups. In P. papatasi, the percentage of positive
females and the parasite loads were significantly decreased in the lpg1 group on day 8 post-infection ( p < 0.05). In L. longipalpis and P. arabicus both parameters
did not differ between groups.
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Fig. 2. GalNAc-containing glycoconjugates are present only in the midgut lysates of permissive sand flies. (A) SDS PAGE and blotting of midgut lysates with
lectins, concanavalin A and HPA; comparison of four different sand fly species: pap, Phlebotomus papatasi; lon, Lutzomyia longipalpis; hal, P. halepensis; ser,
P. sergenti. (B) Western blot of midgut lysates incubated with lectin HPA; comparison of seven sand fly species: pap, P. papatasi; lon, Lu. longipalpis; hal, P.
halepensis; ser, P. sergenti; per, P. perniciosus; arg, P. argentipes; ara, P. arabicus. þ, reaction of the lectin; c, control inhibition with specific sugar (GalNAc
for HPA, mannose for ConA). HPA reacted specifically with lysates of all five permissive species studied.

development of L. major confirming that it belongs to permissive sand fly species (Fig. 3).
The extended lectin studies corroborate the previous experiment. As before, midguts of all permissive sand fly species
strongly bind HPA, indicating the presence of terminally exposed GalNAc residues (Fig. 2B). These bands react also
with soybean agglutinin, another GalNAc-binding lectin
(data not shown). The main HPA-reactive molecules within
permissive sand fly species varied in apparent molecular
mass (35e55 kDa), and did not yield ‘sharp’ SDS PAGE
bands which is a common characteristic of glycoconjugates
(Fig. 2B). If the midgut lysates were incubated with trypsin
prior to SDS PAGE these bands were no more detectable suggesting that they were glycoproteins (Fig. 4).

3.3. GalNAc-displaying glycoproteins from midguts of
permissive sand flies bind to Leishmania promastigotes
To further investigate whether the HPA-binding glycoproteins could be the ligands of the sand fly to which the promastigotes attach, parasites were incubated with midgut lysates
followed by fluoresceinated HPA (FITC-HPA) to observe
binding. With permissive P. halepensis lysates strong reactivity was seen (Fig. 5A), whereas only control background binding was seen with midgut lysates from the ‘selective’ species
P. papatasi (Fig. 5E). HPA reactivity was abolished by incubation with GalNAc (Fig. 5C) as expected. Notably this also occurred if GalNAc was preincubated with Leishmania and
washed out prior to incubation of parasites with P. halepensis
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showed specific localization to the microvillar border of the
midgut (Fig. 5F), the location where the parasites are expected
to attach. Binding was prevented to occur by preincubation
with GalNAc (Fig. 5G) and no specific reactivity was seen outside of the midgut region.
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Fig. 3. Phlebotomus arabicus allows the development of L. major and L. infantum. Females fed on blood containing L. major (MAJ) or L. infantum (INF).
Parasite development was evaluated as described in Fig. 1. Day 2, dissection
before defecation (48 h post-infection); day 8, dissection after defecation.
Numbers above the bars indicate the number of dissected P. arabicus females.

lysate followed by HPA labelling (Fig. 5B). Thus, permissive
sand fly HPA-reactive glycoproteins are similarly capable of
binding to Leishmania in a GalNAc-dependent manner. Since
Leishmania themselves did not react with HPA (Fig. 3D), this
argues that a parasite lectin-like activity recognizes sand fly
GalNAc-containing conjugates.
3.4. GalNAc epitopes are present on the
luminal surface of the sand fly midgut
We visualized the location of the HPA-binding molecules
by incubating sections of the abdomen of the permissive
vector L. longipalpis with FITC-HPA. Notably, FITC-HPA
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Fig. 4. GalNAc-containing glycoconjugates are sensitive to trypsin exposure.
Lysates of P. arabicus midguts were incubated with bovine trypsin and
analyzed by SDS PAGE and Western blot with HPA. Two concentrations of
trypsin were used: 4 and 20 units. In control (0), the extract was mixed with
TriseNaCl buffer only.

In previous studies of ‘specific’ Leishmaniaesand fly interactions exemplified by P. papatasi and L. major, LPG was
found to be a major determinant for midgut binding, a key
step allowing the Leishmania development to fully proceed
to the metacyclic stage [1,2,4e7]. Critical to this conclusion
was the fact that LPG-deficient mutants, such as the lpg1 mutants studied in this context, failed to bind to the P. papatasi
midgut and did not survive in this specific sand fly vector. In
contrast, we found that the lpg1 parasites resembled wild
type Leishmania in two other sand flies qualified as permissive
vectors, L. longipalpis and P. arabicus, as they attach to the
midgut and produced a high proportion of sand fly females
with heavy parasite loads. As a control, we confirmed previous
results showing that the same lpg1 mutant did not survive
following blood meal digestion in a specific vector, P. papatasi [2]. The results are consistent with those obtained with another Leishmania species; Rogers et al. [18] found that lpg1
mutants of the New World species L. mexicana could survive
and complete their development in L. longipalpis. This showed
that LPG was not essential for attachment of L. major and L.
mexicana in this permissive vector.
The binding of L. major to P. papatasi midguts is mediated
by galactose-modified phosphoglycan repeating units which
comprise the bulk of LPG, as shown by the inability of the
LPG-galactosylation mutant Spock to survive in the sand flies
[6]. Galactose-modified phosphoglycan repeating units also
occur on other abundant parasite surface glycoconjugates
such as proteophosphoglycans, which are unaffected in the
lpg1 mutants [15]. The lpg2 mutant, which lacks phosphoglycans through deletion of the golgi GDP-mannose transporter required for phosphoglycan repeating unit synthesis
[19], failed to develop in sand flies due to their sensitivity to
midgut conditions [2,20], and thus parasite survival cannot
be used to assess the adherence step of their development in
the sand fly midgut. We also explored the use of the parasite
binding assay to sand fly midguts described by Pimenta
et al. [4,5] to confirm the role of GalNAc-displaying glyconjugates more directly. However, this method did not yield
consistent parasite binding (data not shown), and further technical advances will be required to develop improved methods
to quantify parasite binding in permissive sand flies.
Two further observations support the hypothesis that LPG
is not essential for attachment of Leishmania in permissive
sand fly species and that GalNAc-containing glycoproteins
are involved in the novel mechanism of attachment. First,
these glycoproteins specifically bound to the surface of Leishmania promastigotes (Fig. 5 A-E). Second, HPA lectin showed
specific localization of GaLNAc-containing epitopes on the
microvillar border of the midgut (Fig. 5F,G), the location
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Fig. 5. (AeE) GalNAc-containing glycoproteins bind to Leishmania surface and are present on the microvillar surface of the midgut. (A) Reaction of midgut lysate
of permissive species P. halepensis visualized by fluorescein-labelled lectin HPA. (B) The binding of HPA-reactive midgut proteins inhibited by preincubation of
Leishmania with GalNAc (parasites incubated with 250 mM GalNAc, washed and incubated with midgut lysate followed by FITC-HPA as in (A). (C) Reaction
inhibited by pre-incubation of FITC-HPA with GalNAc. (D) Control without midgut lysate. (E) As in (A) but midgut lysate of specific vector P. papatasi was used
instead of P. halepensis. (F) Section of Lutzomyia longipalpis midgut, positive reaction of FITC-HPA. (G) Another section, negative control (lectin preincubated
with GalNAc).

required for the attachment of parasites inside the sand fly
midgut. A similar location of HPA-binding epitopes was previously demonstrated in L. longipalpis by electron microscopy
[21].

Our data suggest that in several sand flies that are permissive to development of different Leishmania, the dominant factor mediating parasiteemidgut interaction does not arise from
interactions of LPG with sand fly lectins. Instead, the
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‘‘adherence paradigm’’ may be inverted, in that there appears
to be a lectinecarbohydrate interaction involving sand fly
GalNAc-containing glycoproteins with a parasite lectin-like
receptor. Potential candidates for this receptor are heparinbinding proteins and lectin-like molecules, reported previously
in various Leishmania species, some of which occur on the cell
surface and bound GalNAc [22e25]. Heparin-binding and
lectin-like activities are known to participate in adhesion of
Leishmania to host phagocytes [22,26,27] and our studies
now extend their function into permissive sand fly vectors.
Identification of a conserved sand fly GalNAc ligandeparasite interaction in several permissive sand fly vectors provides
a useful perspective on the successful adaptation of Leishmania to other sand flies than the specific ones, often as a result
of humans activities. An important example is the introduction
of L. infantum (syn. L. chagasi) from the Mediterranean to
Latin America [28]. In Southern Europe, this parasite is transmitted to dogs and to humans by P. perniciosus [17] (a species
with GalNAc-containing glycans; Fig. 2B) and related species
of subgenus Larroussius [17]. When European colonists arrived with their dogs in Latin America, the parasite was able
to switch to a new permissive host/vector, Lutzomyia longipalpis. Similar explanations may underly other parasiteehost/
vector interactions or vectorial shifts that are due to modification of surface molecules of the parasite, such as transmission
of atypical L. tropica strains in northern Israel [29]. Due to
modifications of LPG [30] this L. tropica is not able to develop
in the specific vector P. sergenti [14], but can develop in a permissive vector P. arabicus [14], a species the midgut of which
was shown to contain GalNAc-displaying glycoproteins
(Fig. 2B).
Our findings are not in conflict with those that establish the
role of LPG receptors in specific vectors that lack midgut glycoproteins with terminal GalNAc. In these species, alternative
parasite recognition sites expressed by P. papatasi and P. sergenti has in turn led to development of highly branched and
species-specific LPG structures in L. major and L. tropica.
This has enabled these parasites to take advantage of two
widely distributed sand fly species that are inherently refractory to other Leishmania species. On the other hand, Leishmania species, like L. donovani complex, that express
unsubstituted or poorly substituted LPG rely on broadly permissive sand fly vectors with GalNAc epitopes in the midgut.
Thus, while the L. major LPG/P. papatasi PpGal interactions
assessed an elegant example of parasiteevector co-evolution
[1,7], the present data and other recent analysis indicate that
another couple of interacting molecules may dominate in certain permissive sand flies. We suppose that this new mechanism of attachment is relevant also for the midgut phase of
development of the peripylarian Leishmania of the subgenus
Viannia.
We wish to emphasize that the present distinction within
the sand fly species into two categories, e.g., ‘specific’ or ‘permissive’ to Leishmania species, should be considered provisional. Indeed, many parasiteesand fly combinations have
not been tested, due to the difficulty of carrying out such
experiments, and experimental techniques differ amongst
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investigators. As knowledge grows these concepts will be
further refined, however they provide a useful working frame
presently. Similarly, whether the LPG-independent development seen within the permissive species L. longipalpis or
P. arabicus hosting lpg1 L. major or L. longipalpis hosting
lpg1 L. mexicana [18], will be generalized to all permissive
sand flies remains to be determined. In fact, previous studies
showed that LPG-deficient L. donovani mutants were unable
to survive within P. argentipes [2], a broadly permissive vector
with GalNAc epitopes expressed on midgut glycoproteins
(Fig. 2B). Potentially this ‘LPG-dependent permissive’ fly interaction reflects differences in experimental methods, specific
parasite and/or sand fly colonies studied. Our studies establishing the presence of a dominant, LPG-independent interaction
of parasites within certain permissive sand fly vectors is
clearly a step in advancing our knowledge of this complex
biological system. The next step would be a more detailed
characterization of molecules involved in this new attachment
mechanism.
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Abstract
Development of Leishmania infantum/Leishmania major hybrids was studied in two sand ﬂy species. In Phlebotomus papatasi, which
supported development of L. major but not L. infantum, the hybrids produced heavy late-stage infections with high numbers of metacyclic promastigotes. In the permissive vector Lutzomyia longipalpis, all Leishmania strains included in this study developed well. Hybrids
were found to express L. major lipophosphoglycan, apparently enabling them to survive in P. papatasi midgut. The genetic exchange of
the hybrids thus appeared to have enhanced their transmission potential and ﬁtness. A potentially serious consequence is the future
spread of the hybrids using this peridomestic and antropophilic vector.
 2007 Australian Society for Parasitology Inc. Published by Elsevier Ltd. All rights reserved.
Keywords: Leishmania transmission; Parasite–vector interaction; Emerging diseases

Recently, Ravel et al. (2006) described natural genetic
hybrids between Leishmania infantum and Leishmania
major. These two Leishmania species are transmitted by
diﬀerent sand ﬂy vectors to diﬀerent mammalian reservoir
hosts. Human L. infantum infection is a zoonosis with dogs
acting as the main reservoir. It causes potentially fatal visceral disease and in Southern Europe it has been associated
with human immunodeﬁciency virus (HIV)-positive
patients (for review see Gramiccia and Gradoni, 2005).
Throughout the Mediterranean, it is transmitted by about
a dozen sand ﬂy species of the subgenus Larroussius (Killick-Kendrick, 1999). In contrast, L. major circulates in
arid and semi-arid areas between rodents, causing self-healing cutaneous lesions in humans (for review see Gramiccia
and Gradoni, 2005). In the Middle East and Magreb area it
is transmitted by Phlebotomus (Phlebotomus) papatasi (Killick-Kendrick, 1999). The discovery of natural hybrids
*
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between these very divergent Leishmania species raised
many questions about the genetic exchange processes of
Leishmania and possible circulation of hybrids under natural conditions (Ravel et al., 2006). This led to the current
study on experimental infections of L. infantum/L. major
hybrids in sand ﬂies.
Laboratory studies examining the development of diﬀerent Leishmania strains in a range of sand ﬂy species showed
that these vectors fall into two groups. Few sand ﬂy species
are speciﬁc vectors as they display remarkable speciﬁcity
for the Leishmania they transmit. For example, P. papatasi
supports the development of L. major but not other parasite species tested (Killick-Kendrick et al., 1994; Pimenta
et al., 1994). In contrast, most of the other sand ﬂy species
examined to date support the development of a broad
range of Leishmania species and fall into the second group
called permissive vectors (Volf and Myskova, 2007; Myskova et al., 2007). These include Phlebotomus species transmitting parasites of the Leishmania donovani complex
(Pimenta et al., 1994; Myskova et al., 2007) and Lutzomyia
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longipalpis, the New World vector of L. infantum (Walters
et al., 1993). We have chosen one member of each sand ﬂy
group to compare their susceptibility to infection by the
hybrids and their presumed parental species, to evaluate
their diﬀerences in ﬁtness.
Diﬀerences were found between hybrids and parental
Leishmania species in their development in P. papatasi.
This led us to study lipophosphoglycan (LPG), the major
surface molecule of the parasite, which is critical for
L. major to establish infection in P. papatasi (Pimenta
et al., 1992). Terminal galactosyl residues of L. major
LPG are recognized by the P. papatasi midgut receptor
PpGalec (Kamhawi et al., 2004). The speciﬁc LPG-dependent attachment of Leishmania promastigotes to the
P. papatasi midgut receptor enables the parasite to avoid
expulsion when the sand ﬂy defecates (Kamhawi et al.,
2004). We found that the hybrids were recognized by the
mAbs speciﬁc to b1,3-galactosyl-residues unique for LPG
and secreted proteophosphoglycan of L. major (Kelleher
et al., 1994; Ilg et al., 1996).
Four Leishmania strains were used: L. major LV561
(MHOM/IL/67/LRC-L137 Jericho II), L. infantum OGVL (MHOM/TR/2000/OG-VL) and two hybrid strains
isolated in the Leishmanioses Unit, Lisbon, from HIVinfected patients: LEM4833 (MHOM/PT/94/IMT208)
and LEM4891 (MHOM/PT/2004/IMT367). Parasites were
maintained on 199 medium (Sigma) supplemented with
20% FCS (Gibco) and gentamycin (50 lg/ml). Laboratory
colonies of P. papatasi (originating from Sanliurfa, Turkey)
and L. longipalpis (Jacobina, Brazil) were maintained at
25–26 C under a photoperiod of 14 h light/10 h dark.
Female sand ﬂies were fed through a chick-skin membrane
with 5-day-old promastigotes (density of 106 cells per ml) in
heat-inactivated rabbit blood. Blood-engorged females
were separated, maintained at a constant temperature of
25 C and sacriﬁced on days 2, 7 and 10 after the blood
meal. The location and number of promastigotes in the
midgut was estimated under a light microscope. Parasite
density was graded according to accepted criteria (Cihakova and Volf, 1997), i.e. <100, 100–1000 and >1000 parasites/gut were graded as low, medium and heavy infection,
respectively. Data were statistically evaluated using the
Statgraphics 4.2 programme (Manugistics, Rockville,
MD). Numbers of sand ﬂies from four experiments were
pooled and infection rates were statistically compared
using a X2 test. In addition, P. papatasi midgut smears were
ﬁxed with methanol, stained with Giemsa and microscopically examined as described by Cihakova and Volf (1997).
Brieﬂy, the position of kinetoplast in relation to the nucleus
was examined and body length, body width and ﬂagellar
length were measured. Parasite stages were classiﬁed
according to descriptions given by Walters (1993). Metacyclic promastigotes were distinguished by ﬂagellum at least
2.0 times the body length.
In L. longipalpis all parasite strains used developed well
by producing high infection rates and a high percentage of
heavy infections in all intervals studied (Fig. 1a). Infection

rates of hybrids varied from 58% to 82% on days 2, 7 and
10 p.i. In general, both hybrid development in L. longipalpis was similar to both parental controls, i.e. L. infantum
and L. major. On day 10, infection rates of hybrid H3
resembled those of L. major while hybrid H1 produced
infection rates similar to L. infantum (Fig. 1b). Colonization of the stomodeal valve was observed in the majority
of infected females in all Leishmania strains used.
In P. papatasi (Fig. 1b) the highest infection rates were
observed with L. major. In this positive control, the infection
rate was about 70% and heavy infection 50% on day 10 p.i.
On day 10 the colonization of the stomodeal valve was
observed in 91% of infected females and metacyclic promastigotes represented 21% of morphological stages found
in smears from late-stage infections. In contrast, L. infantum
parasites were only detectable on day 2 and were absent in
P. papatasi females examined on days 7 and 10.
Hybrid strains produced late-stage infections (on days 7
and 10 p.i.) in 35–58% of P. papatasi females, reaching
heavy infections in about 15% on day 10 (Fig. 1b). The
two diﬀerent hybrids did not diﬀer signiﬁcantly in their
infection rates until day 7 (P < 0.001). Importantly, both
hybrids developed signiﬁcantly better than L. infantum
(P < 0.001 on every recorded day), although less eﬃciently
than L. major (P < 0.05 on day 2, P < 0.001 on days 7 and
10) in P. papatasi (Fig. 1b). By day 10, hybrids had reached
the stomodeal valve in half of infected females (50% and
59% for LEM4891 and LEM4833, respectively) heavily
colonizing this part of the gut on some occasions (38%
for LEM4891 and 18% for LEM4833). Metacyclic promastigotes represented about 11% of morphological stages
found in smears from late-stage infections (9.3% for
LEM4891 and 13.3% for LEM4833).
Mouse mAb WIC 79.3 (Kelleher et al., 1994) was used
for detection of L. major LPG by indirect immunoﬂuorescent microscopy and by direct agglutination. For immunoﬂuorescent studies, promastigotes from 4-day-old culture
(log phase) were washed in PBS (150 mM NaCl, pH 7.4)
and adjusted to 107 cells per ml. Drops (10 ll) were airdried on slides and ﬁxed in methanol. The slides were
washed in PBS and incubated for 30 min at room temperature with ascites ﬂuid from hybridoma-bearing mice
diluted to 1:500 in PBS. The promastigote-bound antibodies were detected with Alexa Fluor 488 goat anti-mouse
IgG (Molecular Probes) diluted to 1:500 in PBS. Parasites
were then mounted in Vectashield mounting medium with
propidium iodide (Vector Laboratories) and checked under
an Olympus BX51 ﬂuorescent microscope. In negative
controls the diluted ascites ﬂuid was replaced with PBS.
Indirect ﬂuorescence (Fig. 2) revealed the mAbs had a
high reactivity with promastigotes of L. major (positive
control) and no reaction with those of L. infantum (negative control). Intermediate ﬂuorescence intensity was
observed in hybrids. Their reaction with WIC 79.3 antibodies was weaker than that seen in the positive control.
In most cases, a ‘‘patchy’’ reaction was observed in the
hybrids (Fig. 2). No reaction was observed in negative
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Fig. 1. Development of Leishmania hybrids in Lutzomyia longipalpis and Phlebotomus papatasi. Infection rates and density of Leishmania major (MA),
Leishmania infantum (IN), hybrid LEM4891 (H1) and hybrid LEM4833 (H3) in sand ﬂy midgut on days 2, 7 and 10 p.i. Infections were classiﬁed into three
categories: heavy (more than 1000 promastigotes per gut) – black bars, moderate (100–1000) – grey bars, light (1–100) – white bars. Numbers above the
bars indicate the number of dissected females. (a) Development in L. longipalpis: the infection rate and the intensity of infection did not diﬀer between
Leishmania strains studied. (b) Development in P. papatasi: on days 7 and 10 p.i., the infection rate and the intensity of infection signiﬁcantly diﬀered
between L. major, hybrids and L. infantum.

controls where ascites ﬂuid was replaced with PBS (data
not shown).
In agglutination assays, suspension of promastigotes
(2 · 107 cells per ml) was mixed with an equal volume of
WIC 79.3 antibodies in PBS containing 5% FCS and incubated at room temperature for 1 h. After gentle mixing, the
number of single, unagglutinated promastigotes was
determined in a hemocytometer. Monoclonal antibodies
agglutinated promastigotes of both hybrid strains. Agglutination proﬁles conﬁrmed that the amount of surface LPG

expressed by hybrids was lower than in the control
L. major strain. In contrast, L. infantum promastigotes
were not agglutinated by a high concentration of mAbs
(Fig. 3).
Experimental infection of diﬀerent sand ﬂy species with
hybrids and their presumed parental parasites revealed
striking diﬀerences. While all Leishmania strains tested
developed well in the permissive vector L. longipalpis, not
all were able to do so in P. papatasi. In this speciﬁc vector,
L. major and both hybrid strains produced late-stage
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Fig. 2. Detection of Leishmania major lipophosphoglycan using speciﬁc mAbs. (a) Indirect immunoﬂuorescence of L. major (MA), Leishmania infantum
(IN), hybrid LEM4891 (H1) and hybrid LEM4833 (H3) with WIC 79.3 antibodies. Note the intermediate phenotype of hybrids. (b) Same by diﬀerential
interference contrast (Nomarski).
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Fig. 3. Agglutination proﬁles of Leishmania hybrids with mAbs. Leishmania major (MA), Leishmania infantum (IN), hybrid LEM4891 (H1) and
hybrid LEM4833 (H3) were incubated with WIC 79.3 to detect the
localization of L. major lipophosphoglycan on parasite surface.

infections (7 and 10 days p.i.) and colonized the stomodeal
valve, while L. infantum was defecated from the midgut
with blood meal remains and did not develop further.
Results obtained with the L. infantum–P. papatasi pair conﬁrmed that the speciﬁcity of parasite–vector interaction is
conﬁned to late-stage development when parasites must
attach to the midgut epithelium of the vector (review by
Kamhawi, 2006). Our study further supports the hypothesis that LPG has a crucial role in the attachment of
L. major to P. papatasi midgut. Both hybrid strains posses
L. major LPG, as shown by indirect immunoﬂuorescence
and agglutination with WIC 79.3 antibodies. The presence
of this LPG appears to enable them to attach to the
P. papatasi midgut, apparently via PpGalec receptors.
During their life cycle, Leishmania parasites adapt themselves to varied and heterogeneous environments; those of
insect vectors and vertebrate hosts diﬀer in temperature,
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pH and many other parameters. Sexual recombination is
conventionally believed to play a major role in organismal
adaptive evolution. Therefore, one might expect such an
event to occur in parasites, such as Leishmania spp., to
ensure their ﬁtness for survival in varying environments.
In Leishmania, however, details of sexuality and genetic
exchange remain elusive. Genetic exchange seems to be
extremely rare under natural conditions (Tibayrenc and
Ayala, 1999) and it was not possible to obtain hybrids by
experimental crossings. As reviewed by Victoir and Dujardin (2002), Leishmania strains have developed non-sexual
mechanisms for generating the large repertoire of genotypes and these asexual mechanisms contribute eﬃciently
to parasite ﬁtness. This postulation was made in light of
the paradigm that parasites are more successful without
sex (Ayala, 1998; Victoir and Dujardin, 2002). However,
our study showed that ﬁtness of L. major/L. infantum
hybrids was increased when compared with L. infantum.
Genetic exchange appears to have conferred on the latter
a certain level of L. major LPG that enables the hybrid parasites to survive in a speciﬁc vector, P. papatasi. This means
that sex have increased the transmission potential of
hybrids and positively aﬀected parasite ﬁtness.
The ﬁnding of Leishmania hybrids’ ability to develop in
P. papatasi may have important epidemiological implications. Phlebotomus papatasi is wide-spread in Europe,
Africa and Asia, particularly in those areas that lie between
20 and 45 degrees in the northern latitudes. It breeds as far
west as Portugal, throughout the Mediterranean littoral,
the Adriatic region, the Balkans, the Middle East, North
Africa, Central Asia and India. It is a peridomestic and
antropophilic sand ﬂy, reaching high densities in many
places. In addition to its well-known aggressive behaviour
in biting humans, P. papatasi transmits phleboviruses and
zoonotic cutaneous leishmaniases caused by L. major
(review by Lewis and Ward, 1987; Lane, 1993). On the
other hand, this sand ﬂy is not a vector of visceral leishmaniases because it is refractory to infection by L. infantum
and L. donovani (Pimenta et al., 1994; Myskova et al.,
2007). Our ﬁndings revealed that L. infantum/L. major
hybrids causing visceral disease in HIV-positive patients
develop heavy late-stage infections in P. papatasi. This suggests that in nature, and particularly in Europe, hybrid
strains may circulate by using this sand ﬂy vector, thereby
increasing the risk of their spreading into new foci throughout the broad range of P. papatasi distribution.
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Distinct Transmission Cycles of
Leishmania tropica in 2 Adjacent
Foci, Northern Israel
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Transmission of Leishmania tropica was studied in 2
adjacent foci in Israel where vector populations differ. Only
Phlebotomus sergenti was found infected with L. tropica in
the southern focus; P. arabicus was the main vector in the
northern focus. Rock hyraxes (Procavia capensis) were
incriminated as reservoir hosts in both foci. L. tropica
strains from the northern focus isolated from sand flies,
cutaneous leishmaniasis cases, and rock hyraxes were
antigenically similar to L. major, and strains from the southern focus were typically L. tropica. Laboratory studies
showed that P. arabicus is a competent vector of L. tropica,
and P. sergenti is essentially refractory to L. tropica from
the northern focus. Susceptibility of P. arabicus may be
mediated by O glycoproteins on the luminal surface of its
midgut. The 2 foci differ with respect to parasites and vectors, but increasing peridomestic rock hyrax populations
are probably responsible for emergence of cutaneous
leishmaniasis in both foci.

eishmaniases are parasitic diseases with a wide range
of clinical symptoms and currently threaten 350 million
persons in 88 countries (1). In Israel and its vicinity,
Leishmania major and L. tropica cause cutaneous leishmaniasis (CL), and L. infantum can result in visceral leishmaniasis (2). Until recently, relatively little information was
available on the epidemiology of CL caused by L. tropica
in this region. Outbreaks were not investigated, and cases
were usually grouped together with CL cases caused by L.
major (3). However, in recent years, new foci of CL caused
by L. tropica are emerging in different parts of the country,
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such as the Galilee region of northern Israel and the Judean
Desert east of Jerusalem that warrant thorough investigations (4,5). Clinically, lesions caused by L. tropica last
longer and are more difficult to treat than those caused by
L. major (6). Although L. tropica can be anthroponotic, foci
in Israel appear to be zoonotic, with rock hyraxes (Procavia
capensis) serving as probable reservoir hosts (4).
Leishmania development in sand flies is facilitated by
interaction with midgut molecules of the vector.
Laboratory studies showed that sand flies are composed of
2 groups. Species such as Phlebotomus (Phlebotomus)
papatasi, the vector of L. major and P. (Paraphlebotomus)
sergenti, the main vector of L. tropica, show specificity for
Leishmania they transmit in nature (7,8). Conversely,
species such as Lutzomyia longipalpis, the vector of L.
infantum in South America, and many others are permissive and support development of several Leishmania spp.
(8,9).
Studies performed with L. major and P. papatasi
showed that attachment in the midgut is mediated by the
major surface glycoconjugate of promastigotes, lipophosphoglycan (LPG), which interacts with PpGalec, a galactose-binding molecule in the midgut of P. papatasi (10).
However, the mechanism of attachment may be redundant,
and another molecule on the promastigote flagellum may
be involved (11).
Recently, the susceptibility of phlebotomine sand flies
to Leishmania parasites was shown to correlate with Olinked glycoproteins in sand fly midgut (P. Volf, unpub.
data). The permissive species have O-glycosylated epitopes on the luminal midgut surface, which may serve as
binding sites for lectinlike components found on the surface of parasites (12,13). We compare midgut glycosylation patterns of 2 sand fly species, P. (Adlerius) arabicus
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and P. (Paraphlebotomus) sergenti that transmit L. tropica
in 2 adjacent foci in the Galilee region of northern Israel.
L. tropica is genetically heterogeneous, and strains are
readily distinguishable by antigenic, biochemical, and
molecular techniques (14–16). We report findings of
extensive studies in 2 adjacent CL foci that demonstrate
conclusively that both vector species and parasite strains
from the northern focus are different from those in the
southern focus, a mere 10 km away (Figure 1).
Materials and Methods
Study Area

Studies were conducted in 2 adjacent foci in the Galilee
region of northern Israel (Figure 1). The northern focus
comprises several villages situated on generally south-facing slopes ≈5 km north of Lake Kinneret in the eastern
lower Galilee of northern Israel (32°55′N, 35°36′W). The
area investigated encompasses the villages of Amnun (at
sea level), Karkom (100–150 m above sea level), and
Korazim (150 m above sea level), which have ≈1,200
inhabitants living in ≈300 single-family houses surrounded by gardens and built on basalt rock. Many boulders
from the cleared land have been piled into large heaps separating individual plots and surrounding the villages.
These boulder mounds are inhabited by numerous rock
hyraxes (P. capensis).
The southern focus includes the city of Tiberias
(32°47′N, 35°32′W; population = 38,952). Studies were
conducted in the outskirts of urban neighborhoods, where
boulder mounds were inhabited by large populations of
rock hyraxes. These neighborhoods are built on north- to
northeast-facing slopes.
Collection, Dissection, and Identification of Sand Flies

Sand flies were trapped by using CDC light traps (John
W. Hock, Gainesville, FL, USA) in September 2002 and
2004. Dead flies were stored in 70% alcohol and identified
by using several keys (17–19). Live female flies were
immobilized on ice, rinsed briefly in 96% ethanol, and dissected in 0.9% sterile saline. Guts were microscopically
examined for parasites. Heads and genitalia were used for
identification. Guts containing promastigotes were aseptically placed in glass vials (2.5 mL) containing blood agar
made from defibrinated rabbit blood overlaid with a 1:1
mixture of RPMI 1640 medium and Schneider Drosophila
cell culture medium supplemented with 10% fetal calf
serum (Sigma, Saint Louis, MO, USA, and Gibco-BRL,
Gaithersburg, MD, USA), 10,000 IU penicillin (Biotika,
L’upca, Slovakia), 100 µg/mL amikacin (Bristol-Myers
Squibb, Princeton, NJ, USA), and 1,500 µg/mL 5-fluorocytosine (Sigma). Some data on Leishmania isolates from

Figure 1. Leishmania tropica foci near Lake Kinneret in the Galilee
region of Israel. Inset shows the location of the foci (circle). W.
Bank, West Bank.

the northern focus were obtained from our previously published results.
Collection of Animals

Rock hyraxes were trapped by using raccoon traps
(http://www.havahart.com) baited with fresh leaves and
anesthetized with ketamine (10 mg/kg given intramuscularly). Samples of blood and skin were obtained for parasite culture and blotted onto filter paper for PCR analysis.
Animals were released at the site of capture. Skin biopsy
specimens were homogenized and placed in blood agar
culture medium in flat tubes (Nunclon; Nunc Nalgene
International, Rochester, NY, USA). Rats (Rattus rattus)
were trapped by using steel mesh traps (Tomahawk Live
Trap Co., Tomahawk, WI, USA) placed in sewers and rock
crevices. Spiny mice (Acomys cahirinus) were captured by
using Sherman traps (H.B. Sherman Traps, Tallahassee,
FL, USA). Rodents were anaesthetized with ketamine/
xylazine (150 mg/kg and 15 mg/kg, respectively, given
intraperitoneally). Blood from the tip of the tail was blotted on filter paper. Ear biopsy specimens were treated as
described for hyraxes. Cultures were checked at 4–7-day
intervals for 1 month.
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DNA Extraction

The ribosomal internal transcribed spacer region 1
(ITS1) was amplified with Leishmania-specific primers.
ITS1 PCR products showing a Leishmania-specific band
on agarose gels were digested with HaeIII for species identification (22). Restriction fragments were subjected to
electrophoresis on agarose gels and compared with DNA
of L. infantum (Li-L699), L. major (Lm-L777), and L.
tropica (Lt-L590).

ed by membrane feeding on heat-inactivated rabbit blood
containing 5×105 promastigotes/mL. Fed females were
maintained at 23°C and dissected on day 9 after feeding,
when infections were mature. Guts were checked microscopically for Leishmania promastigotes. Infection intensity was scored as light (<50 promastigotes/gut), moderate
(50–500 promastigotes/gut), and heavy (>500 promastigotes/gut). L. tropica strains from the northern (IARA/IL/
2001/L810, Amnunfly1) and southern (MHOM/IL/2001/
L-836, Tiberias) foci were used for comparing susceptibility of sand flies to local strains. Promastigotes from the
same culture and sand flies from the same batch were used
in individual experiments. For every combination, the
experiment was repeated twice. Statistical tests were performed by using Statgraphics version 4.2 software
(StatPoint, Englewood Cliffs, NJ, USA).

Antigenic Characterization of Parasite Isolates

Glycosylation of Sand Fly Midguts

Initial screening of isolates was performed by using gel
diffusion of glycoconjugates secreted into culture media
(excreted factor) and several antileishmanial serum samples (23). Leishmania-specific monoclonal antibodies
(MAbs) were used in indirect immunofluorescent antibody
(IFA) assays to determine surface antigenic characteristics
of parasites (14). Briefly, promastigotes from primary cultures of new isolates and controls of L. infantum (LiL699), L. major (Lm-L777), and L. tropica (Lt-L590) were
placed in wells of fluorescent antibody slides (Bellco Glass
Inc., Vineland, NJ, USA), dried, and fixed in cold acetone.
Slides were blocked with 5% fetal bovine serum in phosphate-buffered saline (PBS) for 1 hour at room temperature. Mouse MAbs specific for L. major (T1), L. tropica
(T11, T14, and T15), L. tropica/L. major (T3), and L.
infantum/L. donovani (D2) were applied for 1 hour at
37°C. Goat anti-mouse immunoglobulin G conjugated
with fluorescein isothiocyanate was applied for 40 minutes
at 37°C in the dark. The preparations were washed 3 times
with PBS plus 5% Tween 20 between incubations. Slides
were mounted in 3% DABCO (Sigma) in PBS/glycerol
and viewed with an Axiovert microscope (Zeiss,
Göttingen, Germany).

Midguts were dissected from 5- to 10-day-old P. sergenti and P. arabicus females. Midgut proteins were separated by sodium dodecyl sulfate–polyacrylamide gel
electrophoresis on 10% gels under reducing conditions in
a Mini-Protean III apparatus (Bio-Rad Laboratories,
Hercules, CA, USA) at 200 V. Gels were stained with
Coomassie brilliant blue R-250 or transferred to nitrocellulose membranes by using a Semiphor unit (Hoefer
Scientific Instruments, San Francisco, CA, USA). Western
blotting was performed for 90 minutes at 1.5 mA/cm2.
Membranes were incubated with 20 mmol/L Tris, 150
mmol/L NaCl, 0.05% Tween (TBS-Tw) with 5% bovine
serum albumin for 2 hours and then with Helix pomatia
agglutinin (HPA) biotinylated lectin, which recognizes Nacetyl-D-galactosamine (GalNAc), a typical carbohydrate
in O-glycans. In the control groups, HPA reactions were
competitively inhibited by preincubation with 250 mmol/L
GalNAc for 30 minutes. After repeated washing in TBSTw, blots were incubated for 1 hour with streptavidin peroxidase in TBS-Tw. The peroxidase reaction was
developed with the substrate 4-chloro-1-naphthol. All
chemicals for lectin blotting were obtained from Sigma.

DNA from wild-caught sand flies kept frozen or preserved in 100% ethanol was extracted as previously
described (20). DNA from filter paper disks was extracted
by using the phenol-chloroform method (21).
Detection and Identification of
Leishmania infections by PCR

Random Amplified Polymorphic DNA Analysis
Experimental Infection of Sand Flies

Laboratory colonies of P. sergenti and P. arabicus were
established from gravid females caught in the northern
focus. The colonies were maintained at 23°C–25°C, 100%
humidity, and 14:10 light:dark photoperiod. Adults had
access to cotton wool soaked in 50% honey. Females were
allowed to feed twice a week on mice anaesthetized with a
ketamine/xylazine mixture (150 mg/kg and 15 mg/kg). Fed
females were placed in plaster of paris–lined oviposition
containers, and larvae were maintained on a decaying rabbit feces/rabbit chow mixture (24). Sand flies were infect1862

Twenty wild-caught sand flies morphologically identified as P. sergenti, 10 from the northern focus and 10 from
the southern focus, were included in the analysis. Two flies
from Tulek, Turkey, were included as an outgroup. DNA
from thoraxes was extracted by using the High Pure PCR
template preparation kit (Roche, Paris, France). Five
decamer random primers (OPD5, OPE4, OPI1, OPI14, and
OPI18; Operon Technologies Inc, Alameda, CA, USA)
were used. The reaction mixture contained 12.5 µL master
mixture (75 mmol/L Tris-HCl, pH 8.8, 20 mmol/L
(NH4)2SO4, 0.001% Tween 20, 800 µM deoxynucleotide
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triphosphate mixture), 2.5 U Taq polymerase, 1.5 mmol/L
MgCl2, 2 µL primer (10 pmol), and 8 µL double-distilled
water in a final volume of 25 µL. Random amplified
polymorphic DNA (RAPD) reactions were performed in a
PTC-200 thermocycler (MJ Research Inc., Waltham, MA,
USA) and subjected to 45 amplification cycles. PCR products were separated by electrophoresis on a 2% agarose gel
in Tris-acetate EDTA buffer at 80 V for 3 hours and stained
with ethidium bromide.
ITS2 Sequencing

DNA samples for RAPD analysis were used for ITS2
sequencing. One specimen from each study area was
included as previously described (25).
Results
Sand Fly Species

A total of 1,491 sand flies (7 species, 4 subgenera) from
the northern focus and 876 sand flies (7 species, 4 subgenera) from the southern focus were identified. Phlebotomine
fauna in the southern focus were relatively species poor
with P. (Paraphlebotomus) sergenti comprising >90% of
the flies. The most striking difference in the species composition between the foci was the absence of P. (Adlerius)
arabicus and P. (Adlerius) simici from the southern focus,
both of which were prominent species in the south-facing
slopes of the northern focus (Table 1) (26).
Leishmania Infections in Sand Flies

To detect infections and obtain parasite isolates, sand
fly females were dissected in sterile saline and guts were
examined microscopically. Four (6.6%) of 61 P. arabicus
and 1 (0.8%) of 125 P. sergenti from the northern focus
had promastigotes in their guts. Infection intensity in P.
sergenti from the northern focus was low, but all P. arabicus had heavy, mature infections. A total of 213 flies from
the southern focus were dissected; 196 were P. sergenti,
and 19 (9.7%) had promastigotes. Eleven of these females
had heavy infections, and 8 had moderate-to-light infections. All infected females were caught at 1 sublocality in
the southern focus, where the local infection rate was

19.6%. Promastigote cultures were established from 4 P.
arabicus and 1 P. sergenti captured in the northern focus
and from 18 P. sergenti females captured in the southern
focus (Table 2). None of the other sand fly species were
infected.
Sand flies that were not dissected fresh were kept
frozen and were subjected to ITS1 PCR for detection of
Leishmania. Nine (18%) of 50 P. sergenti females from
the southern focus were positive for Leishmania ribosomal
DNA. HaeIII digestion of the ITS1 PCR products confirmed that all P. sergenti had L. tropica (Figure 2).
Identification of Infections in Mammals

Rodents collected in the northern focus were tested for
L. tropica infection by ITS1 PCR. Dried blood and skin
samples from 28 rats (R. rattus) and 46 spiny mice (A.
cahirinus) were negative for Leishmania DNA. Eight of 73
rock hyraxes from the northern focus and 6 of 46 rock
hyraxes from the southern focus were positive for L. tropica DNA by ITS-1 amplification and reverse-line blotting
using sequence-specific probes (data not shown). Of the
positive animals, 11 were adults (9 females and 2 males)
and 1 was a juvenile male. Parasites from 1 rock hyrax
captured in the northern focus were cultured and identified
by ITS1 PCR and digestion with HaeIII (Figure 3).
Antigenic Characterization of Leishmania Isolates

IFA assays with species-specific MAbs were used to
characterize different isolates. L. tropica isolates from the
northern focus were antigenically distinct from all other
isolates, including those from the southern focus (Table 3).
Susceptibility of P. arabicus and P. sergenti
to L. tropica

In laboratory experiments, L. tropica parasites from the
northern focus infected only P. arabicus, and parasites
from the southern focus infected both P. arabicus and P.
sergenti. Susceptibility of P. arabicus for infection with L.
tropica strains from both northern and southern foci was
high (94% and 97%, respectively). In contrast, P. sergenti
was not permissive for L. tropica strains from the northern
focus (1 of 64 flies). Susceptibility of P. sergenti for
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infection with L. tropica from the southern focus strain
was lower (66%) than that of P. arabicus (Figure 4).
Glycosylation of Luminal Midgut Proteins

Incubation of P. sergenti midgut lysates with HPA
showed no reaction, indicating a lack of O-glycosylated
proteins (Figure 5). In contrast, an abundant glycoprotein
(37–43 kDa) was strongly labeled by HPA in P. arabicus
midgut lysates. Controls of P. arabicus midgut lysates
incubated with HPA blocked by preincubation with
GalNAc showed no reaction, which confirmed the specificity of the lectin reactions in experimental blots (Figure
5). Labeling of midguts with fluorescein-conjugated HPA
confirmed the presence of GalNAc-containing glycoproteins in the midguts of P. arabicus. Intensity of labeling in
P. sergenti midguts was weaker, which reflected a nonspecific background reaction (Figure 5).
Comparison of P. sergenti Populations by
RAPD and ITS2 Sequencing

Flies from both foci shared the same banding pattern
and differed from Turkish P. sergenti (Figure 6). ITS 2
sequences of P. sergenti from both foci were identical with
each other and nearly identical (99%) with the ITS 2
sequence of a P. sergenti specimen from the West Bank
(GenBank accession no. AF462325) (data not shown).
Discussion
We have identified 2 emerging foci of CL in which rock
hyraxes serve as reservoir hosts of the causative agent L.
tropica. Despite their geographic proximity, the 2 foci
show fundamental differences with regard to transmission
cycles. Parasites and vector species in the southern focus
are typical of most Asian zoonotic L. tropica foci, but the
northern focus is characterized by antigenically distinct
parasites that are transmitted by a newly incriminated sand
fly vector.
L. tropica is widely distributed in eastern and northern
Africa, the Middle East, and large parts of Asia. A recent
study using 21 microsatellite loci showed that L. tropica is
a genetically heterogeneous species composed of >80
genotypes. The genetic makeup of this complex suggests a
probable African origin, with isolates from the northern
focus more related to African isolates than to other strains
from the Middle East (16).
1864

The major surface molecule of Leishmania promastigotes is LPG, which has been shown to mediate attachment
of parasites to the midgut of the sand fly (8). LPG of
L. tropica from the northern focus is characterized by abundant terminal β-galactose residues on side chains.
Conversely, β-galactose residues on LPG side chains of
other L. tropica isolates are mostly capped with glucose
(27). Differences in sugar moieties may have a role in infection of P. sergenti (Figure 4). Although β-galactose residues
are present in L. major LPG, strains of L. tropica from the
northern focus were not infective to P. papatasi, the natural
vector of L. major (M. Svobodova, unpub. data) (4).
P. sergenti is probably a species complex, and its component populations show several molecular and morphologic differences (25). RAPD-PCR is a powerful tool for
estimating genetic variability and was successfully used to
compare genetic variation within and between 5 sympatric
Phlebotomus species in Spain (28). Using the same primer
sets, we did not find any differences between P. sergenti
flies from the 2 foci (Figure 6). We deduce that populations
from both foci are probably freely interbreeding.

Figure 2. A) PCR of Leishmania internal transcribed spacer region
1 (ITS1) of naturally infected Phlebotomus sergenti sand flies and
cultured Leishmania spp. controls. B) HaeIII digestion of restriction
fragment length polymorphisms of ITS1 PCR products shown in A.
Lane 1, P. sergenti female 1; lane 2, P. sergenti female 2; lane 3,
P. sergenti female 3; lane 4, L. tropica (Lt-L590); lane 5, L. major
(Lm-L777); lane 6, L. infantum (Li-L699).
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Figure 3. A) PCR of Leishmania internal transcribed spacer region
1 (ITS1) of cultured Leishmania promastigotes isolated from rock
hyrax. B) HaeIII digestion of restriction fragment length polymorphisms of ITS1 PCR products shown in A. Lane MW, molecular
mass marker; lane 1, L. infantum (Li-L699); lane 2, L. major
(Lm-L777); lane 3, L. tropica (Lt-L590); lane 4, rock hyrax.

P. sergenti is of Palaearctic origin; flies migrated into
North Africa during the Miocene era (29). Thus, L. tropica
and P. sergenti apparently originated in different continents and their geographic overlap probably arose at a later
time. P. sergenti, P. (Larroussius) guggisbergi, P.
(Paraphlebotomus) saevus, and perhaps P. arabicus are
vectors in Africa (30,31). Since L. tropica variants from
both foci develop in P. arabicus, but only the variant from
the southern focus completes development in P. sergenti,
we postulate that L. tropica was initially transmitted by P.
arabicus or another permissive vector such as P.
(Adlerius) halepensis (9). The more common transmission
cycle is a later adaptation to P. sergenti, a dominant, widely distributed phlebotomine species.

Refractoriness of P. sergenti to variants of L. tropica
from the northern focus is probably due to the lack of
HPA-binding proteins on the luminal surface of midgut
epithelium. HPA-binding epitopes are present in permissive vectors such as P. arabicus (Figure 4), P. halepensis
(P. Volf, unpub. data), and Lu. longipalpis (32). These findings support infections with multiple species of
Leishmania (9,33).
The absence of P. arabicus from the north-facing
slopes of the southern foci contrasts dramatically with its
predominance in the south-facing slopes of the northern
focus. Although a satisfactory explanation for this fact is
lacking, such phenomena are not unusual. For example,
species richness of insects was much higher in the drier
and warmer south-facing slopes of a narrow canyon
(100–400 m wide) in Mount Carmel, Israel, than in the
north-facing slope of the same canyon (34). P. arabicus is

Figure 4. Artificial infection of laboratory-reared Phlebotomus arabicus and P. sergenti with Leishmania tropica isolates from 2 foci
in Galilee, Israel. Note the high susceptibility of P. arabicus for both
strains and refractoriness of P. sergenti for the northern strain. Nf,
northern focus; Sf, southern focus.
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Figure 5. Left, female sand fly midgut lysates separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and blotted
onto nitrocellulose membranes. Blots were incubated with biotinylated Helix pomatia agglutinin (HPA) that detects O-glycosylated
proteins. Lane 1, molecular mass markers; lanes 2 and 3,
Phlebotomus sergenti; lanes 4 and 5, P. arabicus; +, preincubation
of lectin with 250 mmol/L N-acetyl-D-galactosamine; -, no preincubation. Right, reactions of fluorescein-conjugated HPA with P. arabicus and P. sergenti midgut cells.

widely distributed in Africa and the Arabian peninsula
(17), and the Galilee focus forms the northern limit of its
distribution. Since P. arabicus originates in warmer
regions, finding it in warmer, drier, south-facing slopes and
not in cooler, shadier north-facing slopes of the hills in
Galilee is not surprising (Table 1).
Rock hyraxes in both foci were found infected with L.
tropica, and 1 isolate was obtained from an adult male in
the northern focus. Although rock hyraxes were suspected
reservoir hosts of L. tropica in Africa (35,36) and have
been previously implicated in the northern focus (4), this is
the first report of a rock hyrax isolate that was identified as
L. tropica and shown to be identical to those obtained from
humans and sand flies in the same focus (Table 3).
Rock hyrax populations in many parts of Israel are
expanding rapidly and encroaching upon human habitation. They were extremely common in both foci studied,
as well as in other L. tropica foci in the region (D. Meir
and A. Warburg, unpub. data; [4,5]). In the Galilee foci,
rock hyraxes inhabit crevices within boulder mounds that
were created when land was cleared for the construction
of houses. These artificial caves also afford suitable
breeding sites for sand flies. Rock hyraxes are susceptible
to L. tropica, and infected rock hyraxes are infective to
feeding P. arabicus and P. sergenti. Sand flies are attract1866

Figure 6. Random amplified polymorphic DNA PCR banding patterns of Phlebotomus sergenti from 2 foci in Galilee, Israel. The
PCR was performed with primer OPI 1. Lane MW, molecular mass
marker; lane 2, P. sergenti from Turkey. Shown are 4 flies from the
northern focus (Nf) and 4 flies from the southern focus (Sf).

ed to rock hyraxes and prefer feeding on their snouts
(Figure 7) (37). This behavior makes them suitable as vectors because L. tropica is usually found in the skin above
the nose (R.W. Ashford, unpub. data). Furthermore, as gregarious diurnal mammals, sleeping rock hyraxes are a
readily available blood source for night-questing phlebotomine females. Lastly, rock hyraxes live for 9–10 years
in the wild (38) and constitute an efficient parasite reservoir for infecting sand flies that emerge in the spring after
their winter diapause (39). These facts indicate that that
burgeoning, peridomestic rock hyrax populations are the
primary cause of the emergence of CL caused by L. tropica in the region studied (39,40).

Figure 7. Rock hyrax (Procavia capensis). Sand flies are attracted
to these animals and prefer feeding on their snouts.
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Abstract
Quantification of Leishmania parasites in sand fly midgut is required for evaluation of
vector competence of sand flies. We compared quantitative PCR (Q-PCR) with two
“traditional” methods, estimation in situ and hemocytometer counting, to evaluate their use
in different parasite-vector combinations. Phlebotomus duboscqi and P. arabicus sand flies
were infected by Leishmania major and L. infantum, respectively, and the intensity of
Leishmania infections was determined before and after defecation of the bloodmeal (on
days 2 and 8, respectively). Estimation of parasite numbers in situ is semiquantive but
quick method that provides data about localization of infection. We recommend this
technique for low intensity infections after sand fly defecation. Hemocytometer counting is
suitable for heavily infected sand flies or for quantification of Leishmania within the
bloodmeal; Because of its relatively high cut off (60 parasites per gut), it is not useful for
low-intensity infection soon after defecation when parasites are attached to midgut. The
most accurate approach for parasite quantification in any type of sand fly infection is QPCR. It is very sensitive as it detects one parasite per gut. To get the full information about
the Leishmania development in sand flies we propose to combine various techniques as the
localization of infection is a parameter equally important to parasite numbers. The Q-PCR
(or hemocytometer counting) should be always proceeded by checking the localization of
infection under the microscope.

Introduction
In sand flies experimentally infected by Leishmania, as well in the wild-caught ones from
leishmaniosis foci, the main parameter recorded is the intensity of parasite infection, e.i. the
density of Leishmania in sand fly midgut. The intensity of late-stage infection and its
localization in the midgut are thought to be very important parameter for evaluation of
1

vector competence of the sand fly species or developmental success of the particular
Leishmania strain. Detailed comparison of data gained by various laboratories is, however,
hampered by different methodology used for parasite quantification.
Previously, two methods were used by various authors to quantify Leishmania in
sand fly midgut: the hemocytometer counting and the estimation under the light
microscope. For counting, individual midguts of infected sand flies are homogenized in the
known volume (30 or 50 ul of PBS) and released promastigotes are counted using a
hemocytometer. This method was developed first by Pimenta et al. (1994) for counting the
promastigotes bound to sand fly midguts in-vitro and subsequently used for detection of
infected sand flies and determination of Leishmania numbers in experimentally infected
sand flies (Butcher et al., 1996, Sacks et al., 2000, Kamhawi et al., 2000). In the second
method, parasite numbers are estimated in dissected midguts under the light microscope in
situ and Leishmania density is graded into 4–5 categories. This approach was used by
Killick-Kendrick et al. (1994, 1995) and subsequently, with some modifications, by our
group (e.g. Cihakova and Volf, 1997, Volf et al., 1998, Sadlova et al., 2003).
Due to recent advances in molecular methods the quantitative PCR (Q-PCR) became
routinely used in many laboratories for diagnostic purposes or for quantification of parasites
in the host tissue. In Leishmania-infected experimental hosts this technique was described
by Nicolas et al. (2002) using kinetoplast DNA. It is proved to be highly sensitive and
usefull for diagnosis of the canine leishmaniosis (Francino et al., 2006) as well as for
human clinical studies (Mary et al., 2004). As far as we know, Q-PCR was not used yet for
quantification of Leishmania in the sand fly vector.
The main aim of the present study was to compare three methods mentioned above
to evaluate their suitability for different parasite-vector combinations and to discuss their
advantages and disadvantages for various situations.

Materials and Methods:
Parasites and Vectors: Colonies of Phlebotomus arabicus (origin from Izrael) and P.
duboscqi (Turkey) were maintained at temperature 26°C, as described in details by
Benkova and Volf (2007). Leishmania major LV561 (MHOM/IL/67/LRC-L137 Jericho II)
was maintained on SNB-9 blood agar (Diamond and Herman, 1954) supplemented with 50
g/ml gentamycin. Leishmania infantum (MHOM/TR/2000/OG-VL), was maintained on
2

medium RPMI with HEPES (Sigma) supplemented with 20% fetal calf serum (Gibco BRL)
and gentamycin (50 g/ml).
Experimental infections: Female sand flies (4–6 days old) were fed through the chick-skin
membrane with promastigotes mixed 1:10 with heat-inactivated rabbit blood. Three sand
fly-Leishmania models were used. P. duboscqi was infected with two different
concentration of L. major: 5*105 or 5*104 cells per ml. In P. arabicus- L. infantum
combination the infective dose was 106 cells per /ml. Blood-engorged females were
separated one day post-infection, maintained at a constant temperature of 25–26 °C and
sacrificed for dissection on day 2 and 8 postinfection (PI), i.e. before and after defecation,
respectively. Midguts were dissected in Tris-NaCl buffer (20 mM Tris, 150 mM NaCl, pH
7.7).On day 2 and 8 PI in each experiment 90 dissected midguts were randomly divided into
three groups and parasite numbers in each group of midguts were determined by one of
three following methods.
Estimation of parasite numbers in situ: Individual midguts were placed into a drop of
Tris-NaCl buffer and parasite numbers were estimated under the light microscope using
magnification 200× and 400× using an experienced worker. Parasite loads were graded into
four categories: negative, 1–100, 100–1000 and >1000 parasites per gut.
Counting in hemocytometer: Individual midguts were placed into a microcentrifuge tube
containing 30 μl of Tris buffer. Each gut was homogenized with glass microtissue pestle.
Afterwards, 30 μl of 2 % formaldehyd in 0.85 % NaCl were added and promastigotes (in
total volume of 1 μl) were counted in a hemocytometer under the light microscope using
magnification 400×.
Q-PCR: Extraction of total DNA from individual dissected midguts was performed using
DNA tissue isolation kit (Roche) according to the manufacturer’s instructions. DNA was
eluted in 200 μl of redistilled water and stored at –20 °C. Q-PCR for detection and
quantification of Leishmania spp. was performed in a Rotor-Gene 2000 from Corbett
Research using the SYBR Green detection method (BioRad, iQ SYBR Green Supermix).
For accurate sensitivity, kinetoplast DNA was chosen as the molecular target, and primers
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described by Mary et al. 2004 (direct primer 5´-CTTTTCTGGTCCTCCGGGTAGG-3´ and
reverse primer 5´-CCACCCGGCCCTATTTTAC ACCAA-3´) were used. PCR
amplifications were performed in duplicate wells using following conditions: 3 min at 95
°C then 45 repetitive cycles: 10 s at 95 °C, 10 s at 56 °C, 10 s at 72 °C. Specificity of the
reaction was checked in all samples by the melting analysis. Quantitative results were
expressed by interpolation with a standard curve included in each PCR run. Series of
tenfold concentrations of appropriate Leishmania promastigote DNA, ranging from 0.01 to
104 parasites per PCR reaction and mixed with female of appropriate sand fly species were
used. DNA from noninfected sand fly was served as a negative control.

Statistics
Wilcoxon nonparametric test was used to compare difference between Q-PCR and
haemocytometer counting. For testing the estimation in situ with other two methods we first
categorized data from Q-PCR and hemocytometer counting into four categories used for the
estimation (negative, 1–100, 100–1000 and >1000 parasites per gut). These resulting data
were analyzed by χ2 test.

Results
Experimental infections
We compared two different parasite-vector combinations in three different experimental
models. Phlebotomus duboscqi females developed heavy infections of L. major when
infected by 5*105 promastigotes per ml of infected bloodmeal . High numbers of parasites
were detected before defecation (on day 2 PI) as well as after this event on day 8 PI, see
Fig. 1 A,B. In the same parasite-vector pair, ten times lower infective dose resulted in low
initial infections on day 2 (Fig. 1C, Fig. 2). Then, after the sand fly defecation, L. major
grew well and on day 8 PI colonized the stomodeal valve in about 60% of infected P.
duboscqi females (Fig.1D, Fig. 2).
In contrast, the third model used, P. arabicus infected by 106 promastigotes of L.
infantum, represented a parasite-vector pair with heavy initial infection on day 2 PI and
relatively low parasite numbers on day 8 PI (Fig. 1E,F, Fig. 2). Majority of L. infantum
promastigotes were defecated with digested bloodmeal; in P. arabicus maintained at 25–26
°C this event took place on days 5 or 6 PI. Leishmania infantum parasites which survive
4

defecation grew relatively slowly. On day 8, most infections were still confined to
abdominal and thoracic parts of the midgut and colonization of the stomodeal valve was
detected in only about 10 % of infected P. arabicus females.
These three experimental models enable us to study quantification methods in
different situations which may arise during Leishmania infection in sand fly.

Q-PCR
The sensitivity of the Q-PCR was tested by using serial dilutions of parasite DNA extracted
from a known number of parasites mixed the midgut dissected from control, noninfected,
sand fly females. Detection of the kinetoplast DNA of L. major reached the level of 0.001
parasites per reaction with a dynamic range of 105. This sensitivity allowed a detection limit
of one flagellate per dissected sand fly gut and thus confirms this method suitable for
diagnosis of Leishmania in vectors. In order to verify the accuracy of the assay for precise
quantification of parasites in low numbers, experiments were performed by testing samples
with low parasite concentrations (1, 10, 20, 30, 40 and 50 parasites per gut) three times in
triplets. Samples with up to 30 parasites per gut were always PCR-positive but numbers of
parasite calculated by Q-PCR fluctuated considerably. On the other hand, assignment of
parasite numbers above 30 was trustworthy. Therefore the detection threshold of Q-PCR
was one parasite per gut and cut off of reliable quantification was around 30 parasites per
gut.

Comparison of Q-PCR with the hemocytometer counting
Wilcoxon nonparametric test detected difference (p < 0.05) between Q-PCR and the
hemocytometer counting in all three experimental models and in both intervals studied (Fig.
1). The most significant differences between these two methods occurred in P. duboscqi
infected by 5*104 parasites where the low infection rate and relatively low parasite numbers
were present on days 2 and 8 (Fig. 1B).

Comparison of the estimation in situ with two other methods
On day 2 PI, significant differences between the estimation and Q-PCR were found in two
of three parasite-vector models studied: in P. arabicus infected with L. infantum and in P.
duboscqi infected with a low dose of L. major (5*104 per ml). The difference was more
5

pronounced (p < 10 -6) in the later pair (Fig. 2). The difference between the estimation and
the hemocytometer counting was detected only in P. arabicus with L. infantum (Fig. 2). On
day 8 PI, χ2 test detected significant difference (p < 0.05) between the estimation in situ and
the hemocytometer counting in all three models tested. On the other hand, no significant
differences were found between estimation in situ and Q-PCR in any parasite-vector pair
studied (Fig. 2).

Discussion
We choose various Leishmania-sand fly models to acquire different intensities of
Leishmania infection before as well as after defecation of the bloodmeal. Phlebotomus
duboscqi is a natural vector of Leishmania major as demonstrated experimentally by
Lawyer et al. (1990a, b). We infected P. duboscqi females with two initial concentration of
L. major. The concentration 5*105 promastigotes per ml was previously shown to result in
high infection rates and high parasite numbers (Cihakova and Volf, 1997, Volf et al., 1998).
Ten fold lower infective dose was the guarantee for low intensity of initial infections.
Phlebotomus arabicus is a vector of L. tropica in Northern Israel (Jacobson et al.,
2003); its vectorial competence to this parasite and transmission by bite were demonstrated
recently by Svobodova et al. (2006a, 2006b). It is a permissive vector (for review see Volf
and Myskova, 2007), susceptible also to other Leishmania species tested, namely L. major
and L. infantum (Myskova et al., 2007). Phlebotomus arabicus - L. infantum combination
was used to achieve lower intensity of Leishmania infection after defecation. Obviously, in
this slowly digesting sand fly L. infantum promastigotes required longer time to colonize
the stomodeal valve.
The choice of the method for Leishmania quantification in sand fly midgut may
depend on purpose of the experiment and on habit of the worker. Nevertheless, our
experiments enable to draw following conclusions. The estimation in situ is subjective,
semiquantitative technique that requires an experienced worker. On the other hand, this
method is very quick and enables to obtain information from the high number of females
which is useful for subsequent statistical analysis. Furthermore, this technique brings data
about localization of the infection in various parts of sand fly digestive tract. These
parameters, e.g colonization of the stomodeal valve, are crucial for judging the vectorial
status of the sand fly and from the biological point of view, particularly in the field studies,
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are more important than the exact parasite number. However, we can recommend this
technique for quantification of Leishmania only in those sand fly females which already
have defecated bloodmeal remains. Before defecation, the semidigested erythrocytes make
the estimation difficult and cause serious underestimation of parasite numbers.
The hemocytomer counting is supposed to bring accurate information about parasite
numbers. However, it is laborious and not suitable for large numbers of sand flies tested. It
quantifies well parasites within the bloodmeal but in defecated females with low intensity
of infection it gives false negative results. This is because its detection threshold is 60
parasites per gut (1 μl of the total volume 60 μl is tested in hemocytometer. Moreover, in
contrast to other techniques studied, the hemocytometer counting depends much on precise
homogenization of the sample and does not incorporate the promastigotes attached to the
midgut tissue.
The best method for parasite quantification is Q-PCR. Its routine use is complicated
by relatively high cost, mainly due to expensive DNA isolation kit and SYBR Green premix
or TaqMan probes. Nevertheless, we suggest to use of this technique in experiments aimed
at exact determination of parasite numbers. Q-PCR is less laborious than hemocytometer
counting and, when made under standard conditions, provides more precise results than
other techniques tested.
In our opinion, quantitative methods should be always accompanied by checking the
localization of the infection under the microscope. The handling of the entire midgut after
checking the localization is, however, tricky and part of the midgut with parasites can be
easily lost during transfer from microscopic slide into the microtube. This is probably why
the only work combining the localization of the infection with the hemocytometer counting
was published by Nieves and Pimenta (2000). We would like to encourage researchers in
sand fly-Leishmania field either to follow their method, or better, combine Q-PCR with
localization of the infection and estimation parasite numbers in situ.
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Figure Legends

Fig. 1: Comparsion of Q-PCR and hemocytometer counting in different Leishmaniasand fly combinations;
log10(n+1), n=number of promastigotes in sand fly midgut; ○ hemocytometer, ● Q-PCR;
A, B: P. duboscqi, infected with 5*105 promastigotes / ml; day 2 post infection (PI),
p=0,002; day 8 PI, p=0,025.
C, D: P. duboscqi, infected with 5*104 promastigotes / ml; day 2 PI, p<10-10; day 8 PI,
p=0,036.
E, F: P. arabicus, infected with 106 promastigotes / ml; day 2 PI, p=0,048; day 8 PI,
p=0,002

Fig. 2: Comparsion of categorized data from hemocytometer counting and Q-PCR
with the estimation in situ.
Dark bar: heavy infections: >1000 parasites per midgut; grey bar: medium infections 100–
1000 parasites per midgut, white bar: light infections 1–100 parasites per midgut.
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Letters

Sand flies and Leishmania: specific versus permissive
vectors
Petr Volf and Jitka Myskova
Department of Parasitology, Charles University, Vinicna 7, Prague 2, 128 44, Czech Republic

In a recent comprehensive review in Trends in Parasitology,
Kamhawi [1] highlighted the role of sand fly midgut lipophosphoglycan (LPG) receptors in Leishmania attachment.
This attachment is a crucial step in Leishmania development because it enables the parasite to avoid expulsion from
the midgut when the fly defecates. Two sand fly species,
Phlebotomus papatasi and Phlebotomus sergenti, display
remarkable specificity for the Leishmania species that they
transmit (i.e. Leishmania major and Leishmania tropica
respectively) [1]. In these vectors, attachment is controlled
by LPG receptors that bind to the terminal carbohydrates of
the parasite LPG. In P. papatasi the galactose-specific lectin
PpGalec was identified as the LPG receptor [2].
The review by Kamhawi [1] deals primarily with the
best-studied and most straightforward parasite–vector
system Leishmania major–P. papatasi but in this article,
we discuss a more-complex picture of attachment that is
emerging for most other species. It should be stressed that
most sand fly species tested to date support development of
multiple Leishmania species and, thus, fall into a second
group called ‘permissive vectors’. A typical example is
Phlebotomus arabicus, a sand fly recently identified as a
vector of Leishmania tropica [3]. The broad vectorial competence of P. arabicus was demonstrated by its high
susceptibility to both L. major and Leishmania infantum
[4] and the cyclical transmission of L. tropica to hyraxes
(Procavia capensis) [5], a mammal that serves as the
natural host reservoir for this parasite [3].
The mechanism of Leishmania attachment in permissive vectors is different; for example, it was shown that
another lectin-like mechanism, independent of LPG,
exists in permissive sand flies [4]. LPG-deficient mutants
of Leishmania mexicana and L. major grew well in permissive vectors Lutzomyia longipalpis and P. arabicus
and produced heavy infections, fully comparable with
those caused by the wild type parasites [4,6]. Similarly,
L. tropica with modified LPG [7] is not able to grow
in P. sergenti but can develop in a permissive vector
P. arabicus [8]. Clear correlation was found between
permissivity and the type of glycosylation of the midgut
proteins: O-glycosylated proteins with N-acetylgalactosamine (GalNAc) epitopes were present in permissive flies
but not in the specific vectors [4,8].
The hypothesis about the role of O-glycosylated
proteins in Leishmania attachment in permissive vectors
is supported by two further observations: molecules with
GalNAc epitopes bind to the Leishmania surface [4] and
Corresponding author: Volf, P. (volf@cesnet.cz).
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www.sciencedirect.com

are present on the microvillar surface of the midgut, the
site of attachment of Leishmania promastigotes [4,8,9]. It
follows, that GalNAc-specific lectin activity found on the
promastigote surface [10] serves as a receptor for this
binding.
The classification of sand fly species into specific or
permissive vectors is likely to be an oversimplification of
the true complexity of parasite–sand fly interactions.
Indeed, some sand fly species might be of an ‘intermediate’
type because they support development of many, but not
all, Leishmania species. Whether the LPG-independent
paradigm seen with L. longipalpis or P. arabicus will
apply to all permissive sand flies remains to be determined. For example, in a single study on Phlebotomus
argentipes, the LPG-deficient Leishmania donovani
mutants died after a few days [11]. Although the concept
of specific versus permissive vectors might need to be
refined further, at present it provides a useful classification for further studies on Leishmania–sand fly interactions and molecules involved in parasite attachment to
the sand fly midgut.
The broad vectorial competence of permissive sand flies
also has important epidemiological consequences because
it enables successful adaptation of Leishmania to new
vectors. This explains some unexpected findings from
the field, including the circulation of LPG-impaired L.
tropica through P. arabicus [3,8] and the introduction of
L. infantum from the Mediterranean to Latin America [12],
where it adapted to the local permissive sand fly L. longipalpis and is known as Leishmania chagasi. Presently,
changes of climate, expansion of human settlements and
accelerated movements of humans and animals around the
world all lead to an increased risk of the spread of vectorborne diseases including leishmaniases. The high susceptibility of permissive sand fly species might, thus, represent
an important aspect in the establishment of new foci of
leishmaniases.
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