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Summary

 

Leishmania donovani

 

 ADP-ribosylation factor-like
protein 3A (

 

Ld

 

ARL-3A) is a small G protein isolated
from the protozoan parasite 

 

L. donovani

 

 with no
defined physiological function. Previously [Cuvillier,
A., Redon, F., Antoine, J.-C., Chardin, P., DeVos, T., and
Merlin, G. (2000) J Cell Sci 113: 2065–2074] we have
shown that overexpression in 

 

L. amazonensis

 

 pro-
mastigotes of the mutated protein 

 

Ld

 

ARL-3A-Q70L,
which remains constitutively associated with GTP,
leads to the disappearance of the flagellum but does
not impair cell viability or growth. Here we report that
parasites overexpressing 

 

Ld

 

ARL-3A-Q70L can invade

 

in vitro

 

 cultivated macrophages to the same extent as
control cells, demonstrating that the flagellum is not
necessary for attachment to or engulfment into mac-
rophages. These infections are productive because
amastigotes differentiate and multiply. However,
aflagellated 

 

Ld

 

ARL-3A-Q70L-overexpressing 

 

Leish-
mania

 

 promastigotes could not survive in experimen-
tally infected 

 

Lutzomyia longipalpis

 

 insect vectors,
in contrast to untransfected or native 

 

Ld

 

ARL-3A-
overexpressing cells. Overexpression of the native
and mutated proteins did not modify 

 

in vitro

 

 procyclic
to metacyclic lipophosphoglycan maturation or differ-
entiation from procyclic to metacyclic promastigotes,
nevertheless there is a block in transmission of 

 

Leish-
mania

 

. Better understanding of 

 

Ld

 

ARL-3A pathways,
notably those regarding flagellum biogenesis, may

lead to the future development of 

 

Leishmania

 

-specific
drugs, which may stop parasite transmission in
nature without affecting other species.

Introduction

 

Leishmania

 

 are protozoan parasites of the Mastigophora
subphylum, Kinetoplastida order and Trypanosomatidae
family. They are responsible for considerable suffering and
morbidity among humans: more than 12 million individuals
are infected and two million new cases are estimated to
occur every year (Choi and Lerner, 2001; WHO/OMS,
2001). Treatment with pentavalent antimony-based drugs
has been used for decades despite toxicity and loss of
efficiency with the emergence of resistant strains. Alter-
native therapies, novel concepts and more adequate
financial means are urgently needed to combat this illness
(Guerin 

 

et al

 

., 2002). As a prerequisite, considerable effort
in basic research is mandatory for a better understanding
of the complex relationships between hosts and parasites.

 

Leishmania

 

 exists alternatively as a flagellated extracel-
lular promastigote inside the alimentary tract of female
sandfly vector or as an aflagellated intracellular amastig-
ote within acidic parasitophorous vacuoles of the mam-
malian host mononuclear phagocyte (Molyneux and
Killick-Kendrick, 1987). Passage from one host to another
occurs when a female sandfly bites a mammal for a
bloodmeal.

Differentiation from amastigotes to promastigotes in the
insect gut is associated with considerable morphological
(from ovoid aflagellated to an elongated flagellated form)
and physiological (33

 

∞

 

C

 

-

 

37

 

∞

 

C to ambient temperature,
acidic to neutral environment) changes. Amastigotes
escape from lysed ingested macrophages and divide
once or twice before transforming to actively dividing pro-
cyclic promastigotes which display an inherent capacity to
attach to the sandfly midgut epithelial cells. This attach-
ment allows the parasites to avoid elimination during
excretion of the digested blood meal (Molyneux and
Killick-Kendrick, 1987). The final stage of differentiation is
to non-dividing metacyclic promastigotes (Lawyer 

 

et al

 

.,
1990), allowing detachment from the epithelium and
migration to the anterior part of the gut, thus available for
injection into a mammal at the next sandfly bloodmeal.
This whole process takes between one to two weeks.
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Several intermediate developmental forms have been
described during the differentiation of promastigotes, from
the non-infective procyclic stage to the infective metacy-
clic stage, both morphologically (Molyneux 

 

et al

 

., 1975)
and physiologically (Sacks and Perkins, 1984; 1985; Lain-
son 

 

et al

 

., 1987). Of these forms, only procyclic (well
established by 

 

in vitro

 

 cultivation) and metacyclic (recently
partially characterized biochemically) (Howard 

 

et al

 

.,
1987; Lira 

 

et al

 

., 1998; Sacks and Melby, 1998; Courret

 

et al

 

., 1999) promastigotes are able to be cultured for
several 

 

Leishmania

 

 species.
Promastigote attachment to and detachment from the

epithelial midgut has been clearly related to developmen-
tal changes in the chemical nature of the lipophosphogly-
can (LPG) that constitutes the main outer component of
the 

 

Leishmania

 

 membrane (McConville 

 

et al

 

., 1992;
Pimenta 

 

et al

 

., 1992; Sacks, 1992; Sacks 

 

et al

 

., 1995;
Saraiva 

 

et al

 

., 1995; Mahoney 

 

et al

 

., 1999). Lipophospho-
glycan is also involved in the specific interactions between
particular sandfly and 

 

Leishmania

 

 species (Borovsky and
Schlein, 1987; Pimenta 

 

et al

 

., 1994; Sacks 

 

et al

 

., 1994;
2000; Sacks, 2001; Kamhawi 

 

et al

 

., 2000).
However, early electron microscopic observations

showed that another factor is probably involved in the
attachment of promastigotes to the sandfly midgut and
foregut epithelia. Indeed, the flagellum was seen to
adhere tightly to epithelial cells and form hemidesmo-
somes and sometimes penetrate between the microvilli
and into the cytoplasm itself, also showing morphological
changes in the adherence zones (Killick-Kendrick 

 

et al

 

.,
1974a,b; 1977; Molyneux 

 

et al

 

., 1975; Walters 

 

et al

 

.,
1987; 1989a,b).

ADP-ribosylation factor-like proteins (ARLs) are small
G proteins whose function is still not well characterized
(Boman and Kahn, 1995; Lin 

 

et al

 

., 2000; Oloumi 

 

et al

 

.,
2002; Rosenwald 

 

et al

 

., 2002; Schurmann 

 

et al

 

., 2002;
Sharer 

 

et al

 

., 2002). In a previous work (Cuvillier 

 

et al

 

.,
2000) we described 

 

Ld

 

ARL-3A, which is expressed only

in the promastigote form of 

 

Leishmania

 

 cells. We overex-
pressed either native or mutated 

 

Ld

 

ARL-3A in 

 

L. amazon-
ensis

 

 promastigotes; the Q70L mutant GTP-constitutively
bound form led to the disappearance of the flagella, in
contrast to native protein overexpression. There was no
apparent impact on parasite viability in culture or infectiv-
ity, because cutaneous lesions developed in a similar pro-
portion for all tested clones in Balb/c mice footpads after
experimental infection. However, the flagellum is a rather
prominent feature of 

 

Leishmania

 

 morphology and it would
be surprising that evolution had selected for it without an
advantage at some step of the parasite life cycle. Exper-
imental conditions are far different from those found in
nature, and it appeared of significant interest to examine
in detail macrophage infection and the more rarely inves-
tigated insect vector infection. Here we show that while
macrophage infection appears normal, aflagellated 

 

Leish-
mania

 

 cells do not survive in insects and thus transmis-
sion is blocked.

 

Results

 

Wild-type exponentially growing 

 

L. amazonensis

 

 promas-
tigotes display a flagellum about the length of the cell body
(Fig. 1, P-1). We have already shown that overexpression
of the 

 

Ld

 

ARL-3A small G protein, using an episomal
pTEX-based vector, does not change this phenotype
(Fig. 1, P-2), whereas the flagella become very short with
the constitutively GTP-binding form of the protein 

 

Ld

 

ARL-
3 A-Q70L (Fig. 1, P-3) (Cuvillier 

 

et al

 

., 2000). 3A1-purified
metacyclic promastigotes display a much longer flagellum
for wild-type (Fig. 1, M-1) and native 

 

Ld

 

ARL-3A-
overexpressing cells (Fig. 1, M-2) but not in 

 

Ld

 

ARL-3A-
Q70L-overexpressing cells (Fig. 1, M-3).

 

Ld

 

ARL-3A as well as 

 

Ld

 

ARL-3 A-Q70L transformed

 

Leishmania

 

 clones could be divided in two classes (Cuvil-
lier 

 

et al

 

., 2000), those infectious to Balb/c mice generat-
ing footpad lesions of at least 1 cm diameter in about two

 

Fig. 1.

 

Morphology of procyclic and metacyclic promastigotes. Exponentially growing procyclic and 3A1-purified metacyclic promastigotes were 
observed under phase-contrast light microscopy. Approximate size of a procyclic cell body: 10 

 

m

 

m; same scale for every picture. 1: 

 

L. amazonensis

 

 
BA125 parental line; 2: 

 

Ld

 

ARL-3A overexpressing cells; 3: 

 

Ld

 

ARL-3A-Q70L overexpressing cells. P, procyclic promastigotes; M, metacyclic 
promastigotes.
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months (as did the parental line) and those who did not
generate lesions until much later (4–5 months) if at all. In
this study, we chose two equivalent infectious clones of
each transformed 

 

Leishmania

 

 line with similar results
obtained for both.

In vitro

 

 murine bone marrow macrophage infection

In vitro

 

 cultivated mouse bone marrow macrophages were
infected for 4 h at 4

 

∞

 

C with 5-day-old stationary phase
promastigotes of the parental BA125, 

 

Ld

 

ARL-3A- (flagel-
lated) or 

 

Ld

 

ARL-3A-Q70L (aflagellated)-overexpressing 

 

L.
amazonensis

 

 cells. At different times thereafter (0, 1, 2,
5, 24, 48 and 72 h), the cultures were fixed and inspected
visually.

In the experiments shown in Fig. 2, infections were
done at a various infection ratios, 1 promastigote per
macrophage (panel A), 4/1 (panel B) and 10/1 (panel C).

Early after infection (up until 5 h), the percentage of mac-
rophages with attached or internalized promastigotes
varied from 15–20% to 40–50% depending on the infec-
tivity ratio; in some experiments, as many as 100% of
macrophages were infected (not shown). However, within
the same experiment, these percentages were never sig-
nificantly different between the three types of 

 

Leishmania

 

cells. In addition, the orientation of the promastigotes in
contact with the macrophages was apparently random.
Thus, the flagellum does not seem to be essential for
these steps as previously reported (Mosser and
Brittingham, 1997).

At later times (24–72 h), amastigotes became visible
within individualized parasitophorous vacuoles. The per-
centage of infected macrophages did not change much,
whereas the number of amastigotes per macrophage
(Table 1) increased from 1 to 2 at 24 h to a mean of 4–6
at 72 h, with many macrophages harbouring only 1

 

Fig. 2.

 

In vitro

 

 infection of murine bone marrow 
macrophages. Macrophages were isolated, cul-
tivated, infected and the cultures processed as 
described in 

 

Experimental procedures

 

. 1: 

 

L. 
amazonensis

 

 BA125 parental line; 2: 

 

Ld

 

ARL-
3A overexpressing cells; 3: 

 

Ld

 

ARL-3A-Q70L 
overexpressing cells. Ordinate: per cent of 
infected macrophages (total count: 200 
macrophages).



 

720

 

A. Cuvillier 

 

et al.

 

© 2003 Blackwell Publishing Ltd, 

 

Cellular Microbiology

 

, 

 

5

 

, 717–728

 

Fig. 3.

 

 Follow up of an experimental infection of 

 

Lu. Longipalpis

 

 by wild-type 

 

L. amazonensis

 

 2–7 days after an experimental bloodmeal containing 
BA125 

 

L amazonensis

 

 amastigotes, female insects were killed and their guts observed under a light microscope. The left side vertical red arrow 
symbolizes the amount of blood present in the guts, and the numbers 2–7, the days after the bloodmeal. From day 4, with the blood digestion, 

 

L. amazonensis

 

 promastigotes become visible by transparency (Ca is an enlargement and Ca

 

¢

 

 the same enlargement where 

 

Leishmania

 

 
promastigotes have been highlighted by hand; same for Cb/Cb

 

¢

 

, Da/Da

 

¢

 

 and Ea/Ea

 

¢

 

). Amg, abdominal midgut; hg, hindgut; r, rectum; stv, stomodeal 
valve; tmg, thoracic midgut. Total length of the gut: approximately 0.5 mm.
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amastigote – probably representing secondary infections
– but many also with up to 25. Amastigotes could be
observed inside parasitophorous vacuoles of macroph-
ages up to 8 days after infection (not shown).

In conclusion, neither LdARL-3A and LdARL-3A-Q70L
overexpression nor the absence of flagellum impaired the
promastigote infectivity toward macrophages in vitro.

Infection of sandflies with amastigotes isolated from 
infected macrophages

Murine bone marrow macrophages were cultivated in vitro
and infected with stationary phase promastigotes of the
three types of parasites, i.e. wild-type BA125, LdARL-3A
and LdARL-3A-Q70L overexpressing L. amazonensis.
Two days later, amastigotes were isolated and 107

amastigotes of each type were used for Lu. longipalpis
female infection by artificial blood feeding. For each exper-
iment, a total of 150–200 female flies were infected. About
60–70% survived after 7 days depending on the experi-
ment. Every day following infection until day 7, 12–15 live
flies were sacrificed. Digestive tracts were dissected from
the stomodeal valve to pylorus, and either observed under
a light microscope or macerated before counting Leish-
mania cells.

The Lu. longipalpis gut can be divided into three parts,
the foregut inside the head, comprising the proboscis,
cibarium, pharynx and oesophagus; the midgut from the
stomodeal valve to the pylorus, itself divided into thoracic
and abdominal midgut; and the hindgut from the pylorus
to the rectum. In the course of a L. amazonensis infection
subsequent to a bloodmeal (Fig. 3), blood is concentrated
inside a peritrophic membrane in the abdominal midgut.
From day 2–3, the peritrophic membrane is under diges-
tion and undigested products are excreted (Fig. 3, visible
on top-left of the picture on day 3) whereas the parasites,
which have differentiated from non-motile amastigotes to
motile promastigotes, escape, divide actively, and attach
to the midgut epithelium thus avoiding elimination with

undigested products. Although they are visible and motile
on day 4, it is not possible to differentiate attached from
free promastigotes at this magnification. At later times,
metacyclic promastigotes migrate near the stomodeal
valve (visible for example on day 7 on Fig. 3), where they
secrete plug-like proteophosphoglycans (Stierhof et al.,
1999; Ilg, 2000) which probably block the digestive tract,
possibly forcing the insect to expel it with the Leishmania,
thus making a new bloodmeal possible and initiating a
new infection cycle.

Several experiments were done using wild-type L. ama-
zonensis and two sets of virulent and independent
LdARL-3A- and LdARL-3A-Q70L-overexpressing clones;
the results were the same. To quantify the extent of insect
infections, individual midguts were dissected, macerated
and the Leishmania cells released in the surrounding
medium were counted. For the whole course of the exper-
iment, the percentage of infected guts was not signifi-
cantly different for wild-type BA125 (Fig. 4A, left part) and
LdARL-3 A overexpressing (Fig. 4A, middle part) L. ama-
zonensis. On days 2–3, dissection and maceration of the
guts (the presence of blood in all guts did not allow visual
localization of the parasites) with subsequent parasite
counts revealed that 100–97% and 100–75% of the flies
were infected, respectively; the number of parasites – with
the majority still at the amastigote stage – per midgut was
high (Day 2: 44 000 ± 10 000 and 40 000 ± 6000 per gut,
respectively; Day 3: 18 000 ± 7000 and 20 000 ± 8000 per
gut). Later, few remaining amastigotes but more and more
promastigotes became visible, concomitant with the dis-
appearance of blood; however, this disappearance was
not completely synchronous for all guts so that on day 5,
35% of them still contained blood and were all infected
(9000 ± 3500 and 7000 ± 1500 per gut, respectively), and
among the 65% without blood, 51% (9000 ± 3500 per gut)
and 89% (2500 ± 600 per gut), respectively, were infected.
By day 7, a time when the blood has been completely
digested, 47% and 75% of the flies remained infected and
the mean number of promastigotes per gut remained high

Table 1. Number of Leishmania parasites per infected macrophage.

Hours after
infection

L. amazonensis BA125
L. amazonensis
BA125/pTEX-LdARL-3A

L. amazonensis 
BA125/pTEX-LdARL3A-Q70L 

1/1 4/1 10/1 1/1 4/1 10/1 1/1 4/1 10/1

0 1.0 ± 0.0 1.1 ± 0.2 1.3 ± 0.7 1.0 ± 0.0 1.1 ± 0.2 1.2 ± 0.5 1.1 ± 0.3 1.1 ± 0.3 1.2 ± 0.4

1 1.0 ± 0.2 1.4 ± 0.7 1.4 ± 0.8 1.2 ± 0.4 1.3 ± 0.7 1.6 ± 1.1 1.1 ± 0.3 1.1 ± 0.3 1.6 ± 1.0
2 1.3 ± 0.6 1.1 ± 0.3 1.4 ± 0.7 1.1 ± 0.4 1.2 ± 0.6 1.3 ± 0.7 1.2 ± 0.6 1.4 ± 0.7 2.0 ± 1.5
5 1.1 ± 0.2 1.4 ± 0.7 1.6 ± 1.0 1.3 ± 0.7 1.8 ± 1.2 1.7 ± 1.3 1.2 ± 1.3 1.8 ± 1.1 2.1 ± 1.5

24 1.6 ± 1.1 1.5 ± 1.2 1.5 ± 0.8 1.7 ± 1.5 2.1 ± 2.0 2.0 ± 1.7 1.4 ± 1.3 1.9 ± 1.2 2.1 ± 1.5
48 1.7 ± 0.9 1.7 ± 1.0 3.9 ± 3.4 2.1 ± 1.6 2.0 ± 1.2 2.5 ± 2.0 1.8 ± 1.5 2.1 ± 1.6 2.9 ± 3.1
72 2.7 ± 1.7 3.6 ± 2.4 6.7 ± 7.0 3.7 ± 4.3 2.8 ± 3.8 3.9 ± 4.5 2.7 ± 3.2 3.1 ± 2.5 4.0 ± 4.5

In the experiment depicted in Fig. 2, Leishmania cells attached to (first five hours) or internalized (24 h and later) into macrophages were counted.
The ratio between the numbers of promastigotes and macrophages is indicated on top of each column. The mean number for 200 infected
macrophages and the standard deviation are indicated.
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(5500 ± 1500 and 2500 ± 1000 per gut). Now differenti-
ated promastigotes were concentrated in the thoracic mid-
gut near the stomodeal valve (Fig. 4B, left and middle
part) whereas they had almost completely disappeared
from the pyloric area and abdominal midgut.

The results were significantly different when amastig-
otes from LdARL-3A-Q70L-overexpressing clones were
used. First, infections appeared similarly on days 2 and 3,
with 87% and 91% of the flies infected (Fig. 4A right), but
again because of the blood, localization within the gut was
not possible. Counting of the amastigotes within the
homogenates on days 2 and 3 revealed the presence of

34 000 ± 10 000 and 15 500 ± 7700 parasites per gut. On
days 4, 5, 6 and 7, however, when the blood had disap-
peared after digestion/excretion, Leishmania cells also
disappeared (Fig. 4B right). On day 5, the only parasites
that could be found were in blood-containing guts, 30% of
all guts, 100% of those guts being still infected with
10 500 ± 2500 parasites per gut. Only once on day 6 was
a fly found with about 100 aflagellated immotile promas-
tigotes located exclusively in the abdominal midgut, but it
was not possible to tell whether they were attached to the
epithelium or not. However, at this time interval, flagellated
promastigotes of the other Leishmania strains were all

Fig. 4. Survival of L. amazonensis lines inside Lu. Longipalpis intestinal tract.
A. Number of parasites present in the guts during the course of the infection. Insects were bloodfed and infected with wild-type (WT) BA125 L 
amazonensis (left), LdARL-3A- (middle part) or LdARL-3A-Q70L- (right) overexpressing parasites; 10–12 individuals were killed from day 2 to 
day 7 (D2-D7), guts isolated, observed and macerated before parasite counting. More or less intense red colour symbolizes the presence of 
more or less blood in the gut. On day 5, guts with and without remaining blood were observed separately. The percentage of infected guts is 
indicated on top of the histograms.
B. Localization of parasites within the guts. The percentages represent the proportion of infected midguts harbouring parasites in the vicinity of 
the stomodeal valve (Sv), the midgut and around the pylorus (Py). Plus sign means presence of parasites, minus sign, absence.
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located near the stomodeal valve, their obligatory location
for a successful transmission to a mammalian host. On
day 7, neither blood in any gut nor Leishmania was found
in all flies examined.

In conclusion, there was a clear correlation between the
presence of a flagellum and the sustainability of sandfly
infection by Leishmania promastigotes: as long as blood
remained in the guts, all types of parasites remained there
also; but once the blood had been digested and/or
expelled, only wild-type and LdARL-3A-overexpressing
parasites remained whereas LdARL-3A-Q70L-
overexpressing ones disappeared.

Is the absence of the flagellum solely responsible for 
parasite disappearance from the insect gut?

Overexpression of LdARL-3 A-Q70L might modify the dif-
ferentiation process from amastigotes to promastigotes
and metacyclogenesis. We tried to address this question
with the available tools at our disposal.

Concerning amastigote to promastigote differentiation,
amastigote and promastigote forms were separately
counted after maceration of blood-containing guts up to
day 5, based on a morphological appearance: round
and small versus elongated cell body. According to this
criterion, there was no difference in the kinetics of pro-
mastigote appearance (data not shown) and the same
numbers of promastigotes were found in the blood-con-
taining guts on days 3–5 for the 3 types of Leishmania.
From the pioneering work of Sacks and co-workers
(Sacks, 2001), surface LPG is known to be an essential
factor for parasite gut attachment. We examined the
LPG antigenicity of the promastigotes in vitro with the
parental strain L. amazonensis BA125, LdARL-3 A and
LdARL-3 A-Q70L-GTP overexpressing clones main-
tained for 5 days in stationary phase at maximal density;
the 3A1 monoclonal antibody directed against L. ama-
zonensis procyclic LPG (Courret et al., 1999) was used
for agglutination of procyclic promastigotes and 80–90%
of the cells were agglutinated in all cases, demonstrat-
ing that surface LPG is probably unaffected by the over-
expression. Differentiation thus appears comparable for
all types of cells.

Concerning metacyclogenesis inside guts, it was not
possible to directly examine aflagellated cells since they
had disappeared from the guts. In vitro, mAb 3A1 non-
agglutinated, i.e. metacyclic promastigotes of the above
experiments were obtained in the same proportions for
the three types of parasites, varying from 4 to 15%
between experiments. Light microscopy observations
showed practically homogeneous metacyclic populations
for the parental line BA125 and the LdARL-3A overex-
pressing cells, with a typical morphology, i.e. a very long
flagellum and a short cell body (Fig. 1, lanes 1 and 2,
bottom) compared to a shorter flagellum and a longer cell
body for procyclics (Fig. 1, top). In the absence of flagel-
lum however, no obvious morphological difference
between procyclic and metacyclic promastigotes could
be observed for LdARL-3 A-Q70L overexpressing cells
(Fig. 1, lane 3, top and bottom).

Western blots showed that the 27 kDa CPB-2 cysteine
protease, which is preferentially expressed in metacyclics
(Mottram et al., 1997), was equally detectable in the 3A1-
purified metacyclic promastigotes with (Fig. 5, 1-M and 2-
M) and without (Fig. 5, 3-M) flagellum, while it was expre-
ssed at much lower levels by procyclic promastigotes
(Fig. 5, 1-, 2-, 3-P).

Thus, LdARL-3A- and LdARL-3 A-Q70L-overexpress-
ing cells both display apparently procyclic LPG, which is
recognized by the mAb 3A1, and both clones seem to
differentiate to metacyclic promastigotes as evidenced by
the expression of the metacyclic-specific marker CPB-2
cysteine protease.

These data are supportive, if not definitive, to correlate
the absence of the Leishmania flagellum and the disap-
pearance of parasite from the guts.

Discussion

All three kinds of parasites – wild type, native and mutant
LdARL-3A overexpressing L. amazonensis – were able
to generate 1 cm diameter cutaneous lesions about
2 months after injection of 5.106 cells into Balb/c mice
footpads (Cuvillier et al., 2000). However in this assay,
such a high innoculum does not mimic natural infections
where a sandfly injects only 100–1000 cells during a

Fig. 5. Characterization of procyclic and meta-
cyclic promastigotes. 3 ¥ 106 cells were lysed, 
submitted to SDS-PAGE; Western blots were 
developed with anti-LACK (Mougneau et al., 
1995) (to show that equal amounts of extracts 
were loaded on the gels) and anti-CPB 2.8 
immune sera which cross-reacts with metacy-
clic-specific CPB-2 (Mottram et al., 1997). 1: L. 
amazonensis BA125 parental line; 2: LdARL-
3A overexpressing cells; 3: LdARL-3A-Q70L 
overexpressing cells. P, procyclic promastig-
otes; M, metacyclic promastigotes.
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bloodmeal (Belkaid et al., 2000), and in addition may not
directly reflect the actual infectivity of the clones. Although
Lu. longipalpis sandfly experimental infections with L.
amazonensis can be performed from mouse footpad
lesions, we have observed that among the amastigotes
present in 2-month-old lesions, only half remained Neo-
mycin-resistant, indicating that the other half had lost the
pTEX episomes in the absence of Neomycin selection
pressure and did not overexpress the recombinant pro-
teins (Cuvillier et al., 2000). Alternatively, transformed pro-
mastigotes can be used to infect macrophages in vitro
where amastigotes are available for sandfly infection after
only a few days, i.e. only after a very limited number of
cell divisions with no expected episomal loss. Subse-
quently, recombinant protein overexpression resumes as
soon as the cells re-differentiate to promastigotes within
the insect gut, with the short flagellum phenotype restored
for all appropriate cells. Thus, it was necessary to check
whether the transformed clones used for sandfly infections
were also infectious toward macrophages.

Indeed this was the case: aflagellated LdARL-3A-Q70L
overexpressing L. amazonensis cells were able to infect
mice in vivo (Cuvillier et al., 2000) and macrophages in
vitro (present study) to the same extent as flagellated
promastigotes. In vivo and in vitro infections were done
using 5-day stationary phase promastigotes, i.e. 8–
10 days after last passage in culture – a period long
enough to allow effective metacyclic maturation confirmed
by the fact that macrophage infections lasted more than
7–8 days and were productive. Finally, our data showed
that aflagellated LdARL-3A-Q70L-overexpressing cells
failed to establish a durable infection within the insect
vector Lu. longipalpis, indicating that they are no longer
able to complete the entire cycle of the infection and to
infect new human hosts.

LdARL-3A-Q70L overexpression, when compared to
LdARL-3A overexpression, might lead to physiological
changes in addition to flagellum length, that could be
relevant for survival in insects. We tried to address this
question given the current knowledge of the process.
First, secreted acid phosphatase, a polymeric enzyme
which is abundantly secreted by L. amazonensis promas-
tigotes in culture and which might have some yet unknown
role for Leishmania survival in the insect gut (Ilg, 2000),
has previously (Cuvillier et al., 2000) been found secreted
in the culture medium in similar levels by clones overex-
pressing the mutated and the native protein. Second,
within the insect gut, Leishmania cells undergo several
differentiation events from amastigote to procyclic pro-
mastigote which divide actively and attach to the epithelial
cells, and then differentiate to metacyclic promastigote
which stop dividing, detach and migrate to the anterior
parts of the gut. From in vitro cultures, we have observed
(Cuvillier et al., 2000) that footpad lesion amastigotes

originating from all clones could differentiate to dividing
promastigotes and reinfect mice in experimental infec-
tions. Here, we observed the kinetics of morphological
differentiation from amastigote to promastigote as
extracted from the insect guts daily following amastigote
infection of the sandflies and there was no specific differ-
ence among the different clones examined (except for the
presence or absence of flagellum). Moreover, the forma-
tion and disappearance of the peritrophic membrane,
which is protective for Leishmania inside the insect gut
(Pimenta et al., 1997), seemed to follow the same kinetics
according to microscopic observations for all kinds of
Leishmania infections.

However, one essential element for Leishmania cell sur-
vival within the insect gut is the surface LPG coat, respon-
sible for the attachment to and detachment from the gut
epithelium, depending on developmental changes in its
composition during metacyclogenesis  (Sacks and Per-
kins, 1985; Saraiva et al., 1995; Sacks et al., 2000; Sacks,
2001). We used a specific antiprocyclic L. amazonensis
LPG (Courret et al., 1999) which equally agglutinated in
vitro cultivated native and mutated protein overexpressing
cells. Non-agglutinated cells probably displayed another
kind of LPG on their surface. To ascertain that the LPG
found in both types of cells is the same would require
further work including extensive purification and structure
analysis (Ilg et al., 1992), and attachment studies to dis-
sected insect guts (Pimenta et al., 1992). It should be
noted that in the latter studies, a failure of aflagellated
LdARL-3 A-Q70L overexpressing cells to attach to the
guts would not prove an intrinsic inability to attach, as it
has never been shown that wild-type Leishmania cells
devoid of flagella by any means (although such cells are
not available) can still attach without ‘grabbing’ the epithe-
lium by their flagellum.

The closest human homologues of LdARL-3A are ARL-
3 and ARL-2 with 58 and 52% identity, respectively (Cuvil-
lier et al., 2000), although the functional homologue of
LdARL-3 A remains unknown (A. Sahin, G. Lemercier, E.
Tetaud, B. Espiau, et al., in prep.). What is known of ARL-
3 to date in various organisms is its interaction with rod
cGMP phosphodiesterase delta (Linari et al., 1999) and
retinitis pigmentosa-2 protein (Bartolini et al., 2002). ARL-
2 interacts with BART – a protein of unclear function
(Sharer and Kahn, 1999; Sharer et al., 2002), with phos-
phodiesterase delta (Hanzal-Bayer et al., 2002), and also
with tubulin-folding Cofactor D (Bhamidipati et al., 2000);
it has a role in microtubule biogenesis (Radcliffe et al.,
2000) and cytoskeleton stability (Antoshechkin and Han,
2002). These proteins might at least be involved in the
control of tubulin polymerization. This latter putative func-
tion is not easily reconciled with an effect on the structure
of complex glycolipids like LPG in Leishmania, although it
is not yet possible exclude this possibility.
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Flagellated Leishmania cells not agglutinated by the
3A1 monoclonal antibody displayed the typical morphol-
ogy of metacyclic promastigotes with a very long flagellum
and short cell body, a feature not visible in aflagellated
cells; these latter cells expressed a metacyclic marker
cysteine protease CPB-2 (Mottram et al., 1997) in equal
levels to flagellated metacyclics. More complete answers
may be obtained in future studies, when all stage-specific
Leishmania genes become known and their expression
patterns are monitored both in vitro and within guts.

These data suggest that aflagellated cells did not lose
the potential to differentiate to metacyclic promastigotes,
and that the cause of their loss from the insect gut lies in
the absence of the flagellum rather than in a defect of their
differentiation. Flagella are indispensable for Leishmania
cells to escape from the blood clot and attach to the
midgut as procyclic promastigotes, or to migrate to the
anterior part of the gut after differentiation to free metacy-
clic promastigotes. Because the cells disappear early
after day 3, it is more likely that they disappear because
they cannot attach, but if they cannot migrate at a later
stage of differentiation, they will also disappear. Experi-
ments are now in progress to determine whether similar
effects can be obtained using other Leishmania species.

Our study is the first to report stable aflagellated Leish-
mania cells and provide the initial evidence that a small
G protein is involved in flagellum biogenesis. Unlike hap-
loid Chlamydomonas which can be mutagenized and thus
allow the isolation of motility-/flagellum morphogenesis-
deficient mutants identified by complementation of the
genes involved (Pazour and Witman, 2000), Leishmania
are diploid and such a strategy has not yet been possible.

A significant difference with the other genetic
approaches lies in the fact that instead of eliminating a
gene and its function, we have modified a gene and its
function. Therefore, it may be possible to try and block this
function in a similar fashion as the induced mutation by
exogenously providing well-designed molecules, targeting
this gene product and/or its effectors when discovered in
such a way so Leishmania transmission is blocked at the
insect stage. A good candidate for this would be a specific
yet unknown GAP (GTPase activating protein) for whom
inhibitors should be designed. However, several targets
must be considered together within this pathway or in
combination with other pathways, in order to avoid the
selection of Leishmania resistance.

Mathematical models tend to show that the best strat-
egy to eliminate a parasitic disease is to stop transmission
or to develop vaccines rather than to treat patients which
leads to enhancement of parasite virulence and drug
resistance (especially with only one or two different treat-
ments available since many years) (Dye, 1996). Vaccines
are being studied by a number of laboratories but are not
yet available (Mauel, 2002). To stop transmission of

insect-born diseases, insecticides like DDT have been
widely used in the past with some success, but insects
too become resistant. In addition to the toxicity and lack
of specificity of insecticides, they last durably in the envi-
ronment, and spread uncontrollably world-wide (by natural
or human means), representing non-negligible threats for
the environment and biodiversity (Simonich and Hites,
1995). The risk still remains that they will be used again
to control parasite diseases given the lack of new effective
products (Curtis and Lines, 2000). For leishmaniasis as
for other parasitic diseases, new and well thought inte-
grated strategies are needed (Shiff, 2002). A better tar-
geting of insect vectors would certainly be beneficial; this
is being done efficiently for the progressive elimination of
Trypanosoma cruzi transmission over large areas of South
America (Dias et al., 2002) by killing the insect vectors
whose ecological niche is known and accessible. Phlebot-
omine vectors are less easily reached, but they might be
attracted when relevant pheromones or chemoattractants
are fully identified (O’Shea et al., 2002). Our work shows
there may be another trail to follow to eliminate Leishma-
nia without systematically eradicating the insects.

Experimental procedures

Parasites

The Leishmania strain used in this study was L. amazonensis
MHOM/BR/1987/BA125 (BA125). Promastigotes were cultured
at  24∞C  as  previously  described  (Cuvillier  et al.,  2000).
LdARL-3A- and LdARL-3A/Q70L-GTP-overexpressing Leishma-
nia clones have been previously described (Cuvillier et al., 2000).
In brief, amastigotes were recovered from mice footpad lesions,
differentiated to promastigotes at 24∞C for 2 days and amplified
for 1 week before electroporation. Cells were spread onto agar-
ose plates and incubated at 24∞C for 3 weeks until colonies could
be picked and clones amplified for 1–2 weeks before macroph-
age infection or frozen at -70∞C. In all cases, the time spent in
in vitro culture was limited to the minimum.

Metacyclic promastigote purification and Western blots

The 3A1 monoclonal antibody (mAb) (kindly provided by Dr E.
Saraiva) was used for L. amazonensis metacyclic promastigote
purification (Courret et al., 1999). It is directed against L. ama-
zonensis non-infective procyclic promastigotes. Briefly, 5-day-old
stationary-phase promastigotes were washed twice with PBS
and resuspended at a density of 5 ¥ 108 cells ml-1 in PBS plus a
1/1000th dilution of mAb 3A1 ascitic fluid. After a 30-minute
incubation at room temperature, the cell suspension was centri-
fuged at 250 g for 5 min at 4∞C. The unagglutinated metacyclic
infective parasites remained in the supernatant, were washed
twice with PBS, counted and used for macrophage infection. For
Western blots, parasites were lysed with SDS in presence of an
antiprotease cocktail (De Souza Leao et al., 1995) and extracts
processed as previously described (Cuvillier et al., 2000). Rabbit
anti-LACK immune serum (Prina et al., 1996) was kindly provided



726 A. Cuvillier et al.

© 2003 Blackwell Publishing Ltd, Cellular Microbiology, 5, 717–728

by Dr J-C Antoine, rabbit anti-LmCPB 2.8 cysteine protease
(Mottram et al., 1997) by Dr J. Mottram and they were used at
1/1000 dilutions.

Infected macrophages and amastigote preparation

Macrophages were prepared as described (Antoine et al., 1991).
In brief, bone marrow cells were collected from tibias and femurs
of Balb/c mice, resuspended in RPMI-1640 plus 10% heat-
inactivated fetal calf serum, 50 units ml-1 penicilllin, 50 mg ml-1

streptomycin, 2 mM glutamine (Life Technologies) and 20% L-
929 fibroblast-conditioned medium as a source of macrophage
colony-stimulating factor, and incubated at 37∞C in a humidified
CO2 incubator for 5 days. Adherent macrophages were washed
with PBS and detached after a 10 min treatment at 37∞C with
0.9% NaCl, 2 mg ml-1 glucose. Recovered macrophages were
plated into 24-well clusters (Nunc) (with 12 mm round glass cov-
erslips for infection monitoring or without coverslips for amastig-
ote preparation) at a density of 2 ¥ 105 cells per well and per ml
of culture medium, plus 2.5% L-929 fibroblasts-conditioned
medium. Adherent macrophages were incubated with stationary
phase L. amazonensis promastigotes at various densities for 4 h
at 4∞C (determination of promastigote attachment to macroph-
ages and infectivity) or 34∞C (amastigote preparation). Free par-
asites were removed by two PBS washes. Infected macrophages
were further incubated in culture medium at 34∞C without L-929
fibroblast-conditioned medium for various times (infection moni-
toring) or 48 h (amastigote preparation). Cells on coverslips were
fixed and stained with Giemsa solution (Kit RAL 555) before
mounting with a drop of Eukitt and observation under a light
microscope. For amastigote preparation, infected cells were
scraped in PBS with a rubber policeman and homogenized by
10 strokes of a Teflon pestle in a Thomas potter. Debris were
removed by a 5 min centrifugation at 20 g, amastigotes pelleted
at 2500 g for 10 min.

Sandfly infection

A colony of Lutzomyia longipalpis (second to fourth generations)
was maintained at the laboratory (Fiocruz Institute, Bahia, Brazil).
Infections were performed as described (Tesh and Modi, 1984)
with modifications. Three- to five-day-old sandflies were infected
through a chick skin membrane on 300 ml of fresh heparinized
Balb/c mouse blood/107 L. amazonensis amastigotes (prepared
as described above) in culture medium (1:1, v:v). Blood-fed
female sandflies were separated and maintained on 30% honey
solution at 27∞C, 80% humidity. At various times after feeding,
the sandflies were examined for their blood meal status and were
sacrificed by freezing at -20∞C for 10 min. Midguts were excised
from the stomodeal valve to the pylorus (Pimenta et al., 1994),
transferred to a drop of PBS and examined under a Zeiss light
microscope. Individual midguts were placed in microfuge tubes
with 30 ml of NaCl 0.9%, and macerated using a Teflon-coated
microtissue grinder. The number of promastigotes per midgut
was determined by counting on a Malassez haemocytometer.

Acknowledgements

We acknowledge Dr J.-C. Antoine for providing the anti-LACK
immune serum, Dr J. Mottram for the anti-CPB 2.8 immune

serum, Dr E. Saraiva for the mAb 3A1; Professor T. Baltz for his
support; Drs T. Barbosa, N. Courret, H. Denise, D. Robinson, X.
Santarelli, E. Tetaud, P. Veras and Johan Van Weyenbergh for
their help and useful discussions. We thank Dr J. Manis for
reading of the manuscript. This work was supported by the CNPq
– Pronex, CAPES-COFECUB, CNRS, Université Bordeaux 2 and
Conseil Régional d’Aquitaine. A. Cuvillier was a recipient of a
Lavoisier fellowship.

References

Antoine, J.C., Jouanne, C., Lang, T., Prina, E., de Chastellier,
C., and Frehel, C. (1991) Localization of major histocom-
patibility complex class II molecules in phagolysosomes of
murine macrophages infected with Leishmania amazonen-
sis. Infect Immun 59: 764–775.

Antoshechkin, I., and Han, M. (2002) The C. elegans evl-20
gene is a homolog of the small GTPase ARL2 and regu-
lates cytoskeleton dynamics during cytokinesis and mor-
phogenesis. Dev Cell 2: 579–591.

Bartolini, F., Bhamidipati, A., Thomas, S., Schwahn, U.,
Lewis, S.A., and Cowan, N.J. (2002) Functional overlap
between retinitis pigmentosa 2 protein and the tubulin-
specific chaperone cofactor C. J Biol Chem 277: 14629–
14634.

Belkaid, Y., Mendez, S., Lira, R., Kadambi, N., Milon, G., and
Sacks, D. (2000) A natural model of Leishmania major
infection reveals a prolonged ‘silent’ phase of parasite
amplification in the skin before the onset of lesion formation
and immunity. J Immunol 165: 969–977.

Bhamidipati, A., Lewis, S.A., and Cowan, N.J. (2000) ADP
ribosylation factor-like protein 2 (Arl2) regulates the inter-
action of tubulin-folding cofactor D with native tubulin. J Cell
Biol 149: 1087–1096.

Boman, A.L., and Kahn, R.A. (1995) Arf proteins: the mem-
brane traffic police? Trends Biochem Sci 20: 147–150.

Borovsky, D., and Schlein, Y. (1987) Trypsin and chymot-
rypsin-like enzymes of the sandfly Phlebotomus papatasi
infected with Leishmania and their possible role in vector
competence. Med Vet Entomol 1: 235–242.

Choi, C.M., and Lerner, E.A. (2001) Leishmaniasis as an
emerging infection. J Invest Dermatol Symp Proc 6: 175–
182.

Courret, N., Prina, E., Mougneau, E., Saraiva, E.M.,
Sacks, D.L., Glaichenhaus, N., and Antoine, J.C. (1999)
Presentation of the Leishmania antigen LACK by
infected macrophages is dependent upon the virulence
of the phagocytosed parasites. Eur J Immunol 29: 762–
773.

Curtis, C.F., and Lines, J.D. (2000) Should DDT be banned
by international treaty? Parasitol Today 16: 119–121.

Cuvillier, A., Redon, F., Antoine, J.-C., Chardin, P., DeVos,
T., and Merlin, G. (2000) LdARL-3A, a Leishmania
promastigote-specific ADP-ribosylation factor-like protein,
is essential for flagellum integrity. J Cell Sci 113: 2065–
2074.

De Souza Leao, S., Lang, T., Prina, E., Hellio, R., and Anto-
ine, J.C. (1995) Intracellular Leishmania amazonensis
amastigotes internalize and degrade MHC class II mole-
cules of their host cells. J Cell Sci 108: 3219–3231.

Dias, J.C., Silveira, A.C., and Schofield, C.J. (2002) The
impact of Chagas disease control in Latin America: a
review. Mem Inst Oswaldo Cruz 97: 603–612.



Abortive infection of insect vector by modified Leishmania 727

© 2003 Blackwell Publishing Ltd, Cellular Microbiology, 5, 717–728

Dye, C. (1996) The logic of visceral leishmaniasis control.
Am J Trop Med Hyg 55: 125–130.

Guerin, P.J., Olliaro, P., Sundar, S., Boelaert, M., Croft, S.L.,
Desjeux, P., et al. (2002) Visceral leishmaniasis: current
status of control, diagnosis, and treatment, and a proposed
research and development agenda. Lancet Infect Dis 2:
494–501.

Hanzal-Bayer, M., Renault, L., Roversi, P., Wittinghofer, A.,
and Hillig, R.C. (2002) The complex of Arl2-GTP and PDE
delta: from structure to function. EMBO J 21: 2095–2106.

Howard, M.K., Sayers, G., and Miles, M.A. (1987) Leishma-
nia donovani metacyclic promastigotes: transformation in
vitro, lectin agglutination, complement resistance, and
infectivity. Exp Parasitol 64: 147–156.

Ilg, T. (2000) Proteophosphoglycans of Leishmania. Parasitol
Today 16: 489–497.

Ilg, T., Etges, R., Overath, P., McConville, M.J., Thomas-
Oates, J., Thomas, J., et al. (1992) Structure of Leishmania
mexicana lipophosphoglycan. J Biol Chem 267: 6834–
6840.

Kamhawi, S., Modi, G.B., Pimenta, P.F., Rowton, E., and
Sacks, D.L. (2000) The vectorial competence of Phleboto-
mus sergenti is specific for Leishmania tropica and is con-
trolled by species-specific, lipophosphoglycan-mediated
midgut attachment. Parasitology 121: 25–33.

Killick-Kendrick, R., Molyneux, D.H., and Ashford, R.W.
(1974a) Leishmania. phlebotomid sandflies. I. Modifica-
tions of the flagellum associated with attachment to the
mid-gut and oesophageal valve of the sandfly. Proc R Soc
Lond B Biol Sci 187: 409–419.

Killick-Kendrick, R., Molyneux, D.H., and Ashford, R.W.
(1974b) Ultrastructural observations on the attachment of
Leishmania in the sandfly. Trans R Soc Trop Medical Hyg
68: 269.

Killick-Kendrick, R., Lainson, R., Leaney, A.J., Ward, R.D.,
and Shaw, J.J. (1977) Promastigotes of Leishmania b.
braziliensis in the gut wall of the natural vector, Psy-
chodopygus wellcomei. Trans R Soc Trop Medical Hyg 71:
381.

Lainson, R., Ryan, L., and Shaw, J.J. (1987) Infective stages
of Leishmania. the sandfly vector and some observations
on the mechanism of transmission. Mem Inst Oswaldo
Cruz 82: 421–424.

Lawyer, P.G., Ngumbi, P.M., Anjili, C.O., Odongo, S.O.,
Mebrahtu, Y.B., Githure, in J.I., et al. (1990) Development
of Leishmania major in Phlebotomus duboscqi and Sergen-
tomyia schwetzi (Diptera: Psychodidae). Am J Trop Med
Hyg 43: 31–43.

Lin, C.Y., Huang, P.H., Liao, W.L., Cheng, H.J., Huang, C.F.,
Kuo, J.C., et al. (2000) ARL4, an ARF-like protein that is
developmentally regulated and localized to nuclei and
nucleoli. J Biol Chem 275: 37815–37823.

Linari, M., HanzaI-Bayer, M., and Becker, J. (1999) The
delta subunit of rod specific cyclic GMP phosphodi-
esterase, PDE delta, interacts with the Arf-like pro-
tein Arl3 in a GTP specific manner. FEBS Lett 458:
55–59.

Lira, R., Mendez, S., Carrera, L., Jaffe, C., Neva, F., and
Sacks, D. (1998) Leishmania tropica. The identification and
purification of metacyclic promastigotes and use in estab-
lishing mouse and hamster models of cutaneous and vis-
ceral disease. Exp Parasitol 89: 331–342.

Mahoney, A.B., Sacks, D.L., Saraiva, E., Modi, G., and Turco,
S.J. (1999) Intra-species and stage-specific polymor-

phisms in lipophosphoglycan structure control Leishmania
donovani–sand fly interactions. Biochemistry 38: 9813–
9823.

Mauel, J. (2002) Vaccination against Leishmania infections.
Curr Drug Targets Immune Endocr Metabol Disord 2: 201–
226.

McConville, M.J., Turco, S.J., Ferguson, M.A.J., and Sacks,
D.L. (1992) Developmental modification of lipophospho-
glycan during the differentiation of Leishmania major
promastigotes to an infectious stage. EMBO J 11: 3593–
3600.

Molyneux, D.H., and Killick-Kendrick, R. (1987) Morphology,
ultrastructure and life cycles. In The Leishmaniases in Biol-
ogy and Medicine. Peters, W., and Killick-Kendrick, R.
(eds). London: Academic Press, pp. 121–176.

Molyneux, D.H., Killick-Kendrick, R., and Ashford, R.W.
(1975) Leishmania in Phlebotomid sandflies. III. The ultra-
structure of Leishmania mexicana amazonensis the midgut
and pharynx of Lutzomyia longipalpis. Proc of the R Soc
Lond B Biol Sci. 190: 341–357.

Mosser, D.M., and Brittingham, A. (1997) Leishmania, mac-
rophages and complement, a tale of subversion and exploi-
tation. Parasitology 115: S9–S23.

Mottram, J.C., Frame, M.J., Brooks, D.R., Tetley, L., Hutchi-
son, J.E., Souza, A.E., and Coombs, G.H. (1997) The
multiple cpb cysteine proteinase genes of Leishmania mex-
icana encode isoenzymes that differ in their stage regula-
tion and substrate preferences. J Biol Chem 272: 14285–
14293.

Mougneau, E., Altare, F., Wakil, A.E., Zheng, S.C., Coppola,
T., Wang, Z.E., et al. (1995) Expression cloning of a pro-
tective Leishmania antigen. Science 268: 563–566.

O’Shea, B., Rebollar-Tellez, E., Ward, R.D., Hamilton, J.G.,
el Naiem, D., and Polwart, A. (2002) Enhanced sandfly
attraction to Leishmania-infected hosts. Trans R Soc Trop
Med Hyg 96: 117–118.

Oloumi, A., Lam, W., Banath, J.P., and Olive, P.L. (2002)
Identification of genes differentially expressed in V79 cells
grown as multicell spheroids. Int J Radiat Biol 78: 483–492.

Pazour, G.J., and Witman, G.B. (2000) Forward and reverse
genetic analysis of microtubule motors in Chlamydomonas.
Methods 22: 285–298.

Pimenta, P.F., Turco, S.J., McConville, M.J., Lawyer, P.G.,
Perkins, P.V., and Sacks, D.L. (1992) Stage-specific adhe-
sion of Leishmania promastigotes to the sandfly midgut.
Science 256: 1812–1815.

Pimenta, P.F.P., Saraiva, E.M.B., Rowton, E., Modi, G.B.,
Garraway, L.A., Beverley, S.M., et al. (1994) Evidence that
the vectorial competence of phlebotomine sand flies for
different species of Leishmania is controlled by structural
polymorphisms in the surface lipophosphoglycan. Proc
Natl Acad Sci USA 91: 9155–9159.

Pimenta, P.F.P., Modi, G.B., Pereira, S.T., Shahabuddin, M.,
and Sacks, D.L. (1997) Novel role for the peritrophic matrix
in protecting Leishmania from the hydrolytic activities of the
sand fly midgut. Parasitology 115: 359–369.

Prina, E., Lang, T., Glaichenhaus, N., and Antoine, J.C.
(1996) Presentation of the protective parasite antigen
LACK by Leishmania-infected macrophages. J Immunol
156: 4318–4327.

Radcliffe, P.A., Vardy, L., and Toda, T. (2000) A conserved
small GTP-binding protein Alp41 is essential for the cofac-
tor-dependent biogenesis of microtubules in fission yeast.
FEBS Lett 468: 84–88.



728 A. Cuvillier et al.

© 2003 Blackwell Publishing Ltd, Cellular Microbiology, 5, 717–728

Rosenwald, A.G., Rhodes, M.A., Van Valkenburgh, H.,
Palanivel, V., Chapman, G., Boman, A., et al. (2002) ARL1
and membrane traffic in Saccharomyces cerevisiae. Yeast
19: 1039–1056.

Sacks, D.L. (1992) The structure and function of the surface
lipophosphoglycan on different developmental stages of
Leishmania promastigotes. Infect Agents Dis 1: 200–206.

Sacks, D.L. (2001) Leishmania–sand fly interactions control-
ling species-specific vector competence. Cell Microbiol 3:
189–196.

Sacks, D.L., and Melby, P.C. (1998) Animal models for the
analysis of immune responses to leishmaniasis. Cur Prot
Immunol Supplement 28: 19.12.11–19.12.20.

Sacks, D.L., and Perkins, P.V. (1984) Identification of an
infective stage of Leishmania promastigotes. Science 223:
1417–1419.

Sacks, D.L., and Perkins, P.V. (1985) Development of infec-
tive stage Leishmania promastigotes within phlebotomine
sand flies. Am J Trop Med Hyg 34: 456–459.

Sacks, D.L., Saraiva, E.M., Rowton, E., Turco, S.J., and
Pimenta, P.F. (1994) The role of the lipophosphoglycan of
Leishmania in vector competence. Parasitology 108: S55–
S62.

Sacks, D.L., Pimenta, P.F.P., McConville, M.J., Schneider,
P., and Turco, S.J. (1995) Stage-specific binding of Leish-
mania donovani to the sandfly vector midgut is regulated
by conformational changes in the abundant surface lipo-
phosphoglycan. J Exp Med 181: 685–697.

Sacks, D.L., Modi, G., Rowton, E., Spath, G., Epstein, L.,
Turco, S.J., and Beverley, S.M. (2000) The role of phos-
phoglycans in Leishmania–sand fly interactions. Proc Natl
Acad Sci USA 97: 406–411.

Saraiva, E.M.B., Pimenta, P.F.P., Brodin, T.N., Rowton, E.,
Modi, G.B., and Sacks, D.L. (1995) Changes in lipophos-
phoglycan and gene expression associated with the
development of Leishmania major in Phlebotomus papatasi
Parasitol 111: 275–287.

Schurmann, A., Koling, S., Jacobs, S., Saftig, P., Krauss, S.,
Wennemuth, G., et al. (2002) Reduced sperm count and

normal fertility in male mice with targeted disruption of the
ADP-ribosylation factor-like 4 (Arl4) gene. Mol Cell Biol 22:
2761–2768.

Sharer, J.D., and Kahn, R.A. (1999) The ARF-like 2 (ARL2)
-binding protein, BART – Purification, cloning, and initial
characterization. J Biol Chem 274: 27553–27561.

Sharer, J.D., Shern, J.F., Van Valkenburgh, H., Wallace,
D.C., and Kahn, R.A. (2002) ARL2 and BART enter mito-
chondria and bind the adenine nucleotide transporter. Mol
Biol Cell 13: 71–83.

Shiff, C. (2002) Integrated approach to malaria control. Clin
Microbiol Rev 15: 278–293.

Simonich, S.L., and Hites, R.A. (1995) Global distribution of
persistent organochlorine compounds. Science 269:
1851–1854.

Stierhof, Y.D., Bates, P.A., Jacobson, R.L., Rogers, M.E.,
Schlein, Y., Handman, E., and Ilg, T. (1999) Filamentous
proteophosphoglycan secreted by Leishmania promastig-
otes forms gel-like three-dimensional networks that
obstruct the digestive tract of infected sandfly vectors. Eur
J Cell Biol 78: 675–689.

Tesh, R.B., and Modi, G.B. (1984) A simple method for exper-
imental infection of phlebotomine sandflies with Leishma-
nia. Am J Trop Med Hyg 33: 41–46.

Walters, L.L., Modi, G.B., Tesh, R.B., and Burrage, T. (1987)
Host-parasite relationship of Leishmania mexicana mexi-
cana and Lutzomyia abonnenci (Diptera: Psychodidae).
Am J Trop Med Hyg 36: 294–314.

Walters, L.L., Modi, G.B., Chaplin, G.L., and Tesh, R.B.
(1989a) Ultrastructural development of Leishmania cha-
gasi. its vector, Lutzomyia longipalpis (Diptera: Psychod-
idae). Am J Trop Med Hyg 41: 295–317.

Walters, L.L., Chaplin, G.L., Modi, G.B., and Tesh, R.B.
(1989b) Ultrastructural biology of Leishmania (Viannia)
panamensis (= Leishmania braziliensis panamensis) in
Lutzomyia gomezi (DPiptera: Psychodidae): a natural
host–parasite association. Am J Trop Med Hyg 40: 19–39.

WHO/OMS (2001) Leishmaniasis [www document]. URL
http://www.who.int/emc/diseases/leish/leisdis1.html.

http://www.who.int/emc/diseases/leish/leisdis1.html.

