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Role of mosquito salivary glands
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This review briefly focuses on the role of mosquito
salivary glands; and on the biological processes and
mechanisms relevant to transmission of malarial
parasite (Plasmodium), the causative agent for ma-
laria. A key requirement for transmission of the para-
site is an infected blood meal which initiates parasite
transmission cycle. The blood feeding is an organized
biological mechanism which involves use of anti-
coagulants that cause severe immune reaction by the
host, and minimizing the parasite load for its survival.
The malarial parasite in the form of a sporozoite ini-
tially produced in the midgut-stage oocyts, travels to
the salivary glands of blood-sucking female ano-
pheline mosquito vector with a possible exploitation of
specific receptors, if any, by it. During the development
of Plasmodium in the mosquito midgut, sporozoites
burst out of developing oocysts into the hemocoel (an
open circulatory system in the insects) to locate and
invade salivary glands prior to transmission to a ver-
tebrate host. It is not only an obligatory step, but also
seems to facilitate complete maturation of infection-
competent sporozoites. The molecular events, espe-
cially recognition mechanisms between the sporozoite
and salivary glands are poorly characterized, and a
clear understanding is certainly expected to identify
novel targets for further studies aimed at interrupting
parasite transmission cycle.

Structure and gross anatomy of salivary gland

THE paired salivary glands of mosquitoes are present in
the thorax flanking the oesophagus (Figure 1 a). Each
gland has three lobes, two lateral and one median. In the
female mosquito the lateral lobes are formed by proxi-
mal, intermediate and distal regions. The median lobe on
the other hand, is formed by a short neck region and a
distal region. The extreme anterior part of each gland is
innervated and the ingluvial ganglia situated at the junc-
tion of fore-gut and midgut (Figure 1 5), supply neuro-
secretory axons to the glandl’z. Each lobe has a central
duct constituted by a layer of epithelial cells that are
bound externally by a basal lamina. The ducts from each
lobe fuse so as to form a lateral salivary duct which runs
forward and fuses with the one from the other gland to
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form a common salivary duct which opens at the base of
the hypopharynx. The extracellular apical cavities of the
posterior regions of female salivary glands are highly
dilated with salivary secretions. It is interesting to note
that the male salivary glands though tri-lobed, are much

-
ump R

Astenar
a oidge Stomash
o G} Ve Sove / Mal pighian tibe
”~ N —=f ’
7~ 4
Doread / z L e S, 4
tiverticvs (,/ T, N [ .
i ifer R S
JSUTPTH . % P - >
) ————

* Selvary det

“Saliwary calve

¥ i ! \\-run o
/ dinel ngion

Mitisn lobe
1 meck regien

J/ Letersl looe
dictal egan

Latesad lche

Figure 1.
salivary glands. b, Salivary glands of adult female Anopheles stephensi.
(A) Whole gland and (B-F) ultrastructure of different regions of the
gland in transverse section. (Adapted from Clements*.)

a, Alimentary canal of mosquito showing position of the
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smaller than the female gland, and the protein profile of
the male gland resembles that of the proximal region
of lateral lobes™ of the female salivary glands. Equally
interesting is the absence of whole median lobe and the
intermediate region of the lateral lobes in non-blood-
sucking mosquitoes like Toxorhynchites brevipalpis® and
the absence of polytene chromosomes in the adult mos-
quitoes®.

Salivary glands, blood feeding and
immuno-modulation

The salivary glands of mosquitoes performs the follow-
ing role: (i) facilitate blood feeding; (ii) transmit para-
sites; (ili) minimize parasite infection; (iv) produce
chemical stimuli like xanthuranic acid for completion of
parasite life cycle; and, (v) have probable receptors for
recognition of sporozoites.

During an insect bite, the salivary glands release compo-
nents that include antihistamines, vasodilators like tachy-
kinin, anticoagulants like thrombin- and F,,-directed
molecules’ and immunomodulators, in order to facilitate
entry of inoculum containing pathogens®. The salivary com-
ponents of vectors have been implicated to be of impor-
tance in transmission of pathogen (viral, bacterial and
protozoan) by ticks”'’, mosquitoes'', etc. Salivary glands
of other blood-sucking arthropods like star tick (Amb-
lyomma americanuum) bear prostaglandin E-2 (PGE-2)
receptor which stimulates secretion of an anticoagulant in
order to facilitate blood feeding'’. Similarly, another
blood-feeding insect Rhodnius releases an anticoagulant,
prolixin-S that binds to the smooth muscles of the blood
vessels and relaxes them for efficient blood feeding''".
Certain studies have revealed that the salivary secretions
of Phelebotomus duboscqui and Lutzomyia longipalpis
influence the growth and development and transmissibi-
lity of Leishmania", while others reflect the immunosup-
pressive effect of salivary contents that affects the
clinical manifestation of Leishmania infections in rodent
models and in the natural hosts'®.

In Aedes aegypti, the saliva was first reported to have
vasodilating functions'’ and the presence of tachykinins
was reported much later'®. Vasodilation is of major imp-
ortance in facilitating efficient blood feeding, and thus
for passage of pathogens and parasites. The tachykinins
are peptides which act as vasodilators, with varied phar-
macological functions on the central nervous system,
cardiovascular and glandular tissues. Besides acting as a
vasodilator, saliva inhibits the platelet aggregation and
has anticoagulant properties. However, the biological
functions of blood-feeding insects have evolved inde-
pendently in the 13 different families of hematophagous
insects'’. The vasodilators increase the diameter of blood
vessels to allow greater blood flow and show the pre-
sence of vasoactive peptides, sailokinin I and II in

CURRENT SCIENCE, VOL. 85, NO. 9, 10 NOVEMBER 2003

Aedes". In vitro clotting assays have revealed the pres-
ence of thrombin-directed anticoagulants in Anophelines
(malaria vectors), while Culicines had F,,-directed anti-
coagulants®?'. Besides these observations, the anticoagu-
lants of Culex quinquefasciatus are twice more potent
than those of the Ae. aegypti®>. Similarly, the saliva of ticks
(Ornithodorous moubata) was reported to be heat labile
and has thrombin-directed activity in the salivary glands,
coxal fluid and egg extracts™. Some of the activity was
also F,-directed.

The hematophagous insects play a crucial role in
the transmission of many parasites and pathogenic org-
anisms®*®. During the short time (seconds) of blood
feeding%, anophelines, for example, inject sporozoites
(10-1000, exact number not known) along with other
salivary-gland discharges. Once in blood circulation the
sporozoites begin the malaria cycle in the susceptible
host (Box 1). While facilitating the ingestion of blood
meal of the mosquito, the salivary glands of the insect
also express defence molecules for minimizing parasite
infections for its survival®’.

Saliva also exhibits immunomodulatory activities by
suppressing or enhancing the host immune response.
Adenosine deaminase was found in the Lutzomiya sandfly.
Sequencing of a subtracted cDNA library from the sali-
vary gland of the sandfly revealed similarities to gene
products of adenosine deaminase family™®. Other studies
also reveal that the saliva protects the parasite, e.g. in
Leishmania major”. This was observed by comparing the
inoculum numbers, wherein 1-100 parasites injected by
the sandfly vector were efficient in causing leishmaniasis
in experimental mice, compared to millions of parasites

Box 1. The malaria cycle

Sporozoites invade the liver and undergo asexual
schizogony (> 6-14 days), releasing thousands of
merozoites which subsequently invade the erythro-
cytes to form rings, trophozoites, schizonts, male and
female gametocytes, and thus complete the life cycle
in the vertebrate host. Thereafter, the mosquitoes pick
up gametocytes to form gametes that fertilize (within
20-30 min) and the zygotes transform into ookinetes
(16-30 h). The ookinetes pass through the peritrophic
membrane, surrounding the food bolus, cross through
the epithelial cells and form oocysts on the midgut wall
facing the hemocoel. The oocysts produce sporozoites
(total time ~ 10-14 days after ingestion of the blood
meal). Subsequently, the sporozoites released into
the hemolymph invade the salivary glands and await
introduction into a host during the next blood-feeding
process. Mosquitoes thus acquire parasites as eryth-
rocytic gametocytes and deliver parasites as sporo-
zoites during the blood-feeding process.
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needed by syringe delivery. Pre-exposure of mice to saliva
of uninfected sandfly, on the other hand, was shown to
protect animals against infectious L. major challenge.

Mosquito bites result in skin eruptions causing pruritic
weals which could sometimes result in necrotic lesions.
The immediate reactions consist of a pruritic weal with
a surrounding flare or erythema which peakes at 30 min
post-bite. It was also observed that IgE, lymphocyte, local
IgG and immune-complex-mediated hypersensitivities
are involved in allergy to Ae. vexans and Ae albopictus™.
The hypersensitive responses could be classified into
immediate (types I and IIl which depend on the inter-
action of antigen with humoral antibody, manifest within
30 min and disappear within 3 days), and delayed-type
hypersensitivity (type IV hypersensitivity which involves
cell-mediated immune responses and takes a longer time
course to manifest). The impact of such activities on infec-
tivity and transmission of malaria parasite has not been
worked out.

Salivary gland components with diverse functions
D7-like fragments of Anopheles

Expression of salivary gland-specific genes was first
characterized in A. aegypti””', and more recently in An.
gambiae™. The A. aegypti D7 gene corresponds to a
37 kDa polypeptide present in the saliva, which is en-
coded in five exons separated by small introns™. Isola-
tion and sequencing of 15 unique cDNA fragments from
the salivary glands of An. gambiae (150-550 bp) follow-
ing immuno-screening in COS-7 cells have recently been
reported’’. Three of these ¢cDNAs, i.e. D7r1(dB1), D7r2
(iB6) and D7r3(iC5) show a high degree of resemblance
to the D7 and apyrase genes of the salivary glands of 4.
aegypti. These clones hybridize closely to chromosomal
positions on the right arm of the third chromosome in the
division 30A (D7r2) and 30B (D7rl1 and D7r3). The other
three of the six D7-related cDNAs are new and have not
been reported before. These clones are specifically ex-
pressed in the female salivary glands only. Although the
exact functions of D7 are unknown, their stage-, sex- and
tissue-specificity and location in the secretory cavities
suggest their potential role in blood feeding and/or para-
site transmission.

Apyrase gene product

It is a secretory protein which hydrolyzes ATP and ADP
to AMP and P;, and has been shown to inhibit the ADP-
induced platelet recruitment and aggregation. A few stud-
ies have revealed”® a relationship between sporozoite
infection and the time of probing with a one-third
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decrease of apyrase activity in P. gallinaceum-infected A.
aegypti. The apyrase activity is more confined to the dis-
tal regions of the female salivary glands only’’. It has
also been observed to facilitate mosquito feeding by inhi-
biting platelet recruitment and aggregation at the site of
mosquito bite. The gene has evolved by duplication fol-
lowed by divergent evolution from membrane-bound 5’-
nucleotidase due to loss of carboxyl terminus domain
involved in membrane-anchoring’®. Recently, molecular
cloning of An. gambiae homologue of Aedes apyrase has
been described’.

Defence molecules

Induction of a 30 kDa protein in the salivary glands of
An. stephensi in response to infection by Plasmodium
voelii yoelii has been suggested to impart tolerance to
parasite infections in mosquitoes™. On the other hand,
An. gambiae show an innate immune response after
infection by malaria parasites. The molecular markers for
such responses include a nitric oxide synthase (NOS)
gene fragment and /CHIT (a gene encoding two putative
chitin-binding domains separated by poly threonine-rich
mucin region). Interestingly, the salivary gland shows the
presence of six immune markers, which raises the possi-
bility that these glands act as immune organs. They res-
pond late in the infection, i.e. induction of NOS observed
on day-9 post-infection, defensin, ICHIT and NOS on
day-11, and between days 13 and 21 post-infection, res-
pectively™®. What is even more fascinating as well intri-
guing is the observation that the salivary glands did not
show any immune induction following the second blood
meal. The salivary gland of Ae. aegypti has been reported
to show bacteriolytic lysozyme activity"'. The production
of defence molecules by salivary glands of other dipter-
ans has been reported in the distal lobes of the salivary
glands of Drosophila melanogaster. The glands express
an anti-fungal compound called drosomycin®. It is possi-
ble that the expression of immune molecules from the
salivary glands of mosquitoes might decrease microbial
infection during feeding, which could also be beneficial
for the malarial parasite.

Molecular recognition between sporozoites and
salivary glands

Parasite components

Circumsporozoite (CS) and thrombospondin-related ano-
nymous protein (TRAP) are two well-established mole-
cules expressed in the sporozoites. They participate in a
variety of processes ranging from maturation of sporozoites
in the oocyst stage of the Plasmodium to gliding motility
and subsequent invasion of salivary glands. Direct-

CURRENT SCIENCE, VOL. 85, NO. 9, 10 NOVEMBER 2003



REVIEW ARTICLES

binding studies have revealed specific binding of recom-
binant CS protein to the salivary gland®, and a peptide
encompassing region I (highly conserved sequence found
in all rodent and primate Plasmodium CS proteins) inhi-
bited binding of CS protein to the salivary gland. This
pointed to a receptor-mediated process for invasion of
salivary glands by sporozoites, although the mechanism
of invasion remains unknown. Targetted gene disruption
studies with TRAP have revealed some role played by
this parasite molecule in its motility leading to sub-
sequent invasion of the salivary glands*. This was re-
vealed by the substitution of the conserved residue of the
A-domain or a deletion in the TSP-motif of P. falciparum
TRAP gene (PfTRAP) which resulted in an inability of
the sporozoite to invade the salivary glands®. The role of
CS protein in motility and infectivity of sporozoites has
also been shown by inter-strain replacement of CS pro-
tein gene in two versions at regions I and II (conserved
motifs; disruption of region II impaired motility)*. Simi-
larly, significance of MAEBL protein localized in the
micronemes, in sporozoite invasion and attachment to the
surface of salivary glands, was revealed by the targetted
disruption experiments®’.

Salivary gland components as putative receptors for
Plasmodium

The fascinating series of biological studies by Rosenberg™,
directly suggested the involvement of highly species-
specific (parasite and Anopheles) receptor-ligand inter-
actions in the processes leading to invasion of salivary
glands by Plasmodium sporozoites. A few studies
published since this initial study, have attempted to char-
acterize the process of sporozoite—salivary gland inter-
actions.

A high invasion rate of P. gallinaceum sporozoites
within 6 h was reported*’, which did not increase further
after 24 h post-injection of sporozoites obtained from the
oocysts of A. aegypti. Treatment of salivary glands with
purified IgG from rabbit polyclonal antiserum against
salivary gland extracts or monoclonal antibodies or lectins,
blocked sporozoite invasion in vivo. Seven of the 19
lectins bound to salivary glands also include succinylated
wheat germ agglutinin and wheat germ agglutinin. The
authors suggested that the sporozoites interact with the
glycosylated salivary gland surface molecules present in
the salivary gland basal lamina, which might function as
receptors for binding and invasion.

Using monoclonal antibodies raised against salivary
gland proteins of female An. gambiae, Brennan et al.”
characterized two proteins of approximately 100 and
29 kDa molecular weights (non-reducing SDS-PAGE).
The localization of these two proteins in the median and
lateral female-specific lobes was demonstrated by the use
of an indirect immunofluorescence and immunoelectron
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microscopy (Figure 2 a—d). These proteins exhibited
tissue- and sex-specificity as well as size polymorphism
among various species and genera of mosquitoes. The
inhibitory activity of the monoclonal antibody recogniz-
ing the 100 kDa protein was demonstrated in an in vivo
assay by the authors.

The 100 kDa proteins (doublet) have recently been
shown to exist as disulphide-bonded dimers of two immu-
nologically identical subunits (Okulate and Kumar, un-
published, pers. commun.). Following an infected blood
meal, the mosquitoes were subsequently fed antibodies
nine days later followed by detection of sporozoites that
invaded salivary glands (4-5 days after the antibody
feed). The salivary glands from mosquitoes fed with anti-
body recognizing the 100 kDa protein had 73% fewer
sporozoites compared to the glands from mosquitoes fed
control or antibodies against the 29 kDa protein. The
sporozoite invasion assay employed in this study emu-
lates the natural course of malaria transmission (Figure
2 e, f), as opposed to injection of purified sporozoites in
almost all the previous studies®’. These studies thus raise
the possibility that molecules such as the 100 kDa protein
identified by Brennan et al. might act as a putative recep-
tor and warrant further characterization at the molecular
level. It is highly possible that additional molecules
might also participate in the processes leading to recogni-
tion of the sporozoite and subsequent invasion of the
salivary gland. The recently completed genome sequence
of An. gambiae will undoubtedly aid in detailed mole-
cular characterization of such receptors. The genomic
sequence information is already paving the way for the
characterization of genes expressed in various tissues of
the mosquito in response to a variety of physiological and
pathological stimulations.

A phage display library was used to search for the
ligands of malaria parasite on the epithelium of salivary
glands and midgut’’. A 12 amino-acid peptide bound to
distal lobes of salivary glands and to the luminal side of
the midgut epithelium. It was observed that SM, peptide
strongly inhibited the P. berghei invasion of salivary
glands and mid-gut. The peptide was identified by a
phage display library from about 10° different phages. In
order to select phages displaying peptides having affinity
to salivary glands or midguts, 10'' phages were injected
into the hemocoel of mosquitoes (4n. stephensi) and allowed
to disperse for about 30 min. Subsequently, the salivary
glands and midguts were dissected to ultimately charac-
terize the peptide sequence displayed by the bound phage
particles. A peptide with an unique amino acid sequence
(PCQRAIFQSICN) was recovered following elutions
from both the tissues, raising a possibility of a common
ligand used by different invasive parasite stages (ooki-
netes in the midgut and sporozoites in the salivary gland).
In a recent study, transgenic mosquitoes expressing the
peptide sequence have been found to exhibit reduced sus-
ceptibility to infection by P. berghei’.
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Immunoelectron and indirect immunofluorescence microscopy of female. An. gambiae

salivary glands. @ and b, Binding of 2A3 and C26 monoclonal antibodies to the distal lateral lobes of
the salivary glands respectively (x 15,600 magnification). ¢ and d, Diffuse dispersion of the 29 kDa
and 100 kDa proteins on female-specific lobes of salivary glands revealed by immunofluorescence
assay. e, In vivo binding of fed monoclonal antibodies to salivary glands and f, in vivo blocking of
sporozoite invasion of salivary glands; female 4n. gambiae-fed monoclonal antibodies in a blood
meal and salivary gland-bound antibodies detected by ELISA. Inhibitory ascites factor, if any, was
eliminated by performing a corresponding experiment using ammonium sulphate-precipitated mouse
acsites (Modified from Brennan ef al.*’; Copyright© 1993-2001, National Academy of Sciences, USA.).

Concluding remarks

Salivary glands of mosquitoes perform several functions
for effective survival of the insect, while maintaining the
tenacity to harbour pathogens and parasites. The acute
structural design and physiology of the salivary gland
makes it an effective organ to perform various functions
conducive for blood feeding and parasite transmission. At
the histological level, the gland is made up of epithelial
cells surrounded by the basal lamina so as to enclose a
central canal that opens up in the hypopharynx, which
results in direct inoculation or release of blood infected
with parasites in the vertebrate hosts. Continuous blood
feeding is possible due to the pharmacological attributes
of the salivary secretions which are anti-hemostatic, anti-
coagulatory and vasodialatory in nature”*',

In the case of mosquitoes, the difference in the content
of salivary proteins between the two sexes of An. gam-
biae indicates the importance of female-specific proteins
in sporozoite recognition by the female™. Expression
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patterns and persistence of such proteins in specialized
anatomical locations have suggested their putative involve-
ment in the recognition of sporozoites and subsequent
invasion. It is not surprising that only a few select female-
specific salivary gland proteins will ultimately function
as putative receptors. Indeed, out of the two proteins
identified by Brennan er al’’, monoclonal antibodies
directed against an epitope in only one protein (non-
reduced molecular weight ~ 100 kDa) were effective in
inhibiting sporozoite numbers in the invaded salivary
glands, suggesting a potential role for this protein as a
putative parasite receptor. Another significant informa-
tion has been recently revealed about yet another likely
candidate (SM;) common to the salivary gland and mid-
gut, by use of phage display library’’. The interaction of
SM; peptide with both the malarial parasite and the distal
lobes of salivary glands also suggests recognition of a
common ligand. Invasion of the distal but not the proxi-
mal lobes of the gland compels one to believe that the
parasite recognizes specific receptor/s of the gland. This
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concept is strengthened by the partial blockade of sali-
vary gland epitopes of An. gambiae by mAbs, as reported
earlier™ and subsequently for An. stephensi’'

Finally, the availability of the ~ 280 Mb An. gambiae
genome will undoubtedly enhance our understanding of
the adaptation the mosquitoes as vectors for pathogen
transmission, physiology of blood feeding, specific mole-
cular candidates participating in the interactions between
parasites and different tissues of the mosquito, molecular
changes associated with parasite infectivity, etc. Functional
genomic analysis using micro-arrays is already providing
valuable information about numerous physiological res-
ponses of the malaria vector, and such approaches would
hopefully lead to novel strategies for intervention of
malaria transmission™. Similarly, gene expression analy-
sis in sporozoites isolated from midguts and from those
that successfully invaded salivary glands, has revealed
specific molecular changes™. Availability of genome
sequences of humans, Plasmodium and anopheline mos-
quitoes opens up possibilities to decipher physiological,
biochemical and molecular events involved in host—
parasite—vector transmission cycles.
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