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Susiviary: In humans, infection by Plasmodium starts with the infectious bite of an Anopheles mosquito. The parasitic cycle requires the interac-
tion of three unrelated organisms: the parasite. the vecetor and the vertebrate host. The bite of the Anopheles harbouring sporozoites in its sulivary
glands involves three distinet. but inked processes: penetration and probing by the mouth parts into the skin. injection of saliva containing sporo-
zoites. and blood feeding. Recent information relative to Plasmodinn transmission via an infectious bite concerns principally four points: 1) the
number of sporozoites actually injected into the host is now considered to be low, on the average of ubout 10, but can occasionally reach a few hun-
dred: this number is surprisingly low and represents about 1% of the sporozottes stored in the salivary glands: 2) the sporozoites injected into the
skin during probing seem to be the only ones able to infect the hepatic cells of the vertebrate host: the sporozoites injected into the vertebrate blood
stream during feeding are not considered important tor transmission of the parasite because they are ingested with the blood meal and are carried
into the lumen of the midgut: 3) the success of one mosquito bite to infect the non-immune vertebrate host 1s difficult to evaluate: however. even
though the estimate is approximate. chances are now considered to be around one out of two: 4) the biting behaviour of Anopheles species seems o
be moditied when sporozoites are present in the salivary glands provoking an increased time of skin penetration by the mouth purts during the bite
and an increased average number of hosts being bitten in order to achicve blood meul repletion: this would of course augment the chances of puaru-

site transmission. These behavioural differences depend on the vector species. but they could also depend on the Plasmodium specices.
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INTRODUCTION

Malaria infection requires the precise encounter of th-
ree organisms: the Plasmodium parasite, the vertebrate
host and the mosquito vector. Their interaction occurs
when the female mosquito bites the vertebrate host in or-
der to take a blood meal requisite for egg formation. Du-
ring the bite, the asexual and sexual forms of the parasite
circulating in the blood stream of the vertcbrate host are
ingested with the blood meal while the infectious form
of the parasite (sporozoite) stored in the mosquito's sali-
vary apparatus are injected into the skin of the vertebrate
host to initiate another round of the parasite cycle. The
severe consequences of these infections in terms of pu-
blic health justify a careful examination of the steps
which initiate the process. It is essential to better unders-
tand the biological interplay going on between the mem-
bers of this triad in order to decrease their interaction
and by the same token to avoid infection.

Apart from the vectoriual transmission, malaria infec-
tions can also occur by congenital vertical transfer and
by transtusion of Plasmodium-contaminated blood.
These marginal means of transmission unrelated to the
bite of infected anophelines will not be considered here.

BACKGROUND KNOWLEDGE

Biting occurs shortly after the mosquito hus landed on
the skin of its host. The tips of the proboscis, measuring

about 1500 mm long and comprised of a labium (1), la-
brum (1), hypopharynx (1), mandibules (2). and maxilles
(2), come into contact with the skin. This also brings the
sensillae of the labellar lobes into contact with it. With
alternating movements of the terminally serrated maxi-
lles and mandibules, the stylet fascicule (i.e. all the
mouthparts minus labium) penetrate the host skin.

Mosquitoes search for blood by repeatedly thrusting
the fascicule into a host's dermal network of blood ves-
sels until a blood vessel is pierced (GORDON & CREWE,
[948).

Blood can then be ingested either by direct cannula-
tion of a blood vessel or by pool feeding from a microhe-
morrhage induced by the probing (GORDON & CREW,
1948; GRIFFITHS & GORDON. 1952). The blood is imbi-
bed by action of the cibarial and pharyngeal pump mus-
cles via the food canal formed by the labrum and hypop-
harynx. Blood then passes into the midgut.

Saliva is synthesised by a pair of salivary glands, each
consisting of three lobes, two lateral and one median.
The saliva is ejected from glands via two ducts which
fuse into a common salivary duct, that continues in the
central part of hypopharynx and finishes at the very dis-
tal part of it.

Salivation occurs continuously trom the beginning of
probing to withdrawal of the mosquito mouthparts upon
repletion (GOLENDA et al., 1995). Discharge of saliva
into the bloodstream is observed only under exceptional
circumstances, and then only when the biting fascicule is
lying in an unusually small capillary (GRIFFITHS & GOR-
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DON, 1952). The saliva contains numerous bioactive pro-
teins (KERLIN & HUGUES, 1992) that counteracl compo-
nents of the vertebrate haemostatic response. The ano-
pheline  saliva  conlains  anticoagulating  factors
(CHRISTOPHERS, 1960), factors which prevent platelet
aggregation (such as apyrase), inflammatory factors, di-
gestive enzymes (phosphatase. csterase, aminopeptidase.
glycosidase), and vasodilatators such as peroxidase (Ja-
MES & ROSSIGNOL, 1991: CHAMPAGNE, 1994). For three
species of Anopheles the speed of locating blood was po-
sitively correlated with the titer of stored apyrase in the
salivary glands (RIBEIRO, ROSSIGNOL. & SPIELMAN,
1985). A classical experiment carried out by HUDSON,
BowMaN & ORR (1960) on Aedes stimulans. showed
that if the main salivary duct 1s cut at the anterior region
ol the mosquito neck (that is to say no salivary secre-
tions cun be ejected when biting), the lack of saliva does
not affect the intake or movement of blood into the mid-
gut. On the contrary, comparable ¢xperiments conducted
on Aedes aegypti showed that some of the duct-cut mos-
quitoes have difficulty in probing (HUDSON. 1964) and
took longer to feed (RIBEIRO, ROSSIGNOL & SPIELMAN,
1984), showing that saliva is important in maintaining
the blood in a fluid state for transport into the gut.

The life-cycle of the malaria parasite in the mosquito
vector was proposed a century ago (ROSS. 189¥; GRASSI,
1898). The sporogonic cycle begins in the mosquito
midgut tollowing the ingestion ol gametocyles in the
blood meal. The midgut environment elicits the transfor-
mation of the gametocytes into female and male gametes
that fuse to form a zygote. The zygote then develops into
a mobile ookinete that crosses the midgut epithelium to
the space between the basal membrane of the epithelial
cell and the lamina, where it will settle to give rise to an
oocyst. Intense mitotic divisions within the oocyst give
rise to sporozoites; when mature. they are liberated into
the haemocoel and migrate to and invade the salivary
glands to await injection into a vertebrate host.

Sporozoites released from mature oocysts are distribu-
ted throughout the haemocoelic cavily, but they present
a high affinity for salivary glands (ROBERT et al., 1988).
The numbers of P. fulciparum sporozoites estimated (o
be present in the salivary glands of experimentally infec-
ted Anopheles maculipennis vary greatly (range 6 -
213450). The same observation was made with field-co-
llected A. gambiae and A. funestus (range 82 - 245760)
(PRINGLE, 1966). However, about half of the infected
anophelines harbour sporozoite loads of <1000 (BEIER ¢/
al., 1991b; KABIRU et al., 1997). P. berghei sporozoites
tend to accumulate in the cells and secretory cavities of
the distal portion of salivary gland lobes (STERLING, Al-
KAWA & VENDERBERG, 1973), on the contrary P. fulci-
parum sporozoites are randomly distributed among the
lobes of the salivary glands (PONNUDURALI ez al., 1991).
Sometimes the sporozoites are observed throughout one
entire lobe, commonly the median one, while the other
lobes are without any sporozoites (PONNUDURALI et al..
1991).
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Transfer of sporozoites trom the mosquito to the verte-
brate host is considered (o be a passive and random pro-
cess totally dependent on access of the parasites to the
salivary duct and the secretion and flow of saliva. The
motility ot sporozoites, which was certified for several
parasite species, including P. fulciparum (VANDERBERG,
1974; VANDENBERG & GwaDz, 1980), was up until re-
cently not considered to have a role in its transter from
mosquito to vertebrate. An clegant study by SULTAN et
al. (1997) swrongly suggests that the surface protein
TRAP is important for sporozoite motility and ccll inva-
sion. The introduction of sporozoites into the skin and
subcutaneous tissues of the host has been certified by
histology by showing extravascular sporozoites in the
skin of human volunteers fed upon by P. vivax-infected
mosquitoes (BOYD & KITCHEN, 1939).

THE NEW KNOWLEDGE

Quantification of the sporozoite number
delivered during a bite

Only 25% of the sporozoites released into the haemo-
coel are estimated to reach the salivary glands (ROSEN-
BERG. 1991).

How do the sporozoites locate. recognise and invade
the salivary glands? Virtually nothing is known about
the migration of the sporozoites through the hacmocoel.
or salivary invasion (BREY, 1991).

To know the exact number of sporozoites delivered
during a bite is a requisite for advancing fundamental
biology concerning host/parasite interactions, but also
for malaria control. The dose ol sporozoites inoculated
during a bite might be related to the clinical outcome of
infection among endemic populations (MARSH. 1992).
In monkeys, intradermal inoculation of P. coatneyi
sporozoites by means of a syringe gave a negative cor-
relation between sporozoite number and the prepatent
period (BROWN, ROSENBERG & NGAMPOCHJANA,
1992).

Only a very small percentage of the sporozoites in the
salivary glands are actually injected during the bite. La-
boratory studies prove that most infected mosquitoes
transmit few sporozoites, generally <10, during the
blood feeding process (ROSENBERG et al., 1990; PONNU-
DURAI et al., 1991; BEIER ¢f al., 1991a, 1992a). These
observations were indirectly confirmed in a tield study
(KABIRU et al., 1997). Maximum numbers of injected
sporozoites were about 70 (BEIER er al.. 1992a), 400
(BEIER et al., 1991a). 500 (PONNUDURALI e al.. 1991) or
1000 (ROSENBERG ¢1 al., 1990).

Most infective anophelines transmit <1% ot the total
sporozoites in the salivary glands. This important discre-
pancy between the number of sporozoites within sali-
vary glands and the number of sporozoites actually in-
jected during a bite is puzzling.

Several considerations can be made:
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— The salivary gland morphology: many of the sporozoi-
tes are within the cytoplasm of the gland cells. Those
located in the proximal portion of the lobes, where the
salivary duct is lined by a cuticle. seemingly have no
possibility to reach the sccretory duct. Only sporozoi-
tes which manage to enter this secretory duct in the
distal portion of the gland have a chance to be injected
with the saliva (PONNUDURAI ef al.. 1991).

The relatively large size of the sporozoite: the inner
diameter of the salivary duct is 1.8 mm for A. stephensi
(WRIGHT, 1969) and 1,0 for A. gambiae and A. free-
borni (BEIER et al., 1992a). Hence, the dimentions of
the sporozoite, about 11 mm in length and 1.0 in dia-
meter (AIKAWA, 1988) are just enough for the sporo-
zoite to squeeze through. Thus spatial constraints
could be problematic for spororoites to leave the
glands via the duct; however, we do not find any men-
tion in the literature concerning «sporozoite-clogged»
secretory ducts.

—The salivation behaviour: the feeding behaviour of
mosquitoes is complex and blood feeding must not be
considered alone (FRIEND & SMITH, 1977; BEIER,
1996). Females probably feed more often on nectar
than on blood; water is also another source of feeding.
Sporozotte ejection occurs normally during sugar {ee-
ding (SHUTE, 1945: BEIER et al., 1991a). Restrictive
sugdr access increases the blood feeding frequency and
number for long-lived A. gambiae (STRAIE & BEIER,
1996): these mosquitoes present the highest probability
to have sporozoites in their salivary glands. Further-
more. discharge and subscquent swallowing of saliva
occeurs frequently, even when the mosquito is not fee-
ding (FULLEBORN, 1932 in CLEMENTS, 1992; HABLUT-
7EL et al.. 1992). Thus, the probable fate of some spo-
rozoiles located in the salivary duct is direct passage
into the midgut. excluding any contact with the verte-
brate host. Hence, il the female mosquito is prone to
sustained salivation, a high number of residual sporo-
zoiles may be required to maintain the infectivity of
the mosquito.

Sporozoite density fuctor: this is pure speculation. but
it could be possible that a high resident sporozoite po-
pulation is necessary to provide the enviroment neces-
sary for sporozoite survival in the glands. Interestingly,
electron micrographs of sporozoites in salivary glands
show them arranged in orderly packets often in contact
with one another (STERLING et al., 1973).
Transmitting Anopheles contain significantly more
sporozoites in their salivary glands than non-transmitters
(PONNUDURAL er al., 1991; BELIER ¢t al., 1991a). Whe-
ther the salivary gland sporozoite load is related with the
number of sporozoites ejected during the bite is under
debate at that moment. This important epidemiological
question has received a negative answer from some aut-
hors (PONNUDURAT ¢t al., 1991; BEIER et al.. 1991a), a
wedak positive from others (BEIER et al., 19924) and a
positive one from others (ROSENBERG ¢1 al.. 1990: Go-
LENDA, BURGE & SCHNEIDER 1992). It may be stressed
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that the observations of PONNUDURAI et al. (1991) ap-
pear credible because the mosquitoes were fed on freshly
removed mouse skin. which approaches as closely as
possible the normal teeding behaviour of @ mosquito.
The innate potential for sporozoite transmission de-
pends on the vector species; for instance A. gambiae
transmits more than twice as many sporozoiles than A.

freeborni (BEIER ef al., 19924).

The fate of sporozoites delivered during the bite

Mosquitoes tend o reingest their saliva while taking a
blood meal. This is not surprising: among several fonc-
tions of the saliva, one is clearly digestive. The diameter
of the salivary channel is about 1% of the food canal.
During the bite the tlow rate of saliva through the sali-
vary channel of Aedes aegypti is estimated to be of the
order of 104 - 105 times lower than the rate of the coun-
terflow in the food canal (HURIBUT, 1966). Under these
conditions the reingestion of sporozoites cjected with sa-
liva into the tip of the food canal is attempted. Indeed,
about two-thirds of the sporozoites ejected during blood
feeding are ingested and could be found in the midgut of
the fully engorged female mosquitoes (BEIER et al.,
1992b): the other one-third remains in the host. The
numbers of sporozoites in the midguts increases as a li-
near function of sporozoite loads in the salivary glands
(BEIER ¢t al., 19924).

Whether many of the sporozoites injected by mosqui-
toes go immediately into circulating blood or remain at
the bite site has been difticult to ascertain. Recently. this
question has made some progress. Anopheles stephensi
infected with P. voelii were allowed to tfeed on the cars
of mice. When the car tissue around the biting site was
excised immediately or 5 minutes postfeeding. the per-
centage of mice which developed parasitaemia was sma-
[ler than the control. However, if the tissue is left 15 mi-
nutes atter the bite and then removed, the percentage is
the same as the control. This finding shows that mos-
quito-injected sporozoites tend to remain at the bite site
for at least 5 min after the mosquito bite. It suggests that
malaria infection due (o direct injection of sporozoites
into circulating blood is a relatively rare event (SID-
JANSKI & VANDERBERG, 1997). This conclusion is in
full agreement with the observations of PONNUDURAI ¢f
al. (1991), who showed that zero or very few sporozoites
are present in the blood reservoir of a Paratilm® mem-
brane feeder after an infectious blood feeding. It has
been suggested that the preferred toute of sporozoite mi-
gration from bite site to host liver would be via the
l[ymphatics rather than the blood capillaries (GRIFFITHS
& GORDON, 1952).

Infected bite efficiency

Mosquito bites may not always be infective, even
when apparently mature sporozoites are present in the
salivary glands. A single bite from an Aedes aegypti
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mosquito infected with P. gallinaceum infected more
than 85% of the chicks challenged (COATNEY, COOPER
& MILES, 1945). Forty-three % of Anopheles stephensi
with P. voelii sporozoites in their salivary glands suc-
ceed in infecting mice following single-mosquito/single-
mouse leedings (PUMPINI, MENDIS & BEIER, 1997).

The bites of 5 A. stephensi infected with P. falciparum
reproductibly infected volunteers (HERRINGTON ¢t al.,
1988). With the samce couple of vector/parasite species,
3 of 5 volunteers developed parasitaemia atter being bit-
ten by | infected mosquito, and 2 of 5 volunteers after
being bitten by 2 infected mosquitoes (RICKMAN ¢f al.,
1990). This inconsistency to initiate a new infection at
each bite can be due cither to the failure of some mos-
quitoes to transmit sporozoites, or the lack of infectivity
of the sporozoites which are actually injected.

However the failure of 26% (PONNUDURAI et al..
1991 and of 20% (ROSENBLRG et al.. 1990) of infected
A. stephensi to eject P. fulciparum sporozoites is already
established.

A relationship is established between the number of P.
yoelii sporozoites present in the salivary glands of indi-
vidual A. stephenysi and sporozoite infectiousness as me-
asurcd by infection in mice (PUMPINI, MENDIS & BEIER,
1997). Furthermore, large Aedes aegvpti infected with P.
gallinaceum are more infective for naive chicks than
small Aedes aegypti.

Better knowledge ol the infectious bite cfficiency.
e.g.. number of sporozoites required to initiale an infec-
tion. is necessary not only for a more accurate calcula-
tion of the vectorial capacity, but also to estimate the
quantity of challenge infections while conducting mala-
ria vaccination trials on humans.

Biting behaviour of infected anophelines

The biting time and the biting rate of Aedes aegvpti in-
fected with sporozoites of P. gallinaceum is twice as
long as that of uninfected Aedes aegypti (ROSSIGNOL et
al.. 1984, 1986). The initiation of the probing, the num-
ber of probes and the biting times of wild-caught P. ful-
cipurn-infected Anopheles gambiae s.1. are also longer
that uninfected mosquitoes (WEKESA, COPELAND &
MWANGI, 1992). A natural population of human-feeding
A punctulawus present a larger amount of blood in their
midgut after blood-feeding when infected by P. falcipa-
runtand P. vivax (KOELLA & PARKER, 1996).

In Gambian children living in the same house and pre-
senting clinical symptoms of malaria at the same time, the
P. falciparum isolates were found to belong to the same
genotype in approximately 50% of them. compared to ap-
proximately 1% ol randomly chosen children presenting
clinical symptoms of malaria {rom the study area as a
whole (CONWAY & MCBRIDE, 1991). This finding under-
lines the importance of the interrupted feeding process for
anophelines with sporozoites in their salivary glands.

In Tanzania, Koella and colleagues (MORELL, 1997),
placed human volunteers, each with a distinct blood phe-

V. ROBERT & P.T. BREY

notype. with unfed infected/uninfected anophelines in a
house during one night. In the morning, mosquitoes that
had fed were collected and the origin of the blood was
attributed individually to the various volunteers. Only
18%: of the 111 uninfected mosquitoes had fed on more
than one person, compared to 34% of the 62% infected
mosquitoes. This result shows that an interrupted blood
meal occurs more frequently with Plasmodium-infected
anophelines.

All these findings suggest that sporozoite stage in the
salivary glands modifies the feeding behaviour ol Ano-
pheles females and by the same token increase the para-
site's chances of being transmitted.

Nevertheless. the biting behaviour of A. stephensi. me-
asured by the total duration of probing (including fee-
ding). was not affected by the presence of P. bergher
sporozoites in their salivary glands (LI, SINA & ROSSIG-
NOL., 1992) nor by those of P. yoelii (PUMPINI, MENDIS
& BEIER, 1997).

CONCLUDING REMARKS

Information concerning the biting behaviour and me-
chanisms of Plasmodium infected mosquitoes has incre-
ased substantially during the last tew years. A continued
research effort in this field will certainly shed new light
on the Plusmodium transmission and will perhaps pro-
vide implementation of novel operational ools to con-
trol morbidity and mortality due to malaria.
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