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Abstract. The frequency and numbers of Plasmodium fakiparum sporozoites trans
mitted in vitro and corresponding sporozoite toads were determined for experimentally
infected Anopheles gambiae and An. stephensi. Geometric mean (GM) sporozoite loads in
three experiments ranged from 808 to 13, 905 for An. gambiae and from 6, 608 to 17, 702
for An. stephensi. A total of 44.1% of 68 infected An. gambiae and 49.2% of 63 infected
An. stephensi transmitted sporozoites in vitro. The GM number ofsporozoites transmitted
was 4.5 for An. gambiae and 5.4 for An. stephensi. Overall, 86.9% of the mosquitoes
transmitted from one to 25 sporozoites, and only 6.6% transmitted over 100 sporozoites
(maximum = 369). Sporozoite loads were not a useful predictor of potential sporozoite
transmission. Despite higher sporozoite loads, the numbers of sporozoites transmitted in
vitro by the experimentally infected mosquitoes were similar to estimates obtained, using
the same techniques, for naturally infected An. gambiae in western Kenya. The low but
highly variable numbers of sporozoites transmitted in vitro by mosquitoes used in malaria
vaccine challenge studies appears to be a reasonable simulation of natural sporozoite
transmission.

challenge model is a difficult question because
there is limited information on the numbers of
sporozoites transmitted by wild, naturally in
fected â€˜Â°

This study compares P. fakiparum sporozoite
loads and the sporozoite transmission potential
ofexperimentally infected An. gambiae and An.
stephensi. Methods used previously to estimate
sporozoite loads and the number of sporozoites
transmitted by naturally infected ect'Â° were
used to determine how closely infections in lab
oratory-infected anophelines simulate natural
infections.

MATERIALS AND METHODS

Laboratory-reared An. gambiae (0-3 strain)
and An. stephensi (Dutch strain) were infected
with P. fakiparum. Mature gametocytes of P.
fakiparum were obtained in vitro using a mod
ification ofa method described previously.â€• The
CVD1 clone ofthe NF54 strain of P. fakiparum
(JR Davis, unpublished data) was used in the
first feeding experiment. The NF54 strain, re
isolated from a control individual infected dur
ing a recent vaccine challenge study, was used in

Malaria sporozoite vaccine trials in humans
are being conducted by challenging volunteers
with the bites ofup to five infective mosquitoes. â€˜
3 The infection status ofmosquitoes after feeding

is determined by dissection and the examination
ofsalivary glands for the presence of sporozoites.
The gland index is used to estimate the number
of sporozoites in the salivary glands (sporozoiteâ€¢
load) on a log-scale from + 1 (@ 10) to +4 (>
1,000). This provides limited information be
cause it is unclear whether the number of spo
rozoites transmitted by infective mosquitoes is
correlated directly with the intensity of sporo
zoite loads. Thus, sporozoite vaccine efficacy tri
als are being conducted without any measure
ment of potential sporozoite inocula.

The issue has been raised that the failure of
sporozoite vaccines to confer complete protec
tion in vaccinated volunteers may be due to an
unnaturally large challenge ofsporozoites by lab
oratory-infected mosquitoes.4@ The basis for this
concern is that sporozoite loads in experimen
tally infected anophelines appear to be from 10
to 200 times more intense4 than those reported
for naturally infected mosquitoes.69 The biolog
ical relevancy of the current sporozoite vaccine
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the second and third feeding experiments. In each
feeding, cohorts of 3â€”5- day-old An. gambiae
and An. stephensi were fed on cultured gameto
cytes (diluted 1:8 with equal volumes of washed
human red cells and heat-inactivated human sera)
using a series ofglass membrane feeders covered
with Baudruche membrane with water jackets
heated to 38Â°C.Mosquitoes were allowed to feed
for 15 mm. Fed mosquitoes were provided with
5% Karo solution and were maintained in an
insectary at 27Â°Cand 70% relative humidity. In
each experiment, cohorts ofAn. gambiaeandAn.
stephensi were held 15â€”17days before individ
uals were tested for transmission and dissected
over a 2â€”3day period.

An in vitro capillary tube method was used to
determine the number ofsporozoites transmitted
per infected â€˜Â°After anesthetizing
mosquitoes with CO2 (dry ice) and removing
wings and legs, the labium was retracted and
stylets were placed into 5 @lof 10% sucrose con
tamed in a drawn capillary tube mounted onto
a glass slide. A small piece of wax was placed
behind the thorax to secure the mosquito into
position. Contact with the sucrose solution stim
ulated the movement of mouthparts for nearly
all mosquitoes tested. After 15 mm, mosquitoes
were removed and the sucrose solution was cx
pelled on a 5-mm diameter spot on a microstide.
This was air-dried and sporozoites were counted
at 400 x after staining with FITC-labelled 2A 10
monoctonat antibody, which recognizes the im
munodominant epitope on the circumsporozoite
protein of P. ru'2

After mosquitoes were tested for sporozoite
transmission, salivary glands were removed by
dissection, transferred to a glass grinder, and
ground in 35 MlofM-l99 solution. After mixing
with a pipette, 10 tt were placed in a hemocy
tometer and sporozoites were counted at 400 x
phase in the four 0. 1 @ilcorners. Sporozoite loads
were determined as the number of sporozoites
counted in the hemocytometer times 87.5, to
account for the volume examined. An additional
5 @Ltwas spotted on a 5- mm diameter spot on a
microslide, air-dried, and stained with FITC-ta
belted 2A10. Slides were examined for specimens
with negative hemocytometer readings to check
for positive mosquitoes with sporozoite loads
below the sensitivity threshold of the hemocy
tometer. Sporozoite toads for these specimens
were calculated as the number of sporozoites
counted in the 5 @tlsample times 7, to account

for the original volume ofgland samples (i.e., 35

For those mosquitoes transmitting sporozo
ites, transmission efficiency was calculated as the
number of sporozoites transmitted divided by
the sporozoite load times 100.

RESULTS

Sporozoite rates ranged from 52.2% to 90.5%
for An. gambiae and from 84.2% to 91.7% for
An. stephensi (Table 1). Sporozoite loads were
highly variable for both species, ranging from
seven to > 100,000. In the first experiment, An.
gambiae had an eight-fold tower geometric mean
(GM) sporozoite load than An. stephensi. Dif
ferences in sporozoite loads between species de
creased as sporozoite loads increased.

Sporozoites were transmitted in vitro into cap
illary tubes containing sucrose by 44. 1% of 68
An. gambiae and by 49.2% of 63 An. stephensi
(Table 2). Overall, An. gambiae transmitted a
GM of4.5 sporozoites (range: 1â€”136)compared
to 5.4 (range: 1â€”369) for An. stephensi. There
were no significant differences in the number of
sporozoites transmitted between An. gambiae and
An. stephensi for the three replicates (Table 2).

Frequency distributions ofthe number of spo
rozoites transmitted were similar for An. gam
biae and An. stephensi (Figure 1). Over 80% of
both species transmitted from one to 10 sporo
zoites. Only 6.7%(2/30) ofAn. gambiaeand 6.5%
(2/3 1) ofAn. stephensi transmitted over 100 spo
rozoites.

There were differences between species in the
proportion of mosquitoes transmitting sporo
zoites relative to log classes of sporozoite loads
(Table 3). The percent ofAn. gambiae transmit
ting was not dependent upon the intensity of
sporozoite loads (@2= 0.55, df= 2, P = 0.7587),
but a higher proportion of An. stephensi with
sporozoite loads > l0@transmitted sporozoites
than those with < 10@sporozoites (@2 5.87, df
= 1, P = 0.01 54). The GM number ofsporozoites

transmitted increased for An. gambiae from 1.6,
when sporozoite loads were < 10@,to 18.0 when
sporozoite loads were > 10@(F = 10.7, df= 2.27,
P = 0.0004); this trend was also seen in pairwise
comparisons of sporozoite loads and sporozoite
transmission (r = 0.54, df = 28, P = 0.002). In
contrast, there was no evidence for a similar re
lationship for An. stephensi, either according to
log sporozoite classes (F = 1.64, df = 2.28, P =
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tor where sporozoite loads and sporozoite trans
mission have been studied in nature.

There were only slight differences between spe
cies in both sporozoite rates and sporozoite loads
when infection intensities were highest. Overall,
the numbers ofsporozoites in the salivary glands
ofexperimentally infected An. gambiae and An.
stephensi(Table 1) were similar to those reported
forAn. gambiaein TanZania(GM = 6, 380, range:
130â€”245, 760)6 and in Kenya(GM = 962, range:
2â€”117, 544).9 The highest geometric mean spa
rozoite load for An. gambiae in the third exper
iment (GM = 13, 905) was only about twice as
high as estimates for An. gambiae from Tanza
nia. These differences are minimal because spo
rozoite loads decrease over time in the vector.'3
Estimates for cross sections of natural popula
tions should be lower than estimates from lab
oratory-infected mosquitoes sampled a few days
after the release of sporozoites from oocysts, a
time of maximal sporozoite loads.

Our estimates of geometric mean sporozoite
loads for experimentally infected An. stephensi
were 12â€”33 times lower than estimates of ap
proximately 220,000,@ which were determined
using immunoassays on whole mosquitoes. Es
timates ofthe number ofsporozoites determined
by immunoassays on whole mosquitoes, head/
thorax parts, or isolated salivary glands arc con
founded by the detection of soluble circumspo
rozoite protein.'4' â€˜@Microscopic techniques for
determining sporozoite loads for individual
mosquitoes, first described in 1945 by Shutc,'6
provide a basis for assessing variability and for
determining geometric mean sporozoite toads.
The simple techniques used in this study offer
advantages over counts from pools of salivary
glands,'7 and the gland index, which is subjective'5
and cannot adequately differentiate infections in
mosquitoes with sporozoite loads over 1,000.

There were no differences between species in
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Fiouar 1. Frequency distribution ofthe number of
P. falciparum sporozoites transmitted in vitro by cx
perimentally infected An. gambiae and An. stephensi.

0.21 18) or in pairwise comparisons (r = 0.04, df
= 29, P = 0.8508).

Transmission efficiency averaged 0.78% forAn.
gambiae and 0.38% for An. stephensi (Table 3).
There was a significant decrease in transmission
efficiency with increasing sporozoite loads for An.
gambiae (r = â€”0.59, df = 28, P = 0.0006) but
not for An. stephensi (r = â€”0.26,df = 29, P =
0.1516).

DISCUSSION

The degree to which P. fakiparum infections
in experimentally infected anophelines simulate
natural infections is difficult to determine be
cause there is limited information on sporozoite
loads and the sporozoite transmission potential
of naturally infected vectors. There is no infor
mation on the natural sporozoite transmission
potential ofAn. stephensi, the species used com
monly in malaria vaccine challenge studies. In
this study, experimental infections of P. fakip
arum in An. stephensi were compared with those
in An. gambiae, the only colonized malaria vec

T@&.n3
Plasmodium falciparum sporozoite transmission in vitro in relation to sporozoite loads ofexperimentally inftcted

Anopheles gambiae and Anopheles stephensi
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the geometric mean number ofsporozoites trans
mitted despite variation in sporozoite loads. The
low number of sporozoites transmitted in vitro
by the experimentally infected An. gambiae and
An. stephensi was nearly identical to estimates
for naturally infected An. gambiae from Kenya.
In the Kenyan study, over 98% of 226 infective
An. gambiae transmitted less than 25 sporozo

@0 The small proportion of experimentally

infected mosquitoes transmitting > 100 sporo
zoites was similar to observations on naturally
infected An.@ Interestingly, transmit
ted sporozoites were observed frequently on mi
croslides to be clumped together in a viscous
like substance. The significance of this obser
vation is unknown.

The frequency of gland-positive mosquitoes
transmitting sporozoites into the sucrose solu
tion, 44.1% for An. gambiae and 49.2% for An.
stephensi, was tower than the 85.1% reported for
naturally infected An. gambiae in Kenya.'Â° The
frequency of transmission for mosquitoes tested
by in vitro systems and during normal blood
feeding is probably related to the output of saliva
and to the number of sporozoites in the salivary
duct at the time of eed'Â° It is difficult to
explain lower rates of transmission for labora
tory-reared compared to wild mosquitoes be
cause almost nothing is known about factors af
fecting transmission potential.

The classical use of the term â€œinfectiveâ€•for
mosquitoes with sporozoites in the salivary glands
is probably misleading, because not all gland
positive mosquitoes transmit sporozoites during
each blood meal. This is supported indirectly by
observations that only 1â€”20%of the bites from
gland-positive mosquitoes produce infections in
residents ofendemic@ Recently, Rickman
and others â€˜@observed that feeding two infective
mosquitoes on control volunteers in vaccine
challenge studies did not routinely cause infec
tions, and concluded that it is reasonable to con
tinue using five gland-positive mosquitoes 20to
reliably transmit P.fakiparum. Our findings sup
port this conclusion; if only 50% of infective
mosquitoes release sporozoites during feeding,
then each volunteer in a five-bite challenge would
have a 96.9% (0.5@)chance of receiving at least
some sporozoites.

The number of sporozoites in the salivary
glands was not a useful predictor of either the
probability oftransmission or the number of spa
rozoites transmitted. Some mosquitoes with less

than 100 sporozoites transmitted, while some
with over 100,000 did not. For both An. gambiae
and An. stephensi, the number of sporozoites
transmitted represented less than 1% ofthe spa
rozoites in the salivary glands. Linear regression
ofsporozoite loads on the number of sporozoites
transmitted explained only 29% ofthe variation
in sporozoite transmission for An. gambiae. For
An. stephensi, there was no relation between spa
rozoite loads and the number of sporozoites
transmitted. From a practical view, the retro
spective determination of the number of spa
rozoites in the salivary glands may not provide
a useful indication of the number of sporozoites
transmitted either by naturally infected
mosquitoes'Â° or by those used in vaccine chal
lenge studies.'9

Estimates ofthe numbers ofsporozoites trans
mitted by infective mosquitoes are subject to the
limitations ofin vitro techniques, which may not
adequately stimulate normal probing and blood
feeding behavior.2' Attempting to measure the
number ofsporozoites released during salivation
is probably more realistic than attempting to re
cover sparozoites from human tissue at the site
offceding.22 Despite the limitations ofthe meth
ods used in this study, the numbers of sparo
zoites transmitted by the experimentally infected
An. gambiae and An. stephensi were similar to
results from four other laboratory studies, which
employed different techniques. Rosenberg and

23 showed that P. fakiparum-infected An.

stephensi ejected a median of 15 sporozoites
(range: 0â€”978) into mineral oil. Counts of cx
oerythrocytic schizonts for P. berghei indicate
that only about 1% ofsporozoitcs in the salivary
glands are injected during blood feeding by An.

124 An analysis using mathematical

modelling indicated that observed pre-patent in
tervals of volunteers challenged by P. fakipa
rum-infected An. stephensi were due to the in
oculation ofabout 24 sporozoites per mosquito.25
Recently, Ponnudurai and others 26 found that
73.5% (n = 34) of P. fakiparum-infectcd An.
stephensi with a median of 14, 500 gland spa
rozoites inoculated a median of 22 sporozoites
(range 1â€”522).Their test system involved feed
ing mosquitoes through a mouse skin membrane
on 200 @ilof continuously-stirred blood. This
approach minimized interference with the active
process of probing and controlled for the possi
bility that ejected sparozoites could be ingested
during the feeding process, even though the in
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rally-acquired malaria infections in Anopheles
gambiae and Anopheles funestus in a highly ma
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Med Hyg 60:626â€”632.
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for the detection of malaria sporozoites in mos
quitoes. Am J Trop Med Hyg 33: 538â€”543.

8. Burkot TR, Graves PM, Cattani JA, Wirtz RA,
Gibson FD, 1987. The efficiency of sporozoite
transmission in the human malarias, Plasmo
dium fatciparum and Plasmodium vivax. Bull
WHO 65: 375â€”380.

9. Beier IC, Onyango FK. Ramadhan M, Koros JK,
Asiago CM, Wirtz RA, Koech DK, Roberts CR,
1991. Quantitation of malaria sporozoites in
the salivary glands ofwild Afrotropical Anoph
des. Med Vet Entomol 5: 63â€”70.

10. Beier JC, Onyango FK, Koros JK, Ramadhan M,
Ogwang R, Wirtz RA, Koech DK, Roberts CR,
199 1. Quantitation of malaria sporozoites
transmitted in vitro during salivation by wild
Afrotropicat Anopheles. Med Vet Entomol 5:

71â€”79.
11. Ponnudurai T, Meuwissen JH, Leeuwenberg AD,

Verhave JP, Lensen AH, 1982. The production
of mature gametocytes of Plasmodium falcipa
rum in continuous cultures of different isolates
infective to mosquitoes. Trans R Soc Trop Med
Hyg 76: 242â€”250.

12. Zavala F, Cochrane AH, Nardin EH, Nussenzweig
RS, Nussenzweig V, 1983. Circumsporozoite
proteins of malaria parasites contain a single
immunodominant region with two or more
identical epitopes. JExp Med 157: 1947â€”1957.

13. Porter RI, Laird RL, Dusseau EM, 1954. Studies
on malarial sporozoites. II. Effect of age and
dosage of sporozoites on their infectiousness.
Exp Parasitol 3: 267â€”274.

14. Verhave JP, Leeuwenberg AD, Ponnudurai T,
Meuwissen JH, van Druten JA, 1988. The bi
otin-streptavadin system in a two-site ELISA for

gestion of salivary secretions containing sporo
zoites is a normal phenomenon associated with
blood feeding.27 Thus, all studies to date indicate
that most infective mosquitoes transmit few spo
rozoites and that only a very small proportion
transmit hundreds of sporozoites.

In conclusion, the sporozoite transmission po
tential ofAn. gambiae and An. stephensi exper
imentally infected with P. fakiparum appears to
be similar to that of naturally infected vectors.
The actual number of sporozoites transmitted
was generally low for both species, regardless of
differences in sporozoite loads. Current methods
for infecting mosquitoes with P. fakiparum and
challenging volunteers in malaria vaccine studies
appear adequate, given the limited information
available for naturally infected vectors.
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