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The efficiency of sporozoite transmission in the human
malarias, Plasmodium falciparum and P. vivax*

T. R. BURKOT,' P. M. GRAVES,2 J. A. CATTAN,3 R. A. WIRTZ,4 & F. D. GIBSON5

Reported are malaria sporozoite and inoculation rates over a 1-year period in eight
epidemiologically defined villages of different endemicity in Madang Province, Papua
New Guinea. In the study, more than 41 000 wild-caught mosquitos were analysed for
Plasmodium falciparum and P. vivax sporozoites by ELISA. In a given village the ento-
mological inoculation rates correlated strongly with the prevalences of both these malarial
parasites in children. However, the prevalence of P. falciparum infections in children was
much higher than that of P. vivax, despite similar inoculation rates for the two species.
These data suggest that in Papua New Guinea P. falciparum is more efficiently trans-
mitted than P. vivax from mosquito to man. The increased efficiency of transmission of
P. falciparum may be due to the heavier sporozoite densities in wild-caught mosquitos
naturally infected with P. falciparum sporozoites that were tenfold greater than the
sporozoite densities in mosquitos infected with P. vivax.

Recent advances in molecular biology have made
feasible the development of a vaccine against the
sporozoites of the human malaria parasites Plas-
modium fakciparum and P. vivax (1-6). It is there-
fore essential to better understand the rate at which
the human population in malaria-endemic areas is
inoculated with sporozoites and the relation between
inoculation rates and the parasite rates.
The vectors of malaria in Papua New Guinea

are the members of the Anopheles punctulatus
Donitz complex: A. farauti Laveran, A. kolien-
sisOwen, and A. punctulatus (7). The following mean
sporozoite rates were reported between 1963 and 1973:
3.3% (A. punctulatus), 2.4% (A. farauti), and 2.9%
(A. koliensis) (8). In contrast, Spencer (9) reported
sporozoite rates for A. farauti that ranged from 07o
to 5%.
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In the past, investigations were hampered by the
difficulty in determining sporozoite rates by dissecting
the salivary glands of individual mosquitos and by the
lack of morphological criteria to distinguish different
species of sporozoite. However, the recent
development ofimmunoradiometric (10) and enzyme-
linked immunosorbent assays (ELISA) (11, 12) for the
detection, identification, and quantitation of
sporozoites in mosquitos has facilitated large-scale
investigations of this type. Since current evidence
suggests that the epitopes on the circumsporozoite
proteins recognized by the monoclonal antibodies
used in the assays are universally conserved, the
ELISA method should permit detection of all
sporozoite-infected mosquitos (13).

In Madang Province, Papua New Guinea, there is
intense year-round transmission of P. falciparum and
P. vivax malaria by mosquitos of the A. punctulatus
complex. Geographical variation in malaria endem-
icity based on consistent differences in parasite and
spleen rates in children has been demonstrated in the
province (14); however, these differences are only
apparent in children, since malaria immunity causes
the overall parasite prevalence for all ages to
equilibrate at 35% to 45% in the villages. These
differences among children have been used to classify
villages into three distinct stable epidemiological
zones: high, intermediate, or low. It should be noted
that each of these zones is characterized by an overall
high level of endemicity, and that the classification is
therefore based on the relative differences between the
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rates. The ratio of parasite species in villages also
differed (15). Aminoquinolines were detected by the
Dill-Glazko test in 12.7% of urine samples from
residents in the study villages, while, between 1979 and
1983, 81.6/o and 46.607. of samples of P. falciparum
tested were resistant to chloroquine in in vitro and in
vivo tests, respectively (14).

MATERIALS AND METHODS

Eight villages located within a 22-km radius of
Madang, the capital of Madang Province, were
selected for the study. Three of the villages were in the
high epidemiological zone (Budup, Butelgut, and
Mebat), two in the intermediate (Dogia and Maraga),
and three in the low zone (Umun, Sah, and Hudini).
From September 1983 to June 1984 malariometric
surveys were conducted at three 3-monthly intervals
(14) in six of the villages (15), while two villages
(Hudini and Umun) were surveyed once. During each
survey, individuals were identified according to
previously obtained demographic information. The
study procedures were explained in detail to the
participants or, for those less than 15 years of age, to
their guardians. Splenic enlargement was graded
according to Hackett's scale, and thick and thin blood
films were made for the determination of the
prevalences and densities of species of malaria
parasites.
Thin blood films were fixed in methanol and treated

with 4%7o Giemsa stain for 30 minutes. Thick film fields
were examined microscopically (x 1000) for the
presence of malaria parasites. Parasite densities were
recorded either as the number of parasites per 200
white blood cells or, for low density infections, as the
number of parasites per 100 microscope fields. Species
were identified by examining thin blood films. A
random 1007-sample of blood films was also re-
examined for 150 fields by a second microscopist who
was unaware of the results obtained in the first
examination. In addition, blood films from
individuals with low infection densities as well as those
from individuals for whom species could not be
identified unequivocally were re-examined.
Entomological surveys were conducted four nights

per month over a 12-month period in each of the eight
study villages. Each member of the A. punctulatus
complex (A. farauti, A. koliensis, and A. punctu-
latus) was found in at least one of the villages. Since
the mosquitos of the complex feed throughout the
night, both indoors and outdoors (9), specimens were
obtained by indoor and outdoor human-baited traps
from 18hO0 until 06h00 by a team of four collectors.
The numbers of mosquitos collected were used both
as a measure of mosquito density and for deter-

mination of the presence of sporozoite antigens of
P.falciparum and P. vivax by ELISA. The
anophelines collected were identified morpho-
logically (16) and stored frozen until assayed for the
presence of the antigens.
The ELISA tests used for sporozoite antigen

detection were slightly modified versions of those
described previously by Burkot et al. (9) and Wirtz et
al. (10). Each well of a poly(vinyl chloride) 96-well
microtitration plate was first coated overnight at
room temperature with 50 A1 of a dilution in
0.01 mol/l phosphate-buffered saline ((PBS) pH 7.4)
of a species-specific monoclonal antibody directed
against a circumsporozoite protein. The wells were
then emptied and filled with a blocking solution of
PBS containing 17o bovine serum albumin (BSA) and
0.050o casein. Mosquitos were triturated in 100 A1
PBS containing 107o BSA, 0.50o casein, and 0.50o
nonidet P-40 in a 1.5-ml polypropylene microcentri-
fuge tube using a glass rod. The resultant homogenate
was stored overnight at -20 'C. After thawing,
400 A1 of PBS containing 1%7o BSA and 0.507o casein
was added to the homogenate. A 50-Ad aliquot of the
homogenate was then placed in each well of the
microtitration plate. After 2 hours' incubation at
room temperature, the plate was washed three times
with PBS containing 0.50o Tween 20, and 50 Ad of a
solution of the conjugated monoclonal antibody in
PBS diluted with 10o BSA and 0.50o casein was
added. The wells were then washed three times, as
described above, and 100 1l of the enzyme substrate
2,2'-azinobis(3-ethylbenzothiazoline-6-sulfonate) in
buffered hydrogen peroxide was added to each well.
Results were analysed at X=405 nm after 1 hour
using an ELISA plate reader.

Uninfected mosquitos and a dilution of known
numbers of sporozoites were used as controls.
Sporozoite densities were later quantitated against a
standard curve obtained with either a known amount
of P. fakciparum circumsporozoite antigen produced
using recombinant DNA techniques (5) or a known
number of P. vivax sporozoites. A plot of the
logarithm of the absorbance values against known
numbers of sporozoites was linear. The regression
equation of this line was then used to calculate, from
the logarithm of their ELISA absorbance values, the
number of sporozoites in the mosquitos caught in the
study.

Sporozoite densities resulting from known
numbers of ruptured oocysts were determined by first
dissecting stomachs of wild-caught anophelines for
the presence of ruptured oocysts and then assaying
the remainder of the mosquitos for sporozoite
antigens using known numbers of sporozoites as
controls.

In order to compare the proportion of mosquitos
with sporozoites in their salivary glands with the
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Table 1. Results of malariometric surveys for Plas-
modium falciparum and P. vivax in Madang Province,
Papua New Guinea, 1983-85

Parasite prevalence (%)b
Spleen rate'

Village (%) P. falciparum P. vivax Combined

Hudinic 58 32.0 8.0 32.9

Umun d 43 36.0 12.0 44.0

Sah 62 40.9 13.6 48.7

Maraga 79 44.7 18.7 53.5

Dogia 79 51.5 13.2 60.3

Butelgut 80 54.1 13.9 62.4

Mebat 87 54.4 25.6 64.4

Budup 95 56.5 15.9 66.6

' Data refer to 2-9-year-olds. Hackett grade > 2.
bData refer to 1 -9-year-olds.
' Surveyed in February 1985.
d Surveyed in October 1984.

overall sporozoite antigen positivity rates, the
abdomens of a sample of 1981 mosquitos were
separated from the heads and thoraces and both parts
were assayed individually for the presence of
sporozoite antigens of P. falciparum and P. vivax.

RESULTS

Spleen rates (Hackett grade > 2) among 2-9-year-
old children in the study villages varied from 430o to

Table 2. Positivity rates for Plasmodium falciparum and
P. vivax sporozoite antigens in Madang Province, Papua
New Guinea, 1984-85

No. of Sporozoite antigen rate
anophelines

Village analysed P. falciparum P. vivax Combined

Hudini 4830 0.17 0 0.17

Dogia 9646 0.16 0.10 0.26

Maraga 13 649 0.22 0.07 0.29

Umun 3881 0.34 0.18 0.52

Mebat 3756 0.67 0.77 1.44

Sah 1095 1.64 0.55 2.19

Butelgut 2609 1.57 1.34 2.91

Budup 2294 2.31 1.57 3.88

Total 41 760

95'7o, while the combined prevalence of P. falci-
parum and P. vivax parasites in the children ranged
from 32.9%/ to 66.6% (Table 1). The prevalence of
P. falciparum parasites ranged from 32.0%o to 56.6%
and that of P. vivax parasites from 8.0% to 25.60/.
For mixed P. falciparum and P. vivax infections, the
prevalence varied from 4.0% to 15.6%, which was

not significantly different from that predicted from
the product of the prevalences of the separate
infections (X2=4.65; 0.75>P>0.50: 7 degrees of
freedom).
Analysis of the more than 41 000 mosquitos of the

A. punctulatus complex captured in the eight villages
gave a combined positivity rate for P. falciparum and
P. vivax sporozoite antigens of 0.170/ to 3.88%o
(Table 2), the rate for P. falciparum ranging from
0.160/. to 2.31 o and that for P. vivax from 00o to
1.57%o.

Since in Table 2 the positivity rates shown for
sporozoite antigens were determined by ELISA, the
values include both mosquitos with sporozoite
antigen from mature oocysts as well as those with
sporozoites in their salivary glands. Of the 1981
mosquitos whose heads and thoraxes were assayed
separately from their abdomens, 710o of the 28
mosquitos that were antigen-positive for P. falci-
parum sporozoites and 760o of the 17 that were

antigen-positive for P. vivax sporozoites had antigen
in their heads and thoraxes and, therefore, also in
their salivary glands.

There was no significant relationship between the
prevalence of parasite species in children and the
sporozoite rate for that species in each village. This is
not surprising, given the great variation in the average
density of Anopheline spp. between villages (from 19
bites per person per night in Sah to 488 in Maraga)
(Table 3).

Table 3. Entomological inoculation rates in Madang
Province, Papua New Guinea, 1984-85

Average Inoculation rate
anopheline

Village density P. falciparum P. vivax Combined

Hudini 109 0.129 0 0.129

Umun 69 0.165 0.095 0.260

Sah 19 0.217 0.078 0.295

Dogia 374 0.415 0.297 0.712

Maraga 488 0.766 0.274 1.040

Budup 47 0.783 0.570 1.353

Butelgut 67 0.753 0.693 1.446

Mebat 155 0.738 0.916 1.654
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Fig. 1. Relative transmission efficiency of Plasmodium
falciparum and P. vivax from mosquito to man. Plots
show the parasite prevalence rate in 1-9-year-olds for
either P. falciparum (- ) or P. vivax (--)against the
corresponding entomological inoculation rate for that
species in one village.

The entomological inoculation rate, i.e., the rate
for each species at which sporozoites are transmitted
from mosquito to man, was calculated from the
product of the average nightly mosquito-human
biting rate and the sporozoite rate (product of the
sporozoite antigen positivity rate and the proportion
of positive anophelines with sporozoite antigen in the
head and thorax) (17). A plot of the parasite
prevalence rate against the P. falciparum inoculation
rate among l-9-year-olds is shown in Fig. 1 (solid
line), and the equation for the regression line is given
by:
Y= 26.6X+ 33.1

(6 degrees of freedom; Student's t test, 3.92;
P<0.01).

Fig. 1 also shows a plot of the parasite prevalence
rate among l-9-year-olds against the P. vivax
inoculation rate (broken line), whose corresponding
regression line is given by:

Y= 12.2X+ 10.7

(6 degrees of freedom; Student's t test, 10.12;
P<0.001). The plots illustrate that a higher parasite
prevalence results from a given inoculation rate for
P. falciparum than for P. vivax.

Quantification of sporozoite densities in naturally
infected mosquitos using a standard curve obtained
with known numbers of sporozoites indicated that
greater densities were found in mosquitos infected
with P. falciparum (geometric mean, 4000; range,

150 to >10 000) than those infected with P. vivax
(geometric mean, 380; range, 150-4500) (Table 4).

Table 4. Geometric means for sporozoite densities for
wild-caught infected mosquitos in Madang Province,
Papua New Guinea, 1984

Sporozoite density a

Mosquito P. falciparum P. vivax

Anopheles farauti 3700 (26)b 320 (6)

A. koliensis 4400 (42) 270 (12)

A. punctulatus 3500 (23) 580 (13)

- Overall geometric mean density 4000 (91) 380 (31)

Range 150- > 10 000 150-4500

Per infected mosquito.
Figures in parentheses indicate the number of sporozoite-infected

mosquitos analysed.

Assay of wild-caught anophelines showed that 20
ruptured P. falciparum oocysts produced a geometric
mean of 2240 sporozoites per oocyst; in contrast,
45 ruptured P. vivax oocysts produced a geometric
mean of only 220 sporozoites per oocyst.

DISCUSSION

Using an immunoradiometric assay, Collins et al.
(18) reported an average of 4000 P. falciparum
sporozoites per infected A. gambiae mosquito, while
Pringle (19) obtained geometric means of 6380 and
4570 sporozoites, respectively, for A. gambiae and
A. funestus in an area where predominantly P. falci-
parum occurred. In our study, sporozoite-infected
members of the A. punctulatus complex exhibited a

geometric mean of 4000 P. falciparum and 380
P. vivax sporozoites, respectively, per mosquito.
The greater sporozoite densities among mosquitos

infected with P. falciparum is due not to heavier
oocyst infections of this parasite but to the greater
number of sporozoites produced per oocyst.
A plot of parasite prevalence among children in

each village against the entomological inoculation
rate for the two species of malaria revealed that for a

given inoculation rate P. falciparum parasites were

2.5 times more prevalent than those of P. vivax.
P. falciparum appeared therefore to be more

efficiently transmitted from mosquito to man than
P. vivax.
The difference in sporozoite densities for these two

parasites may account for the differences in their
transmission efficiencies. The greater densities in
mosquitos infected with P. falciparum presumably
result in higher inoculum doses of sporozoites while
feeding than those of the more lightly infected
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P. vivax mosquitos. Furthermore, because of the
smaller inoculated doses of sporozoites passed during
blood feeding, intervention strategies, including
vaccines, directed against the sporozoite stage will
probably more easily interrupt P. vivax malaria.

Other factors that might affect the prevalence of
P.falciparum and P. vivax infections include the
relative period persons remain parasitaemic after
infection; suppression of P. vivax infections by
P. falciparum; as well as use of chloroquine in the
area. However, the second of these factors appears
unimportant since there was no significant difference
between the observed and expected number of mixed
P. falciparum and P. vivax infections.

Although the impact of chloroquine use on
P. vivax in the study area (especially in view of
chloroquine-resistant P. falciparum malaria) cannot
be ignored in gauging the transmission efficiency of

these two parasites, we feel that the presence of
aminoquinolines in 12.7% of the samples of urine
analysed is insufficient to account for the almost 2.5-
fold difference in prevalence of the parasites for a
given inoculation rate. In fact, the discrepancy in
the efficiency of disease transmission between the
parasites is even more pronounced than that shown in
Fig. 1, because the prevalence of P. vivax includes
both new infections and relapses, whereas P. falci-
parum infections cannot relapse.

The extremely large variation in sporozoite and
inoculation rates within the small geographical area
of the study stresses the importance of adequately
sampling the mosquito population in a number of
villages to assess the relative risk of infection and,
therefore, to measure the impact of intervention
strategies, including vaccines, against malaria.
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R1SUMI

EFFICACITt DE LA TRANSMISSION DES SPOROZOITES DANS LE PALUDISME HUMAIN
A PLASMODIUM FALCIPARUM ET A P. VIVAX

Cet article donne les taux de sporozoites chez les
moustiques et d'inoculation du moustique a l'homme
mesures sur une periode d'un an dans huit villages de
situation epidemiologique bien definie et d'endemicite
differente, situes dans la province de Madang en Papouasie-
Nouvelle-Guin&e. Lors de cette etude, plus de 41 000
moustiques captures dans la nature ont et soumis a une
epreuve ELISA de detection des antigenes de sporozoites de
Plasmodium falciparum et de P. vivax. Les resultats ont
permis pour la premiere fois de calculer simultanement et
pour plus d'une espece parasitaire les taux de sporozoites
chez les moustiques et les taux d'inoculation des sporozoites
du moustique a l'homme. Pour un village donne, les taux
d'inoculation presentaient une forte correlation avec la

prevalence de l'infection par les deux especes de
Plasmodium chez les enfants. Toutefois, chez ces derniers
la prevalence globale de l'infection a P. falciparum etait
nettement superieure a celle de P. vivax malgre des taux
d'inoculation analogues pour les deux especes. Ces donnees
semblent indiquer qu'en Papouasie-Nouvelle-Guinee les
moustiques transmettent plus efficacement P. falciparum a
l'homme que P. vivax. Cela peut etre dui au fait que la
densite de sporozoites chez les moustiques naturellement
infectes par P. falciparum est dix fois superieure a la densite
observee chez les moustiques infectes par P. vivax; cette
difference resulte non pas d'un plus grand nombre
d'oocystes par moustique infecte mais d'un plus grand
nombre de sporozoites produits par oocyste.
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