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ANOPHELES MOSQUITOES TO THE SIMIAN MALARIA PARASITE
PLASMODIUM CYNOMOLGI’
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ABSTRACT. Seven Anopheles species/isolates were compared with Anopheles dirus (control) for
susceptibility to Plasmodium cynomolgi B strain. The mean numbers of oocysts in paired replicates of
An. dirus and An. takasagoensis were not significantly different. The remaining test species had
significantly fewer mean numbers of oocysts than Anopheles dirus (P < 0.01). Anopheles dirus had the
highest percentage of mosquitoes infected with P. cynomolgi sporozoites (82%). Of the test groups,
Anopheles dirus B and An. takasagoensis had the highest percentage of mosquitoes with sporozoites, 77
and 78%, respectively. Fewer than 50% of Anopheles maculatus E and An. maculatus B (NN isolate) had
sporozoites in the salivary glands. Anopheles maculatus B (HK isolate) and Anopheles philippinensis
were the least susceptible, with fewer than 30% having sporozoites in the salivary glands.

INTRODUCTION

Recent biosystematic investigations have
clarified the taxonomy of suspected and incrim-
inated anopheline vectors of malaria parasites
in Thailand. The Dirus Complex of Anopheles,
for instance, is an assemblage of several nearly
indistinguishable sibling species. Anopheles bal-
abacensis Baisas was previously considered the
primary vector of malaria in Thailand. It is now
known that this species does not occur in Thai-
land and what was thought to be An. balabacen-
sis in Thailand actually consists of at least 5
species (Baimai et al. 1988), of which the most
common is An. dirus Peyton and Harrison. Cy-
togenetic and hybridization studies (Klein et al.
1984; Green et al. 1985a, 1985b; Rattanarithikul
and Green 1987) demonstrated that other spe-
cies, e.g., An. maculatus Theobald and An. phi-
lippinensis Ludlow, which have been incrimi-
nated or are suspected vectors of malaria (Anon-
ymous 1980), are also species complexes in
Thailand. The recognition of these sibling spe-
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cies warrants their evaluation as vectors of ma-
laria parasites.

This study compared the susceptibility of An.
dirus, a confirmed human malaria vector (Ke-
trangsee 1989, Gingrich et al. 1990), with 7 other
Southeast Asian vector species/isolates to
Plasmodium cynomolgi Mayer.

MATERIALS AND METHODS

Mosquito rearing: Mosquitoes were main-
tained in colonies at the Armed Forces Research
Institute of Medical Sciences (AFRIMS), Bang-
kok, Thailand (Table 1). Females were kept in
screened cages (32 cm on each side) and allowed
to feed twice weekly on a hamster. Females that
fed to repletion were force-mated (Ow Yang et
al. 1963). Eggs were collected and immatures
reared as described by Klein et al. (1982). Adults
were housed in screened cages and provided a
5% multivitamin solution. The mean tempera-
ture and humidity of the insectary were 26 +
2°C and 70 + 5% RH, respectively. Both natural
and fluorescent lighting were used, and the light
cycle was maintained at 12 + 2 h daylight.

Parasite maintenance: The B strain of P. cy-
nomolgi, originally isolated in 1959 from Macaca
fasicularis Raffles from Pahang, Malaysia (Eyles
1963), was used. Plasmodium cynomolgi was
cycled in a colony of rhesus monkeys (Macaca
mulatta Zimmerman) by the mosquito-sporo-
zoite-monkey inoculation technique (Schmidt et
al. 1963, 1982). Parasitemia, gametocyte rates
and gametocyte sex ratios were determined mi-
croscopically from Giemsa stained blood films
prepared daily from infected rhesus monkeys.
Anopheles dirus (originally dirus A) was selected
as the control, since previous studies had dem-
onstrated that it was highly susceptible to P.
cynomolgi [Collins et al. 1972 (as An. balabacen-
sis), Klein et al. 1986]. The susceptibility of An.
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Table 1. Anopheles species used in Plasmodium cynomolgi susceptibility studies.*
Anopheles Date colony
species/(isolate) colonized Source References
dirus 1964, suppl. Thailand Esah and Scanlon 1966,
w/eggs, Wilkinson et al. 1972
1971
dirus B 1965-66 Peninsular
Malaysia

takasagoensis 1972 Taiwan

maculatus E 1966 Peninsular Ow Yang et al. 1963
(Kuala Lumpur) Malaysia

maculatus B 1979 Thailand
(Nakorn Nayok)

maculatus B 1979 Thailand
(Hui Kuum)

philippinensis 1979 Thailand Klein et al. 1982
(Rayong)

nivipes 1980 Thailand Klein et al. 1982
(Korat)

* All colonies, except An. dirus B, which is self-mating, are maintained in the insectary at AFRIMS by forced-

mating methods (Ow Yang et al. 1963).
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Fig. 1. Percent mosquitoes from each paired feed which engorged on rhesus monkeys infected with Plasmo-
dium cynomolgi parasites. Closed circles indicate paired feeds for all anophelines. Open circles indicate paired
feeds of the test anophelines with only Anopheles dirus, the reference species. !Arrow marks the median percent

of mosquitoes that took a blood meal.

dirus to P. cynomolgi was compared with the
susceptibility of each of the 7 test species/iso-
lates.

Mosquito feeding techniques: Fifty, 3-6 day
old female An. dirus and one or more of each of
the test species were placed in separate screen-
topped 215 cm?® (pint) cartons. They were

starved for 5-6 h, then allowed to feed during
the same period for 30 min on infected rhesus
monkeys at the second peak of parasitemia and
on successive days thereafter when gametocytes
were present. All mosquitoes were fed between
1300 and 1400 h to avoid variation in feeding
due to periodicity. Females fed to repletion were
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Table 2. Plasmodium cynomolgi oocyst infections of 7 Anopheles isolates compared with Anopheles dirus
examined 7 days after feeding on gametocytic rhesus monkeys.

No. No. of Oocyst Mean no. of Paired

Anopheles species of mosquitoes infection oocysts?? t-test

(isolate) trials dissected rate! (range) P value?*
dirus 18 274 88 >68 (<1-144)
dirus B 83 83 >31 (<1-106) <0.001
dirus 21 389 89 >63 (15-145)
takasagoensis 160 86 >48 (7-100) NS
dirus 25 520 93 >71 (32-145)
maculatus E 399 71 >25 (3-72) <0.001
dirus 25 520 93 >71 (32-145)
maculatus B (NN) 226 70 >25 (1-67) <0.001
dirus 11 223 92 >68 (32-145)
maculatus B (HK) 93 57 10 (2-30) <0.001
dirus 13 263 94 >87 (32-195)
philippinensis 140 55 >14 (<1-62) <0.001
dirus 2 44 95 >96 (4-100) ND
nivipes 17 6 1 (0-1)

! Number of mosquitoes with oocysts/number mosquitoes dissected.

2 Number of oocysts counted/number of mosquitoes dissected.

3 Individual oocyst estimates of 101-200 and >200 were recorded as 100 or 200, respectively, for mean oocyst
calculations. Therefore, actual mean oocyst counts are greater than the calculated values. Individual oocyst
counts did not exceed 100 oocysts for An. maculatus B (HK) and An. nivipes.

4 NS = not significant, ND = not done.

placed in screened cardboard stool specimen
cups and maintained on a 5% sucrose solution
for the duration of the study. Partially engorged
and unfed mosquitoes were discarded. Mosqui-
toes from each paired feeding were kept under
identical conditions in the insectary at AF-
RIMS.

Mosquito examinations: The oocyst positive
rate, the mean number of oocysts and oocyst
development in mosquitoes on day 7 after infec-
tion, were determined by microscopic examina-
tion. Midguts from 50% of the surviving mos-
quitoes from each group were dissected, placed
in a drop of saline and examined under a com-
pound microscope (400X) for oocysts. Estimates
of 101-200 and >200 oocysts were recorded as
100 or 200, respectively, for mean oocyst calcu-
lations. The diameter of <10 oocysts from each
mosquito were measured with an ocular micro-
meter.

The salivary gland infection rate and the pro-
portion of each species with oocysts that also
produced sporozoites in the salivary glands were
determined. The number of sporozoites in the
salivary glands was counted (<100) or estimated
(>100). Salivary glands were removed from all
surviving mosquitoes on day 14 after infection,
transferred to a drop of Hayes saline, gently
crushed under a coverslip to release the sporo-
zoites and examined at 400X. Numbers of spo-
rozoites were counted or estimated by counting
a sample of sporozoites in the occular grids when
numbers exceeded 100. Midguts were examined

as described above for mature, ruptured and
melanized oocysts.

RESULTS

Feeding: Anopheles dirus was compared with
An. dirus B, An. takasagoensis Morishita, An.
maculatus E, An. maculatus B, NN and HK
isolates, An. philippinensis and An. nivipes
Theobald. The number of paired feeds for each
of the test Anopheles species/isolates ranged
from 11 to 25, except for An. nivipes, in which
only 2 paired feeds were done (Fig. 1). The
blood-feeding response of An. dirus ranged from
64 to 100% (x = 85%) for different replicates
and was significantly greater than the test an-
ophelines (P < 0.01, paired ¢-test) (Fig. 1). Be-
cause six t-tests were conducted, P values were
adjusted using Bonferroni’s procedure to control
the per experiment error rate (O’Brien and
Shampo 1988). T'-tests were performed, as usual,
but then the P value was multiplied by the
number of comparisons undertaken to obtain
adjusted P values. The largest P value obtained
after adjustment was 0.011. The descending or-
der of feeding response follows: An. dirus > An.
maculatus E > An. maculatus B (HK), An. phi-
lippinensis > An. maculatus B (NN) > An. tak-
asagoensis > An. nivipes > An. dirus B.

Significance in the susceptibility results de-
pended on the number of mosquitoes fed to
repletion that were available for dissection on
days 7 and 14 after infection. A large number of
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female An. dirus (X 19.7 mosquitoes) were
dissected on day 7 after infection. However, the
low blood-feeding response of An. dirus B re-
sulted in only a few females available for dissec-
tion on day 7 (% = 4.6), which increased experi-
mental error.

Oocysts: While the oocyst rate and numbers
of oocysts were greater for An. dirus than An.
takasagoensis infected with P. cynomolgi, differ-
ences were not significant. Anopheles dirus was
significantly more susceptible to midgut infec-
tions of P. cynomolgi than the other test mos-
quitoes (P < 0.01, paired t-test) (Table 2). The
mean oocyst diameters were estimated from a
sample of 10 or fewer oocysts from each infected
mosquito of the test species/isolates and were
similar in size to An. dirus (x = 32.4 u). The
mean oocyst diameters from the test mosquitoes
dissected 8 days after infection ranged from 39.5
to 55.0 u.

T-tests were also computed for paired feeds
of An. maculatus E and An. maculatus B (HK)
and for An. maculatus E and An. maculatus B
(NN). The mean oocyst counts of An. maculatus
E (25.3) and An. maculatus B (NN) (25.1) were
not significantly different. For paired feeds of
An. maculatus E, the mean oocyst counts (14.6)
were always higher than An. maculatus B (HK)
(9.7) but were not significantly different (P <
0.05).

The distribution of oocyst counts of individual
mosquitoes for paired replicates of An. dirus and
the test anophelines is shown in Fig. 2. Most of
the infected An. dirus had oocyst counts ranging
from 100 to 200 while only a few had >200
oocysts. The distribution of oocyst counts for
An. dirus, An. takasagoensis and An. dirus B
were similar (Fig. 2). More An. maculatus E and
B and An. philippinensis replicates were nega-
tive for oocysts, or had fewer oocysts than An.

dirus. None of these species/isolates had more
than 200 oocysts (Fig. 2).

Sporozoites: The frequency of the test an-
ophelines with infected salivary glands was
highest for An. dirus B (85%) and An. takasa-
goensis (76%) and similar to An. dirus (Table
3). Anopheles maculatus E and B (NN) had more
than 6 times as many uninfected mosquitoes as
An. dirus, whereas An. maculatus B (HK), An.
philippinensis and An. nivipes had more than 9
times as many uninfected mosquitoes. The per-
centages of An. dirus, An. dirus B and An.
takasagoensis with >1,000 sporozoites in the sal-
ivary glands were also much higher than those
of the other test species/isolates.

DISCUSSION

Rhesus monkeys infected with Plasmodium
cynomolgi B strain by the mosquito-sporozoite-
monkey-inoculation technique were used as a
mode] for human malaria to determine the sus-
ceptibility of Anopheles mosquitoes to infection
with Plasmodium parasites (Collins et al. 1965,
1972). This model has been used in Plasmodium
parasite susceptibility studies for 3 reasons
(Warren et al. 1963; Bennett et al. 1966a, 1966b;
Rutledge et al. 1970): 1) the susceptibility of
Anopheles species to P. ¢cynomolgi roughly par-
allels their susceptibility to human malaria par-
asites (Hodgkin 1956), 2) Plasmodium cynomolgi
shows a close morphological and cyclical rela-
tionship with P. vivax (Grassi and Feletti)
(Coatney 1968), and 3) Plasmodium cynomolgi
has been transmitted to man under both artifi-
cial and natural conditions (Coatney et al. 1961,
Schmidt et al. 1961, Cheong and Coombs 1970).

Anopheles dirus is anthropophilic but will feed
readily on rhesus monkeys (Fig. 1). Feeding

Table 3. Numbers of Plasmodium cynomolgi sporozoites in the salivary glands of Anopheles dirus compared
with 7 other Anopheles species dissected 14 days after feeding on gametocytic rhesus monkeys.

% mosquitoes by sporozoite counts

Anopheles No. No.
species/(isolates) trials dissected 0 1-10 11-100 101-1,000 >1,000
dirus 17 302 11 0 1 2 86
dirus B 66 15 0 3 9 73
dirus 21 333 9 0 <1 3 87
takasagoensis 136 23 0 2 10 65
dirus 23 410 5 0 <1 2 92
maculatus E 354 33 3 10 24 30
dirus 20 346 5 0 <1 2 92
maculatus B (NN) 178 39 1 10 22 28
dirus 10 163 8 0 <1 2 89
maculatus B (HK) 81 67 6 11 9 7
dirus 13 218 7 0 1 2 90
philippinensis 128 63 6 9 14 8
dirus 2 36 0 0 0 0 100
nivipes 14 57 0 0 14 29
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Fig. 2. Distribution of mosquitoes negative for oocysts (0) and mean oocyst counts of 1-40, 41-100, 101-200
and >200 for Anopheles dirus and 7 test anopheline species/isolates determined from paired feeds on rhesus
monkeys infected with P. cynomolgi. The mean oocyst counts for An. dirus are shown for the paired feeds
illustrated in each figure. Anopheles dirus = DIR; An. dirus B = DIB; An. takasagoensis = TAK; An. maculatus
(KL) = MAK; An. maculatus (NN) = MAN; An. maculatus (HK) = MAH; An. philippinensis = PHI; An.

nivipes = NIV.

periodicity could have been a factor in the low
feeding response of An. dirus B and An. takas-
agoensis since blood meals were provided only
from 1300 to 1400 h. However, these 2 species
fed readily on humans in the laboratory and
were regularly provided blood meals on hamsters
during this same time for colony maintenance.
A low blood-feeding propensity on monkeys for
An. dirus B also has been reported for a colony
at the London School of Hygiene and Tropical
Medicine (J. Hii, unpublished data), and may be
due to colony selection. Cheong et al. (1965)
incriminated An. balabacensis (probably An. di-
rus B) from Perlis State, Malaysia, as a vector
of P. cynomolgi parasites and confirmed the
vector status of this species when they infected
monkeys by inoculating sporozoites from wild
caught mosquitoes into uninfected monkeys.
Anopheles maculatus sensu lato (s.l.), An. phi-
lippinensis and An. nivipes are zoophilic in Thai-
land. They feed primarily on water buffalo and
domestic cattle but are also commonly collected

in human biting collections. In areas of Thailand
where these species occur in large numbers, An.
maculatus s.l. and An. philippinensis have been
considered either secondary or suspected vectors
of P. falciparum and P. vivax parasites (Hari-
nasuta et al. 1976).

The vector status of An. nivipes is unknown
because the adults are not readily distinguished
from An. philippinensis. Anopheles nivipes was
first recognized in Thailand by Reid (1967), and
examination of reared specimens and specimens
from human and cow biting collections through-
out Thailand indicate that An. nivipes is the
more common of the 2 species. Green et al.
(1985a) demonstrated that An. nivipes in Thai-
land actually represented 2 cytogenetic species.
The Korat strain used here has not been cyto-
typed.

There are 3 levels of susceptibility among the
test anophelines, high (An. dirus, An. dirus B
and An. takasagoensis), moderate [An. macula-
tus E and B (NN)] and low [An. maculatus B-
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(HK), An. philippinensis and An. nivipes]. The
high percentage of blood fed mosquitoes in com-
bination with the high oocyst frequency ob-
served in the laboratory colony of An. dirus
indicated that it is highly susceptible to infection
by P. cynomolgi B strain. These results are con-
sistent with the high oocyst rates in An. dirus
(as balabacensis) that Rutledge et al. (1970) and
Wilkinson et al. (1972) observed. All 3 species,
An. dirus, An. dirus B and An. takasagoensis,
are members of the Leucosphyrus Group, and
their high susceptibility to malaria parasites is
similar to other members of the Leucosphyrus
Group (Warren et al. 1963, Warren and Whar-
ton 1963).

The oocyst and sporozoite infection rates of
An. maculatus E and B (NN) were lower than
the test Leucosphyrus Group members but were
sufficiently high to consider these 2 isolates as
relatively good vectors of P. cynomolgi parasites.
Warren et al. (1963) and Bennett et al. (1966a)
also showed that An. maculatus E (as An. ma-
culatus) was susceptible to different strains of
P. cynomolgi parasites. Differences in suscepti-
bility between An. maculatus B (NN and HK)
isolates were observed, but these isolates are not
separable by present cytogenetic techniques.
The recent elucidation of the Maculatus Com-
plex by Rattanarithikul and Green (1987) indi-
cates that further Plasmodium susceptibility
studies in this complex are needed.

Anopheles philippinensis was not highly sus-
ceptible to P. cynomolgi B strain. These results
contrast with findings of Warren et al. (1963) in
Malaysia, but Bennett et al. (1966a) demon-
strated that An. philippinensis was not suscep-
tible to all strains of P. cynomolgi. Reid (1967)
indicated that both An. philippinensis and An.
nivipes, which are morphologically similar in the
adult stage, are sympatric in Malaysia where
Bennett et al. (1966a, 1966b) and Warren et al.
(1963) conducted their experiments. The studies
conducted in Malaysia may have been made
with An. nivipes or a combination of An. nivipes
and An. philippinensis. Relative susceptibility of
An. nivipes could not be determined with cer-
tainty on the basis of only 2 replicates.

A number of factors, i.e., prevalence, host
preference, longevity, etc., must be considered
in the evaluation of mosquito species/isolates as
potential vectors of malaria parasites. The de-
gree of susceptibility to malaria parasites and
ultimately its transmission by the host mosquito
are but 2 aspects. The evaluation of these species
in relation to susceptibility to simian Plasmo-
dium species may assist in the evaluation of
susceptibility to human Plasmodium species, es-
pecially where studies on human malarias are
not possible.
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