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We developed a sensitive polymerase chain
reaction (PCR) method for the detection of
Plasmodium falciparum DNA from mosquitoes col-
lected in the field. Plasmodium falciparum was
detected from 15.2% of 1-parous mosquitoes,
Anopheles farauti, in the Solomon Islands through
use of the PCR method. A novel mathematical
model was developed to estimate the sporozoite
rate based on the malaria-positive rate of 1-
parous mosquitoes. Using this model, the spo-
rozoite rate of Anopheles farauti in the Solomon
Islands was calculated to be 0.09%. This
method enables estimation of the sporozoite rate
based on a relatively small number (100-200) of
mosquitoes compared with the number needed
for the ELISA method.
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M olecular biological methods (1-5) instead of the
microscopic examination of thin blood films have
been reported as a means to improve the specificity and
sensitivity of the diagnosis of human malaria. On the
other hand, it is rather difficult to detect the malaria
parasite in blood-engorged mosquitoes using the polymer-
ase chain reaction (PCR) method. More complex systems
(2, 3, 6-8) are therefore required to detect PCR prod-
ucts. Sporozoite detection methods using RT-PCR have
recently been reported (9-11), but these methods have
not yet been applied to field studies.
The aim of this study was to apply molecular biological
methods to the ecological study of malaria vectors. In

tropical areas, a great effort is needed to collect a
sufficiently large number of mosquitoes for estimating the

sporozoite rate of the vector. In this paper, we describe
a sensitive PCR method for detecting Plasmodium fal-
ciparum (P. falciparum) DNA from blood-fed mos-
quitoes. We then present a method for estimating the
sporozoite rate from a small number of mosquitoes that
uses a combination of the PCR method and a novel
simulation model. Using this model, the sporozoite rate
of Anopheles farauti (An. farauti) in the Solomon
Islands was estimated.

Materials and Methods

PCR.  Anopheles stephensi were fed on cultured
P. falciparum (FCO-1 strain) by membrane feeding (12)
in experimental infection. One day after feeding, the
blood-fed mosquitoes were individually crushed onto
autoclaved filter paper and dried. Mosquitoes, An. far-
auti, collected by net sampling at a village near Honiara
in the Solomon Islands were also treated using the same
method. The mosquitoes together with the filter paper
were cut into pieces and put into microtubes containing
240 11 5% Chelex solution (2, 13), and the tubes were
then boiled for 10 min. The supernatant was used as
template DNA. PCR was performed using the specific
primers designed from P. falciparum DHFR-TS gene (4)
(Fig. 1). The products were analyzed by agarose gel
electrophoresis. One PCR product was sequenced to
ascertain the precise amplification achieved.

Primers: Primer 1 (5-TGT TAG CGA TGT ATA
TAC TAG-3) and primer 2 (5-TTC GAT CAC TTT
GTT TAT TTC CAT T-3) amplifying 410-bp nu-
cleotides were used in methods 1, 2, and 3. Primer 3
(5-AAT GAT GAC AAA GAT ACA TG-3’) and
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Fig. | Primers and amplification regions of P. falciparum dihy-
drofolate reductase (DHFR) - thymidylate synthase (TS) gene (4)
(based on the nucleotide sequences of GenBank Accession number
J03028).

primer 4 (5-ATT GGT ATT CAG GAT GAT AT-3)
amplifying 226-bp nucleotides were used in the 2 nd PCR
of methods 1 and 3.

Method 1: Nested PCR using both sets of P.
falciparum-specific primers (4). The PCR mixture (total
50 1) contained 200 M dNTP, Taq polymerase (Am-
plitag, Perkin-Elmer Cetus, Norwalk, CT) 1.25 units,
10 mM Tris-HCl, pH 8.3, 50 mM KCl, 1.5 mM MgCl,,
0.001% gelatin, 0.2 uM of each primer in the first PCR
(1 M in the 2nd PCR), and 2 ul template DNA (1 gl in
the 2nd PCR). Twenty-one reaction cycles were perform-
ed as follows: 94 °C for 1.5 min, 60 °C for 1.5 min, and
72 °C for 2 min using primers 1 and 2. The 2 nd PCR
was performed for 35 cycles of 94 °C for 1.5 min, 58 °C
for 1.5 min, and 72 °C for 1.5 min using primers 3 and 4.
After the last cycle the sample was stored at 4 °C.

Method 2: PCR with a longer extension period (6).
The PCR mixture (total 50 xl) contained 200 xM dNTP,
Tagq polymerase 2.5 units, 10 mM Tris-HCl, pH 8.3, 50
mM KCl, 1.5mM MgCl,, 0.001% gelatin, 1 ¢M of
each primer (primers 1 and 2), and 1 xl template DNA.
Thirty-five cycles of PCR were performed as follows: 94
°C for 1.5min, 58 °C for 2 min, and 72°C for 4 min.
After the last cycle the sample was stored at 4 °C.

Method 3: Nested PCR combining methods 1 and 2
with a longer extension in the first PCR. The PCR
mixture (total 50 «l) contained 200 xM dNTP, Taq
polymerase 2.5 units (1.25 units in the 2nd PCR), 10 mM
Tris-HCl, pH 8.3, 50 mM KCl, 1.5 mM MgCl,, 0.001
% gelatin, 0.2 M of each primer in the first PCR (1 xM
in the 2nd PCR), and 2 gl template DNA (1 «l in 2nd
PCR). Thirty PCR cycles were performed under the
conditions of 94 °C for 1.5 min, 60 °C for 2 min, and 72
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°C for 4 min using primers 1 and 2. The 2nd PCR was
performed under the conditions of 35 cycles of 94 °C for
1.5 min, 58 °C for 1.5 min, and 72 °C for 1.5 min. Fol-
lowing the last cycle, the sample was stored at 4 °C.

Samples (10 xl) of the PCR products were electro-
phoresed in 2% agarose 1600 gel, stained by ethidium
bromide, and photographed.

Model. We constructed a model of malaria infec-
tion In mosquitoes in order to estimate the sporozoite rate
in a population of mosquitoes. For construction of the
model, the following entomological assumptions and data
regarding An. farauti and P. falciparum (Pf) based on
references in Papua New Guinea or the Solomon Islands
were adopted for practical reasons:

1. The age distribution in the mosquito population is
stable.

2. The mosquito survival rate per day is stable after
emergence.

3. Mosquitoes start to feed 4 days after emergence
(14).

4. The oviposition cycle is 2 days (15).

5. Engorged DNA (malarial DNA except gametocytes)
is detected within 4 days (16).

6. Gametocytes require 13 days for full development to
sporozoites after ingestion (17).

The following 2 epidemiological assumptions were also
made:

7. The ingestive rate of Pf in biting mosquitoes is the
same as the parasite rate of Pf in humans.

8. The ingestive rate of Pf gametocytes in biting
mosquitoes is the same as the parasite rate of Pf
gametocytes in humans.

The following entomological and epidemiological
parameters were used:

p: the survival rate of mosquitoes per day

a: the biting rate per day per mosquito

& : the parasite rate of Pf in humans

A : the parasite rate of Pf gametocytes in humans

having Pf.

The number of days that have passed since emergence
is denoted by ¢, and the number of oviposition times is
denoted by s. In this malaria infection model, the mos-
quito population is divided into the following classes:

a(s,t): having the ability to bite
a(s,t) is divided into the following 2 classes.
an(s,t): Pf-negative
ap(s,ti): Pf-positive, Pf gametocyte-negative (s =

1, i =23
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b(s,t): being unable to bite
b(s,t) is divided into the following 2 classes.

bn(s,ti): Pf-negative, (i =0,1)
bp(s,4,i,j): Pf-positive, Pf gametocyte-negative
(i=0,3;j=0])

opg(s,t): having developing Pf (gametocyte or oo-
kinete or oocyst)
opg(s,ti): Pf-positive (s=1, i =
cs(s,t): having sporozoites (s = 1),
where i denotes the number of days that have passed
since the mosquito acquired Pf or Pf gametocytes, and
j denotes the number of days that have passed since biting
a human. As the values of opg(s,ii) and cs(s,2) are much
smaller than the other values, we use in the formulation of
our model the sums over all stages s instead of opg(s,i)
and cs(s,t), ie.,

ope(t) = 3 opg(ti), es(t)= 3 es(t).

Our malaria infection model can be determined using
the defmitions and assumptions described above. The
scheme of the model is shown in Fig. 2. The solid
arrows in Fig. 2 represent the items of summation of
an(s,t +1); ie.,

an(s,t +1)=

2”12)

p(1— a){an(s,t) + bn(s—1,8,1)
+ ap(s—1,1,3) + bp(s—1,,3,1)}.
The broken arrows (1) represent the items of summa-
tion of bn(st +1); ie.,
bn(s,t + 1) = pa(1— &)l an(s,t) + bn(s—1,2,1)
+ ap(s—1,8,3) + bp(s—1,2,3,1)}.
The broken arrows (2) represent the items of summa-
tion of bn(s,t + 1); ie,
bn(s,t +1,1) = p{bn(s,50) + bp(s,53,0)}.
bp, bpg, ap, opg, and cs are summed likewise, and
they are expressed in the following recurrence formulae:

for t =0,1,2,
an(0,t +1) = p an(0,1).
for t = 3,
an(s,t + 1) = p(1— a){ an(s,t) + bn(s—1,2,1)

+ ap(s—1,4,3) + bp(s—1,¢,3,1)}
bn(s,t + 1,0) = pa(1—e){ an(s,t) + bn(s—1,8,1)
+ ap(s—1,2,3) + bp(s—1,¢,3,1)}
p{bn(s,50) + bp(s,£,3,0)}
= pae(1— L){ an(s,t) +bn(s—1,t,1)

+ ap(s,t,2) + ap(s—1,2,3)

+ bp(s—1,8,1,1) + bp(s—1,¢,3,1)}
bp(s,t + 1,i + 1,0) = p bp(s,t50) i=02)
bp(s,t +1,2,0) = pa(1—e) bp(s—1,t,1,1)
bp(s,t + 1,3,0) = p ap(s,;2)

bn(s,t+1,1) =
bp(s,t +1,0,0)
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bpg(s,t + 1,0) = paeA{an(st) + bn(s—1,2,1)

+ ap(s,42) + ap(s—1,1,3)

+ bp(s—1,,1,1) + bp(s—1,£,3,1)}
bpg(s,t +1,1) = p bpg(s,t0)

ap(s,t +1,2) = p(1— a) bp(s—1,2,1,1)

ap(s,t +1,3) = p(1— a) ap(s,2)

opg(t+12)=1p ZS: bpg(s,t,1)

opg(t+1,i+1)= p opg(Li)
es(t+1) = p es(t) + p opg(2,12).
We denote the parasite rate of Pf in the whole
population of mosquitoes by RPfTotal, the parasite rate of
Pf in 1-parous mosquitoes (feeding on blood at least once
and laying eggs once) by RpPfiP, and the sporozoite
positive rate (sporozoite rate) in the whole population of
mosquitoes by RSporozite. In the above notations, those
parasite rates are given in the following formulae:

@=<i<11)

oo

Repr = 5| 2 {2 bplLti) + boeLt) ]
+ B L)+ 2 os(Lei) |
/ [anlt )+ bn(LD)+ 3 {é p(1,447)
+ bog(L) |+ 3 e+ lzopgum}
25, ap(sbi) + 22 opg(s,,1)
+ 3 {ibp stif) + boelsi) | | 1)
R Sporozoite = t§4 es(h) (1—p).

RPfTotal =

Now we set the initial conditions:

an(0,0) = 1, all other terms are equal to 0 at ¢ = 0.

The system of our malaria infection model has been
programmed by FORTRAN 90, and it works on any
FORTRAN 90 compiler platforms. The model was
solved by a simulation with the iteration day by day.

Results and Discussion

PCR. Three methods for detecting P. falciparum
DNA in mosquitoes were tested. Using method 1 (4),
226-bp nested PCR. products were obtained from all the
mosquitoes one day after experimental feeding on P.
falciparum (data not shown). This method detected no
products from mosquitoes collected from the Solomon
Islands (Fig. 3a). Using method 2 (2), the expected
410-bp products were detected from all of the mosquitoes
one day after experimental feeding on P. falciparum (data
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Fig. 2 A schema representing the mode in which mosquitoes feed on blood and ingest P. falciparum (Pf). Mosquito populations are divided
into classes (See text for details on mosquito classes and parameters.). uf, non-feeding; fPf-, feeding on blood without Pf; fPf+, feeding
on blood with Pf but without gametocytes; fG, feeding on blood with gametocytes. x, y, z and w represent each proportion on feeding, and
p=x+y+z+w x=p(l—a), y=pa(l —¢), z=pae(l — 1), and w= paed. Each mosquito class with “to + capital letter” starts from
the class with the same capital letter on the next day.
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Fig. 3  Products of PCR using DNA from field-collected mos-
quitoes. a, results using simple nested PCR (method 1). Products
were obtained from only the positive control. b, results using elon-
gated PCR (method 2). Products were obtained from the positive
control and | mosquito (lane G), though the 410-bp products in lane
G were thought to be non-specific products. ¢, results using a
combination of nested and elongated PCR (method 3). Products were
detected from the positive control and 4 mosquitoes. No specific band
was detected in lane G. M, marker (1000, 700, 525 + 500, 400,
300, 200, 100 and 50 bp); A, positive control; B-H, some of the
mosquitoes collected from the Solomon Islands (the same individuals
were examined in a, b and c).
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not shown). One mosquito collected in the Solomon
Islands produced the same 410-bp products (Fig. 3b).
Using method 3, the expected 226-bp PCR products
were detected from all of the mosquitoes one day after
experimental feeding on P. falciparum (data not shown),
from the positive control, and from 4 of 7 mosquitoes
collected from the Solomon Islands (Fig. 3c).

One PCR product (lane B, Fig. 3c) was sequenced
and this demonstrated that the primers were specific for
the expected region of the DHFR-TS gene of P. fal-
ciparum (data not shown). The 410-bp products detected
by method 2 (Fig. 3b, lane G) could not be sequenced by
ordinary sequence procedures. In light of the results of
method 3 (Fig. 3c¢) wherein that specific band was not
detected in lane G, these products were thought to be
non-specific.

Thus, although the sensitivities of these detection
methods are difficult to determine precisely, the fact that
the detection rate of P. falciparum from the same mos-
quitoes collected from the Solomon Islands was the
highest by method 3 indicated that this method of detec-
tion has the highest sensitivity.

The limits of sensitivity in our experiments using
DNA extracted from cultured P. falciparum were 40 pg
(2,000 parasites in 2 gl; 0.02% parasitaemia) by method
1, 1ng (50,000 parasites in 2 xl; 0.5% parasitaemia) by
method 2, and 4 pg (200 parasites in 2 ul; 0.002%
parasitaemia) by method 3. Our new method (method 3)
was the most sensitive among the 3 methods and 10-times
more sensitive than method 1. The sensitivity of method
1 was originally reported to be 0.000026% parasitaemia
(10 parasites in 10 ul of blood) (4). The difference
between the sensitivities of method 1 (0.02%) and the
original method (0.000026% ) (4) is thought to be due to
the DNA extraction method and some modifications for
its application to field-collected mosquitoes. If the PCR
conditions in method 3 were applied after using the same
sampling procedures as those of the original method, its
sensitivity for the detection of malaria from human blood
would be more than 0.000026% parasitaemia. The sensi-
tivity of method 2 was almost the same as that originally
reported (2).

The malaria-positive rate of all mosquitoes whose
parities were determined (n = 127) were examined by
PCR using method 3. Nineteen (15%) of the total 127
mosquitoes were determined to be Pf-positive, and 5
(15.2%) of 33 1-parous mosquitoes were Pf-positive.

Estimation of sporozoite rate.  The parasite
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rate RSporozeite of sporozoites is estimated on the basis of
the parasite rate of Pf, which was determined by PCR.
First, we determine the entomological and epidemiological
parameters. For the daily survival rate p of mosquitoes,
we take the mean parous rate (14):

p = mean parous rate = 1—nulli-parous rate.

Then we estimate p = 1—0.167 = 0.83 from the data
of parity determination of mosquitoes collected in the
Solomon Islands. The distribution of the parasite in
individuals was surveyed by Dr. Kumada in 3 villages in
the Solomon Islands from January 1993 to August 1995.
The overall parasite incidence at that location weighted for
the age-specific ratio of the population can be estimated as
follows (18).

P. falciparum: 21.3% +24%
P. falciparum gametocyte: 2.7% + 0.9%

Thus, & = 0.21 for the parasite rate of Pf, and A =
2.7/21.3 = 0.13 for the parasite rate of Pf gametocytes in
humans having Pf. To determine the entomological
parameter &, we use the parasite rate (Rp;1p = 0.152) of
1-parous mosquitoes obtained by PCR. Since RPf1P
depends only on @ when all the other parameters are
given as mentioned above, we solve the equation:

Rprip = 0.152,

Our model simulation was carried out using the
computer in the Faculty of Environmental Science and
Technology, Okayama University. The results showed
that each class of mosquito reached a stable equilibrium
after about 200 days. First various values of & were used
in the Rpfip formula, and the value of RPfiP was
calculated through simulation of the model. When it was
nearest to 0.152, « was determined to be 0.125.

After the simulation with the iteration day by day, we
finally obtained the parasite rate RSporozoite of sporozoites
in An. farauti in the Solomon Islands:

RSporozoite = 0.0009 (009%)

The sporozoite rate of P. falciparum is quite variable,
e.g., 1.86% (19) in Zaire and 9.6% (20) in Guinea Bissau
in An. gambiae. Those values are probably overestimat-
ed because mosquitoes were collected in houses in Guinea
Bissau and sporozoites were detected by ELISA using
antibodies against CS proteins that react not only to
sporozoites but also to oocysts expressing CS proteins.
The sporozoite rate of P. falciparum is estimated to be
0.45-4.5% (21) in An. farauti in the Solomon Islands
and 1.8% (22) in Anopheles punctulatus in Papua New
Guinea. This difference may be partly due to the use of
ecological parameters obtained at other sites in the
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Solomon Islands and Papua New Guinea. As indoor
resting mosquitoes have often been used for the estima-
tion of sporozoite rates, the values tend to be biased. For
the present study, we used mosquitoes caught in the field,
not in houses. Although the estimated sporozoite rate
(0.09%) is only 1/5-1/50 of the above reported rates,
one person would become infected within about a month
(1,000 bites), since the human-biting rate (bites/day/
person) in the Solomon Islands has been estimated to be
37 (23). The estimated sporozoite rate is therefore
thought to be sufficiently high enough to maintain a high
tranmission rate of falciparum malaria.

The application of this combination of PCR and our
model to field studies for estimating the sporozoite rate
may save considerable effort in the collection of mos-
quitoes. Moreover, this method for detecting parasites in
blood-fed mosquitoes would be useful for the detection of
pathogens in other vectors.
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