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Abstract. A malaria mosquito vector, Anopheles saperoi, and a hon-vector, Aedes albopictus, were
allowed to feed on mice infected with murine malaria, Plasmodiumyoelii nigeriensis, and were sub-
sequently monitored for the development of parasites by the nested polymerase chain reaction (PCR)
method, using Plasmodium genus-specific primer pairs. The mosquitos were divided into two parts,
head/thorax and abdomen, for DNA analyses. The parasite DNA and murine DNA for each mosquito
were examined in parallel. In both groups of mosguitos, murine DNA was detected up to 4 days post-
blood meal in both the head/thorax and abdomen. After 4 days, the murine DNA fell below detectable
limits. Murine DNA and parasite DNA remained undigested for the first 4 days post-blood meal.
Parasite DNA was detected in the abdomen of 25% (3/12) of Ae. albopictus on day five and 10% (1/
10) on day six, after murine DNA had fallen below detectable limits. Parasite DNA was not detected
in the head/thorax of Ae. albopictus on those days or afterwardsin either the head/thorax or abdomen,
demonstrating that the parasite detected on days 5 and 6 in the abdomen degenerated and did not
develop into mature oocysts or sporozoites. In the vector An. saperoi, parasite DNA was detected
continuously in the head/thorax and abdomen for many days after the murine DNA had fallen below
detectable limits. The detection rate of parasite DNA in the head/thorax of An. saperoi increased
gradually from day 8 post blood meal until it reached amaximum level of 71.4% (15/21 12 days post-
infection. Parasite DNA in abdomen reached its maximum level of 81% (17/21) 10 days post-blood
meal. Theimplications of these results for the design and interpretation of epidemiological surveysis
discussed.

INTRODUCTION mosquitos (Li et al, 1993). To evaluate this and
the effects of antimalariadrugs on the total para-
site population, it isimportant to be able to iden-
tify the infected mosquito vectorsin malaria en-
demic areas. The parameter most widely used by
epidemiologistsisthe sporozoite rate, defined as
the percentage of female anopheline mosquitos
caught in the wild with sporozoites in their sali-
vary glands (WHO, 1963). Measurements of
sporozoiteratesrequiresimple, sensitive, specific
and inexpensive methods for detecting and iden-
tifying Plasmodium species in mosquitos.

Detailed knowledge of the incidence and
transmission dynamicsof malariaparasitesiscen-
tral tothedesign of effective measuresin malaria
control programs. The evaluation of malariacam-
paignsis based not only on the detection of para-
sites in humans, but also an identification of
sporozoite-infected mosquitos, for effective vec-
tor control. Monitoring of sporozoite devel opment
is essential for determining the effect of antima-
larial drugs on the development of parasites in
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Traditionally, malaria parasites have been
detected by dissection of freshly collected mos-
quitos and microscopic examination of the sali-
vary glands or mid gut to obtain sporozoite and
oocyst rates, respectively (Bruce-Chwatt, 1987).
Microscopic examination of individual mosqui-
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tosfor malaria parasitesis labor-intensive, time-
consuming and does not allow parasite detection
in dried specimens. In anopheline mosquitos, the
morphological features of the parasites do not
permit reliable species identification (Pringle,
1966; Snounou et al, 1993).

Recently, monoclonal antibody-based meth-
ods have been devel oped to overcomethe limita-
tions of the microscopic dissection procedure
(Wirtz and Burkot, 1991). An enzyme-linked
immunosorbent assay (ELISA) kit is now avail-
able for epidemiological studies. A drawback of
the ELISA method is that it cannot differentiate
between the surface proteins of the sporozoites
and cicumsporozoites (CS) that may be depos-
ited in mosquito tissue (Golendaet al, 1990; Beier
and Koros, 1991). Hence, the CS antigen can be
detected in thethorax of Anopheleswithout sporo-
zoites in their salivary glands (Lombardi et al,
1987). In addition, problems of precision and the
vaidity of the ELISA (Post et al, 1992; Stoffels
et al, 1995) have complicated the use of mono-
clonal antibody-based assays, resulting in sporo-
zoite rates being overestimated.

As an dternative to ELISA, attention has
been focused on the development of diagnostic
methods based on deoxyribonucleic acid (DNA)
probeswith the polymerase chain reaction (PCR)
for the detection of malaria parasites in blood
samples and mosquitos (Nitiavathy et al, 1999).
Using oligonucleotide probes for the identifica-
tion of malariaparasitesisnot suitablefor imple-
mentation in field conditions because the probes
arelabeled with radioactive elements (Stoffels et
al, 1995).

It isimportant to have a smple and afford-
able method for the detection and identification
of malariaparasitesin both humansand mosquito
vectors. DNA amplification is thus becoming an
important tool for the study of malaria parasites.
Asaresult of the high sensitivity and specificity
of the PCR method, DNA amplification is often
observed in the absence of microscopically dem-
onstrated parasites (Jarra and Snounou, 1998).
Concern has, therefore, been expressed that in
some cases, thetarget of PCR amplification might
be circulating DNA derived from parasites in-
gested by peripheral phagocytic cells (Jarra and
Snounou, 1998), or parasite DNA derived from
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asexual parasites ingested with the blood meal
(Snounou et al, 1993).

In this study, we describe a method of isola-
tion of parasite DNA and murine DNA from ex-
perimentally infected mosquitos by the modified
Chelex method and nested PCR amplification
using genus and species-specific primers, where
the development of murine malaria parasites in
experimentally infected mosquitos was moni-
tored. Murine DNA was monitored in parallel
with the malaria parasite DNA in mosquitosas a
function of time post-blood meal. The applica-
tion of this technique in epidemiological studies
of malariais discussed.

MATERIALSAND METHODS

Mosquitos, mice, and DNA template prepa-
ration

Both infected and non-infected Anopheles
saperoi Bohart & Ingram and Aedes albopictus
Skuse were used. These mosquitos were reared
inaninsectary at 25+1°C, 80% relative humidity
and with a photoperiod of 16:8 (light:dark). In-
fectionswere obtained by feeding 5-7-day old An.
saperoi and Ae. albopictus with the blood of ICR
miceinfected with murine malariaparasite, Plas-
modium yoelii nigeriensis (N67 strain). Para-
sitemia and gametocytemia in each mouse used
to feed the mosqguitos were checked by micros-
copy, and ranged from 5-10% and 0.01-0.1%, re-
spectively. Fully engorged femal e mosquitoswere
maintai ned on a 2% sucrose sol ution until exami-
nation of the mid gut for oocysts and the salivary
glands for sporozoites.

DNA was extracted from individual mos-
quito as follows: An. saperoi and Ae. albopictus
mosquitos were killed by exposure to cold (4°C)
and the legs and wings were removed. To differ-
entiate between infective mosquitos (with sali-
vary sporozoites) and infected mosqguitos (with
mid-gut oocysts), the mosquitos were separated
into two parts, head/thorax and abdomen. Chelex
100 (100 mesh, BioRad) was suspended in dis-
tilled water to yield a 5% (w/v) slurry stock
(Singer-Sam et al, 1989). Mosquito samples
(head/thorax and abdomen) were delivered into
pre-heated (100°C in aheating water bath) Chelex
asfollows. Head/thorax and abdomen parts were
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homogenized lightly in 20 ul of 0.9% NaCl in
microtubes on ice and delivered into 200 ul of
Chelex. Thesamplesin Chelex werevortexed and
heated for 10 minutes. The Chelex was pelleted
by centrifugation at 8,000 rpm for 3 minutes. The
supernatant was directly utilized as a source for
the template in PCR amplification or stored at
4°C until PCR amplification.

PCR amplification of parasite DNA

PCR amplification wascarried outinaDNA
thermal cycler (PTC-100, MJ Research, USA).
PCR reactions using parasite DNA as atemplate
were carried out in atotal volume of 20 ul. The
reaction mixture contained 12.4 ul of Milli-Q
H,O, 2 ul of 10 x PCR buffer, 1 ul of 2.5 mM
deoxynucleotidetriphosphates (ANTPs), 0.8 ul of
10 uM for each primer and 1 ul of 5U/6.6 ul Taq
polymerase. Two microliters of DNA template
were added and the mixture was denatured for 2
minutesat 92°C. Twenty-five amplification cycles
were completed with denaturation at 92°C for 0.5
minute, extension at 60°C for 1.5 minutes and a
final cyclewith an extension time of 5 minutes at
60°C. For the second nested PCR, asimilar PCR
mixture was prepared, but nested two PCR prim-
erswere used. To this, 2 ul of primary PCR pro-
duct was then used as atemplate in asecond am-
plification reaction. Nested PCR amplification
was carried out as described above, except the
extension was at 62°C for 1 minute and the num-
ber of amplification cycles was eighteen.

Ten microlitersof PCR product wereloaded
on a 2% agarose gel in 1 x Tris-acetate-EDTA
buffer, and the gel was stained with ethidium bro-
mide and electrophoresed to determine the ap-
propriate band size of the target fragment. The
DNA bands were visualized by ultraviolet (UV)
transillumination. An. saperoi and Ae. albopictus
fed with blood of uninfected mice or sugar solu-
tion were used as negative controls.

PCR was performed by the method of
Kimura et al (1997) with modification. A com-
plimentary pair of primers P1 (5-ACGATCA
GATACCGTCGTAATCTT-3) and P2 (5'-
GAACCCAAAGACTTTGATTTCTCAT-3) to
the SSUrRNA gene of Plasmodiumwas used in
the primary PCR, and a pair of primers P1 and
Y1 (5-AAGGAAGCAATCTAAGATTCCCC
GG-3)), the latter primer being specific for P. y.
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nigeriensis was used for the nested PCR. The
length of the targeted genome obtained by am-
plification was predicted to be 106 bp.

For the design of the primer Y 1 on the mu-
rine malaria parasites, P. y. nigeriensis template
DNA from infected blood was amplified with the
P1 and P2 primers, then, the primary PCR pro-
duct was sequenced. By comparing the sequences
of the SSUrRNA genes for human Plasmodium
(McCutchan et al, 1988; Goman et al, 1991; Arai
etal, 1994; Quari et al, 1994) and P.y. nigeriensis
in the present study, the Y 1 primer was designed.

Murine DNA detection in the mosquitos
Detection of host murine (mouse) DNA in
each individual mosquito wasasfollows: murine
DNA obtained as described above was directly
amplifiedin atotal volume of 50 ul. Thereaction
mixture contained 4 ul of 2.5 mM dNTPs, 5 ul of
10 mM PCR buffer, 34 wl of Milli-Q H,O, 2 ul of
10 uM each of the primers H14542; (5'-
GCAGCCCCTCAGAATGATATTTGTCCTC-
3'), L14230; (5'-GCTTCCATCCAACATCT
CAGCATGATG-3'), 1 ul of 2.5U/2 ul Taq poly-
merase and 2 ul of template DNA. Amplification
took placeinthethermal cycler asfollows: dena-
turation at 94°C for 2 minutes, annealing at 60°C
for 1 minute and extension at 72°C for 1 minute.
Thirty-four cycleswere carried out, with 1 minute
extrafor denaturation in thefirst cycle. Amplifi-
cation with these primers targets a region of the
cytochrome b gene for murine mitochondrial
DNA. A concentration method was then used on
the PCR product in order to obtain murine DNA
as follows. One tenth volume of 5M NaCl and
three volumes of 100% ethanol were added to the
PCR product, then the mixture was vortexed and
incubated at room temperature for 10 minutes.
Then, the samples were centrifuged for 30 min-
utes at 12,000 rpm and the ethanol was carefully
removed. The supernatant was washed with 75%
ethanol and |eft to stand at room temperature for
10 minutes. Murine DNA was pelleted by cen-
trifugation at 12,000 rpm for 30 minutes at 4°C.
Ethanol was carefully removed and the pellet was
re-suspendedin 10 ul TE to re-dissolvethe DNA.
Murine DNA for each mosquito parts (head/tho-
rax and abdomen) wasidentified by visualization
of the appropriate band size in the agarose gel
after electrophoresis. The gels were stained with
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Fig 1-Example of the results from the nested PCR
amplification of Plasmodium yoelii nigeriensis
DNA in (&); mosquito vector Anopheles saperoi
and (b); mosquito non-vector Aedes albopictus.
Numbers above the tracks represent days post-
infectious blood meal; m: DNA molecular
marker; HT: head/thorax; Ab: abdomen; nc:
negative control; and pc: positive control. The
average number of mosquitos examined in each
day was 20 for An. saperoi and 10 for Ae.
albopictus. Electrophoresiswas performed ona
2% agarose gel.

ethidium bromide and the band sizes were visu-
alized by UV transillumination. Samples of mos-
quitosfed with sugar solution were used as nega-
tive controls.

RESULTS

Detection of Plasmodium yoelii nigeriensisand
host murine DNA as a function of time in
mosquitos

Mosquito specimens treated by a modified
Chelex method, followed by boiling, resulted in
adecreased concentration of Tag polymerasein-
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Fig 2-Detection of host murine DNA in (&): mosquito
vector Anopheles saperoi and (b): mosquito non-
vector Aedes albopictus, as a function of time
post-infectious blood meal on a2% agarose gel.
m: DNA molecular marker, the numbers above
the tracks represent days; HT: head/thorax; Ab:
abdomen; nc: negative control; and pc: positive
control.

hibitor, present in mosquitos, causing efficient
PCR amplification. The nested PCR generated
product of appropriately predicted size for P. y.
nigeriensis. A 106 bp fragment corresponding to
the predicted size of the primer-directed PCR was
detected in the mosquito vector Anopheles saperoi
and mosquito non-vector Aedes albopictus (Figs
1, 2). Thecoursesof P. y. nigeriensis amplifica-
tions in vector and non-vector mosquitos were
monitored as afunction of time post-blood meal.
On day O, the detection rate of P. y. nigeriensis
was 100% in head/thorax and abdomen for both
vector and non-vector mosquitos (Figs 3, 5).
These amplifications were most likely dueto the
presence of parasite DNA in the ingested blood
meal, because analysis of the host murine DNA
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Fig 3—Percentage of head/thorax and abdomen parts of

Anopheles saperoi where Plasmodium yoelii

nigeriensis DNA was detected by nested PCR.
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Fig 4—Percentage of head/thorax and abdomen parts of
Anophel es saperoi where host murine DNA was
detected by nested PCR.
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Fig 5—Percentage of head/thorax and abdomen parts of

Aedes albopictus where Plasmodium yoelii
nigeriensis DNA was detected by nested PCR.

1201 —e—Head/thorax

---o--- Abdomen

o 1 2 3 4 5 6 8

Days post-infection
Fig 6—Percentage of head/thorax and abdomen parts of
Aedes albopictus where host murine DNA was
detected by nested PCR.
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in each individual mosquito invariably confirms
a detection rate of murine DNA in 100% head/
thorax and abdomen for both the vector and non-
vector mosquitos (Figs 4, 6). Surprising findings
were the detection of parasite DNA in the abdo-
men of 25% (3/12) Ae. albopictus on day five
and 10% (1/10) of on day six post-infectiousblood
meal, (Fig 5) even after murine DNA had fallen
below detectablelimits(Fig 6). Parasite DNA was
not detected in the head/thorax and abdomen of
Ae. albopictus 8-14-days post-infectious blood
meal, suggesting that the parasite DNA detected
ondays5and 6 werein adegenerating stage, and
did not develop into mature oocysts and sporo-
zoites (Fig 5).

Parasite DNA was continuously detected in
head/thorax and abdomens of mosquito vector An.
saperoi for up to 14-days post-infectious blood
meal, even after 4 days, when murine DNA had
fallen below detectablelimits. The detection rates
of parasite DNA in head/thorax and abdomen of
An. saperoi on day 14 post-infectious blood meal
were 69.56% (16/23) and 73.91%, respectively
(Fig 3). This demonstrates that there was a con-
tinuous presence and devel opment of murine ma-
lariaparasitesin the mid-gutsand salivary glands
of the mosquito vector An. saperoi. Although mu-
rine DNA had fallen below detectable limits, the
detection rate for parasite DNA in the head/tho-
rax of An. saperoi, increased gradually from day
8 post-infection until it reached itsmaximum level
of 71.4% (15/21) 12-days post-infection. On the
other hand, parasite DNA in abdomen reached its
maximum level of 81% (17/21) 10-days post-in-
fectious blood meal (Fig 3). In both vector and
non-vector mosquitos, positive samples for P. y.
nigeriensis on days 0-4 were also found to be
positive for murine DNA (Figs 4, 6). Parasite
DNA was not detected in vector and non-vector
mosquitos fed with the blood of uninfected mice.

Murine DNA was analyzed in head/thorax
and abdomen partsfor each individual mosquito.
PCR amplified productsfor P.y. nigeriensisfrom
murine erythrocytes present in the blood meal
gavethesign of predicted size. On day O, the de-
tection rate of murine DNA in the head/thorax
and abdomen of both the vector and non-vector
mosquitos was 100% (Figs 4, 6). In both An.
saperoi and Ae. albopictus mosquitos, murine
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DNA was detected up to 4 days post-infectious
blood meal. Murine DNA fell below detectable
limits 4 days post-feeding, suggesting that the
mosquito takes at least 4 days to completely di-
gest an ingested blood meal present in the abdo-
men. PCR amplification products corresponding
to murine DNA present in both the vector and
non-vector mosquitos on day O post-infectious
blood mesal gaveintensely-staining bands of bulky
Size, indicating the presence of a high content of
blood meal in the mosquitos. However, the band
intensity decreased gradually asafunction of time
post-infectious blood meal, suggesting continu-
ous digestion of the blood meal in the mosquitos
(Fig 2). Mosquitos fed only with sucrose solu-
tion in each assay consistently yielded negative
results for murine DNA.

DISCUSSION

The measurement of sporozoite ratesin ma-
laria mosquito vectors is of fundamental signifi-
cance in the design of malaria control programs.
Detection of malaria parasites in mosguito vec-
tors has traditionally depended on the dissection
of mid-gut oocysts and salivary sporozoites. The
problems of incriminating malariavectorsby dis-
section have been reviewed previously, and in-
clude the difficulty of sporozoite species identi-
fication and |abor-intensive methodology (Zavala
et al, 1982; Burkot et al, 1984). PCR amplifica-
tion methods avoid these difficulties. Amplifica-
tion of specific gene sequences by PCR has be-
comeincreasingly utilized asadetection and iden-
tification tool of malaria parasites. (Schriefer et
al, 1991). The PCR method has been used to de-
tect parasites in blood samples (Snounou et al,
1993). However, few studies have addressed the
detection and identification of malaria parasites
in mosquito vectors. (Ranford-Cartwright et al,
1991). Recently PCR hybridization of specific
DNA probes for detecting malaria parasites in
mosquito vectors has been reported. Although the
DNA probes are species-specific and can be used
for a large number of samples, their sensitivity
remains|ow and the use of isotope-label ed probes
limits its application in field surveys (Li et al,
2001). Perhaps for these reasons, very few stud-
ieshave addressed the detection and devel opment
of malaria parasites in mosquitos using isotope-
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labeled probes.

The protocols that are currently in use for
the extraction of malaria parasite DNA from in-
fected mosquitos are cumbersome and favor
pooled samples (Schriefer et al, 1991). We modi-
fied the Chelex method for extraction of DNA
from infected mosquitos and subsequently per-
formed PCR amplification of malaria parasites
and murine DNA from the head/thorax and ab-
domen of infected mosquitos. Simple and afford-
able methods are essential for detection and iden-
tification of human malaria in epidemiological
studies. In our study, parasite DNA products cor-
responding to the predicted band size for the
primer-directed PCR were not detected in mos-
quitos fed with blood from uninfected mice or
sucrose solution. The ability of our technique to
detect the presence of parasite DNA in ingested
blood mesals and parasite DNA due to mosquito
infection makesit very useful for the analysis of
wild collected malaria mosquito vectors.

Inhibition of Taq polymerase-catalyzed PCR
by the exoskel eton of mosguitos has been reported
(Li et al, 2001). In our study, treatment of the
mosquito samples with our modified Chelex
method, followed by boiling the mosquito
samples in awater bath prior to PCR amplifica-
tion enabled usto remove theinhibitors from the
exoskeletons of the mosquitos, and therefore en-
hanced the PCR amplification of the gene se-
guences. Our modified Chelex treatment of mos-
quito samples offersasimple aternativeto tradi-
tional procedures for malaria parasite DNA ex-
traction. When followed by DNA amplification
of genesof interest, thismethod providesahighly
sensitive meansfor detecting and identifying mos-
quitosinfected with malariaparasitesand aready
supply of DNA template for nested PCR analy-
sis.

Electrophoresis detection of parasite DNA
in mosquitos was parallel with the presence of
either PCR amplifiable parasite DNA inthe mos-
quito mid-gut and salivary glandsor parasite DNA
from murine erythrocytes present in the blood
meal (Figs 3-6). Thus, it was possible to tempo-
rally follow the development of murine malaria
parasites in the mosquito vector Anopheles
saperoi. Positive samples due to parasite DNA
present in the blood meal were detected by the
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analysis of murine DNA in each individual head/
thorax and abdomen of the mosqguitos. Analysis
of murine DNA helps to differentiate false posi-
tive nested PCR amplification due to parasite
DNA present in the blood meal from true posi-
tive PCR amplification due to mosguito infection.

In malariaendemic areas, femal e anopheline
mosquitos have a chanceto bite persons infected
with malaria. Not all malaria mosquito vectors
that bite humans infected with malaria become
infected (with mid-gut oocysts) or infective (with
salivary sporozoites). In this experiment, An.
saperoi infection ratesfor salivary sporozoitesand
mid-gut cocystswere 71.4% (15/21) and 81% (17/
21), respectively (Fig 3). These observations are
consistent with other studies reporting the sporo-
zoite and oocyst infection rates of An. saperoi in-
fected with Plasmodium yoelii nigeriensis as
66.7% and 91.7%, respectively (Tsuzuki et al,
2001). A striking observation was the detection
of parasite DNA in the abdomen of 25% (3/12)
of the non-vector mosquito Aedes albopictus on
day five and 10% (1/10) of on day six after mu-
rine DNA had fallen below detectable limits (Fig
5). It seemsthat the parasite DNA detected inthe
abdomen on days 5 and 6 was in a degenerating
stage, because there was no detection of parasite
DNA &fter day 6, indicating that the parasite de-
tected on those days did not develop into mature
oocysts and sporozoites.

A vital findingsof the simultaneous PCR am-
plification of malaria parasite DNA and host
murine DNA in the malaria mosquito vector is
that parasite DNA was detected in the abdomen
of 18.8% (4/22) of An. saperoi on day 6 post-
infectious blood meal, but it was not detected in
head/thorax of the same mosquito (Figs 1a, 3).
This observation enables us to distinguish be-
tween infective mosquitos with salivary sporo-
zoites and infected mosquitos with mid-gut oo-
cysts. Thisstudy al so demonstratesthat the sporo-
zoitesin An. saperoi occur in the salivary glands
8 days post-infectious blood meal (Fig 3). The
accuracy of measurement of sporozoite rates in
the mosquito population is of fundamental im-
portance, as it reflects the malaria transmission
potential in a given location. We found that our
technique was simple and may provide valuable
tools for the estimation of malaria mosquito in-
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fection ratesin epidemiological studies.
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