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A nitrocellulose (NC) membrane was evaluated as a solid-phase support for the detection ofmalaria-infected
mosquitos using monoclonal antibodies (MAb) with a laboratory model based on Plasmodium inui and
Anopheles dirus. MAbs produced against sporozoites of the N34 strain of P. inui, and selected by
immunofluorescence assay and the circumsporozoite precipitin test, were used. A one-site indirect
NC-ELISA that used unlabelled MAb and enzyme-labelled anti-mouse IgG was developed. Its sensitivity was
about 200 sporozoites and it reliably detected one infected mosquito in a pool of 20. This indirect NC-ELISA
has the advantage that it does not require direct conjugation of the MAb to an enzyme or biotin. In the direct
one-site NC-ELISA, which is also reported, the relatively simple biotinylation procedure was an alternative to
the enzyme- or radiolabelled MAbs.

The NC-ELISAs were simple and rapid. Furthermore, the indirect NC-ELISA can be used to detect
sporozoite antigen localized in various body sectors of mosquitos.

Introduction
A practical and reliable method to detect sporozoite-
infected mosquitos is required in order to make an
efficient assessment of the level of active malaria
transmission in an area. Such a method would also be
useful for evaluating the impact of malaria control
measures on the transmission of the disease. Deter-
mination of malaria foci and detection of the reintro-
duction of the disease into regions from which it has
been eradicated cannot be promptly accomplished
with traditional parasitological and entomological
techniques (1). Furthermore, dissection of mosquito
salivary glands to detect insects infected with malaria
parasites does not permit identification of the species
of sporozoites. As a result, it is difficult to obtain
accurate information about the malaria status of
regions where several Anopheles species are involved in
transmission and several species of plasmodial para-
sites co-exist.

Recently, immunoassays based on monoclonal
antibodies (MAbs) raised against the circumsporo-
zoite (CS) protein antigens have been developed
to detect malaria-infected mosquitos. For example,
Zavala et al. have reported a MAb-based one-site
radioimmunoassay (RIA) and a two-site immuno-
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radiometric assay (IRMA) for this purpose (2). The
applicability of this IRMA for field epidemiological
studies has been examined by Collins et al. (3).
Similarly, the efficiency of the RIA has been evaluated
in the laboratory by simulating various conditions
that occur in the field. Furthermore, Cochrane et al.
have used the RIA approach to detect sporozoite
antigens inside mosquitos using the Western blot
analysis (4,5).

Among approaches that do not rely on the use of
radioisotopes, an MAb-based immunofluorescence
antibody assay (IFA) can identify the species of
sporozoites involved in rodent and human malaria (6).
MAb-based ELISAs to detect sporozoite-infected mos-
quitos are being developed by several workers, and
two-site ELISAs for the detection ofmosquitos infected
with Plasmodium knowlesi or P. berghei have been
reported by Burkot et al. (7), for P. falciparum by
Burkot et al. (8), and for P. vivax by Wirtz et al. (9). The
ELISAs that have been reported to date, however, are
all based on the use of plastic surfaces (polystyrene or
polyvinyl chloride plates) as solid-phase supports.

Several studies have been carried out to determine
the efficiency and variability of the binding of proteins
to plastic surfaces (10, 11). Hermann et al. (12)
determined that up to 68% ofthe viral antigens desorb
from plastic surfaces during assays. On the other hand,
Kurstak (13) has estimated that the protein-binding
efficiency of polystyrene plates is only about 10%
while that of nitrocellulose (NC) membranes is close to
100%. Thus with growing recognition of the ineffi-
ciency with which proteins bind to plastic surfaces, NC
membranes have been used as alternative solid-phase
supports in radioimmunoassays and enzyme immuno-
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assays. NC membranes have an estimated binding
capacity for polypeptides of about 0.15 yg/mm2 for
a pore size of 0.45 pm (14); this is about 10 times
greater than that of plastic surfaces (15). The greater
efficiency ofNC to bind proteins is believed to be due
to their higher surface area caused by the large number
of pores, which make up about 80% ofthe membrane's
filter matrix (16).

Here, we report on the use ofanNC membrane as
a solid-phase support for the detection of malaria-
infected mosquitos using the A. dirusiP. inui (N34
strain) model system.

Materials and methods

Monoclonal antibodies
Monoclonal antibodies (MAbs) that were specific to
the circumsporozoite (CS) protein antigen of P. inui
were produced using the standard procedure described
by de St. Groth & Scheidegger (17). Briefly, immune
spleen cells were obtained from BALB/c mice8 that had
been immunized with sporozoites. The immunization
procedure involved an initial intravenous injection of
5 x 10i sporozoites; 2 weeks later, the mice were
injected intravenously with a further 106 sporozoites.
On the third day after the second sporozoite injection,
the mice were killed and the immune spleen cells
harvested. MAb-secreting hybrid cells were produced
by fusing the immune mouse spleen cells with a non-
immunoglobulin-secreting SP2/O plasmacytoma cell
line. Selection of the MAbs for CS membrane antigen
reactivity and specificity was performed using IFA
with glutaraldehyde-fixed sporozoites (18) and by the
CS precipitin test (19). Out of four MAbs that were
identified to be surface reactive, only MAbO16-16.6, an
IgG3, was sufficiently reactive in the ELISA method,
and hence was used in the study.

Infected mosquftos
Laboratory-reared A. dirus and A. gambiae sensu
strictu mosquitos were infected with P. inui by being
allowed to feed on infected monkeys (Macaca mulatta).
The infection status ofmosquitos was evaluated by gut
dissection for oocysts and by salivary gland dissection
to determine the sporozoite rates and loads. The
approximate sporozoite load per mosquito was also
determined for each colony of infected mosquitos by
harvesting sporozoites from 50 insects in the colony.
After being fed on blood for 15 days post infection, the
mosquitos were killed with chloroform and stored at
room temperature in a desiccator jar that contained

' Jackson Laboratories, Bar Harbor, ME, USA.

calcium sulfate (Drierite). Uninfected mosquitos and
those infected with other Plasmodium spp. were killed
and stored in the same manner for use as controls.

Mosquito homogenization
The medium used to homogenize the mosquitos
consisted of a mixture of Tris buffer (pH 8.0) (0.05 mol/l
Tris, 0.3 mol/l potassium chloride and 2 mmol/l ethyl-
enediaminetetraacetic acid (EDTA)) and protease
inhibitors (2 mol/l phenylmethenesulfonyl fluoride,
0.001 mmol/l leupeptin, and 0.001 mmol/l pepstatin).
To this medium, 0.5% (v/v) of the nonionic detergent
octylphenol-ethylene oxide (Nonidet P-40 (NP-40))
was added. Single mosquitos were ground in 0.05 ml of
the homogenization medium, whereas pools of 10-50
mosquitos were ground in 0.2 ml, and pools of 100
mosquitos in 0.3 ml. Flame-polished Pasteur pipettes
or glass rods were used to grind single mosquitos in the
wells of polypropylene microtitration plates. Single as
well as pools ofup to 20 mosquitos were ground also in
ceramic spot-plate wells using a Potter-Elvehjem
pestle. A tissue homogenizer (TenBroeck grinder) was
also used for all pool sizes. Homogenized mosquitos
were frozen for 30 minutes at - 20°C to further break
up the materials by freeze-thawing. After thawing to
room temperature, the volume of the homogenates
was brought up to 0.3 ml for single mosquitos, to
0.6 ml for pools of 50 mosquitos or less, and to 0.9 ml
for pools of 100 mosquitos. The final volume adjust-
ment was made with homogenization medium that did
not contain NP-40.

For the assays to determine sporozoite antigen
localization inside mosquitos, each insect was cut into
head-thorax and abdomen segments. The two seg-
ments were homogenized in 0.025 ml of the homogeni-
zation medium that contained 0.5% (v/v) NP-40 and
the total volume was adjusted to 0.15 ml.

The mosquito homogenates were then either
centrifuged at 10OOg at 4°C for 15 minutes or allowed
to settle for 30 minutes in polypropylene micro-
centrifuge tubes.b For mosquito homogenates whose
volume was 0.3 ml or less, samples were centrifuged
using microtitration plates sealed with plate sealers.c
By using microtitration plates, up to 96 samples were
centrifuged at the same time. After centrifugation, the
supernatants were aliquoted into smaller fractions and
stored at -20°C for multiple assaying. The propor-
tions of mosquito homogenates to be assayed were
determined by taking a small aliquot and diluting it
with medium alone.

b Danville Scientific, Inc., Danville, NJ, USA.
c Dynatech Laboratories, Alexandria, VA, USA.
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Assay procedure
An NC membraned(0.20-Mm pore size) was used as the
solid phase for the capture of sporozoite antigens.
A 96-well Bio-Dot microfiltration apparatus was used
to support the NC membrane, and its sample template
provided a good means of formatting the assay. In
addition to using the Bio-Dot apparatus, the assay
material was spotted directly onto the NC membrane
before being dried, passed through a series of reaction
steps, and washed in petri dishes (20).

In the assays wih the Bio-Dot apparatus, the NC
membranes were wetted for at least 10 minutes by
being soaked in Tris-buffered saline (TBS), pH 7.5
(20 mmol/l Tris and 500 mmol/l sodium chloride). The
membranes were blotted dry with a lintless paper
towel and placed on top of the rubber sealing gasket of
the Bio-Dot apparatus. The sample template was then
placed over the membrane and the apparatus closed by
fingers tightening the sealing screws. The apparatus
was then connected to a vacuum pump and the sealing
screws further tightened by hand. About 0.20 ml of
filter-sterilized TBS buffer was added to each well with
the vacuum pump still switched on. Air bubbles
trapped at the bottom of the wells were removed by
tapping, and the apparatus was made ready for
application of the samples.

Mosquito homogenates were diluted () 1:16 for
single mosquitos and > 1:48 for pools ofmosquitos) in
TBS or Tris buffer, pH 8.0. With the vacuum pump
switched off but the flow valve open, 0.05 ml of the
mosquito homogenate at the appropriate dilution was
added to each well. The unbound fraction passed
through the membrane by gravity filtration, the flow
rate of which could be increased by adjusting the
height of the Bio-Dot apparatus above the waste trap.
The membrane was washed by vacuum suction of the
was solution-0.05% (v/v) Tween-20 (polyoxyethyl-
ene (20) sorbitan monolaurate)' in TBS. Before being
applied to the NC membrane all solutions were first
filter-sterilized by being passed through a 0.22-pm
Millex-GS filter unit.9

The sensitized spots on the NC membrane were
assayed after completion of the gravity filtration of the
sample, either immediately or later. In the assay,
unbound sites on the NC membrane were blocked by
addition of 0.20 ml of horse serum.' For assays that
were performed immediately after the gravity filtration
step, 2.5% solutions of horse serum were used and for

d Scheicher & Schnell, Inc., Keen, NH, USA.
' Bio-Rad Laboratories, Richmond, CA, USA.
'Fischer Scientific Co., Fair Lawn, NJ, USA.
o Millipore Corporation, Bedford, MA, USA.
h Gibco Laboratories, Chagrin Falls, OH, USA.

those performed after 24 hours (or later) 5% solutions
of horse serum in TBS were used. The blocking
solution was allowed to filter by gravity through the
NC membrane in the same manner as the assay
sample. After about 45 minutes, when the filtration was
completed, the wells were vacuum dried. The wells
were then washed three times with 0.20 ml of the wash
solution with the vacuum pump switched on. With the
pump off and the flow valve open, an appropriately
diluted MAb was then added to the wells.

Detection of sporozoites by both direct and in-
direct approaches were studied. In the indirect ap-
proach, a solution of 2 ug of protein from ammonium-
sulfate-precipitated MAb in 0.20 ml blocking solu-
tion or 0.10 g of protein from protein-A-purified
MAb in 0.05 ml blocking solution was added to each
well. After gravity filtration was completed, the wells
were vacuum dried. Following three cycles of washing
and drying, 0.01 ml of a 1: 100-diluted peroxidase-
labelled goat anti-mouse IgG solution' was added to
the wells. After completion of gravity filtration and
drying, the membranes were washed at least four times
by pumping the wash solution through them. After the
washing process, the spots were ready for colour
development.

In the direct approach, biotin-labelled or enzyme-
labelled MAb was used to probe for the sporozoite
antigen in the assay homogenate. For this purpose, the
amount ofthe labelled MAb used per well corresponded
to 0.10 Mg protein in 0.05 ml blocking solution. After
completion of gravity filtration, the membranes were
washed twice and vacuum dried. The assay that used
enzyme-labelled MAb was ready for colour develop-
ment at this stage. In the assays with biotin-labelled
MAb, the MAb was allowed to react with 0.20 ml of
a solution of 0.25 Mg per ml of peroxidase-labelled
avidin D.} These assays were ready for colour develop-
ment after completion of gravity filtration, washing,
and vacuum drying. The colour development solution
was prepared by dissolving 3 mg of 4-chloro-1-naph-
thol,' a precipitable chromogen substrate, in 1 ml of
anhydrous methanol (stock solution). Just prior to use,
the substrate was activated by mixing one part of the
stock solution with five parts of0.018% (v/v) hydrogen
peroxide in TBS (20). The NC membranes were then
transferred to a petri dish that contained the substrate
and the petri dish was gently agitated for at least 30
minutes. Upon development, purple dots appeared in
those spots that were positive, and at maximal devel-
opment the NC membrane was removed from the

'Tago, Inc., Burlingame, CA, USA.
J Vector Laboratories, Inc., Burlingame, CA, USA.
kAldrich Chemical Co., Milwaukee, WI, USA.
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Fig. 1. Results of the NC-ELISAs using seven mosquitos that were randomly
selected from an Infected colony. Abbreviations: No HMGNT=no mosquito
homogenate; MSQT1-7=mosqultos 1-7; UNINF=uninfected mosquto; and No
MAb=no monoclonal antibody.
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substrate solution and rinsed in several changes of
distilled water. The washed membranes were then
placed between two sheets of mylar plastic and air
dried in the dark at room temperature. The purple dots
were photographed and scanned using a scanning
transmittance densitometer (model SL-504XL).'

The other NC-based assay that was investigated
was the Dot-ELISA described by Pappas et al. (20). In
this assay, homogenates were directly spotted onto the
NC membrane that had been wetted in TBS and
blotted dry; 1 p1, 2 p1, 3 p1, 4p1, and 5 pI samples of
mosquito homogenates were assayed. The dots of
homogenate were spotted 1, 2, 3, 4, or 5 times and air
dried between the applications. After the final applica-
tion, the dots were dried for 30 minutes at 37 °C in an
incubator. Dots were assayed for the presence of
sporozoite antigens in a petri dish by sequentially
changing the reagents and carrying out intermediate
washings, as described for the assays with the Bio-Dot
apparatus.

Results
Homogenates of single mosquitos were assayed at
dilutions of > 1:16 and of pools at > 1:48 dilutions
without background interference. These ideal dilu-
tions were determined by assaying dilution series of
infected and uninfected insects. The optimum incuba-

' Biomed Instrument, Inc., Fullerton, CA, USA.

tion period for each stage
of the assay was found to
be the time taken by each
reagent to complete gravity
filtration through theNC mem-
brane. By using appropriate
controls in the assays, the as-
sociation between positive sig-
nals and the presence of sporo-
zoite antigens in the sample
was established unambiguously
(Fig. 1, columns 9 and 10).
Identical signal intensities were
obtained for duplicate assays
(Fig. 2a). The results obtained
by visual inspection of the de-
veloped assay spots and those
obtained by quantitative deter-
mination of the signal intensi-
ties by densitometer scan were
similar (Fig. 2b).

For a colony of infected
mosquitos the sporozoite rate
determined by direct salivary
gland dissection was 82% and
that by NC-ELISA was 85%.

Studies conducted to determine the largest mos-
quito pool that could be assayed with the NC-ELISA
without background interference revealed that up to
20 insects could be assayed effectively. Background
interference was encountered with pools of 50 or 100
mosquitos because the sample filtration procedure was
inadequate. The effect of membrane clogging by
particulate materials in the mosquito homogenates,
which may also result in background staining, was
therefore investigated by assaying centrifuged and
uncentrifuged homogenates. The results indicate that
centrifugation is not critical for assays of a single
mosquito, but that for pools of mosquitos the assay
sensitivity was significantly affected by the presence of
excessive amounts of particulate material in the homo-
genate.

Studies conducted to improve the sensitivity of
the NC-ELISA by modifying the avidin-biotin reac-
tion amplification procedure were not successful.
Mosquito homogenate assays with the direct approach
using biotin-labelled MAb to detect sporozoites and
enzyme-labelled avidin as a probe had about the same
level of sensitivity as the indirect assay. Based on the
results of assays on a dilution series of an estimated
number of sporozoites, the smallest number of sporo-
zoites that could be assayed by the avidin-biotin
method was about 250 and that by the indirect method
about 200 (Fig. 3). However, determinations obtained
by end-point titration ofmosquito homogenates using
a predetermined sporozoite load of the mosquito
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Fig. 2a. Illustration of the variation In signal Intensity In the NC-ELISA for
single and pooled mosquitos. I and 11 are dupicate runs. Abbreviations:
I UNINF, 10 UNINF, and 20 UNINF=1, 10, and 20 mosquitos, respectively;
9 UNINF+SPZ= nine uninfcted mosquito. plus nine salivary gland sporo-
zoits per mosquito (sImilarly, 19 UNINF+ SPZ); INFI-5= Infected mosquito.
1-5; 1INF In 10=one Infected mosquito and nino uninfected (similarly 1iNF
In 20).
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colony indicated that the sensitivity of the indirect
assay was about 50 sporozoites. For example, assays of
infected mosquitos from a colony with an average
sporozoite load of 9.5 x 104 per insect were still
positive at a dilution of 1:1920.

In addition to the direct assay with biotin-labelled
MAb, use of enzyme-labelled MAb to directly probe
NC membranes that had been sensitized with mos-
quito homogenates readily detected infected mosquitos.
This approach shortened the time required to com-
plete the assay by about 3 hours, and the sensitivity
was approximately the same as that of the indirect
approach.

The results from assays performed by directly
spotting mosquito homogenates onto NC membranes
indicate that non-specific binding of mosquito protein
to the membrane, rather than the presence of parti-
culate material, is primarily responsible for back-
ground staining. By directly spotting homogenates
onto the NC membrane, single mosquitos could be
effectively assayed (Fig. 4). On the other hand, it was
not possible to distinguish infected from uninfected
mosquitos when a pool of 50 of them was used (Fig. 4,
rows 3 and 4).

Studies to localize sporozoite antigen in mosquito
segments were performed on three mosquito colonies
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with a high oocyst load in their abdo-
mens but few or no sporozoites in
salivary glands. The results indicate
that fractioned A. gambiae mosquitos
from colonies with different oocyst
loads harboured sporozoite antigen
primarily in the abdominal fraction.
Assays ofwhole mosquitos from colony
I, which had an average oocyst load of
50 per abdomen, were all positive,
although the spots were not particu-
larly intense (Fig. 5 I(a)). In the assays
of the mosquito segments, one insect
was positive for the head-thorax seg-
ment and highly positive for the abdo-
minal segment (Fig. 5 I(b), row 3).
Mosquitos from colony II had an
average oocyst load of approximately
60 per abdomen. Assays of whole
insects from this colony detected two
uninfected (INF 1 and UNINF 1), one
heavily infected (INF 2), and one with
a low level of infection (INF 3) (Fig.
5 II(a)). However, the head-thorax
segments from these mosquitos were
all negative (Fig. 5 II(b)). Assays of
whole mosquitos from colony IH, which
had an average oocyst load of 121 per
abdomen, were all positive (Fig. 5 III(a)).

Fig. 2b. A typical densitometer scan of the NC-ELISA
spots. The scan for the uninfected mosquito corresponds
to column 1 of Fig. 2a and that for the Infected mosquito to
column 2 of Fig. 2a.
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Fig. 3. Determination of the sensitivity of the Indirect and direct NC-ELISAs on a dilution
series of an estimated number of salivary gland sporozoltes. The rows marked 1:100
and 1:50 are the spots for the conjugate dilutions, whereas the rows marked 1X and SX
are the proportions of the 0.25 pg/ml enzyme-labelled avidin that were used.
UNINF= uninfected mosquito; No MAb = no monoclonal antibody.
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Assays of the abdomen segments of two mosquitos
(INF 1 and INF 4) from this colony were strongly
positive, while the head-thorax segment from one
mosquito (INF 4) was weakly positive (Fig. 5 III(b)).

Discussion
The NC-ELISA is straightforward to perform. How-
ever, since it exhibits diminished sensitivity in the
presence of large amounts of antigen, the homogenate
dilution to achieve a maximum positive signal and
minimal background interference needs to be deter-
mined. As found for one-site assays on polystyrene
plates (B.L. Petros et al., unpublished results, 1989),
and as previously reported for immunoassays of
heterogenous protein samples (15), "independent bind-
ing" of the component proteins is essential to achieve
the maximum sensitivity. For "independent binding"
to take place and the target antigen to be detectable in
plate ELISAs, there should be at least 1% of each
antigen in the mixture (21). The existence of optimal
homogenate dilutions around which maximal sensiti-
vity was obtained suggests that "independent binding"
may also be important for the binding of proteins to
NC membranes.

Successful execution of the NC-ELISA was also
dependent on the use of optimal concentrations of the
various proteinaceous reagents and on minimal con-
tact of the NC membrane with detergent. As a result,
reaction amplification approaches that introduce

additional proteins and
detergents as blocking
agents do not improve
assay sensitivity. The
presence of additional
proteinaceous reagents
leads to increased back-

b ground staining, whereas
the use of detergents as
blocking agents results
in poor signal develop-
ment.

The results ofthe stud-
ies to determine the sporo-
zoite load per mosquito, the
sporozoite rates in colonies
of infected mosquitos, and
the extent of sporozoite
localization inside mosqui-
tos indicate that the NC-
ELISA can provide adequate
information about the ma-
laria transmission potential
of Anopheles mosquitos in

a given region. Also, since the sporozoite rate of an
infected colony ofmosquitos determined by NC-ELISA
was slightly greater than that determined by salivary
gland dissection the sensitivity of these two methods is
comparable.

In addition to determining the sporozoite status
of mosquitos, the NC-ELISA can also provide in-
formation about the relative antigen load of the
infected insects from the intensities of the signals from
individual mosquito homogenates that were assayed

Fig. 4. Results of the Dot NC-ELISA showing the outcome
of directly spotting mosquito homogenates onto the NC
membrane. IX, 2X, etc., Indicate spotng of 1 pi of the
homogenate with an In-between drying of the spots.
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Fig. 5. Results of NC-ELISAs to localize sporozolte antigens Inside A. g snnbuaesnulr uVtha had high oocyst loads In
th gutbutwthfw or nosporozoltes In salivary glands. 1. Colony with an averag oocyd load of 50 per abdomen; (a) whole
mosqultos; (b) heed-thorax and abdomenm ents. Il Colony with an avrage oocyst load o60 per abdomen; (a) whol.
mosqults; (b) head-thorax and abdomen segments. 111. Colony with an averag oocyd load @ 121 per gut. INP= Infected
mosquho; UNINF=uninfected mosquito.
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at identical dilutions. In such assays, mosquitos with
higher sporozoite loads give more intense signals at
lower homogenate dilutions and the signal intensity
decreases at greater dilutions. This can be demon-
strated by examination of Fig, 1, where two mosquitos
(No. 4 and No. 6) out ofthe six that were positive must
have had higher loads of sporozoite antigen than the-
other four. Also, for the four positive mosquitos, the
variation in the quantity of sporozoite antigen was

reflected in the different signal intensities between
mosquitos, i.e., three of the four were positive up to
a dilution of 1:384, while one mosquito (No. 6) was

positive up to a dilution of 1:768.
In the assays of single as well as pools of

mosquitos there was no clear variation between the
results of duplicate runs. This is of potential practical
importance because field epidemiological surveilance
studies could be designed using colour photographs of
the reaction spots as standard references that coffes-
pond to predetermined number of sporozoites; the
signal intensities remain stable on the NC membrane
for more than 6 months.

For studies where subjective evaluation of the
colour intensities of the assay spots are not adequate,
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quantitative determination of signal intensities by
densitometer scanning could be advantageous. From
the densitometer scans, information about the relative
intensities ofthe reaction spots could be obtained from
reference charts. In addition, the numerical values for
the spot areas could be used for other quantitative data
analysis.

The failure of the reaction amplification method
to increase the NC-ELISA sensitivity appears to be
due to the accompanying increase in background
interference. This implies that successful assays on NC
have as a prerequisite only a few steps that introduce
extraneous proteinaceous materials to the membrane.

The results of the assessment of the NC-ELISA
sensitivity by assaying a dilution series of salivary
gland sporozoites indicate that its sensitivity range is
within the practically important limits. In other words,
since mosquitos that harbour relatively large numbers
of sporozoites are those most likely to transmit
clinically important levels of infection (22), the method
could be used to detect such insects. Hence, the
NC-ELISA could be used in areas such as tropical
Africa, where mosquito sporozoite loads can be rela-
tively high (23). With a sensitivity limit of about 200
sporozoites, the NC-ELISA can be used effectively to
detect mosquitos that harbour about 3200 sporozoites
by assaying a 1:16 dilution of a single mosquito.
However, the sensitivity limit that we have reported
here could be increased by more than tenfold by using
the alkaine phosphate enzyme system reported by
Dao (24).

The results obtained from assays that used
enzyme-labelled MAb to directly probe NC sensitized
with mosquito homogenates show that the NC-ELISA
we have described could be developed into a very rapid
assay. Furthermore, it may be possible to standardize
the Dot NC-ELISA without having to use the Bio-Dot
apparatus and a vacuum pump, thereby increasing its
potential for use under field conditions.

One reason for the discrepancy between the
estimated sensitivities obtained by assaying a dilution
of a predetermined number of sporozoites and
mosquito homogenates with an estimated number of
sporozoites is indicated by the results of the assays of
mosquito segments. In the colonies of mosquitos with
insects that had salivary glands with few or no
sporozoites, but many mature oocysts in the gut, the
abdominal segments were positive, whereas the head-
thorax segments were either weakly positive or nega-
tive. This indicates that although some mosquitos may
carry few or no sporozoites in their salivary glands, the
antigens found in oocyst sporozoites could give a posi-
tive NC-ELISA result. This observation is of great
practical importance since it reveals an important
limitation of the use of immunoassays for quantitative
epidemiological studies of malaria. In areas where

vector and non-vector mosquitos that are not readily
distinguishable on a morphological basis co-exist and
feed on human blood, use ofsuch immunoassays could
lead to incorrect conclusions about the vectorial status
of the mosquito population. This is of particular
concern because in some non-natural mosquito hosts,
exogenous development of a parasite could proceed to
the oocyst stage, and even to sporozoite development.
However, as demonstrated by Rosenberg (25) for P.
knowlesi infection in A. freeborni, sporozoites fail to
migrate to the salivary glands thus making the mos-
quito host unimportant for malaria transmission. This
result is also exemplified by the results of the present
study where A. gambiae, which is not involved in
natural trasmission of P. inui, was strongly positive
when whole mosquito homogenates were assayed but
was positive only for the abdomen when mosquito
segments were assayed. Hence, sporozoites did not
migrate to the salivary glands of A. gambiae, which is
not a natural host of P. inui.
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Resume
ELISA sur membrane de nitrocellulose pour la
detection des moustiques Infectes par des
plasmodles
L'6tude d'un ELISA utilisant une membrane de nitro-
cellulose (NC) comme support (NC-ELISA) a e't
entreprise pour tenter de simplifier encore la detec-
tion des moustiques infectes par des plasmodies
a I'aide d'anticorps monoclonaux. Le mod6le de
laboratoire cr6e pour l'occasion etait fonde sur
l'uti I isation de Plasmodium inui et Anopheles dirus.
On s'est servi d'anticorps monoclonaux diriges
contre les sporozoites de la souche N34 de P. inuiet
selectionn's par immunofluorescence et par preci-
pitation de l'antig6ne circumsporozoitaire pour leur
specificite a l'egard de l'antig6ne de surface du
parasite.

Sur quatre anticorps monoclonaux identifies
lors du criblage, seul le MAb106-16.6 s'est montre
suffisamment reactif pour un ELISA et a te retenu.
Les moustiques A. dirus avaient ete infect6s par P.
inui en se nourrissant sur des singes (Macaca
mulatta) infectes.

Les moustiques ont ete homogeneises dans du
tampon TRIS (pH 8,0) contenant des inhibiteurs de
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protease et une solution & 0,5% de detergent NP-40.
Apres congelation et d6cong6lation, I'homogenat
a 'te centrifug6 pour eliminer les particules solides
et le surnageant a e't conserve pour les essais.

Une membrane de nitrocellulose (porosite
0,20 gm) a Mt6 utilisee comme support solide pour la
capture de l'antig6ne sporozoftaire. Un appareil de
microfiltration Bio-DotOA 96 puits servait de support
a la membrane, ou bien l'homogenat de moustique
etait depose directement sur la membrane et seche
a l'air avant l'essai. Les sites libres de la membrane
etaient bloques avec du s6rum de cheval. La mem-
brane etait ensuite lavee avec une solution de
Tween-20, puis, trait6e avec l'anticorps monoclonal
antisporozdftaire. Dans la methode directe, les
anticorps monoclonaux etaient marqu6s soit avec
une enzyme, soit avec la biotine, auquel cas on
utilisait aussi de l'avidine-D marquee avec une
enzyme. Dans la methode indirecte, les zones de la
membrane sensibilisees avec l'homogenat de mous-
tiques ont Mt6 traitees par un anticorps monoclonal
non marqu6 puis par une IgG anti-souris marquee
avec une enzyme. Dans tous les essais, on s'est
servi d'un chromogene precipitable, le chloro-4-
naphtol-1 comme substrat enzymatique pour le
developpement de la couleur.

La methode indirecte (anticorps monoclonal
non marque et IgG anti-souris marque par une
enzyme) a une sensibilite d'environ 200 sporozoftes
et permet de detecter de fa,on su're un moustique
infecte dans un groupe de vingt moustiques. Bien
que la m6thode directe (variante avidine-biotine)
puisse detecter 250 sporozoftes, la procedure rela-
tivement simple de biotinylation est preferable a l'utili-
sation d'anticorps monoclonaux conjugues a des
enzymes et radiomarques. La simplicite de l'ELISA
sur couche de nitrocellulose est egalement illustree
par la rapidite de la methode directe fondee sur
l'utilisation d'un anticorps monoclonal marque par
une enzyme, dont la sensibilite est comparable c celles
de la methode indirecte et de la methode dite "Dot
NC-ELISA". Enfin, les possibilites pratiques d'appli-
cation de la methode indirecte ont ete demontrees
par le fait que celle-ci a pu etre utilisee pour localiser
les antigenes sporozoftaires dans le corps des
moustiques infectes.
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