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The reliability of a published method to predict survivorship in the WHO propoxur-resistance bioassay
(WHO test) from the results of a biochemical assay for detecting the insensitivity of acetylcholinesterase
(AChE) is described. For biochemical assay data from three field populations of Anopheles albimanus
mosquitos, the results obtained using the method did not correlate consistently with the findings of the
WHO test. A modified method is then described that eliminates the effect on the assay of factors unrelated
to pesticide resistance, and it is shown that this modification can be used to predict survivorship in the
WHO test for mosquitos from three study sites in Guatemala. The results show that when scored visually,
the insensitive AChE microplate assay is an accurate method of estimating survival in the WHO test,
regardless of whether the mosquitos tested are blood-fed or not. Recommendations are given for the
application and analysis of data from the insensitive AChE microplate assay for detecting and monitoring
resistance to carbamate insecticides.

Introduction
Resistance to carbamate and organophosphate insec-
ticides arises because of the insensitive acetylcholines-
terase (AChE) mechanism. Biochemical assays to
detect the insensitivity of this mechanism in
individual mosquitos have been tested in Sri Lanka
on a number of Anopheles spp. and Culex spp. (1),
and in France on Culex pipiens (2). In Guatemala a
microplate assay has been used to study the
frequency of mosquitos with an insensitive AChE
mechanism in field populations of the malaria vector
A. albimanus Weidemann (3). It shouild be noted that
this microplate assay is still experimental in nature
and must undergo extensive field testing prior to
being used in ongoing malaria control programmes.

The WHO standardized bioassay (WHO test),
which is based on mosquito survivorship following
exposure to an insecticide, gives an indication of the
development and trends of vector resistance. While
the results of the WHO test are useful for determin-
ing changes in the susceptibility of mosquitos to a
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specific insecticide, the test provides no information
about the resistance mechanisms involved. Since the
microplate assay detects the insensitive AChE resis-
tance mechanism in field populations of mosquitos,
its use would provide control programmes with this
information rapidly. However, to be accepted as a
valid field test, the results of the microplate assay
should be comparable with those of the WHO test.a

The results of the microplate assay are based on
the activity of AChE in the presence of propoxur, and
can be read spectrophotometrically or visually. If a
spectrophotometer is used, the absorption values for
the test mosquitos are plotted as a frequency dis-
tribution. The use of a cut-off absorption permits
identification of the number of mosquitos in the
sample that have an insensitive AChE mechanism
and would survive the WHO bioassay for resistance
to propoxur (WHO-propoxur test) (3). However, the
absorbances obtained from a biochemical resistance
test, such as the insensitive AChE microplate assay,
are also affected by factors that are unrelated to the
presence or absence of the resistance mechanism in
the insect (4, 5); this can cause erroneous estimates of
survival in the WHO test.

Here, we describe a method for analysing the
absorbance values in the insensitive AChE micro-
plate assay that eliminates any variability from
extraneous factors, and compare it with the currently
recommended method (3). We evaluate the use of
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both methods to predict survivorship in the WHO
test in different field populations of A. albimanus
mosquitos. Finally, we verify the accuracy of the
microplate assay, when scored visually, to estimate
survival in the WHO test, regardless of the physio-
logical state of the test female mosquito (blood-fed or
not), a condition that is known to affect the results of
other biochemical assays for insecticide resistance (4).

Materials and methods

Mosquito collection
Three sites on the Pacific coast of Guatemala were
selected for the study: Finca La Cafiada and Aldea
Santa Marta el Mar (both in the Department of
Escuintla), and Finca Rancho Grande (Department
of Guatemala). A. albimanus mosquitos were collec-
ted in corrals at these locations from May to August
1987. Captured female mosquitos were identified by
species and divided into two groups that were either
evaluated the following day using the WHO test or
frozen and subsequently tested with the microplate
assay.

The WHO test

Test populations of blood-fed A. albimanus mosqui-
tos were exposed for 1 hour to papers that had been
impregnated with 0.1% w/v propoxur, followed by a
24-hour holding period, after which survival was
scored (6, 7). The insecticide-impregnated papers used
in the tests were either obtained from WHO or
prepared in the laboratory following the procedure
recommended by the Pan American Health Organ-
ization (R. Rios, personal communication, 1987).
Two batches of laboratory-produced papers and one
batch obtained from WHO were used. The three
batches of papers produced equal mortality levels in
comparison tests (analysis of variance; degrees of
freedom = 2,33; P = 0.887).

The Insensitive AChE assay

Homogenates from female mosquitos were screened
for insensitive AChE using a modification of the
Ellman test (8-11). Unless otherwise stated,
abdomen-removed females were homogenized in the
well of a ceramic spot plate with 100 p1 of a 0.05 mol/l
solution of potassium phosphate buffer (pH 7.4). The
homogenate was diluted to 1 ml with the same buffer
solution. Four replicate samples of each mosquito
homogenate (100 pl per replicate) were transferred to

four wells of a microtitration plate.b A 100-pl aliquot
of a 10% acetone-buffer solution of 2.6 x 10- mol/l
acetylthiocholine iodide (ACTH)C plus 1 x 10- mol/l
propoxur (21 mg of propoxur and 75 mg of ACTH
in 100 ml acetone-buffer) and a 100-pl aliquot of
5,5'-dithiobis(2-nitrobenzoic acid) (DTNB) solution
(13 mg in 100 ml buffer) were pipetted into each well
with multiple tip applicators (Vacupettes/96).b WHO
test survival was estimated from the number of
mosquitos that produced a bright yellow colour after
90 minutes in each of the four replicate wells. Alter-
natively, an absorbance value for each well was
measured spectrophotometrically at A=410 nm. A
mean absorbance, based on the data for the four
replicate wells per mosquito, was calculated at both
30 minutes (T30) and 60 minutes (T60) after addition
of the ACTH-propoxur-DTNB mixture; the absor-
bance values were expressed as frequency distribu-
tions. The number of females that would be expected
to survive in the WHO-propoxur test was predicted
by applying an absorption cut-off to the frequency
distributions. The correct cut-off for predicting
survivorship in the WHO test was identified by
comparing the data for the WHO test with those for
the microplate assay.

Experimental design
We tested the hypothesis that the number of
mosquitos with absorbance values greater than or
equal to the cut-off threshold was equal to the
number of females from the same population that
would survive in the WHO-propoxur test. Data on
insensitive AChE were collected by two methods. In
the T30 method, which has been described previously
(3), absorbance data are recorded after 30 minutes'
reaction time. The second method (T60-T30) was
designed to control the effect of extraneous factors
that affect absorbance readings. T60-T30 absor-
bance data were expressed as the difference between
the absorbance readings at 60 and 30 minutes' reac-
tion time. The results for both methods were
analysed using different cut-off values, and the result-
ing survival predictions of the WHO-propoxur test
for each cut-off value were compared with the
observed survivorship in the WHO test.

The effect of a blood meal on the findings of the
microplate assay, scored visually and spectro-
photometrically, was also evaluated by comparing
the results of microplate assays run using blood-fed
or unfed mosquitos with the survivorship in the
WHO-propoxur test.

b Dynatech Laboratories, Alexandria, VA, USA.
c Sigma Chemical Co., St. Louis, MO, USA.
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Results

Evaluation of the T30 and T60- T30 methods
Estimates of percentage survival based on both the
T30 and T60-T30 methods were compared with
survivorship in the WHO-propoxur test. A.
albimanus mosquitos from the three test locations
were used. The results (Table 1) show that only

Table 1: Comparison of observed survival In the WHO-
propoxur test and estimated survival predicted by the
Insensitive AChE microplate assay, by two analysis
methods for throe field populations of Anopheles
aIbimanus from Guatemala

Survival (%)'

Absorbance Santa Rancho La
Method cut-off Marta Grande Canada

WHO test - 17.0 16.2 6.6

Microplate assay:
T30 0.30 47.5 22.9 63.4

0.40 20.8 9.0 29.5
0.45 13.4 4.8 16.7
0.50 8.3 2.7 9.3

T60-T30 0.05 33.2 27.6 18.6
0.10 17.9b 17.2b 5.7b
0.20 5.3 5.2 0.7
0.30 1.2 1.4 0.3

Visual - 21.7 20.2 6.5b

' The numbers of mosquitos tested by the WHO test were 2899
(Santa Marta), 1299 (Rancho Grande), and 1696 (La Cahada). The
numbers tested by the microplate method were 1836 (Santa
Marta), 1071 (Rancho Grande), and 1609 (La Cahada).
bNot significantly different from that of the WHO test. All 1 degree of
freedom, X2 values ~<1.119, P>0.05.

absorbance data from the T60-T30 method which
were analysed with an absorbance cut-off of 0.1
yielded estimates of WHO test survivorship that were
not significantly different from the results of the latter
test at all three locations. Estimates of survival
derived from T60 absorption data analysed with an
absorbance cut-off of 0.5 (not shown in Table 1)
correctly predicted the WHO test survivorship at
Santa Marta but not at Rancho Grande or at La
Cainada. Similarly, a cut-off of 0.4 applied to the T60
method predicted the WHO test survivorship at
Rancho Grande but not at the other two locations.

Effect of blood meals on the results of the
microplate assay

Statistically, the visual score of microplate assays run
with abdomen-removed mosquitos from La Cainada
was equal to survival in the WHO-propoxur test, but
a slight overestimation occurred with the samples

from Santa Marta and Rancho Grande (Table 1).
However, if the abdomens of blood-fed females were
carefully removed, leaving only the head-thorax sec-
tion, visually scored microplate assays run with
blood-fed or non-blood-fed mosquitos gave estimates
of survival that were statistically identical to those of
the WHO-propoxur test (Table 2). Therefore,
mosquitos of either type could be used when the
assay was read visually.

Table 2: Comparison of the observed survival In the
WHO-propoxur test and estimated survival from the
results of the Insensitive AChE microplate assay,
analysed visually and by the T60-T30 method, using
blood-fed and non-blood-fed Anopheles albimanus from
Guatemala

Survival (%)

Blood-fed Non-blood-fed

Whole Head- Whole Head-
Method mosquito thorax mosquito thorax

WHO test
Microplate assay:
Visual
T60 -T30

6.6 -b -b -b

6.3c 6.4c 6.5c 5.7c
22.9 5.6c 6.8c 3.4C

' Expressed as the percentage of mosquitos tested. The number
of mosquitos tested with the WHO test was 1696. For the micro-
plate analysis there were 192 females in the blood-fed, whole
mosquito group; 1243 females in the blood-fed, head-thorax
group; 278 females in the non-blood-fed, whole mosquito group;
and 88 females in the non-blood-fed, head-thorax group.
° Not done.
o Not significantly different from that of the WHO test. All 1 degree
of freedom, X2 values <1.416, P>0.05.

Discussion
Our results indicate that the insensitive AChE micro-
plate assay can be used to relate the activity of
mosquito AChE in the presence of propoxur to
survivorship in the WHO-propoxur test. The micro-
plate assay (10, 11) is based on a photometric method
for determining AChE activity (8). Enzyme activity is
measured by the increase in the intensity of yellow
colour, which is quantified by determining the absor-
bance at A=410nm. When the microplate assay is
run with a susceptible mosquito, hydrolysis of ACTH
is inhibited almost completely because the insect's
sensitive AChE selectively binds to propoxur (10-13).
Similar binding of insensitive AChE from resistant
females does not occur. Thus, when mosquitos with
insensitive AChE are tested, ACTH is hydrolysed by
available AChE to produce thiocholine, which reacts
with DTNB to produce the yellow colour.

The use of spectrophotometric methods to
estimate resistance from the microplate data is based
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on the principle that absorbance varies directly with
AChE activity; however, factors other than the
presence of insensitive AChE may affect the absor-
bance readings. For example, yellow chromophores
that are present in the mosquito homogenate or arise
from reactions between DTNB added in vitro and
endogenous thiols (5), as well as blood residues in the
mosquito's midgut, could increase the absorbance
and produce false results (14). To control for changes
in absorbance that are not related to AChE activity,
the T60-T30 absorption values were used. Because
the reaction in the microplate assay proceeds at a
constant rate (10), the differences in AChE activity
detected using the T60-T30 absorption values are
valid. Our results show that survival in the WHO-
propoxur test was correctly estimated from the find-
ings of the microplate assay for three different field
populations of A. albimanus using the T60-T30
absorbance data, but not with the T30 or T60 data
separately. These results indicate that the T60-T30
method eliminated variations that were not related to
the presence of insensitive AChE in individual or
populations of mosquitos. In addition, in the
T60-T30 method use can be made of blood-fed
mosquitos with no abdomens as well as sugar-fed
mosquitos. Any mosquito collected in the field can
therefore be used in the assay. We recommend that
the results of the insensitive AChE microplate assay
be analysed using the difference between absorbance
readings made at 30 minutes and 60 minutes after the
addition of the ACTH-propoxur-DTNB solution,
rather than by a single absorbance reading.

The percentage of mosquitos with insensitive
AChE that was identified by the microplate assay
was equal to the number of survivors in the WHO
test for each test population, which suggests that the
insensitive AChE mechanism is the only one respon-

sible for propoxur resistance at the three study sites.
We tested A. albimanus mosquitos from seven

additional sites in Guatemala (Table 3). At each site
we observed a similar relationship between the
frequency of the insensitive AChE mechanism and
survivorship in the WHO-propoxur test. If insen-
sitive AChE is not the only resistance mechanism
against propoxur in populations of Guatemalan A.
albimanus mosquitos, the frequency of undetected
secondary mechanisms must be very low.

Biochemical assays such as the one we have
described here have simplified the detection of insec-
ticide resistance mechanisms, and provide guidelines
for the more rational use of insecticides. For example,
in Guatemala the national malaria control pro-
gramme used propoxur from 1971 until 1975, when
resistance to this insecticide produced a control
failure. Fenitrothion, an organophosphate insecti-
cide, was used as a substitute in 1978 but discon-
tinued after only two spraying cycles because of a
similar control failure. The insensitive AChE
mechanism confers cross-resistance to organophos-
phates; this therefore explains the rapid appearance
of fenitrothion resistance in A. albimanus mosquitos
that had an insensitive AChE mechanism, which was
selected by the use of propoxur. Hence, use of the
insensitive AChE assay to identify the mechanism of
resistance responsible for the failure of propoxur
could have averted the costly and ineffective switch
to fenitrothion in Guatemala. The readiness of car-
bamates to select for insensitive AChE has been
noted in other mosquito populations (15) and in
green rice leaf-hoppers (Nephotettix cinticeps) (16).
Since an insensitive AChE mechanism confers resis-
tance to a broad spectrum of organophosphates and
carbamates in mosquitos (12-14, 17), the use of pro-
poxur should only be considered after the confirmed

Table 3: Propoxur susceptibility for seven field populations of Anopheles albimanus from Guatemala, as estimated by
the WHO-propoxur test and the Insensitive AChE microplate assay, analysed visually and by the absorbance T60-T30
method

WHO test Microplate assay

% survival estimatedb
No. of mosquitos % survival No. of mosquitos'

Location tested observed tested T60-T30 Visually

El Manglar 100 4.0 123 1.6 0.8
Finca Vista Bella 600 6.0 427 5.4 6.1
Salinas Ixtin 300 3.7 411 2.7 3.2
El Motor 400 1.5 152 1.3 1.3
Las Trincheras 100 0.0 125 2.0 0.0
Aldea Campana 100 2.0 83 1.2 0.0
Finca Buenaventura 300 0.3 256 0.0 0.0

' Only whole non-blood-fed mosquitos were used in the microplate assay.
b All results are not significantly different from those of the corresponding WHO test. All 1 degree of freedom, X2 values <2.556, P>0.05.
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appearance of organophosphate resistance. This
strategy should avoid or delay the development of
multiple- or cross-resistance that restricts the choice
of alternative insecticides.

Insensitive AChE is currently the only mechan-
ism described for carbamate resistance in A.
albimanus mosquitos (15,18), and hence the micro-
plate assay that we have described could be used to
estimate resistance to propoxur or other carbamates.
However, in making estimates and in comparing the
number of survivors in the WHO test with assay
results, it should be borne in mind that just as there
are problems in establishing "discriminating dosages"
for insecticides, so too are there difficulties in defining
"cut-off absorbance values" for different populations
of insects.

To predict mosquito survival to a carbamate,
the insensitive AChE microplate assay must be stan-
dardized against the WHO test for the particular
insecticide being investigated; the method we have
presented here may serve as a guideline in this
respect. The correct cut-off value should be deter-
mined since, in general, the 0.10 absorbance value for
predicting survival in the WHO test from the
T60-T30 absorbance data is not applicable to other
populations of A. albimanus mosquitos. Research on
insect AChE mechanisms has identified many
enzyme variants with different patterns of insen-
sitivity to carbamates and organophosphates, even
within a single species (S.) This variation may affect
the reaction rate in the microplate assay and thus
change the absorbance cut-off value. Although the
microplate assay procedure is precisely defined for
the insensitive AChE mechanism, it should be criti-
cally applied in studies of other field populations of
mosquitos. It cannot be concluded that the insen-
sitive AChE mechanism is the only one that has
evolved against propoxur. Moreover, it would be
unwise to attempt to substitute the microplate assay
for the WHO test because the assay measures the
overall resistance, irrespective of cause. This is impor-
tant from a field operational point of view and in the
event of other mechanisms of resistance being co-
selected subsequently.

The WHO susceptibility test is the only routine
field test currently available for mosquito sur-
vival, but as the complexity of insecticide resistance
in vector populations increases, the field application
of biochemical assays to supplement the information
provided by the WHO test will become more neces-
sary.

The insensitive AChE microplate assay is suit-
able for field use and enables the resistance mechan-
ism to be identified rapidly at the test site. In addi-
tion, it can be run using frozen mosquitos. Therefore,
large numbers of insects can be collected at a given

time and tested for resistance at a later date. This
makes the microplate assay more amenable to
routine monitoring of vector resistance in many
locations. The absorbance measurements determined
by the assay also permit studies to be made of the
genetics of insecticide resistance (2,5,14) without
having to test several generations of resistant
mosquitos. Genetic information is valuable for
implementing appropriate strategies to manage resis-
tance, since gene frequencies are key determinants to
selection rates (18). Other advantages of the micro-
plate assay over the WHO test are that it does not
require insecticide-impregnated papers, it is more
rapid (approximately 2 hours versus 24 hours), the
same mosquito can be used to run multiple resistance
tests (3), and blood-fed mosquitos can be used.
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Rfsum4
Evaluation sur le terrain de m6thodes
d'estimation de la rhsistance aux carbamates
chez des moustiques Anopheles albimanus a
l'aide d'un test sur microplaque de recherche
de l'insensibiiite de l'acetylcholinesterase
Le test d'insensibilite de l'acetylcholinesterase
(AChE), epreuve biochimique permettant de d6celer
l'insensibilit6 de l'AChE chez certains moustiques,
a ete essaye sur Anopheles spp. et Culex spp.
Cependant, pour qu'il soit reconnu comme un test
de terrain valable dans les programmes de lutte
antipaludique en cours, il faut que des resultats
soinet comparables avec ceux du test OMS de
resistance aux insecticides.

Les resultats du test sur microplaque peuvent
etre exprimes en valeurs de l'absorbance (si le
test est lu par spectrophotometrie) ou par la pre-
sence d'une couleur (si le test est lu visuellement).
Nous decrivons ici une version modifiee de la
methode actuellement recommandee pour l'ana-
lyse des valeurs de l'absorbance dans le test sur
microplaque et nous comparons les resultats
obtenus avec ceux de la methode actuelle. L'em-
ploi des deux methodes pour predire la survie
dans le test de I'OMS est evalue dans trois popula-
tions diff6rentes d'A. albimanus sur le terrain, au
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Guatemala. Enfin, une comparaison est faite entre
les resultats du test OMS et ceux du test sur
microplaque lu visuellement, et ceci quel que soit
1'etat physiologique des moustiques (gorges ou
non).

Dans le test OMS, les moustiques etaient
exposes, pendant une heure, a des papiers
impregnes de 0,1% de propoxur, puis gardes pen-
dant 24 heures, apres quoi la survie etait mesuree
Le test sur microplaque comprenait les etapes
suivantes: des fractions de 100 p1 d'un homogenat
d'un moustique, prepare avec une solution tampon
de phosphate de potassium a 0,05 mol/l (pH 7,4),
etait transferees dans quatre cupules d'une plaque
de microtitrage; des fractions de 100p1 consistant
en une solution a 10% dans du tampon acetone
de 2,6 x 10-3 mol/l d'iodure d'acetylthiocholine
(ACTH), plus 1 x 10-3 mol/l de propoxur, et des
fractions de 100p1 de 5,5'-dithiobis(acide 2-nitro-
benzofque) (DTNB) etaient ajoutees dans chaque
cupule. La survie dans le test de l'OMS etait
estimee d'apres les resultats du test sur micro-
plaque, en prenant le nombre de moustiques qui
produisaient une couleur d'un jaune brillant dans
chacune des quatre cupules. A l'inverse, une
valeur moyenne de l'absorbance iA=410 nm basee
sur les 4 cupules par moustique, etait mesuree par
spectrophotometrie 30 minutes (T30) et 60 minutes
(T60) apres I'addition du melange ACTH-propoxur-
DTNB.

Les estimations du pourcentage de survie
basees sur les lectures de l'absorbance a T30, T60,
et sur les differences d'absorbance entre les lec-
tures a T60 et T30 (T60-T30) ont ete comparees
avec la survie dans le test propoxur-OMS. Les
resultats ont montre que seules les donnees de la
methode T60-T30 permettaient des estimations
de la survie dans le test OMS qui n'etaient pas
significativement differentes de celles observees
dans ce dernier test, pour l'ensemble des trois
lieux etudies. Quand il etait lu visuellement, le test
sur microplaque avec des moustiques gorges ou
non et le test propoxur-OMS donnaient des estima-
tions des pourcentages de survie statistiquement
identiques.

Sur la base de nos observations, nous formu-
Ions les recommandations suivantes: les resultats
du test sur microplaque de l'insensibilite de l'AChE
devraient etre analyses en utilisant la difference
entre les lectures de l'absorbance a deux moments
donnes de la reaction, plutot que par une seule
lecture, ceci pour eliminer la variabilite due a des
facteurs sans lien avec la resistance. L'application
du test sur microplaque a une nouvelle population
a etudier demande que soit determinee la valeur
limite de l'absorbance correcte pour predire la

survie dans le test OMS, par comparaison des
donn6es du test OMS et du test sur microplaque. Si
le test sur microplaque doit dtre lu visuellement,
des moustiques gorges et non gorges peuvent dtre
utilises pour identifier les individus qui donnent
une couleur jaune brillante.
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