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Carbamate resistance in Anopheles albimanus
Penetration and metabolism of carbaryl in propoxur-selected larvae *

VELUPPILLAI ARIARATNAM 1 & GEORGE P. GEORGHIOU1

The roles of increased metabolism and reduced penetration as possible mechanisms of
resistance to carbaryl were investigated in a strain of A. albimanus from El Salvador in
which carbamate and organophosphorus resistance had been induced by laboratory selection
with propoxur. Carbaryl was metabolized to N-hydroxymethylcarbaryl, 5,6-dihydro-5,6-
dihydroxycarbaryl and an unidentified metabolite A. The rate ofmetabolism by the resistant
strain was only slightly higher than that by the parental strain. The rate ofpenetration of
carbaryl in the parental strain was nearly twice that in the resistant strain during the first
hour of exposure. However, this difference did not persist for as long as 90 min. Because of
the low level ofcarbamate metabolism detected, it was concluded that the high resistance of
the strain must be due to the action of some as yet unidentified mechanism, possibly
enhanced by factors controlling the penetration and metabolism of the toxicant.

The development of high levels of resistance to
carbamate and organophosphorus insecticides by
A. albimanus from El Salvador following laboratory
selection with propoxur (1) presented an opportunity
for studies on metabolism and penetration as
possible mechanisms of such resistance. The only
known similar study of carbamate resistance in a
mosquito species is that by Shrivastava el al. (2) who
found that Culex fatigans metabolizes propoxur
primarily by hydroxylation into 2-hydroxyphenyl
methylcarbamate, 2-(1-methylethoxy)-5-hydroxy-
phenyl methylcarbamate, 2-(1-methylethoxy)phenyl
carbamate, 2-(1-methylethoxy)phenyl N-hydroxy-
methylcarbamate, and acetone.

MATERIALS AND METHODS

Mosquito strains

The mosquito strains used in this investigation
were the El Salvador parental (P), propoxur-selected
(R) and Gorgas susceptible (S) strains described
earlier (1). They were reared by methods already
described (3, 4).
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Radiolabelled carbaryl
Carbaryl-NH14CH3, supplied by the Amersham-

Searl Corporation, Arlington Heights, Illinois, USA,
had a specific activity of 26.4 mc/mmol. The
available quantity of benzene solution (0.63 ml) had
a total activity of 0.05 mc. One microlitre of this
sample therefore contained 0.606 ,jg carbaryl. To
determine the number of counts in the solution,
5 aliquots each of 1 ul were pipetted into separate 20-
ml glass scintillation vials. Ten ml of scintillation
fluid were added to each vial and 10-min counts
replicated 10 times were taken in a Tricarb liquid
scintillation spectrometer. The scintillation fluid
consisted of 1.5 g of 2,5-diphenyloxazole (PPO) and
0.05 g of 2,2'-(1,4-phenylene)bis[5-phenyloxazole]
(POPOP) in 500 ml of toluene. The average of 50
readings thus taken was 61 000 counts/min, giving a
total of 3.843 x 107 counts/min for the total stock of
0.63 ml. At a later stage the benzene solvent was
evaporated off and the radiolabelled carbaryl was
dissolved in acetone to simulate conditions under
which bioassays were carried out. The carbaryl was
dissolved in 5 ml of acetone; this permitted larger
volumes to be used and reduced experimental error.
The average radioactivity count per 25-,l aliquot of
this solution was 451 059 counts/min.

Carbaryl metabolites
The following metabolites used as reference stan-

dards were supplied by the Union Carbide Corp.,
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South Charleston, WV, USA: N-hydroxymethylcar-
baryl, purity 98%; 4-hydroxycarbaryl, purity 98%;
5-hydroxycarbaryl, purity 98%.
Solvent systems

Preliminary experiments were carried out with the
following solvent systems: ether : carbon tetra-
chloride: butanol (50: 10: 3); dichloromethane:
acetonitrile : ether (3: 1: 1); benzene : ethanol
(9: 1); and chloroform: acetonitrile (2: 1). Un-
labelled carbaryl and authentic samples of probable
metabolites as mentioned above were used. For first
dimensional development ether: hexane (9: 1) was
best. Second dimensional resolution with chloro-
form: acetonitrile (2: 1) was necessary for the sepa-
ration of all the spots. The spots were identified by
spraying with 4-nitrobenzene diazonium fluoborate
with or without prior hydrolysis with 1 mol/l sodium
hydroxide.
Metabolism of carbaryl-NH'4CHs by larvae

Preliminary experiments indicated that up to 500
larvae could survive for 24 h in 250-ml glass beakers
containing a minimum of 20 ml of water. Other tests
showed that P larvae could tolerate a maximum of
0.66 mg/litre carbaryl for 24 h. In order that rates of
metabolism could be compared, all strains were
exposed to this dosage.
The combined volume of larvae plus water was

brought to exactly 20 ml by the following method.
Five hundred fourth-instar larvae were first counted
from the rearing pans into separate paper cups
containing water. The water was then strained under
reduced pressure through Whatman No. 1 filter
paper. Care was taken to discontinue the reduced
pressure in time to prevent damage to the larvae. The
filter paper with the larvae was then transferred to
10 ml of distilled water in a 250-ml beaker, and the
volume was made up to 20 ml by using another
aliquot of 10 ml to wash off any adhering larvae
from the funnel. At this stage 75 ul of labelled
carbaryl were introduced to give a concentration of
0.66 mg/litre.
The exposure period was 24 h. Thereafter the

larvae were filtered off from the medium, washed
with 5 ml of distilled water and homogenized in
10 ml of distilled water; the homogenate was
transferred to a large test tube and extracted with
10 ml of anhydrous diethyl ether. A Vortex Jr mixer
was used to ensure thorough mixing. If there was
clear separation between ether and water, the ether
layer was removed with a disposable pipette into a
vial. About 1 g of anhydrous sodium sulfate was

used to remove moisture from the extract. The
balance of the homogenate was transferred to four
15-ml Pyrex centrifuge tubes and centrifuged at
700 g. The ether layer was pipetted off and the
water fractions were transferred into the large test
tube and extracted with ether three more times. The
ether extract was evaporated to a volume of 1 ml and
transferred to a 7.5 x 1-cm test tube, evaporated
further and then spotted on 20 x 20-cm TLC glass
plates (0.5-mm layer of silica gel G with gypsum
binder).

Carbaryl and the authentic metabolites were
spotted in line with the organosoluble fraction to
allow cochromatography and identification of the
unknown spots. After resolution the radioactive
spots were located by scanning on a TLC Berthold
Radio Scanner (2-pi, series 6000). The metabolites
and carbaryl were quantified by scraping off the
appropriate areas and counting in a liquid scintilla-
tion spectrometer. The residue of larval tissue was
filtered off from the water-soluble fraction and
5 aliquots of 0.1 ml of the water soluble fraction were
each counted separately 10 times in the liquid
scintillation spectrometer.

In a similar manner, the medium was extracted
4 times with ether, spotted on a TLC plate, resolved
and scanned. The organosoluble metabolites and
carbaryl were quantified and the balance of radio-
activity in the water was determined by counting 0.1-
ml aliquots. All tests were carried out in two series.
A control of the same concentration of radiolabel-

led carbaryl in water, but without larvae, was
maintained for 24 h and then analysed to determine
the extent of normal degradation of carbaryl in water
during this time.
Because of the large size of the carbaryl spot it was

scraped from one of the TLC plates containing
metabolites, extracted, and respotted in three por-
tions to ascertain whether the original spot was
overlapping one or more metabolites approximating
carbaryl in Rr value.
The water-soluble fractions were lyophilized and

hydrolysed with concentrated hydrochloric acid by
heating over a steam bath for 2 h. They were then
extracted with ether and the ether extract was
spotted on a TLC plate, resolved, and scanned.

In separate experiments the water-soluble fractions
were dissolved in acetate buffer, hydrolysed by
incubation with /3-glucosidase in a water bath at
37 °C for 24 h, extracted with ether, and the ether
extract was spotted on a TLC plate, resolved, and
scanned.
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Penetration of carbaryl-NH"4CH5 into larvae
One hundred larvae of each strain were counted

into separate paper cups containing water, which
was then strained under reduced pressure through
filter paper as described above. The larvae were
transferred to 5 ml of distilled water in a round-
bottomed vial of 50 ml capacity and 90 mm
diameter, and the volume was made up to 10 ml by
using another aliquot of 5 ml to wash off from the
funnel any larvae adhering to it.

Penetration rates were studied 30, 60, and 90 min
after the beginning of exposure. One vial of 100
larvae of each strain was used for each period. The
dosage of carbaryl was 0.22 mg/litre. Application of
the insecticide was done in close sequence so that the
shortest time possible elapsed between applications
of insecticide to larvae of the different strains,
whether they were exposed for the same or for
different times. A control vial with the same
concentration of radiolabelled carbaryl was main-
tained in order to determine percentage recovery.
The extraction procedure was similar to that de-
scribed above for metabolism studies. The sum of the
radioactivities of the organosoluble and water
soluble fractions of the larvae gave the total
insecticide that penetrated the larvae. Similar de-
terminations of the radioactivities of the ether
extracts and water layers of the exposure medium
gave the total radioactivity remaining in the medium.
The percentage penetration was calculated from the
following formula:

alar
x 100

alar+amed

where aiar = total radioactivity inside the larvae,
and amed = total radioactivity in the medium.

RESULTS AND DISCUSSION

Metabolism of carbaryl-NHI4CH3 by larvae
Table 1 shows the degree of metabolism of

carbaryl by the three strains expressed as percentages
of the total recovery from the larvae and medium. In
Table 2 metabolism is expressed as percentages of
the total carbaryl that penetrated into the larvae. In
calculating total penetration, the carbaryl in the
medium was considered the unpenetrated fraction,
and all metabolites both inside the larvae and in the
medium, together with the carbaryl inside the larvae,
were totalled to estimate the penetration fraction. As
N-methyl labelled carbaryl was used, some 14CO2 is

Table 1. Metabolism of carbaryl-NH14CH3 by larvae of
3 strains after 24 h of exposure

Total recovery from
Compound or fraction larvae and medium (%)

R P S

larvae

organosoluble fraction

carbaryl 4.07 3.14 2.56

N-hydroxymethylcarbaryl 0.21 0.13 0.12

5,6-dihydro-5,6-dihydroxycarbaryl 0.11 0.01 0.10

metabolite A 0.09 0.04 0.04

water-soluble fraction 0.83 0.00 0.42

medium

organosoluble fraction

carbaryl 87.24 93.23 91.74

N-hydroxymethylcarbaryl 0.78 0.45 0.42

5,6-dihydro-5,6-dihydroxycarbaryl 0.75 0.22 0.48

metabolite A 0.56 0.12 0.08

water-soluble fraction 5.36 2.66 4.04

Table 2. Metabolism of carbaryl-NH14CH3 by larvae of
3 strains after 24 h of exposure

Total recovery of carbaryl
from larvae and of meta-
bolites from larvae andCompound or fraction medium (%)

R P S

larvae

organosoluble fraction

carbaryl 31.88 46.49 31.88

N-hydroxymethylcarbaryl 1.68 1.97 1.42

5,6-dihydro-5,6-dihydroxycarbaryl 0.87 0.15 1.51

metabolite A 0.73 0.52 0.50

water-soluble fraction 6.41 0.00 3.65

medium

organosoluble fraction

N-hydroxymethylcarbaryl 6.13 6.59 6.72

5,6-dihydro-5,6-dihydroxycarbaryl 5.91 3.22 7.29

metabolite A 4.40 1.71 1.30

water-soluble fraction 41.99 39.35 45.73
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likely to have been formed by the cleavage of the
naphthyl-carbamoyl bond. The extent to which the
breakdown of the carbamoyl moiety resulted in the
formation of methylamine or formate is not known.
These products, if released into the medium by the
larvae, would have been in solution. However, owing
to difficulties in recovering CO2 and methylamine
from solution, these fractions were not taken into
account. Therefore, the possible hydrolysis of car-
baryl to 1-naphthol had to be ignored. It is likely
that this pathway did not account for a high
proportion of the metabolism, for it has been shown
in earlier studies with houseflies that only 1.6% of
the metabolism in the susceptible NAIDM strain
and 1.1 % in the resistant R-mip strain could be
accounted for in the form of 14CO2 (5).
The recovery of applied carbaryl and metabolites

was approximately 50 %. How much of this loss was
due to CO2 evolution is not known. Part of the loss
undoubtedly occurred during extraction from the
larvae and the water, and some may have been due
to volatilization of carbaryl and metabolites during
exposure and extraction. Rates of recovery reported
in the literature are variable (6), but no data are
available, as far as could be ascertained, for the
recovery of carbaryl from aquatic stages of insects.

Differences in testing methods are also likely to
influence recovery. In the present study the intro-
duction of the insecticide into water for a 24-h
exposure period, and the subsequent separation of
the larvae and medium into four fractions, may have
adversely affected recovery. However, the fact that
recovery was approximately the same for each strain
enabled valid comparisons to be made.

Thin layer chromatography of the organosoluble
fractions revealed three metabolites inside the larvae
as well as in the medium. One was identified by co-
chromatography as N-hydroxymethylcarbaryl. A
metabolite that could not be moved by either of the
solvent systems used was probably the same as the
unidentified metabolite detected by Dorough &
Casida (7) in in vitro metabolism studies with
carbaryl using rat liver microsomes. Leeling &
Casida (8) detected what appeared to be the same
metabolite in ether extracts of urine from carbaryl-
treated rabbits and named it metabolite A. The same
designation is used for the metabolite found in this
study. A third metabolite that remained near the
origin was probably 5,6-dihydro-5,6-dihydroxy-
carbaryl as indicated by its Rf value (8).

Hydrolysis with concentrated hydrochloric acid
failed to reveal any metabolite in some of the water-

soluble fractions. In others two metabolites were
detected, one of which was probably metabolite A.
The other was an unidentified metabolite with an Rf
value of 0.1 when resolved in ether: hexane (9: 1),
and Rf 0.5 when resolved in chloroform: acetonitrile
(2: 1). Hydrolysis with /3-glucosidase revealed two
spots, one being the parent compound and the other
probably consisting of metabolite A and 5,6-
dihydro-5,6-dihydroxycarbaryl. The carbaryl spot
may have been due to traces that escaped ether
extraction. Whether it was the result of cleavage of 1-
naphthyl methylimidocarbonate O-glucoside formed
by conjugation is not certain.

Respotting in three portions and resolving the
carbaryl spot from one of the TLC plates containing
metabolites revealed that the original spot was not
overlapping one or more metabolites approximating
carbaryl in Rf value. In the absence of larvae no
detectable metabolites were produced by carbaryl
during a 24-h period.
When the quantities of metabolites and residual

carbaryl are expressed as percentages of the total
carbaryl administered (Table 1) it is apparent that
little carbaryl penetrated the larvae. Of the carbaryl
administered, 91.31 %, 96.37%, and 94.30% re-
mained unmetabolized in the R, P, and S strains,
respectively, at the end of the 24-h exposure period.
The percentage of each metabolite recovered in the R
strain was somewhat higher than that in either the P
or the S strain. Water-soluble conjugates inside the
larvae and in the medium were higher in the S than
in the P strain but there was no consistency in the
distribution of the organosoluble metabolites be-
tween the two strains.
When metabolism is expressed as percentages of

the carbaryl that penetrated the larvae (Table 2), the
overall rates are seen to be almost the same in the R
and S strains (unmetabolized carbaryl = 31.88%)
but slower in the P strain (46.49 %). The highest
percentage of metabolites was in conjugated and
water-soluble form in all three strains and was higher
in the R and S strains than in the P strain. This
fraction may also have included formate and me-
thylamine in solution. Among the organosoluble
metabolites N-hydroxymethylcarbaryl predominated
in both the R and P strains, whereas in the S strain
there was slightly more 5,6-dihydro-5,6-dihydroxy-
carbaryl than N-hydroxymethylcarbaryl. About
twice as much 5,6-dihydro-5,6-dihydroxycarbaryl
plus metabolite A was detected in the R strain as in
the P strain.
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Rates ofpenetration ofcarbaryl-NH14CH3
into larvae

Table 3 gives the percentage penetration of
radiolabelled carbaryl (average of duplicate tests
showing similar trends) for 100 larvae of each of the
3 strains over the 3 periods. Recovery of radioactiv-
ity in the penetration experiments was 97 %.

Penetration of the insecticide into the P and S
strains in the first half hour was 1.75 times greater
than that into the R strain. During the second half
hour the rate of penetration into both the P and R
strains remained approximately the same. The 1-
hour penetration into the P strain was about 1.6
times that into the R strain. The reason for the drop
in penetration rates during the third half hour in the
case of the P and S strains is not known; it may have
been due to recycling of materials between the larvae
and the medium at this stage. Furthermore, meta-
bolism of carbaryl-NH'4CH3 may have begun to
occur at this stage. The extent to which the released
CO2 and methylamine went into solution in the
medium or were lost is not known. It appears that in
the case of the P and S strains this loss was not
compensated for by the penetration of the insecticide
into the insect.
A lower rate of penetration into the R strain

during the early stages of exposure may account in
part for the higher resistance in this strain. A lower
penetration rate would be expected to result in the
gradual release of the insecticide within the insect,
allowing sufficient time for the defence mechanisms
to counteract the toxicant. However, the observed
similarity in penetration after 90 min in the R and P
strains raises questions regarding the extent of
protection afforded by the initial delay.
Among the different mechanisms reported to

contribute to insecticide resistance in insects-viz.,
metabolism, penetration, storage, excretion, sensitiv-
ity of target site, etc., only the first two, and
indirectly the third, have been investigated in the
present study. Differences in carbaryl metabolism
between the R and P strains were small. The rate of
penetration of carbaryl into the R strain was about

Table 3. Percentage penetration of radiolabelled car-
baryl into 100 larvae of each of 3 strains after different
periods of time

Time period
Strain

30 min 60 min 90 min

R 0.12 0.28 0.32

P 0.21 0.44 0.32

S 0.21 0.37 0.17

half that into the P strain during the first hour of
exposure, but this difference was not apparent after
90 min of exposure. The interaction of two or more
mechanisms of resistance may be expected to have a
synergistic effect (9, 10). In houseflies, the interaction
of pen (the penetration delaying factor of resistance
to organophosphorus insecticides) and gene a (des-
ethylation factor) resulted in 5-10 times more
resistance than when only gene a was present (11).
Interaction between factors responsible for increased
metabolism and reduced penetration has been shown
to enhance resistance to carbaryl in houseflies (12).
In the same insect, interaction between the tin gene (a
factor associated with resistance to organotin in-
secticides and also with reduced absorption) and the
factors for parathion, DDT, and dieldrin resistance
was reported by Plapp and Hoyer (13). Microsomal
multifunction oxidase activity and reduced penetra-
tion were found to interact in causing housefly
resistance to naphthalene (14).

Evidently, the interaction of increased metabolism
with reduced penetration must contribute to car-
bamate resistance in A. albimanus. However, in view
ofthe small differences in metabolism and penetration
rates observed in this study, it is strongly suspected
that some other as yet unidentified mechanism
is largely responsible for the very high level of
carbamate resistance in the R strain. Appropriate
investigations are under way and will be reported in
subsequent papers.

UME

LA RESISTANCE AUX CARBAMATES CHEZ ANOPHELES ALBIMANUS. PENETRATION ET MNTABOLISME DU CARBARYL
CHEZ DES LARVES SE'LECTIONNEES PAR LE PROPOXUR

Un metabolisme accru et une penetration reduite
pourraient-ils expliquer la resistance au carbaryl. Cette
hypothbse a ete etudiee sur une souche d'Anopheles

albimanus provenant d'El Salvador, pr6alablement rendue
resistante aux carbamates et aux organophosphor6s par
selection en laboratoire a l'aide de propoxur. On a utilis
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du carbaryl marque au niveau de I'atome de carbone du
groupement N-methyle. I1 est apparu que le carbaryl
6tait metabolise en N-hydroxymethylcarbaryl, dihydro-
5,6, dihydroxy-5,6 carbaryl, et en un metabolite A non
identifie.
La comparaison de la vitesse de metabolisme chez la

souche resistante (R) et chez les souches Gorgas paren-
tale (P) et sensible (S) apres 24 heures d'exposition a
montre que la vitesse globale etait presque identique
dans le cas des souches R et S (carbaryl non mdtabolisM =
31,88%) mais plus lente chez la souche P (carbaryl non
m6tabolis6 = 46,49 Y). Chez les trois souches, c'est sous
la forme conjugu6e et hydrosoluble que se trouvait la
proportion la plus 6levee des m6tabolites, plus importante
dans les souches R et S que dans la souche P. Parmi les
metabolites organosolubles, le N-hydroxymdthylcarbaryl
predominait k la fois dans les souches R et P, tandis que,
dans la souche S, il y avait legerement plus de dihydro-5,6
dihydroxy-5,6 carbaryl que de N-hydroxym6thylcarbaryl.

Dans la souche R, on a decele environ deux fois plus de
dihydro-5,6 dihydroxy-5,6 carbaryl et de metabolite A
que dans la souche P.

Les vitesses respectives de p6netration du carbaryl ont
ete comparees chez les trois souches au bout de 30, 60,
et 90 minutes. Pendant la premiere demi-heure, la vitesse
a 6te 1,75 fois plus 6levee pour les souches P et S que
pour la souche R. Au bout d'une heure, la p6n6tration
dans la souche etait environ 1,6 fois plus forte que dans
la souche R. Cette difference n'a cependant pas persist6
lors des observations effectuees au bout de 90 minutes.
La l6gere diff6rence observ&e dans les vitesses de m6ta-

bolisme et de pen6tration du carbaryl chez les souches R
et P incite a penser que la tres forte resistance de la
souche selectionne, par le propoxur s'explique par
quelque autre mecanisme non encore identifi6, peut-etre
en interaction avec les facteurs qui regissent le metabo-
lisme et la penetration. Des recherches sont actuellement
en cours afin d'dlucider ce mecanisme.
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