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1. INTRODUCTION

Insecticide resistance is an increasing problem faced by those who need insecticides to
efficiently control medical, veterinary and agricultural insect pests. In many insects, the
problem extends to all four major groups of insecticides. Resistance monitoring programmes
should no longer rely on testing the response to one insecticide, with the intention of switching
to another chemical when resistance levels rise above the threshold which affects disease
control. Effective resistance management depends on early detection of the problem and rapid
assimilation of information on the resistant insect population so that rational pesticide choices
can be made.

The correct use of biochemical or immunological methods for resistance detection at a
mechanistic level can provide a powerful tool for analyzing field and laboratory populations
with the aim of improving resistance detection and management. This manual will be updated
with new technologies and methodologies, as they become available. It attempts to outline the
basic techniques and discusses their strengths and weaknesses. Clearly the biochemical assays
provide more information about the insect population being analysed, but they also require
more skill in interpretation, and those using this manual are urged to read the sections on
interpretation of results carefully.




2.  GENERAL OVERVIEW OF IMPORTANT RESISTANCE MECHANISMS IN
ALL INSECTS

Where a mechanistic approach to resistance detection is being undertaken the
investigator needs to have a basic understanding of the possible resistance mechanisms likely to
be encountered. This manual currently deals only with the four major groups of insecticides,
the organochlorines (with the exception of the cyclodienes), organophosphates, carbamates and
pyrethroids. New compounds are clearly coming onto the market, such as insect growth
regulators, but a mechanistic detection of resistance to these compounds has by necessity to be
reactive rather than pro-active (i.e. we can only develop methods for resistance detection when
we know the range of mechanisms selected in different insect populations). Hence monitoring
for resistance to compounds outside the four well-characterised pesticide groups will still rely
heavily on the standard susceptibility tests. There are four possible types of resistance
mechanisms to the main insecticide groups in all insects analysed to date. These are:

¢ increased metabolism to non-toxic products
¢ decreased target site sensitivity

¢ decreased rates of insecticide penetration

¢ increased rates of insecticide excretion.

Of these four categories the first two are by far the most important. Penetration rate
changes in isolation generally produce insignificant (<5-fold) levels of resistance, and only
become important when found in combination with other resistance mechanisms. Increased
rates of insecticide excretion are very uncommon and produce only low levels of resistance and
are included in this list for completeness.

‘The first two categories of resistance mechanisms, which are the most common and
produce the highest levels of resistance, can be sub-divided further. The enzyme groups
involved in insecticide metabolism are:

1. esterases
2. mMOnoOXygenases
3.  glutathione-S-transferases

The target sites involved are the sodium (Na") channels for the pyrethroids and DDT, and
acetylcholinesterase for the organophosphates and carbamates. (The target site for the
cyclodienes, such as gamma HCH, is the GABA receptor, but detection of resistance due to
changes in this target site is not dealt with in this manual).

The level of resistance conferred by the different mechanisms varies depending on the
insecticide and the nature of the alteration in the enzyme system involved. Exact details of this
are given in the text as each mechanism is considered.

There are two major ways that the metabolic enzymes can produce resistance:

a overproduction of the enzyme, leading to increased metabolism or sequestration;
Q an alteration in the catalytic centre activity of the enzyme, increasing the rate at which an

enzyme unit metabolizes the insecticide. These two routes are not mutually exclusive and
an enzyme may be both physically changed and over-produced.



When an enzyme is overproduced but the pesticide is only slowly metabolised by that [ |
enzyme, the cause of resistance may be considered to be sequestration rather than metabolism,
with the increased enzyme levels acting as a means of holding the pesticide and preventing it 2
from reaching the target site within the insect. The level of resistance conferred is then roughly
proportional to the increase in the quantity of enzyme produced.

Biochemical assays/techniques may be used to establish the mechanism involved in
resistance. When a population is well characterised some of the biochemical assays can be used |
to measure changes in resistance gene frequencies in field populations under different selection
pressures. It should be stressed that at present simple field biochemical assays do not exist for
all resistance mechanisms. Biochemical assays are not complete substitutes for the standard
susceptibility tests which are used to measure resistance.




3. THE BIOCHEMICAL ASSAYS

Because the resistance mechanisms detected by these methods are common to all insects
they are applicable across the range of insect pests. However, it is important to note that the
baselines may differ between insects and where possible a known susceptible strain of the same
species as the field population being tested should be analysed at the same time.

To date biochemical assays have successfully been used on mosquitoes (Culex,
Anopheles and Aedes), sand flies, cockroaches, houseflies and black flies as well as some
agricultural pests.

Two main variants of two of the assays are in use. To save repeating the arguments for
and against each twice, these are outlined here, although both methods are later given in detail.
One variant of the assays uses filter paper or another solid support media; the second variant is
run in microtitre plates. The 'filter' paper or nitrocellulose membrane assays generally use one
mosquito per assay and are quantified visually or using a densitometer, but provide a
permanent record which can be rechecked in the future. The microtitre plate tests allow the
same insect to be used for all assays and are quantified visually or with a spectrophotometer. A
permanent record can be made on paper by simply using a transfer plate, but this is not an
automatic result of the test.

3.1 The microtitre plate tests

Once experienced with these techniques, it is practical to run assays for altered
acetylcholinesterase, elevated esterase, glutathione-S-transferase and protein from the same
insect. It is not recommended that this is attempted initially, as it is easy for the novice to mix
solutions up, and the time factor after homogenizing the insects is important, particularly if ice
is not available to maintain the homogenates at a low temperature (i.e. the more rapidly the tests
are run after insect homogenization, the more accurate the results will be). It is recommended
that anyone attempting these assays should familiarise themselves with each assay individually,
and once they are confident and competent with the techniques, start to combine them for
analysis of the same insect.

3.1.1 Equipment/supplies
Equipment required for these assays are:

Microtitre plates (preferably flat-bottomed if results are to be read spectrophotometrically): if
affordable, these should be disposed of, after one use. However, they can be re-used if
thoroughly washed. It is also recommended that the same set of plates be kept for the same
assays (for example, plates used for the esterase and glutathione-S-transferase assays do not get
contaminated with the propoxur used in the acetylcholinesterase assay).

Homogenizing plates - any plate suitable for grinding an individual mosquito in 200ul of
solution can be used. As 95 insects can be run per microtitre plate, a system for grinding this
number of insects rapidly is beneficial (for details of one system used by some laboratories see
ffrench-Constant & Devonshire, 1988). Alternatively, insects can be ground directly in the
microcentrifuge tubes, ready for centrifugation (where the glutathione-S-transferase assay is
being used).



Homogenizers - glass rod or other device.
Microcentrifuge tubes
Microfuge (variable of fixed speed)

Automatic pipettes - (P20, P200 & P1000 variable volumes). Ideally 8 channel pipettes, but
these are expensive. Single channel pipettes can be used, but slow down the procedure.
Transfer plates are available which allow simultaneous treatment of all 96 wells and speeds up
the system when large numbers of samples are being processed.

Pipette tips (vellow and blue) - These can be re-used if carefully washed. Those used for
pipetting solutions containing insecticide should be kept separately.

Microtitre plate reader - This is essential only for the glutathione-S-transferase and protein
assays, as the other assays can be scored visually. However, it is required for numerical
quantification and publication of results. Ideally, a plate reader with a kinetic capability should
be used so that reaction rates can be calculated, but end points can be measured on a basic plate
reader if necessary. The minimum filter wavelengths needed are 340nm, 405nm, 570nm.

3.1.2 Solutions and reagents

All reagents listed are basic grade chemicals and are widely available from a range of
suppliers. Unless otherwise stated, phosphate buffer refers to a sodium phosphate buffer
system. (NaH,PO4 + Na,HPO; solutions mixed in the correct molarities and ratios to give the
stated pH and molar concentrations. Alternatively, the acid monobasic phosphate solution can
be mixed with NaOH to give the correct pH. The molecular weight of the monobasic
phosphate is 120 and the dibasic phosphate is 142.)

i Acetylcholinesterase assay

All solutions for this assay, with the exception of the 0.1M propoxur, should be made up
freshly and used within 4 hours if left at room temperature or 4°C. The propoxur stock solution
can be kept at 4°C in a tightly stoppered bottle for several months.

a) 10ml 0.01M dithiobis 2-nitrobenzoic acid (0.0396g DTNB + 10ml 0.1M phosphate
buffer pH 7.0).

b)  20ml 0.01M acetylthiocholine iodide (0.0578g ASCHI + 20ml distilled water).

c)  10ml 0.1M propoxur (0.292g propoxur in 10ml acetone).

d)  Split the ASCHI solution into two 10ml aliquots, to one aliquot add 20ul of 0.IM
propoxur.

€) 1% Triton X-100 in 0.1M phosphate buffer pH 7.8.

ii.  Esterase assay
A.  Naphthyl acetate assay

a)  30mM l-naphthyl acetate (NA) (0.2793g 1-NA in 50ml acetone).
b)  30mM 2-naphthyl acetate made as above with 2-NA.
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Solutions a) and b) can be made up and stored separately in a tightly stoppered bottle at 4C
for several months.

c)  Working naphthyl acetate solutions 1 ml of 30 mM stock in 99 ml of phosphate buffer
0.02M pH 7.2.

d) Stain (150 mg Fast blue B salt dissolved in 15 ml distilled water, then add 35 ml of 5%
sodium lauryl sulphate (SDS)).

N.B.
It is important to first dissolve the stain in the water, as it will take much longer to
dissolve directly in a solution containing SDS.

Solutions c) and d) should be made up freshly and used within 1-2 hrs of preparation.

B PNPA rate reaction assay

a) 100 mM para-nitrophenyl acetate stock solution in acetonitrile (N.B. molecular weight
PNPA is 181.15).

b)  Working solution: dilute stock solution PNPA 1:100 with 50 mM sodium phosphate
buffer pH 7.4.

Solution a) can be stored in a tightly stoppered bottle at 4°C for 1-2 months. Great care should
be taken when handling the acetonitrile solution, as this is highly toxic. It is recommended that
mouth pipetting of all chemical solutions is avoided, but this solution particularly should never
be mouth pipetted.

iii. ~Glutathione-S-transferase assay

a) 10mM GSH i.e. reduced glutathione 0.0081 g GSH in 2.5 ml 0.1 M phosphate buffer,
pH 6.5).

b) 63 mM chlorodinitrobenzene (0.1278 g of CDNB in 10ml methanol).

¢)  Working solution: add 125 pl of CDNB solution to 2.5 ml GSH solution.

All solutions should be prepared freshly and used within 1-2 hrs.
iv. Monooxygenase titration assay

a) 3% hydrogen peroxide.

b) 0.625M potassium phosphate buffer pH 7.2.

C) 0.01 gm 3,31,5,51-tetramethyl benzidine in Sml methanol.
d) 0.25M sodium acetate buffer pH 5.0.

v.  Protein assay

Commercial kits are available from various manufacturers to measure protein
concentrations. Alternatively the methods of Lowry ef al. (1951) or Bradford (1976) can be
followed.



3.1.3 Methods for biochemical assays with mosquitoes

The standard method here is given for adult, or 4th instar larvae of any mosquito species.
For other insects or earlier instar mosquito larvae the initial homogenization volume may need
to be increased or decreased depending on the size of the insect. Any stage of the insect can be
used, but ideally this should be the life stage of the insect that is to be controlled with the
pesticide, as resistance mechanisms do not necessarily operate throughout all life stages. For
mosquitoes, the 4th instar larvae or young adults are preferable, as enzyme activity in younger
larvae is proportional to their smaller size, and becomes increasingly more difficult to measure
accurately in smaller larvae. If houseflies are being used, the head should be removed and used
for the acetylcholinesterase assay, as the large amounts of pigment released from the eyes on
homogenisation interfere with the other assays.

A.  Homogenize individual mosquitoes in 200 pl of distilled water on ice. Take 2 x 25 pl for
the acetylcholinesterase assay and then spin the remainder of the homogenate at 14 K for
30 secs in a microfuge (or maximum speed on a fixed speed microfuge).

The microfuge step is essential only for the glutathione-S-transferase assay, as particulate
matter in the crude homogenate has a significant impact on the absorption of light at 340 nm.
The samples for the acetylcholinesterase assay are removed before spinning as being
membrane bound, much of this enzyme may be pelleted and lost during centrifugation. The
time and centrifuge speed are not critical, but in a non-refrigerated microfuge times of
> 2 mins should be avoided or a large proportion of enzyme activity may be lost.

It is important when homogenizing the insects to ensure that all parts of the body are fully
crushed. This is particularly important for the head, which contains a large proportion of the
acetylcholinesterase activity. If the homogenate is not kept on ice, then enzyme activity loss
will occur. As a general rule the higher the temperature the more rapid the enzyme activity
loss. If ice is not available, then place the homogenate in the freezer compartment of a
refrigerator when not in direct use. When frozen at -20°C directly after homogenisation the
enzyme activity will remain relatively constant for several hours.

Live or frozen insects can be used for these assays. Whole insects stored at -20°C are
viable for several months, while those stored at -70°C or in liquid nitrogen remain viable for
years.

Insects which have been dead for more than a few minutes at room temperature or those
exposed directly to pesticides should not be used in these assays as the enzyme levels will have
been seriously reduced and results will be meaningless.

i Acetylcholinesterase assay

This assay can be used with adult or larval stages of mosquitoes; however, the intensity
of colour formation is generally greater with adults, and where results are to be interpreted
visually use of adults rather than larvae is recommended.

1.  Take 2 x 25 pl replicates of crude insect homogenate and place in separate wells of a
microtitre plate. Make sure that large lumps of insect tissue are not transferred to the
microtitre plate wells, as these will adversely affect results. (If results are to be
interpreted visually rather than spectrophotometrically, then the two replicates from the
same insect should be in adjacent wells for ease of comparison. If results are read
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spectrophotometrically the location of each element of the pairs on the microtitre plates
should be noted, so that values can be matched after reading.)

2. Add 15 mA of Triton phosphate buffer to each replicate. (This is used to solubilize the
acetylcholinesterase. Mix the solution gently to avoid getting too many bubbles in the
wells.)

3. Add 10 ul DTNB solution to each replicate.

4.  Add 25 ul of ASCHI to one replicate and 25 pl of ASCHI + propoxur to the other
replicate.

5.  Always set up one or more blank wells per plate. These should contain 25 pl distilled
water, 10 ul DTNB solution, 25 ul ASCHI solution and 145 pl Triton buffer but no

mosquito homogenate. For most plate readers the A1 well on the microtitre plate is used
as the blank well.

6.  Read continuously at 405 nm for 5 minutes or leave for 1 hour and read as a fixed-point
assay at 405 nm. Before reading, ensure that large numbers of small bubbles are not
present in any of the wells, as these will affect the accuracy of the readings you obtain. If
a fixed point is used the same time needs to be used for the inhibited and uninhibited
wells for the same insect. If a continuous reading is used this must be completed no more
than 20 minutes after the addition of the ASCHI solutions. Plate 1 is an example of a
Microtitre analysis of an acetycholinesterase assay.

Notes:

In this assay each insect acts as its own control. A bright yellow colour
should appear in all the control wells, i.e. those with insect homogenate +
ASCHI but not propoxur. If a yellow colour does not form, then:

a) the insects have had some pre-exposure to pesticide;

b)  the homogenate has been allowed to stand too long before use;

¢) the insects were dead for too long before freezing or homogenization;
d) the chemical reagents have expired.

Generally, a) to c) are more likely, as degradation of the reagents (DTNB or ASCHI) in
this assay will tend to produce a strong yellow colour in the plate blank which should normally
be almost colourless. Results must be discarded for all insects where a yellow colour does not
form in the control wells or for plates where the blank is strongly coloured.

Propoxur is used in this assay as described, as in all cases of altered acetylcholinesterase
documented in mosquitoes resistance to this pesticide occurs even though it may not have been
involved in the field selection of the resistance. The concentration of propoxur has been set so
that at least 70% of the total acetylcholinesterase activity is inhibited in the susceptible insect
and the concentration is valid for analytical grade propoxur. If technical grade material is used
the amount of propoxur used may need to be increased slightly. The concentration given
produces a clear distinction between resistant and susceptible insects both visually and
spectrophotometrically. If an end point assay is used, then susceptible (SS) individuals can be
easily differentiated from heterozygote (RS) and homozygote (RR) resistants, but
differentiating some RS and RR is difficult. If a rate assay is used, then all three genotypes can
be clearly distinguished. For insects other than mosquitoes, the concentration of propoxur may
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need to be adjusted slightly, by experimentation with the susceptible strain of the test insect, to
achieve at least 70% inhibition of acetylcholinesterase activity. If propoxur is not available
another carbamate can be substituted or the oxon analogue of an organophosphorus insecticide
(e.g. malaoxon or paraoxon), although again the concentration of the insecticide will need to be
determined. You must not use the organophosphorus insecticides themselves as they do not
interact directly with acetylcholinesterase and should not give inhibition even at high
concentrations.

If initial homogenization of the insects was poor and large pieces of tissue are
subsequently transferred to the microtitre plates in the homogenate, the acetylcholinesterase
contained in the tissue will cause increased colour formation in the well. Transfer of pieces of
tissue should be avoided, as this will not be equal in insecticide treated and untreated wells and
will lead to poor reproducibility of results.




