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ABSTRACT 

BIOCHEMISTRY OF RESISTANCE IN MYZUS PERSICAE 

AND APHIS GOSSYPII 

The insecticide resistance mechanisms present in the aphids Myzus persicae and 

Aphis gossypii have been characterised and sensitive biochemical assays have 

been developed to monitor their presence in individual aphids. 

It was found that enhanced esterase activity is present in both aphid species, and 

that this enhanced activity results from the presence of larger amounts of the 

same enzyme rather than the presence of a more efficient enzyme. In Myzus 

persicae this mechanism alone is sufficient to confer high levels of insecticide 

resistance. In Aphis gossypii, it appears that the presence of insensitive 

acetylcholinesterase (AChE) is necessary for measurable levels of resistance to 

occur. 

During the course of this work, insensitive AChE was detected in Myzus persicae 

for the first time. This additional resistance mechanism, when combined with the 

enhanced esterase activity, was found to confer extremely high levels of tolerance 

against specific insecticides. This additional mechanism is rare in the UK at 

present but the use of sensitive assays to monitor its existence is of increasing 

importance. When the AChE mechanism becomes more prevalent in the UK, as 

it almost certainly will, new strategies for aphid control will be needed. 

Further examples of insensitive AChE conferring insensitivity not only to 

carbamates, but also to organophosphates, have also been detected in Aphis 

gossypii. The inter-relationships of the two mechanisms in this species have been 

resolved and new monitoring methods made available. 
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SECTION 1 

1.0 INTRODUCTION 

1.1 INSECTICIDE RESISTANCE 

There are several definitions of insecticide resistance, often reflecting the interest 

of the scientist attempting the definition, rather than the phenomenon itself The 

World Health Organisation defined resistance as "the development of an ability 

in a strain of insects to tolerate doses of toxicant that would prove lethal to the 
majority of individuals in a normal population of the same species" (Brown and 

Pal, 1971). This can be ambiguous, however, as the 'normal population' can 

change with increasing exposure to chemicals. Other workers have offered 

alternative definitions, often to emphasize an aspect of resistance. Sawicki 
( 1987), for example, highlighted the genetic features of resistance by defining it 
as "a genetic change in response to selection by toxicant that may impair control 
in the field". 

Insecticide resistance has become progressively more widespread since first 
being scientifically recorded in 1914 by Melander. Over 500 insect and mite 

species now show tolerance to pesticides (Georghiou, 1990) and insecticide 

resistance has become a serious threat to the future success of pest control using 

chemicals. 

Resistance results from the presence of genotypes in a population that confer 
some degree of protection against insecticides. In the presence of a pesticide,

individuals possessing such a genotype will be at a selective advantage compared 

to the rest of the population. Consequently, the proportion of the population

having the resistant genotype will increase with successive generations. The short 

generation time and high fecundity of many insect pests can lead very quickly to 
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a situation where pesticides are unable to reduce numbers of pests sufficiently to 

prevent severe damage to crops. 

1. 2 BIOCHEMISTRY OF RESISTANCE 

For an insecticide to be effective it must be able to reach its target-site, within the 

target organism, at a concentration sufficient to affect the biological process 

occurring at that site. Any barrier, be it physical or chemical that prevents or 

hinders the movement of the toxicant from reaching its site of action may result 

in resistance to that toxicant. 

There are three major mechanisms by which resistance can occur; reduced 

penetration, metabolism of the insecticide (detoxification) and target-site 

insensitivity. These resistance mechanisms may exist individually in an insect, 

but are often found in combination where the overall resistance offered is 

substantially higher. This situation is referred to as 'multifactorial resistance'. 

1.2.1 Penetration 

Decreased cuticular penetration has been considered a resistance mechanism 

since first described in the housefly (Forgash et al, 1962). This mechanism only 

confers low-levels of resistance, generally no higher than 5-fold (Plapp and 

Hoyer, 1968), but usually does so to a wide range of insecticides and is often 

found in association with other mechanisms (Oppenoorth, 1985). This resistance 

mechanism has been reported in several species including citrus red mite, 

Panonychus citri (Hirai et al, 1973) and cattle tick, Boophilus microplu 

(Schnitzerling et al, 1983). 
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1.2.2 Detoxification 

Many insects possess detoxification systems, which evolved originally to protect 

the insect from natural toxicants in the environment. Metabolism of the 

insecticide may occur before it reaches the target-site if it comes into contact 

with those detoxifying enzymes that render the poison either less toxic, more 

easily excreted, or both. The most important enzyme systems involved in 

insecticide resistance are the mixed function oxidases, glutathione S-transferases 

and esterases. Resistance resulting from enhanced activity of one or more of these 

enzyme groups has been found in several insect species (Plapp, 1976). 

Detoxifying enzyme systems can be studied either in vivo by conventional 

bioassays, or in vitro by biochemical assays. In conventional bioassays, there is 

widespread employment of synergists which are "compounds that greatly 

enhance the toxicity of an insecticide, although they are usually practically non

toxic by themselves" (Matsumura, 1985). Insecticide synergists act by inhibiting 

metabolic enzymes (Georghiou, 1983). Mortality differences in a bioassay, using 

a pesticide in the presence or absence of a synergist, should indicate whether a 

putative metabolic enzyme is involved in resistance. However, caution should be 

taken when using synergists; very often the chemical is not completely specific to 

the enzyme being examined, and it may be difficult to assess the possible effect 

upon other biological systems. 

Biochemical methods can be used in vitro to measure enzyme activity by utilising 

model substrates. These are chemicals that contain similar functional groups to 

the insecticidal substrates, but are easily metabolised to give a readily quantified 

product (Fig. 1 ). However, a direct correlation with resistance cannot be made 

since activity for the model substrate may not reflect the ability of the enzyme to 

metabolise the pesticide. 

The most accurate method to determine whether an enzyme system is involved in 

pesticide detoxification is to purify that enzyme and incubate it with the 
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pesticide, monitoring for increased levels of pesticide breakdown products with 

time. 

1.2.2. 1 Esterases 

Enzymes that catalyse the hydrolysis of a substrate that contains an ester bond are 

known as esterases. Organophosphate, carbamate and most pyrethroid 

insecticides contain ester bonds and in some instances are sensitive to hydrolysis 
by esterases. Esterases can be subdivided into A-esterases (which are not 

inhibited by 10-5 M paraoxon) and B-esterases (which are). Carboxylesterases 

(EC 3. 1. 1. 1) are B-esterases (Aldridge, 1953). Certain synergists are used widely 

to evaluate the contribution of esterases to resistance; these include DEF ( S,S,S

tributyl phosphorothioate) and TPP (O,O,O-triphenyl phosphate). 

The general reaction scheme of carboxylesterases may be represented as: 

Esterase 

--►• R 1 COOH + 

Where R 1 CO represents an acyl group and R2 is an alkyl group (after Schoknecht 

and Otto, 1989). 

Acetate esters of 1- and 2-naphthol can be used in a simple spectrophotometric 

assay to measure esterase activity. However, insects will contain many esterases, 

not all of which neccesarily participate in insecticide hydrolysis. Thus, 

comparisons of total esterase activity between susceptible and resistant 

individuals may not reveal true differences (Soderlund and Bloomquist, 1990). 
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Resistance can result from either quantitative or qualitative changes in 

carboxylesterases, or a combination of the two . Qualitative changes could confer 

to the enzyme the abi l ity to hydrolyse insecticidal esters at a significant rate but 

may or may not affect the activity of the esterase towards the model substrates . 

Without a qualitative change, resistance can sti l l  occur by quantitative changes 

resulting from a process of gene ampl ification. This leads to the production of a 

greater amount of the same esterase which sequesters the insecticide resulting in 

resistance. Occasional ly, the esterase may be both altered and amplified .  

The first reported example of esterase-mediated resistance gave rise to the 

"mutant ali-esterase theory". Studies using model substrates found that several 

strains of housefly resistant to parathion, malathion and diazonon, were less able 

to hydrolyse certain carboxylesters than the susceptible strains . It was 

hypothesi sed that a mutation had arisen that increased phosphatase activity 

against insecticides, whi l st reducing activity against model substrates 

(Oppenoorth and van Asperen, 1 960) . This correlation of low substrate activity 

combined with resistance has subsequently been observed in other species, 

including sheep blowfly, Lu cilia cuprina (Hughes and Raftos, 1 985)  , the Indian 

meal moth, Plod;a interpunctella (Beeman and Schmidt, 1 982) and Colorado 

potato beetle, Leptinotarsa decemlineata. In the last example a specific 

resistance-associated esterase was present in multiple l ife stages of two resistant 

strains, which, when purified, was inhib ited by methy l paraoxon and azinphos 

methyl, demonstrating an enzyme/inhibitor interaction (Anspaugh et al, 1 995) . 

The specific esterase isozyme, E3 , responsible for OP hydrolase activity in L. 

cuprina, has been studied extensively .  In resistant individuals, E3 has a nul l  

phenotype on gels stained with standard carboxylesterase substrates . The 

sequence of the gene for the resistant enzyme encodes five amino acid 

substitutions when compared with the gene for the susceptible form. One of these 

changes, Gly 1 3 7  
- Asp, l ies within the active site of the enzyme, and the presence 

of this substitution correlated with insecticide tolerance in 1 5  field-resi stant 
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strains .  Synthetic chimeras demonstrated that this change alone was sufficient to 

confer the observed resistance (Newcomb et al, 1 997) .  

Some housefly strains have been reported to show high malathion 

carboxylesterase activity without the loss of activity towards model substrates. 

Purification of esterases from resistant and susceptible strains showing no 

difference in naphthyl acetate hydrolysis demonstrated enhanced malathion 

hydrolysis by a single esterase in the resistant flies . This esterase also displayed 

differences in substrate affinity, inhibitor sensitivity, and efficacy of paraoxon 

hydrolysis when compared with the equivalent esterase in the susceptible (Kao et 

al, 1 984) . 

Simi larly, in Anopheles stephensi (Hemingway, 1 982) and Anopheles arabiensis 

(Hemingway, 1 983 ), susceptible and resistant individuals gave simi lar esterase 

activity towards 1 -, or 2-naphthyl acetate despite synergistic evidence that 

resistance to malathion was esterase related . Further studies with A.  arabiensis 
showed that an increased malathion-specific hydrolysis occurred in the resistant 

strain (Hemingway, 1 985 ) .  

Insecticide resistance is also commonly associated with an increase in  the insect ' s  

abi l ity to hydrolyse certain  carboxylesters . Enhanced carboxylesterase activity

mediated resistance was first reported in the green rice leafhopper, Nephotettix
cincticeps, and the small brown leafhopper, Laodelphax striatellus (Ozaki, 1 969) . 

A positive correlation was al so reported between resistance and 1 -naphthyl 

acetate hydrolysis in the peach-potato aphid, Myzus persicae (Needham and 

Sawicki, 1 97 1 ) and the cotton aphid, A phis gossypii (Suzuki et al, 1 993 ) .  The 

biochemical and molecular characterisation of the resistance mechanisms in these 

insects will be discussed later in more detail .  In the mosquito, Cu/ex pipiens, 

simi lar correlations were found, with various resistant strains having enhanced 

esterase activity towards 1 -naphthyl acetate, 2-naphthyl acetate, or both of these 

model substrates (Georghiou and Pasteur, 1 978) . The high levels of 
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organophosphate resistance were later found to be due to the 250-fold 

amplification of the esterase B 1 gene (Mouches et al, 1990). 

In 1989, correlations between insectic ide res istance and an enhanced abil ity to 

catalyse the hydrolysis of naphthyl acetate esters were reported in at least 1 5  

insect spec ies of agricultural or public health importance (Pasteur and Georghiou, 

1989). Similar correlations have since been reported in other species ,  such as 

German cockroach, Blattel/a germanica, (Hemingway et al, 1993 ; Scharf et al, 

1996) and the lygus bug, Lygus hesperus (Xu and Brindley, 1994). These positive 

correlations could be due to mutations that increase both the activ ity towards the 

model substrates and increase the ability to metabolise insecticides ,  or to the 

same enzyme being  produced in larger amounts in the resistant insectst. 

Further studies with L. striatellus showed that the increased ability to hydrolyse 

1 -naphthyl acetate was associated with the presence of isozymes that also had 

malathion carboxylesterase activity in the resi stant strain, which were lacking in 

the susceptible stra in .  However, it was reported that quantitative rather than 

qualitative differences in the isozymes were the primary cause of insecticide 

resistance (Sakata and Miyata, 1994). 

As stated earlier, resistance in the sheep blowfly, L. cuprina, is due to the 

increased activity of a malath ion  carboxylesterase . In a resistant stra in ,  it was 

found that insecticide tolerance was due to a 1 0-fold increase in the amount of 

this enzyme relative to a susceptible strain. Purified enzymes from the resistant 

and susceptible strains had the same kinetic parameters for hydrolysis of 

malathion and hydrolysis of model substrates .  Although resistance was found to 

be due to an overproduction of an esterase , the s ituation differs from that of 

Myzus persicae and Culex quinquefasciatus in that the esterase has the ability to 

catalyse the hydrolysis ofmalaoxon and paraoxon at significant rates (900 and 

8000-fold faster than the esterase in Myzus) and depends upon this hydrolysis , 

rather than sequestration, for resi stance (Whyward and Walker, 1 994). 
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1.2.3 Target-site Insensitivity 

Target-site insensitivity results from molecular modifications to the site of action 

of an insecticide that may in turn result in an insensitivity to that insecticide, 

resulting in resistance. Two well characterised examples of target-site 

insensitivity are modified acetylcholinesterase (AChE) and kdr (knock down 

resistance), the latter being a modification of the a-subunit of a protein occurring 

in voltage-gated sodium channels conferring resistance to DDT and pyrethroids 

(Oppenoorth, 1985) .  

1 .2.3.t1 Acetylcholinesterase 

Acetylcholinesterase (EC 3 . 1. 1. 7) is the enzyme responsible for hydrolysing the 

neurotransmitter acetylcholine at the nerve synapse. If this hydrolysis does not 

take place, there is a build-up of acetylcholine k:ading to repeated firing of 

neurons and ultimately death by exhaustion. Vertebrate species possess both 

acetylcholinesterase and butyrylcholinesterase (EC 3 . 1. 1 .8), differentiated by 
substrate preferences. Arthropods have only one enzyme which, whilst containing 

characteristics of both, is generally considered as AChE (Toutant, 1989) . 

AChE belongs to the class of proteins characterised by the a/J3 hydrolase fold,

which is shared by several hydrolytic enzymes of different origins and function. 

The active site of AChE contains two subsites, the esteratic and anionic sites, 

corresponding to the catalytic site and the choline-binding site respectively. There 

is also one other peripheral anionic binding site for acetylcholine and other 

quarternary l igands. 
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The mode of action of AChE resembles other serine hydrolases, and involves the 

formation of an acyl-enzyme intermediate . The acylation step occurs as follows: 

l 

Where SerOH represents the serine in the active site (see below) . 

In the presence of water, the acylated enzyme is  readily hydrolysed to release the 

free enzyme: 
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Plate 1 .  Model of the active site region of AChE showing 
the catalytic triad residues Ser2°0 

, Glu327 and His440 

Plate 2. Model of AChE with the entrance to the aromatic 
[ gorgeshown in yellow. 



AChE contains a catalytic triad of amino acid residues (Plate 1 ). Studies on the 

electric ray, Torpedo cal(fornica, have shown that during hydrolysis a negatively

charged glutamate (E327
) draws a hydrogen atom from an adjacent histidine (H440

) 

which, in turn, draws a hydrogen atom from the active site serine (S200
) .  This 

activates the serine residue enabling a powerful nucleophilic attack on the 

substrate, resulting in an intermediate acylated enzyme. The covalent bond thus 

formed is subsequently hydrolysed and acetate, or in the case of 
butyrylcholinesterase butyrate, is released . This last stage of catalysis requires a 

residue in the vicinity of the active site to activate a water molecule, which 

attacks the bound acid moiety, activates it, and transforms the resultant complex 

into a transition state with a new tetrahedral conformation and high energy level . 

This leads to hydrolysis, and a reduction in the level of energy in the system. The 
key water molecule involved in catalysis is held in place by E443 and E 1 99 (Soreq
et al, 1 992) . 

Further studies on the AChE from Torpedo have revealed that the active site is 

located within a deep and narrow gorge (Plate 2), which penetrates halfway into 

the enzyme and widens out close to the base (Sussman and Silman, 1 992). This 

gorge is often referred to as the 'aromatic gorge' because a substantial part of its 

lining is composed of the rings of aromatic amino acid residues (Axelson et al, 

1994) . It is thought that some of the aromatic residues facilitate the movement of 

the substrate to the active site. Docking studies show that the primary interaction 
of the quarternary group of acetylcholine is with the indole of a conserved 

tryptophan, Trp84 
. It has been suggested that the substrate may move along to the 

active site by a mechanism of electrostatic guidance (Sussman and Silman, 1992) . 

This is made possible because the enzyme possesses a strong electrostatic dipole 

that is aligned with the gorge, so that a positively charged sub trate would be 
drawn to the active site by the electrostatic field. The affinity of the quarternary 

ammonium compounds for aromatic rings, combined with the electrostatic force 

create an efficient guidance mechanism for the substrate (Ripoll, et al, 1993) . 
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However, this view is challenged by the fact that in human AChE, replacing up to 

seven acidic residues around the rim of the aromatic gorge by neutral residues, 

and thus decreasing the negative electrostatic charge, had no effect on the 
catalytic efficiency of the enzyme (Shafferman et al, 1994) .  

A further predicted effect of the electrostatic field hypothesis is that, although 

positive substrates may be accelerated into the gorge, the removal of choline 

should be impeded. This has led to the idea of a 'back door' being present 

through which the products of hydrolysis could be removed . Within the AChE 

molecule, a small chamber exists around Trp84 and Met83
, and it was 

hypothesised that removal of the positive choline could take place here (Kovach,

Qian and Bencsura, 1994 ). Only a small displacement of residues would be 

necessary to open the chamber to the outside, and could be achieved by a shutter
like mechanism involving Trp84 

, Val 1 29 and Gly44 1 
. However, experiments using 

site-directed mutagenesis to change the size and charge of several residues 

involved in this putative process have failed to generate any change in the kinetic 
characteristics of the enzyme (Faerman et al, 1996). 

Insect AChE is found in one main form, a globular disulphide-l inked dimer of 
1 50kDa (Fig. 2) .  It is glycosylated and linked to the membrane via a glycosyl

phosphatidylinositol (GPI) anchor (Gnagey et al, 1987). In Drosophila, each 

subunit is composed of two non-covalently linked peptides of 18 and 55kDa. The 

5 5kDa peptide contains the active-site serine and the GPI anchor (Fournier et al, 
1992) . 
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The reaction of AChE with organophosphate inhibitors follows pseudo-first order 

kinetics with respect to inhibitor concentration. The serine residue in the active 

site is progressively phosphorylated as follows: 

E + AX -◄--► E-AX ► EA +  X E + A  

where E is the free enzyme, AX is the organophosphate, E-AX the Michaelis 

complex and EA the phosphorylated enzyme. Kd is the dissociation constant of 

the enzyme inhibitor complex and k2 the phosphorylation rate. When researching 

AChE sensitivity and its role in conferring resistance, the three most relevant 

kinetic parameters are the bimolecular rate constant (k; ), which defines the 

sensitivity of the enzyme to a given inhibitor, and may be defined as k2/Kd from 

the above equation; the Michaelis constant, Km , a measure of the affinity of the 

enzyme for its substrate; and the rate at which inhibited enzyme reactivates (k3 ). 

The lower the k;, the more inherent insensitivity the enzyme possesses to the 

inhibitor. Measurement of this constant is the preferred technique for comparing 
the sensitivity of AChE in susceptible and resistant variants. The lower the Km . 

the higher the affinity of the enzyme for its substrate. A high affinity of the AChE 
for its substrate can protect the enzyme against an insecticide (substrate 
protection) because of the competition between substrate and inhibitor for 
binding to the catalytic centre. Thus, if two AChE variants had the same k; but 

differing values for Km, the variant with the lower K111 would exhibit the greater 

insensitivity. The reactivation rate of inhibited enzyme (kJ) may be an important 
resistance factor after inhibition by carbamate insecticides, where recovery of 

AChE activity is usually faster than after inhibition by organophosphates. 
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The exi stence of an AChE exhibiting insensitivity to an organophosphate 

insecticide was first discovered in a paraoxon-resistant strain of red spider mite 

Tetranychus urticae (Smissaert, 1 964) . The resistance to paraoxon was associated 

with a decreased abi l ity by the AChE to catalyse the hydrolysis of its natural 

substrate, acetylcholine. This decreased activity can be considered as a 

disadvantage to the organism, although clearly it can be tolerated, and is caused 

by the modification of the enzyme that confers the insensit ivity to the 

insecticides. 

This resistance mechanism has since been reported in a variety of insect and 

acarine species including cattle tick, Boophilus microplus (Roulston et al, 1 968) 

the green rice leafhopper, Nephotettix cincticeps (Hama and Iwata, 1 97 1  ), the 

diamondback moth, Plutella xylostella (Noppun et al, 1 987) and several species 

of mosquito, Anopheles albimanus, A. atroparvus, A. sacharovi, A. nigerimus, 

Culex pipiens, C. tritaeniorhynchus and C. quinquef asciatus (cited in ffrench

Constant and Bonning, 1 989) . In the cotton bollworm, Helicoverpa armigera

insensitive AChE was found to be responsible for the first reported occurrence of 

that pests' resistance to thiodicarb, with cross-resistance to methomyl (Gunning 

et al, 1 996) . 

Insect species may possess more than one insensitive form of AChE, each 

showing different insensitivity profiles, and each having its own characteristic 

kinetic parameters. For example, two insensitive AChE variants, differing in their 

insensitivity to paraoxon, have been described in the tobacco whitefly, Bemissia 
tabaci, (Byrne and Devonshire, 1 993) .  Simi larly, insensit ive variants were 

reported in Colorado potato beetle, L. decemlineata, where the greatest 

differences between two insensitive enzyme forms were found in the response to 

carbofuran and azinphosmethyl, the two insecticides used to elect for resistance 

(Wierenga and Holl ingworth, 1 993 ) .  A further variant discovered in the 

mosquito, C. tritaeniorhynchus, gave an extemely high insensitivity factor 

7000-fold, against dichlorvos (Mamiya et al, 1 997). 
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In the case of the housefly, multiple insensitive forms of AChE have been found 

with some having a higher maximal rate of reaction (V max) than the original 

susceptible form. Thus, the modifications that conferred insensitiv ity in these 

cases also bestowed an increase in the enzymic activ ity (Devonshire and Moores 

1 984a). 

It is commonly found that the mutation conferring insensitiv ity also decreases the 

affinity of the protein for its natural substrate. This decrease in affinity is  not 

surprising, since resistance often results in a decreased affinity for 

organophosphates or carbamates, which are substrate analogues. However 

insensitive forms have also been found that have a lower Km (higher affinity for 

ATChI) than the susceptible form, enhancing the resistance conferred by a lower 

k;_ These have been reported in housefly (Devonshire and Moores 1 984a; Price 

1 988) and C. tritaeniorhynchus, where the Km for ACh in the resistant strain was 

0 .65 that of the susceptible strain, although the affinity for ATChI was reduced 

(Mamiya et al, 1 997). 

The AChE gene in Drosophila melanogaster i s  encoded by the Ace locus and thi s 

has been cloned and sequenced (Fournier et al, 1 989) al lowing identification of 

the mutations responsible for insensitive AChE in resi stant strains ofDrosophila. 

Several highly resi stant strains were i solated, and the ent ire nucleotide sequences 

of the genes encoding AChE were determined and compared to that of the 

original susceptible strain .  Five mutations were identified : Phe 1 1 5 to Ser, lieu 1 99 

to Val, I leu 1 99 to Thr, Giy3°3 to Ala and Phe368 to Tyr (Mutero et al, 1 994) . These 

mutations were often found in combination within a resi stant strain. The known 

mutations were then introduced into the wild-type gene by in vitro mutagenesis 

and the sensitivities of the recombinant enzymes compared to the wild-type 

enzyme by biochemical kinetic analysis, confirming that the mutations were 

responsib le for the insensitivity observed . 
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The AChE gene from Musca domeshca has also been cloned (Will iamson et al, 
1 992). Screening of mutations conferring insensitivity in Musca has also revealed 

that combinations of mutations, rather than a single mutation, are usually needed 

for appreciable resi stance to occur. In contrast, a single point mutation confers 

appreciable insensitivity to azinphosmethyl in Colorado potato beetle (Zhu et al 

I 996) . The mutation of serine to glycine is at the residue represent ing the first 

amino acid to form one of the a-helices of the protein and this conformational 

change might be expected to alter the catalytic binding site and thus the kinetic 

characteristics of enzyme-inhib itor interactions. 

1. 3 BIOCHEMICAL MONITORING 

In order to manage resistance successfully, it is essential to detect the presence of 

insecticide tolerance within a population at the earliest possible stage. 

B iochemical assays can be performed on individual insects, and so detect 

tolerance in a population at a much lower incidence than is possible using 

conventional bioassays . 

For biochemical monitoring to reflect correctly the resi stant status of the insects 

being investigated, it must be establi shed that the enzyme systems being 

monitored are contributing to resistance. Biochemical screening of known 

resistance mechanisms can, however, be useful for detecting potential tolerance 

in some species . Monitoring for elevated 1 -naphthyl acetate hydrolysis detected 

differences in Anopheles albimanus which was subsequently shown to be 

correlated with fenitrothion resistance (Brogden et al, 1 988) .  

Once a particular change in enzyme activity has been confirm rl as a reliable 

indicator of the incidence of resistance, biochemical monitoring can be an 

extremely powerful tool for studying resistance management .  Because of the 

high-throughput afforded by these monitoring techniques, frequency distribution 

of resistance genes can be examined in the presence of a variety of insecticides. 

Furthermore, if more than one resistance mechanism is present, the contribution 
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of each can be studied whi lst placing the insects under selection pressure using 

insecticides, allowing the bui ld-up of resistance genes in a population to be 

examined . 

This was i l lustrated in an experiment where housefly strains possessing either an 

esterase associated with resistance, or an i nsensitive AChE, or both mechanisms 

together, were placed at low frequencies into susceptible populations. Trichorfon 

was appl ied and the population numbers fell .  Using biochemical assays to detect 

the presence of the esterase and insensitive AChE, the frequency of the resistance 

markers remaining in the population could be measured to reveal the efficacy of 

each mechanism (Denholm et al, 1 992). 

1. 4 INSECTS USED IN TIDS STUDY 

Myzus persicae and Aphis gossypii are both economical ly important pests . M 

persicae, the peach-potato aphid, colonizes many agricultural and horticultural 

crops world-wide, and is the major vector of virus  yellows in sugar-beet . In 

Britain alone, the potential economic loss attributed to M persicae for damage to 

potatoes and sugar-beet in 1 986 was calculated at around $36 mil l ion (Tatchell, 

1 989). A .  gossypii, the cotton aphid, is a commercial pest of cotton in Europe and 

Asia, as well as a pest of ornamentals in temperate cl imates. 

Reproduction in both species is mostly asexual, with either alate or apterous 

females. Sexual reproduction wi l l  only occur in fairly cool cl imates, with 

avai lab i l ity the of the primary host plant of paramount importance. A migration 

to the secondary host wil l  occur in the spring and a return to the primary host in 

the autumn for egg-laying. In A .  gossypii in particular, many different species of 

plant appear to act as a primary host, perhaps reflect ing the polyphagous nature 

of the insect . 
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1 .  5 THE RESEARCH THEME 

The primary aim of this study was to establish the mechanisms of insecticide 

resistance in M. persicae and A. gossypii . The study wou ld focus on the 

involvement of esterases and insensitive acetylcholinesterase, using both 

established and novel techniques . A further aim of the study was the development 

of sensitive b iochem ical assays to dist ingu ish su scept ible and res istant ind iv idual 

aphids on the basis of the resistance mechanisms involved. This would enable 

detection of resistance genes within a population at very low frequency, and 

allow resistance measurements from conventional bioassays to be compared with 

biochemical measurements of the putative resistance mecha nisms. 



SECTION 2 

2.0 DISCUSSION 1 

2. 1 RESISTANCE MECHANISMS IN M. PERSICAE 

2.1. 1 Enhanced esterase activity 

A pos it ive correlation between res istance to insectic ides and increased esterase 

activ ity towards the mode l substrate 1-naphthyl acetate in M persicae was fir st 

reported by Needham and Sawicki ( 197 1  ). Subsequent electrophoretic studies 

revealed that this increase in activity was the result of a change in one of several 

esterases present (Beranek, 1 974; Devonshire ,  1 975). 

Resistance in  M. persicae was class ified according to the level of res istance 

revealed in bioassays as S, R l ,  R2 and R3, where S is the laboratory susceptible 

standard and R3 is an extremely resistant form, found only in glasshouses.  The 

activ ity of  an  esterase , E4, increased with resistance , and it was hypothesised 

that a series of duplications ofthe structural gene of E4 had occurred, leading to a 

doubling of the amount of the enzyme between variants of i ncreasing resi stance 
(Devonshire a nd Sawicki, 1 979) . This hypothesis pred icted that the enzyme 

would exist in  greater amounts in the resistant strains than in the susceptible 

strain, as opposed to the same amount ofa more efficient enzyme being present. 

Esterase E4 from resistant and susceptible aphids had the same catalytic 

efficiency towards model substrates, and this enzyme a lso catalysed the 

hydrolys is of paraoxon (Devonshire , 1977) . A more thorough characterisation of 

1 

Throughout this section, the author' s name in bold type (Moores) denotes inclusion of this 

reference in the List of Works. 
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the kinetics of the enzyme monitored the recovery of esterase activity after 

acylation. Direct measurement of the rate of hydrolysis of  organophosphates 

and carbamates was impractical, so an indirect method was employedt. The 

reaction mechanism to be considered is : 

k1 k2 k3 

EH + AB ◄ ► EHAB ► EA ► EH + AOH 

where EH is active enzyme, AB is the inhibitor, EHAB is a Michael is complex 

and EA is the acylated enzyme. The hydrolysis of the acylated enzyme to 

regenerate free enzyme is the rate-limiting step of the scheme. The rate constant 

(k3) of this hydrolysis measures the catalytic centre activity (CCA) of the enzyme 

for that inhibitor . 

This work revealed the enzyme to be very inefficient at hydrolysing dimethyl

and diethylphosphates and mono- or dimethylcarbamates .  However, titration of 

E4 against radio labelled insecticides revealed large amounts of the enzyme to be 

present, around 1 0  pmoles in an extremely resistant aphid, which corresponds to 

approx . 1 % of the total protein of the insect .  It is this large amount of enzyme, 

which binds and sequesters insecticidal esters, rather than its hydrolysing ability, 

which confers resistance. This is typified in cross resistance to pyrethroids where 

hydrolytic activity was only found against the ( l  S)-trans isom r of permethrin, 

the least insecticidally-active isomer (Devonshire and Moores, 1982 ; 

Devonshire and Moores, 1989). 

A modified form of E4 was found in many aphid populations from the 

Mediterranean area. This esterase variant, called FE4, differed from E4 in having 

a s lightly h igher electrophoretic mobility, and in being able to hydrolyse 1 -
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naphthyl acetate and organophosphates slightly faster (Devonshire, Moores and 

Chia- l iang, 1 983 ) .  

Having clearly establ i shed that E4 was responsib le  for res istance and that no 

other resistance mechanisms were identified in M persicae, it became critical to 

be able to characterise accurately and efficiently the relative E4 content of 

individual aphids .  Susceptible and very resi stant aphids could be separated on the 

basi s of their total esterase activ ity . Whole aphids were crushed and the combined 

activity of all the esterases present that could hydrolyse 1 -naphthy l acetate was 

measured . However, because of the background contribution of the non-E4 

esterases, dist inguishing between susceptible and slightly resi stant individual s 

was difficult . Even if the individual aphids were weighed and the final readings 

corrected to OD/mg aphid rather than OD/aphid, 1 0% of the resistance 

classifications were found to be incorrect (Sawicki et al, 1 980) .  

The second biochemical assay that was commonly employed to characteri se 

l evels of resistance, was that of polyacrylamide gel electrophoresi s (PAGE). 

Using 1 -naphthyl acetate as substrate, this technique read i ly  d ist inguished 

between susceptible (S) and sl ightly resistant aphids (R 1 ) . Difficulties arose in  

dist ingui shing between the higher resistant variants (R2 and R3 ), a s  any 

assessment of band intensity due to esterase activity was purely subjective. 

To resolve these difficulties, an immunoassay was developed that rel ied on IgG 

from an E4 antiserum binding to an immunoplate, and in turn binding E4 from 

aphid homogenates. After washing away other esterases, the E4 activity could be 

measured colorimetrical ly without any background contribution . Since the E4 

retained its l -naphthyl acetate hydrolysing abi l ity, the activity could be measured 

directly, without the need for a full enzyme-l i nked immunosorbent assay 

(ELISA). This is the only method that can unequivocally classify the resi tance 

status of an individual aphid on the basis of its E4 content . (Devonshire and 

Moores, 1 984b; Devonshire, Moores and ffrench-Constant, 1 986; Moores, 

ffrench-Constant and Devonshire, 1 989). 
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A s imp le microp late method using 1 -naphthyl acetate to measure total esterase 

activ ity cou ld character ise severa l hundred aph ids in an hour, prov id ing a robust 

and eas ily access ib le method of eva luat ing the res istance status of fie ld 

populat ions of M. persicae. However , as expected, th i s  microassay was unable to 

d ifferent iate between suscept ib le and s l ight ly res istant aph ids , whereas the 

immunoassay cou ld resolve a l l  var iants with at least 95% confidence 

(Devonsh ire, Devine and Moores, 1 992). 

These b iochemica l studies on E4 have further been re inforced by mo lecu lar 

genet ic studies on the esterase gene. Sequenc ing ana lys is has confirmed that the 

E4 esterase in suscept ib le and res istant aphids is the same, and that it is an 

amp l ification event that confers the observed to lerance to insect ic ides. These 

mo lecu lar stud ies have a lso revea led that the gene copy nu mber is not as high in 

R3 aphids as wou ld be expected from the immunoassay resu lts. Later studies 

together with crossing experiments ,  confirmed that on ly 1 2  cop ies of the E4 gene 

were present , a lthough around 60 t imes as much of the enzyme is produced . 

Revers ion is a phenomenon whereby, for example , h igh ly res istant aphids 

exhib it ing R3 amounts of esterase activ ity have progeny, asexua l ly which 

produce esterase activ ity character ist ic of suscept ib le or s l ightly res istant 

indiv iduals. Studies have shown that the E4 gene copy number in these revertants 

is no different to the R3 parent, but that DNA methylat ion is absent. It appears 

that the methylation is respons ib le for overexpress ion of the E4. It is a lso th is 

combination of ampl ification and methylat ion that accounts for the d ifferences 

observed in E4 expressed to E4 copy number (Fie ld et al, 1t996) . 
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persicae examined (Moores et al, 1988). 

2. 1 .2 Insensitive acetylcholinesterase 

As stated earlier, insensit ive AChE occurs in many pest species . Biochemicatl 

assays were ava ilab le to characterise variants in single insects but were either 

limited by the number of individuals that could be examined in a day, or by the ir 

ab i l ity to d ifferentiate heterozygotes from homozygotes. 

A new assay was developed which made use of a kinetic mi crop late reader to 

s imultaneous ly take readings from the 96 we l ls  of a microplate throughout a 10 

minute assay. AChE hydro lyse s  acetylth iocho l ine (ATCh) to relea se thiocho line 

that reacts with 5,5 -dithio -bis-2 -nitrobenzoate (DTNB) to form 2-nitro -5-

thiobenzoate, which has a characterist ic absorbance at 4 12nm (El lman et  al, 
196 1 ). This standard Ellman reaction (Fig. 3), was used to measure the AChE 

activity fro m replicate samp les of a single housefly homogenate in the absence or 

presence of d iagnostic concentrations of discr iminating insectic ides. Using thi 

technique, all six possible genotypes resu lting from the combinat ion of 

susceptible and two different res istant strains of housefly were fully resolved, 

including heterozygotes (Moores, Devonsh ire and Denholm, 1988 ) . 

Th is rap id assay was used to study AChE var iat ion in insectic ide-resistant 
popu lations of the housefly, tobacco whitefly (Bemisia tabaci), M persicae and 
A .  gossypii . Insensitive AChE variants were found in the housefly, wh itefly and 
A.  gossyp;; . No modified AChEs were found in any of several strains of M 

Since E4 is unable to hydro lyse carbamates, p ir imicarb was often chosen to 

control aphids with res istance conferred by e levated esterase . fn  some areas of 

Greece, severe problems deve loped in the contro l of aphids on tobacco p lant s .  

When the esterase activity in these aph ids was examined, it was found to be 

consistent with that expected of a field-resistant stra in (R2) .  Aph ids of R2 

resistance status would usually be controlled by pirimicarb. The AChE from th is 

populat ion was therefore studied using the kinetic microplate AChE assay 
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described previously, and was found to be insensitive to pirimicarb. A variet of 

carbamates and organophosphates were used to inhibit both the pirimicarb

sensit ive and pirimicarb- insensitive enzymes. Comparison of the IC50 values 
demonstrated that the AChE was only insensitive to pirimicarb and triazamate, 

the latter being a novel aphicide that was just being launched . Further studies 

showed that out of about 70 samples from around the world, 3 Japanese samples 

and 4 Greek samples possessed this altered AChE, and all in a heterozygous 

form. Kinetic studies revealed that the modified AChE produced a reduction in 

sensitivity compared to the sensitive enzyme, i. e. an insensitivity factor, of > 100-

fold to pirimicarb and > I 0-fold to triazamate. This correlated to an increase in 

the concentration of insecticide required to kill the resistant insects of >500-fold 

although some of this increase was due to the higher esterase activity also pre ent 

in these strains (Moores, Devine and Devonshire, 1994a) . 

The ' new' resistance mechanism in M. persicae was later found in samples from 

other parts of the globe, including Dutch glasshouses. Furthermore the modified 

AChE was found in the homozygous form for the first time in a sample from 

Argentina. Although the esterase level in this sample was still only that of a field

resistant strain, the aphids could not be killed by pirimicarb, even in laboratory 
bioassays (Moores, Devine and Devonshire, 1994b ). Although occurrence of this 

mechanism was still relatively rare, severe problems would result should aphids 

within the UK acquire this form of resistance. In response to this possibi l ity, 
routine resistance monitoring, which had previously consisted of the 

immunoassay only, now includes the AChE microplate assay, the two assays 
being performed on fractions from the same individual aphid (Moores 1995) . 
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2.2. 1 Insensitive acetylcholinesterase 

2.2 RESISTANCE MECHANISMS IN A. GOSSYP/1 

Early reports of fai lure to control Aphis gossypii on cotton came from China in 

the 1 960s, although no detai l s  of putative resi stance mechanisms were gi en. The 

first reports of pirimicarb tolerance in the U .K .  (Furk, Powel l  and Heyd 1 980) 

showed a correlation between resi stance and qual itative differences in estera e 

as shown by electrophoresis . Resistance in A.  gossypii to pesticides was recorded 

throughout many parts of the world during the 1 980s, although chemical control 

remained the main method for combatting infestations. Enhanced esterase 

activity was again cited as a mechanism for organophosphate and pyrethroid 

resi stance in this pest (Takada and Murakami, 1 988) .  Other studies suggested that 

esterases in A .  gossypii acted in a simi lar fashion to E4, sequestering significant 

amounts of the toxicant to confer resistance (Suzuki, Hama and Konno, 1 993 ) .  

Furthermore, an  insensitive AChE that gave resistance specifical ly to  pirimicarb 

had more recently been reported in laboratory susceptible and resi stant clones 

(Si lver, van Emden and Battersby, 1 995) and in conjunction with other metabol ic 

mechanisms (Delorme et al, 1 997). 

Samples ofA.  gossypii were obtained during 1 988 from those areas in Europe 

where spraying regimes were fai l ing to control pest numbers. Initial experiments, 

using a variety of insecticides, revealed that a form of AChE conferring 

insensitivity to pirimicarb was very widespread, and that another variant 

conferring insensivity to pirimicarb and some organophosphates was also present 

(Moores, unpubl i shed data. This work was carried out in conjunction with an 

industrial concern . Publ ication of the results was not permitted, but the data 

revealed widespread insensitivity to the insecticides in routin use against the 

pest) .  Diagnostic concentrations of insecticides at which the sensitive enzyme is  

inhib ited, but the insensitive enzyme remains unaffected, were determined . To 

differentiate between sensitive and insensitive AChE, a diagnostic dose of 

pirimicarb was added to a microplate assay . To differentiate between the two 

insensitive forms of the enzyme a diagnostic dose of demeton-S-methyl was 
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added. Since on ly one of the pirimicarb-in sen sitive variants a lso possesses 

in sensitivity to demeton-S-methyl, the use of two in secticides allowed 

differentiation between the three forms of the enzyme (Moores et al, 1 988) .  

Three standard A.gossypii clones were used for further studies of  the AChE 

variants; one ( 1 7 1 B) was a susceptible clone, the second ( 1 08 1  K) showed high 

resi stance to pirimicarb and triazamate, and a third (968E) showed high 

resi stance to several carbamates and organophosphates. Km and k, of the AChEs 

from the three clones, purified by use of a procainamide co lumn, were 

determined by enzyme kinetic studies. These resu lts showed that the enzyme 

present in 1 08 1 K  was the same pirimicarb-in sen sitive form as that found 

previously (Si lver, 1 984). It had an in sensitivity factor to pirimicarb of more than 

300-fold, but had a lower substrate affinity. The AChE in 968E, however, was a 

nove l in sensitive variant, conferring not only in sensitivity to pirimicarb and 

triazamate, but also to a variety of organophosphates .  This variant was found to 

have an even greater affinity to acetylcholine than the susceptib le form. The 

in sensitivity factor to pirimicarb was increased to around 4500-fold ,  and there 

was significant insensitivity to demeton-S-methyl (80-fo ld)  and omethoate ( 1 50-

fold) (Moores et al, 1996a). 

Having discovered these three variant s, with their differing in sensitivity profile s, 

the AChE microplate assay was used with the diagnostic concentrations of 

pirimicarb and demeton-S-methyl to characteri se A. gossypii population s from 

China. This confirmed that some of the c lone s reared from the China strain 

po ssessed yet another biochemical ly distinct form of the enzyme (Moores et al, 

1996b). 
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from regions around the world. 

2.2.2 Enhanced esterase activity 

The insensitive AChEs found in resi stant strains ofA.  gossypii were undoubted! 

conferring resi stance, as they were the target-site for the insecticides used and as 

such any insensitivity must confer resi stance. However, the past literature 

contained so many references to enhanced esterase activity ( as opposed to AChE 

insensitivity) being associated with resi stance in  A. gossypii, that the need to 

investigate this metabol ic mechanism further was considered essential for a ful ler 

understanding of the systems involved . 

PAGE studies on the three standard clones described earl ier, revealed three 

different esterase banding patterns, each with an esterase or group of esterases of 

a sl ightly  d ifferent mobi l ity .  The esterase bands found in 1 7 1 B  showed the 

highest mobi l ity and were as i ntense after staining as those in  1 08 I K . This 

impl ied that the resi stance seen in 1 08 1  K compared with the susceptib le strain 

was not due to enhanced esterase activity. The esterase i n  968E had the lowest 

mobi l ity and was much more i ntense than those found in  the other two standard 

clones .  To resolve the problem of whether the increased esterase act ivity was also 

conferring resistance, or whether the observed resi stance in the 968E strain was 

solely due to the insensitive AChE, populations of A. gossypii were obtained 

Prel iminary screening of esterase mob i l ity and esterase activity in these 

populat ions, together with AChE sensitivity, was carried out . Clones containing 

either the insensitive AChE in  isolation, or the high esterase activity in i solation 

or containing both these mechanisms together, were obtained . From these clones 

it was possible to estab l i sh that the presence of insensit ive A hE was essential 

for any measurable  resi stance to organophosphates or carbamates to occur. 

However, if the AChE variant found in 1 08 1  K, conferring insensit ivity to only 

pirimicarb and triazamate, was found together with the high ly enhanced esterase, 

resi stance to organophosphates was al so conferred . If high esterase activity wa 

present with a sensitive AChE, then no measurable resistance to any inhibitor was 
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detected (Han et al, 1 997). Resi stance to permethrin was not correlated to either 

esterase activity or mobi l ity, and i s  probably due to target-site insensiti it (kdr) . 

2.3 CONCLUSIONS 

When a novel resistant genotype arises, or when a known resi stant genotype 

occurs in a new species or location, it is important that it is detected as earl a 

possible .  This wi l l  al low the implementation of appropriate management tactic 

i n  order to min imise damage to crops. It is desirable that the methodology used 

for monitoring resistance allows measurements to be made on individual insects 

and i s  able to dist inguish between resi stant heterozygotes and homozygotes. The 

papers submitted as part of this thesi s have both ident ified mechanisms of 

resistance, so advancing underly ing knowledge of aphid tolerance, and pro ided 

techniques that allow fulfilment of the monitoring object ives . 

In M persicae, enhanced esterase activity confers resistance primari ly b 

sequestering pesticide molecules . The importance of this finding, and the 

mechanism by which it occurs, has been acknowledged by other workers in the 

field (Soderlund, 1 997). The immunoassay, developed as part of this work, 

provides the only unequivocal method for quantifying esterase E4 level s in  

individual aphids .  

Recently, insensitive AChE has also been found i n  M persicae conferring high 

resi stance to pirimicarb and triazamate, two of the insecticides least affected b 

high levels of E4 . I n  Aphis gossypii, both target-site and metabol ic resi stance 

mechanisms have been identified, and the consequences of their interactions in  

conferring resi stance have been elucidated . 

The microtitre plate assays, developed to monitor resistance mechanisms in  both 

aphid species, forewarn of impending resi stance problems and assist with 

implement ing insect control regimes before high crop losses have occurred . The 

presence of insensitive AChE in a field population of M persicae effectively 

precludes the use of pirimicarb on the crop .  Application of pir imicarb in  these 
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circumstances would not only prove ineffective but increases the l ikel ihood of 

this resistance mechanism becoming more widespread . 

Future work wi l l  investigate the relationship between AChE structure at the 

molecu lar level and resi stance. The mutations in the AChE gene responsib le  for 

differing insensit ivity profiles will be determined, with a view to characterising 

structural modifications to pesticide molecules that may overcome these 

mutations. 
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