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ABSTRACT 

A laboratory selected strain of Heliothis virescens demonstrating a 400-

fold resistance to permethrin exhibited no differences in penetration and only a 

slight enhancement of metabolism when compared with a susceptible strain. 

Synergism with piperonyl butoxide and DEF produced similar synergist ratios for 

the resistant and susceptible strains, but the resistant strain showed a much 

larger synergist difference. Thin layer chromatography of extracts from larvae 

dosed with 14C-labelled permethrin demonstrated a small increase in metabolism 

of the cis-isomer by the resistant strain, but no differences in metabolism of the 

trans-isomer. The synergism study and the 14C-labelled permethrin experiment 

both indicate that there is a small increase in metabolism of permethrin in the 

resistant strain, but not enough to account for the greatly increased LD60 value. 

Cross-resistance to DDT indicated that target site insensitivity may play a major 

role in resistance to pyrethroids in this strain. 



INTRODUCTION 

11 

Resistance 

Resistance of insect pests to insecticides has resulted in a tremendous 

cost to humanity in terms of increased loss of crops, diseases transmitted by 

resistant vectors, and environmental contamination and health hazards from 

increased use of insecticides. The financial costs, both direct and indirect, have 

also been extremely high. 

Georghiou (1986) reported that more than 447 species of arthropods had 

developed resistance to insecticides. The standard method for countering 

resistance has been to substitute alternative chemicals which were unaffected by 

cross-resistances. In many cases, the available chemicals have virtually been 

depleted, and discovery of new insecticides is hindered by the problem of cross 

resistance (Georghiou and Mellon, 1983). This realization has emphasized the 

necessity of prolonging the useful life of existing insecticides for as long as 

possible. Research into resistance has increased dramatically over the past 

decade in an attempt to learn as much as possible about the mechanisms involved 

and the process of selection for resistance, in the hope of finding ways to delay, 

prevent, or counteract it (Georghiou and Taylor, 1986). 

Different species of pests seem to have varying abilities to develop 

resistance, with some insects rapidly developing resistance to many chemicals, 

while others show no sign of resistance even after many years of heavy 

selection. For example, while the com borer was intensively selected in the 

field with DDT [l,l,l-trichloro-2,2-bis(4-chlorophenyl)ethane] without developing 

resistance, houseflies (Musca domestical developed resistance in a fairly short 

time (Georghiou and Taylor, 1986). The tobacco budworm, Heliothis virescens 



(F.) (Lepidoptera: Noctuidae) has also demonstrated the ability to rapidly develop 

resistance to many insecticides in several major classes, and so was chosen for 

this study of the mechanisms of resistance to pyrethroids. 

The Tobacco Budworm 

Description and Life History 

The family Noctuidae contains a large number of species which are pests 

on agricultural crops, including several members of the genus Heliothis. 

Heliothis virescens (F.), the tobacco budworm (TBW), in addition to being a 

problem on tobacco, is an important late season pest on cotton in parts of the 

United States, including Arizona. The cotton bollworm, Heliothis zea (Boddie) 

shares this niche, as well as being an important pest of sweet corn, tomatoes, 

and several other crops (Davidson and Lyon, 1979). 

The eggs of the TBW are laid singly on the terminals of cotton plants. 

These eggs are yellowish white when laid, develop a' brown band near the top as 

they mature, and turn dark just prior to hatching. Eggs have 10-12 ridges which 

extend from the bottom to the top and stop short of the micropyle. This 

contrasts with the bollworm, which has more ridges (12-15), at least some of 

which reach the micropyle (Werner et al., 1979). At constant temperatures, egg 

developmental time ranges from 2.3 days at 32°C to 16.1 days at 11°C (Butler 

and Hamilton, 1976), with hatching usually occurring in approximately three days 

under field and laboratory conditions. 

Newly-hatched larvae feed on terminal leaves and pinhead squares for 

2-3 days before molting. Second instar larvae move to squares and blossoms to 

feed, and later instars feed mostly on large squares and green bolls. There are 

five or six larval instars before the larvae burrow into the soil to pupate 



five or six larval instars before the larvae burrow into the soil to pupate 

(Werner §£ al., 1979). Larval development takes from 56 days at 11°C to 11 

days at 34°C (Butler and Hamilton, 1976). Young larvae are yellowish or reddish, 

with black bumps, or pinnaculae, on the body. Later instars vary greatly in 

color, ranging from pale green to bright pink to dark brown and white. Third 

instar or older larvae have many small spines on the integument, which extend 

up onto the pinnaculae on the first, second and eighth abdominal segments. This 

differs from the smooth, spineless pinnaculae found on the bollworm. Another 

character which distinguishes the larvae of the bollworm and budworm, is the 

tooth-like process on the inner surface of the mandibles of TBW, which is 

lacking in the bollworm (Werner et gl., 1979). 

Following a pupal stage of 49 to 9 days in duration (as the temperature 

progresses from 18 to 34°C), adult moths emerge (Butler and Hamilton, 1976). 

Adults have three oblique dark bands on the forewings, and vary in color from a 

bright olive green to reddish brown. Adult bollworms lack stripes on the wings. 

Adult females may lay up to 3,000 eggs on host plants after a three day 

preoviposition period. 

The entire life cycle may take as little as 25 days in midsummer in 

Arizona, although temperatures of 36°C or greater may retard the development 

or increase mortality (Butler and Hamilton, 1976). There may be six to eight 

generations in a season, with several of them on cotton. Overwintering occurs 

in the soil, during the pupal stage (Werner et ai., 1979). 

Insecticide Tolerance 

The tobacco budworm was first recognized as a pest of cotton in the 

United States by Folsom, (1936), although it had previously been reported on 



cotton in the Virgin Isles (Wilson, 1923) [See Hambleton, 1944]. It had been 

largely overlooked before then due to its similarity to the bollworm, and neither 

had been studied intensively as they were not considered major pests. In the 

following years, both H. virescens and H. zea have become much more serious 

pests. This change in status can be largely attributed to the use of insecticides, 

which kills the natural enemies of these insects, and to the development of 

resistance to insecticides. The TBW has developed resistance to every insecticide 

used extensively against it so far (Adkisson, 1968; Plapp, 1971; Plapp, 1972), and 

has generally exhibited a greater tolerance of insecticides than has the bollworm 

(Plapp, 1971; Bigley and Plapp, 1978). 

McPherson et gh, (1956) reported that TBW were more tolerant of DDT 

and a BHC (1,2,3,4,5,6-hexachloro-cyclohexane), DDT, sulfur mixture than were 

bollworms. This study also demonstrated that later instars were harder to kill. 

In a concurrent study, Gast et ai. (1956) also reported that TBW were more DDT 

tolerant than bollworms. Leonard et ai. (1987) demonstrated that TBW were 

more tolerant of organophosphates and carbamates than were bollworms, but 

found both to be equally susceptible to pyrethroids. The higher tolerance of 

many insecticides observed in the TBW is probably due to the higher levels of 

detoxifying enzyme activity found in this species as compared to the bollworm 

(Bigley and Plapp, 1978). 

The first reported case of resistance in the TBW was by Brazzel (1963). 

In the investigation of a suspected case of DDT resistant bollworms, it was 

discovered that the insects involved were actually TBW. In the same year, high 

levels of resistance to endrin [(lR,4S,4aS,5S,7R,8R,8aR)-l,2,3,4,10,10-hexachloro-

l,4,4a,5,6,7,8,8a-octahydro-6,7-epoxy-l,4:5,8-dimethano-naphthalene] and DDT were 

found in TBW in Louisiana fields (Graves et a].., 1963), and Pate and Brazzel 



(1964) reported high levels of resistance to DDT in Mississippi in 1964. Adkisson 

(1967) performed several studies following the development of resistance in TBW 

to toxaphene (a reaction mixture of chlorinated camphenes containing 67-69% 

chlorine) or Strobane (heptachloro-2,2-dimethyl-3-methylenenorbornane) + DDT. 

In the period from 1963 to 1965, he demonstrated a six fold increase in tolerance 

of toxaphene/DDT, and a 22 fold increase for Strobane + DDT, as indicated by 

the LD50 values. 

As new insecticides were brought into use, it was discovered that DDT 

resistant insects were sometimes more tolerant to them than were susceptible 

insects. Adkisson (1968) monitored the levels of tolerance of TBW to endrin and 

carbaryl (1-napthyl methylcarbamate) in Texas over the period from 1961 to 1965, 

during which very little of these chemicals was used in the fields. Over a 200 

fold increase in tolerance to endrin, and an approximately 180 fold increase in 

tolerance to carbaryl were observed. It was concluded that this was due to 

cross-resistance to DDT or toxaphene + DDT. This finding implies that even 

totally new insecticides may be handicapped in their effectiveness by previously 

developed mechanisms of resistance. 

As DDT became less effective against cotton insects due to the 

development of resistance, other insecticides were introduced for use on cotton. 

Organophosphate insecticides were the next widely used group, with methyl 

parathion (O.O-dimethyl 0-[p-nitrophenyl] phosphorothioate) being the most 

heavily used of these on cotton. In anticipation of the development of 

resistance to methyl parathion, experimentation was initiated to explore the 

development of resistance under laboratory selection. Carter and Phillips (1968) 

performed a laboratory selection of bollworms with methyl parathion, in which an 



8 to 10 fold increase in tolerance was observed over the course of 10 

generations. 

The first cases of field resistance to organophosphates were reported 

within a relatively short time. Nemec and Adkisson (1969) described early 

indications that TBW were developing resistance to organophosphates, and in 

1970, Wolfenbarger and McGarr reported the buildup of resistance to methyl 

parathion and monocrotophos (dimethyl phosphate ester with 

[E]-3-hydroxy-N-methylcrotonamide) by TBW in Texas. A comparison of TBW 

from parts of Nicaragua, Mexico and Texas demonstrated a 45-fold resistance to 

methyl parathion in the Nicaraguan strain, while the other strains were 

determined to be susceptible (Wolfenbarger et a].., 1971). However two years 

later, when a follow-up study was done, increased levels of resistance were 

found in Texas and Mexico (Wolfenbarger et aj., 1973). 

More recently, in California, Twine and Reynolds (1980) monitored the 

development of a 13.7-fold resistance to methyl parathion in field populations of 

TBW. A year earlier, Crowder et al. (1979) reported high levels of methyl 

parathion resistance in TBW from Arizona cotton fields. 

As the resistance to methyl parathion and other organophosphate 

insecticides became more prominent, a new class of insecticides was being 

intensely studied, and new compounds being developed. The synthetic 

pyrethroids were developed following the elucidation in 1947 of the structure of 

the chemical pyrethrum, a naturally occurring insecticide found in chrysanthemum 

(Pvrethrum cinerariaefolium^ flowers (Elliott 1977). The six components of 

pyrethrum were then used as a model from which synthetic compounds could be 

built. The early synthetic pyrethroids, like the natural compounds, had the 

disadvantage of being very photolabile. By 1973, new compounds which retained 



the favorable characteristics of the natural esters, but were more photostable, 

had been developed. Even prior to this, Cantu and Wolfenbarger (1970) 

recognized the potential of pyrethroids on cotton insects, and recommended 

further investigation into the possibility of replacing methyl parathion with them. 

These new chemicals have been a great boon to farmers since their introduction 

for agricultural use in 1977, as they have proven to be highly effective against 

many insects such as the TBW, which were resistant to other insecticides. 

The fear that TBWs would develop resistance to synthetic pyrethroids 

has prompted a great deal of research. Several studies have demonstrated that 

resistance to pyrethroid insecticides can be rapidly induced by selection of 

laboratory strains of Heliothis (Crowder et al.., 1984; Gunning et gl., 1984; Brown 

and Payne, 1988). 

Differences in susceptibility between field-collected and laboratory reared 

strains of TBW had already been observed as early as 1977 (Davis et a!., 1977, 

Harding et al., 1977). In 1979, Crowder et ah reported low level cross-resistance 

or tolerance to pyrethroids in TBW already highly resistant to methyl parathion. 

In California, over the period from 1975 through 1978, TBW were monitored for 

levels of susceptibility to methyl parathion, cis-permethrin and fenvalerate [(RS)-

alpha-cyano-3-phenoxybenzyl (RS)-2-(4-chlorophenyl)-3-methylbutyrate]. At the 

conclusion of this period, resistance levels as high as 9.8, 13.7 and 8.5-fold, 

respectively, were recorded (Twine and Reynolds, 1980). A study in the Imperial 

Valley, California, demonstrated a continuation of this trend of increasing 

resistance (Martinez-Carrillo and Reynolds, 1983). Payne fil al. (1985) similarly 

noted an increased tolerance of pyrethroids in TBW in South Carolina. 

A survey of the experiments monitoring susceptibilities of IL virescens 

populations to permethrin [3-phenoxy-benzyl(lRS)-cis-trans-3-(2,2-dichlorovinyl)-



2,2-dimethylcyclo-propanecarboxylate] during the period from 1979 to 1983 did 

not demonstrate any increase in resistance or indicate that such a development 

was imminent (Staetz 1985). This study incorporated the results of several 

studies already mentioned, as well as those from other parts of the country. In 

several instances, the interpretation of the results differed from those of the 

original authors. Increased tolerance levels were attributed to natural variation in 

field populations or to the use of invalid baseline values, rather than to 

developing resistance. According to Staetz's analysis, the levels of susceptibility 

of field populations to permethrin appeared to have stabilized, especially with 

respect to the LD90's. In general, the susceptibility levels of southeastern 

populations are greater than those of their southwestern counterparts, but even 

these more tolerant populations could not be considered resistant. Normally, a 

strain is considered to be resistant only when the original recommended field 

rate required to control the insect is no longer effective. The first report of 

field control failure associated with high LD50's for pyrethroids on TBW, was 

made by Plapp and Campanhola (1986) in Texas. More recently, Luttrell et ai 

(1987) reported resistance to pyrethroids in TBW strains from Mississippi. 

Following control failures with pyrethroids, collections of TBW from cotton and 

soybeans were made, and bioassays with fenvalerate and cypermethrin [(RS)-

alpha-cyano-3-phenoxy benzyl (lRS)-cis-trans-3-(2.2-dichlorovinvO-l .1 -

dimethylcyclopropanecarboxylate] were conducted. LDB0 values obtained were 5-

to 15-fold greater for fenvalerate and 18- to 23-fold greater for cypermethrin 

when compared to a susceptible lab strain. 

Leonard et ai. (1987) observed moderate levels of resistance to 

fenvalerate and permethrin in TBW collected from various areas in the cotton 

belt, with generally higher tolerance occurring in the Southwest (Texas and 



Arizona). Plapp §1 &L (1987) monitored TBW populations in Texas for resistance 

to cypermethrin, and found that there were fairly large numbers of resistant 

individuals present late in the season. They also obtained evidence for 

resistance developing in many other areas in the cotton belt. Allen et ai. (1987) 

have similarly demonstrated resistance associated with field failures of 

pyrethroids in Texas. Staetz (1987) in a beltwide survey of field populations for 

resistance to cypermethrin found no consistent decrease in susceptibility, but did 

observe large seasonal and spatial variation. This seasonal variation might 

account for some of the resistance seen by Plapp et ah (1987) in late season 

TBW in Texas. 

Following the field failures and detection of resistant TBW in Texas in 

1986, a state wide resistance- management program was put into effect, and 

monitoring programs throughout the cotton belt were conducted. Perhaps due to 

compliance with the recommended resistance management tactics, resistance 

levels did not worsen, and even declined in some areas (Riley, 1988). The 

expected widespread field control failures did not materialize during 1987, 

although some local control problems did arise. 

On a worldwide scale, the first documented case of resistance to 

pyrethroids in a species of Heliothis occurred in Australia in the 1982-1983 

season (Jackson, 1988). Two species of bollworm, Heliothis armieera and H. 

punctiaera are pests on cotton in Australia. After 5 1/2 seasons of extensive 

use of pyrethroids, there were sudden field failures, caused by resistance in H. 

armieera. These insects were cross-resistant to several pyrethroids tested, and 

under laboratory selection with fenvalerate, the resistance rapidly increased from 

about 20-fold to 50-fold (Gunning et ah, 1984). Subsequent studies on the 



genetics of this R strain demonstrated the resistance to be incompletely 

dominant, and autosomal (Gunning and Easton, 1987). 

A resistance management strategy was developed and implemented by the 

following season. This strategy, which allowed minimal use of pyrethroids only 

during peak squaring and boll production rather than more extensive use 

throughout the season, has greatly slowed the buildup of resistance, while 

allowing adequate control of pests. 

In 1984, resistance to pyrethroids in H. armieera was documented in 

Thailand (Jackson, 1988). Here, management practices may not be easily 

implemented, but growers will simply stop growing cotton if the situation gets 

too bad. Failures of pyrethroids to control H. armieera also occurred in Turkey 

in 1984. The Turkish government banned importation of pyrethroids for use on 

cotton, a drastic but effective way to stop selection for resistance to pyrethroids 

(Jackson, 1988). 

Countermeasures for Insecticide Resistance 

Since resistance to pyrethroids in TBW and other insect pests has 

already been demonstrated to be a real threat, it is important to develop and 

implement management strategies where resistance already exists, and 

prophylactic measures where it has not yet developed. Since pyrethroids are 

such a valuable resource, and their loss would be tragic for both their consumers 

and producers, an unprecedented cooperative effort has been started among the 

companies which make pyrethroid insecticides. This pyrethroid efficacy group 

(PEG) is conducting or sponsoring worldwide monitoring and research into ways 

of preventing or counteracting resistance (Jackson, 1988). Educating the users 



of pyrethroids in resistance management strategies is another important function 

of this group. 

Whenever possible, totally avoiding or minimizing the use of pyrethroids 

is the best way to prevent or counteract resistance. In Australia, the 

management strategy, which greatly restricts the use of pyrethroids has so far 

met with success (Jackson, 1988). Resistance, if it has not progressed too far, 

will usually revert back to susceptibility fairly quickly when selection pressure is 

relaxed, but this happens to a much lesser extent following repeated bouts of 

selection (Brown, 1981). Thus even seemingly effective management techniques 

such as the one in Australia, which allow some use of pyrethroids may ultimately 

fail. In fact, the resistance levels there have been slowly rising over the past 

few years, although control has been maintained (Jackson, 1988). 

Efficient and reliable biochemical tests are needed to screen for early 

signs of resistance and indicate the mechanisms of resistance involved. 

Establishing thresholds of resistance at which a switch to a new chemical should 

be made, and developing a world wide data bank on strategies to delay or avoid 

resistance, should be priorities (Georghiou and Mellon, 1983). Timing applications 

to avoid selection of successive generations, alternating types of insecticides 

used to relax selection pressure for specific mechanisms of resistance, and 

treating only limited areas with pyrethroids so that susceptible individuals will be 

able to migrate in and dilute any resistant populations, would all be helpful ways 

of managing insecticide use (Brown, 1981; Georghiou and Taylor, 1986). 

Applications of combinations of chemicals have also been used with limited 

success in avoiding resistance in the past (Brown, 1981). Chlordimeform used in 

combination with permethrin has been shown to greatly retard the development 

of resistance in a laboratory study with TBW (Crowder et gl. 1984). 



In the battle against resistance, it is important to understand as much 

as possible about how and why resistance develops, in order to know how to 

prevent or counteract it. A great deal is known about metabolic resistance to 

other classes of insecticides in the TBW, but relatively little is known about its 

role in pyrethroid resistance. Knowledge about the other mechanisms of 

resistance to pyrethroids is also incomplete. A better understanding of the sites 

of action and the methods of detoxication is essential when devising systems to 

slow the development of resistance to specific chemicals (Hammock and 

Soderlund, 1986). Finally, more information about the genetics and inheritance 

of resistance could be invaluable in planning management tactics, and could also 

be used in screening for resistance (Plapp and Wang, 1983; Tsukamoto, 1983). 

Mode of Action of Pyrethroids in Insects 

While the exact mode of action of pyrethroids has not yet been 

elucidated, they are known to be neurotoxic to insects, as are DDT and its 

analogs. Pyrethroids have been demonstrated to act both on the central and 

peripheral nervous system, and it is difficult to determine which of these sites 

might be more important in toxicity. Also like DDT, pyrethroids have a negative 

temperature coefficient, which means that they are more toxic at lower 

temperatures. Another factor which indicates similarities in the mode of action 

of DDT and pyrethroids is that cross-resistance is often found between the two. 

This cross-resistance generally involves the knockdown resistance factor (kdr), 

which seems to make the insect's nervous system insensitive to the actions of 

these insecticides (Miller and Adams 1982). 

Chang and Plapp (1983a, 1983b) identified a possible common site of 

action of DDT and synthetic pyrethroids in houseflies. They found what appears 



to be a receptor protein located in nerve membranes, which has a high affinity 

for both DDT and pyrethroids. Binding of the insecticides with these receptors 

may influence sodium gates in the nerve membrane, destroying the proper ion 

balance, and thus the functioning of the nerve. 

The structural conformation of pyrethroid insecticides has been shown to 

be critical for their insecticidal activity, with one optically pure isomer often 

having much greater activity than its enantiomer (Miller and Adams 1982). This 

differential activity of enantiomers could be the result of selective penetration, 

transport and/or metabolism, or different binding and action in the nervous 

system. These factors were explored by Soderlund (1979), who studied the 

pharmacokinetic behavior of an insecticidally active and an inactive enantiomer 

of a pyrethroid insecticide. The results of the examination of metabolism and 

penetration did not demonstrate any significant difference in the pharmaco

kinetics of the two enantiomers to account for the difference in insecticidal 

activity. It was concluded that the site of pyrethroid action in Periolaneta 

americana is stereospecific. Generally, in esters of cyclopropane carboxylic 

acids, the (1R) configuration is much more active than (IS), regardless of 

whether the molecule is cis or trans (Elliott 1977). This observation was 

supported by bioassays utilizing isomers of decamethrin (deltamethrin) [(S)-

alpha-cyano-3-phenoxybenzyl (lR)-cis-3-(2,2-dibromovinyI)-2,2-dimethylcyclo-

propanecarboxylate] on nerve and muscle preparations, in which the (lS)-isomers 

were shown to have less activity than the (lR)-isomer in vitro (Miller et al., 

1983). 

The toxic actions of pyrethroid insecticides have been divided into two 

classes (Types I and II), distinguished by the symptomology they produce. Type 

I compounds cause repetitive discharges following a single stimulus, and produce 



the symptoms of restlessness, incoordination, hyperactivity, prostration, and 

paralysis (Gammon §t a!., 1981; Scott and Matsumura, 1983). Included in this 

class are pyrethrins, allethrin [(lRS)-3-allyl-2-methyl-4-oxocyclopent-2-enyl(lRS)-

cis-trans-2.2-dimethvl-3-(2-methvlprop-1 -etivllcvclooropane carboxylate], and many 

of the other early synthetic pyrethroids. Type II compounds include most of the 

newer pyrethroids which contain the alpha-cyano group. These compounds do 

not induce repetitive nerve firing, and their symptomology is different, including 

a convulsive phase (Gammon et gl. 1981; Scott and Matsumura, 1983). A few of 

the pyrethroids, such as permethrin and fenvalerate have been shown to exhibit 

both types of actions (Scott and Matsumura, 1983). Earlier, Clements and May 

(1977) demonstrated four types of action of pyrethroid insecticides on the 

peripheral nervous system of the locust, Schistocerca greearia (Forskal). These 

included 1) prolonged firing of the crural nerve without associated muscle 

contractions, 2) repetitive-after discharges with associated muscle contractions, 

3) sustained muscle contractions, and 4) blockage of neurally evoked 

contractions. Actions 1 and 3 were associated with the compounds containing 

the alpha-cyano group, later to be put in the Type II category. ' 

While studying a strain of Spodootera littoralis resistant to permethrin 

but not to cypermethrin, Gammon (1980) discovered possible differences in the 

site of action of these pyrethroids. Permethrin had an excitatory effect on the 

CNS, which was not found with cypermethrin. The CNS appeared to be a site of 

resistance to permethrin in this strain, and the difference between the 2 

chemicals in action on the CNS was a possible explanation for the lack of cross-

resistance. Further investigations would be needed to confirm this, but these 

findings indicate that the 2 types of pyrethroids might not show cross-resistance 

whenever certain types of target-site insensitivity are involved. 



Gerolt (1983) has proposed a new hypothesis for the mode of action of 

insecticides in general. According to this hypothesis, insecticides from the 

groups considered to be "nerve poisons", induce the extrusion of fluid from the 

insect's body via the cuticle, which ultimately results in death from dehydration. 

Water loss may also alter the integument's permeability to respiratory gases, 

adversely affecting the insect's metabolism. While it is an intriguing idea, this 

hypothesis will require much more investigation before it can be accepted. At 

most, it may provide only a partial explanation of the MOA of insecticides, since 

other mechanisms have been quite conclusively demonstrated in some cases. 

Mechanisms of Resistance to Insecticides 

The definition of resistance includes the stipulation that the decreased 

susceptibility to a substance must be heritable in order to be considered 

resistance. This implies that there must be some genetic factor controlling the 

character responsible for resistance. Rather than the unlikely possibility that a 

mutation would produce a "resistant" gene subsequent to the initiation of 

insecticide use, it is believed that such genes are often present at low levels in 

a population as a part of the gene pool, and increase in frequency in response to 

insecticidal pressure. 

Resistance can come about through any process or combination of 

processes that reduces the amount of toxic material that reaches the site of 

action or lowers the sensitivity of the vulnerable site to the toxic agent 

(Matsumura 1983). Both physiological and behavioral modifications may bring 

about resistance, but only the physiological mechanisms of resistance will be 

considered here. 



Target Site Insensitivity and Knockdown Resistance 

An organism can become resistant to an insecticide due to some 

modification in the normal site of action of the insecticide. Through an 

interference with binding, or some other mechanism, the insecticide is prevented 

from following its normal course of action. 

Reduced sensitivity of acetylcholinesterase (AChE) to both 

organophosphate (OP) and carbamate insecticides has been found to be related to 

resistance in a number of insects and mites. The first reported case of reduced 

sensitivity of AChE was in resistant spider mites, Tetranvchus urticae (Smissaert, 

1964). The AChE of these mites was about one-third as active as that of 

susceptible mites, but was also much less sensitive to inhibition by paraoxon and 

diazinon (0,0-diethyl 0-2-isopropyl-6-methylpyrimidin-4-yl phosphorothioate). 

Since then, other resistant mites, ticks, and insects such as Musca domestica and 

Anopheles albimanus. have been reported to have reduced AChE sensitivity 

(Hama, 1983). Generally, in cases where insects were found to be highly 

resistant to OP's but did not display cross-resistance to carbamate insecticides, 

insensitive AChE was not found to be an important mechanism of resistance. 

However in most cases where insects are highly resistant to both OPs and 

carbamates, the AChE is found to have greatly reduced sensitivity (Hama, 1983). 

A number of insecticides including the chlorinated hydrocarbons and the 

pyrethroids are believed to act directly on the nervous system. A decreased 

sensitivity of the nervous system is responsible for resistance to these 

insecticides in many of the R strains which have been studied. Resistance of 

several strains of house flies to DDT, BHC, dieldrin (l,2,3,4,10,10-hexachloro-6,7-

epoxy-1.4.4a.5.6.7.8.8a-octahvdro-endo-1,4-exo-5,8-dimethanonaphthalene), and 

pyrethroids has been attributed to target site insensitivity (Narahashi, 1983). In 



houseflies, target site insensitivity to DDT and pyrethroids is normally termed 

knockdown resistance (kdr), since houseflies possessing this type of resistance 

are not rapidly knocked down when exposed to these insecticides as are 

susceptible houseflies. This term has subsequently been applied to other species, 

even though intoxicated susceptible individuals may not demonstrate a typical 

knockdown response. 

Knockdown resistance usually produces cross resistance between DDT and 

pyrethroids. This points toward a common site and possibly a common mode of 

action for these two types of insecticides. Chang and Plapp (1983a) identified a 

receptor protein in nerve membranes which may be their common site of action. 

They subsequently demonstrated that resistant houseflies had fewer of these 

receptors than did susceptible. flies (Chang and Plapp, 1983b). This provided 

strong evidence that DDT and pyrethroids do share a common site and mode of 

action, and that the kdr gene does in fact produce a real change in the target 

site. Plapp (1984) also found a similar binding site for these two insecticides in 

adult TBW. Resistant TBW were not examined, but it is likely that if these 

findings are correct, target site insensitivity in TBW may also be due to a 

decrease in the number of receptor sites. 

While the terms target site insensitivity or kdr were not applied to the 

resistance to permethrin present in a strain of Spodootera littoralis examined by 

Gammon (1980), decreased sensitivity of the CNS to permethrin was demonstrated 

in vitro. The R strain took significantly longer to initiate repetitive firing in 

the abdominal nerve cord than did the S strain. The discharges and the 

resistance decreased as the temperature was reduced. Lowering the calcium level 

in the saline containing the R nerve cord also had the effect of reducing the 

latent period before repetitive firing, to a level comparable to that of the S 



nerve cords in normal saline. The possibility of increased calcium levels in R 

insects was not explored further, but if present, could be related to target site 

insensitivity in some cases of pyrethroid resistance. 

Transport and Storage 

Another factor which has often been overlooked, but which may play a 

major role in resistance is the transport and storage of insecticides by body fat 

and, hemolymph lipoproteins. In 1954, the idea was proposed that lipids in the 

insect's body store the insecticides, holding them away from the site of action 

(Munson et aj., 1954). This idea evolved from their observations that American 

cockroaches with a higher percentage of unsaturated fat in the body were less 

susceptible to DDT. Other • investigators have since shown that many more 

factors are involved in this resistance, and lipids often play only a minor role. 

Quantity and type of lipids present may have been linked to the differences in 

tolerance to insecticides between the TBW and the bollworm, and possibly also to 

differences between the different instars of these insects (Moore and Taft, 1969). 

Subsequent studies have also demonstrated metabolic differences between the 2 

species, but have not ruled out a role for the lipid differences (Bigley and Plapp, 

1978). 

Sanchez and Sherman (1966) described a case of latent toxicity in larval 

houseflies resistant to DDT. These insects would survive exposure to large doses 

of DDT as larvae, but die when they differentiated into adults (the adult stage 

was not as resistant). This phenomenon occurred due to the storage of DDT in 

the larval fat body, and subsequent release of the DDT when the fat body was 

broken down during differentiation. The storage in the fat body combined with 

decreased penetration, allowed the increased metabolism in the R larvae to 



handle large quantities of DDT. Given sufficient time before pupation, the 

larvae would metabolize enough DDT to avoid the toxic effect on the adult. 

Hemolymph lipoproteins have been demonstrated to bind to insecticides such 

as dieldrin and DDT, greatly increasing the insecticide's solubility in hemolymph, 

and transporting the insecticide through the insect (Olson, 1973; Winter et ah, 

1975). While this may result in transport to the site of action, and thus 

increase toxicity, it is possible that much of the insecticide would be sequestered 

in the fat body along with the lipoproteins. If the level of lipoproteins were 

raised, or if they bound insecticides more strongly, they might contribute to 

resistance. 

Decreased Penetration 

The insect cuticle is designed in a way that makes it an effective barrier 

to the penetration of many substances. One of its primary functions in 

terrestrial insects is as a barrier to water loss, without which the insect would 

quickly become dehydrated. With the advent of the use of insecticides by 

humans, the cuticle has assumed a new function as a partial barrier against the 

penetration of these toxic chemicals. Since the insect cuticle normally only 

slows entry of the insecticides, any alterations that would further slow 

penetration to the site of action would serve as a mechanism of resistance. 

Penetration through the cuticle is generally considered to be the mode of 

entry of contact insecticides, and there have been a number of studies exploring 

mechanisms and factors influencing this penetration. Permeability is often 

considered simply as a process of diffusion through the cuticle, possibly involving 

transport through pore canals and dermal glands. Lipid and protein content of 

the cuticle have also been implicated in penetration (Moore and Taft, 1969; 



Ebeling, 1974). Other investigators have maintained that sclerotized cuticle is 

relatively impermeable, and that insecticides migrate along it to less sclerotized 

areas such as intersegmental membranes, which are more permeable 

(Wigglesworth, 1942; Ebeling, 1974; Quraishi and Poonawalla 1969). 

Gerolt (1969) believed that contact insecticides do not penetrate the cuticle 

at all, but rather migrate along it in the wax layer, and into the body directly 

to the central nervous system (CNS) via the tracheae. He gave evidence against 

transport of insecticides via the hemolymph, as occurs in the more classical 

penetration theories. Autoradiographic tests using 14C-labelled dieldrin 

demonstrated lateral movement along the cuticle and into the tracheal system, 

reaching the site of action without entering the hemolymph at all. He went 

further to show the ineffectiveness of injected insecticides (when injected 

without solvents), and the ineffectiveness of insecticides when lateral migration 

to the tracheal openings was prevented (Gerolt, 1983). 

There have been a number of arguments against Gerolt's theory. Olson 

(1970) conducted experiments with radiolabelled DDT in which he recovered DDT 

from the hemolymph of topically treated cockroaches. This strongly implicated 

the hemolymph in the translocation of DDT, and he suggested that lipoproteins 

in the hemolymph might be involved in carrying insecticides. While he doesn't 

rule out transport via the tracheal system, Olson (1973) maintained that Gerolt's 

theory is based on data which are consistent with the more classic hemolymph 

translocation theory. Subsequent studies of the pharmacokinetics of pyrethroids 

in Periplaneta americana again support the theory of distribution of insecticides 

to the site of action by hemolymph (Soderlund, 1979). 

It has often been assumed that apolar substances would penetrate the 

cuticle more readily than polar compounds. Apolar substances should dissolve 



more quickly in the epicuticular wax layer, which was considered to be the main 

barrier to overcome. This belief has since been refuted by experiments showing 

that at least when introduced in an organic solvent, more polar compounds 

penetrate faster. Since the organic solvent introduces the insecticide directly 

into the wax layer, the rate limiting step is getting through the relatively polar 

procuticle, which is accomplished more rapidly by more polar compounds (Olson 

and O'Brien, 1963; Olson, 1970; Szeicz et a!., 1973). (Most insecticides are 

relatively non-polar, so these comparisons refer to relative polarity.) 

Decreased penetration may contribute to resistance most effectively when it 

is present in conjunction with another mechanism of resistance. Alone, it would 

slow the uptake of the toxin, but might not decrease the total amount ultimately 

absorbed. Without other means to protect the insect, even a slow buildup could 

be fatal, although a sufficient decrease in penetration could allow the normal 

metabolic levels to effectively neutralize the poisons. In combination with 

enhanced metabolism, excretion, or site insensitivity, however, the resistance 

level is much higher than either mechanism alone would produce (Polles and 

Vinson 1972; Plapp 1973). Decreased penetration is also more likely than other 

resistance mechanisms to provide cross-resistance to a broad spectrum of 

insecticides. Szeicz et ah (1973) demonstrated cross resistance due to reduced 

penetration of DDT, endrin, carbaryl, and malathion [S-l,2-bis(ethoxycarbonyl)~ 

ethyl 0,0-dimethyl phosphorodithioate] into resistant TBW. 

Introducing a gene conferring reduced penetration into strains of house fly 

(Musca domestical already possessing other resistance mechanisms resulted in an 

intensification of resistance (Plapp and Hoyer, 1968). Reduced penetration was 

also shown to be more effective in house flies exposed to a residue rather than 

topically. In the case of insecticides which are more difficult to metabolize, 



penetration does not have the same intensifying action (Matsumura, 1983; Plapp 

and Hoyer, 1968). 

Decreased penetration has been demonstrated to be a mechanism of 

resistance to a number of insecticides in several pest species. Reduced 

penetration of pyrethroids was found in a strain of permethrin resistant house 

flies by Devries and Georghiou (1981a,b). Metabolism did not appear to play a 

role in this resistance, but the R strain did have a greater rate of excretion due 

to the inability of the S individuals to excrete normally. Kdr also played a 

major role in the resistance of this strain, supporting the contention that 

decreased penetration usually acts to complement other resistance mechanisms. 

Vinson and Brazzel (1966) examined several different DDT R and S strains 

of TBW for changes in penetration and metabolism. In one R strain, decreased 

penetration was demonstrated. In another R strain, there was no change in 

penetration, but there was increased metabolism. Polles and Vinson (1972) 

studied endrin resistant TBW using both in vivo and in vitro tests with 14C 

endrin to look at penetration, excretion, metabolism and storage. These tests 

showed that compared to the S strain, R insects had a six-fold decrease in 

penetration, and reduced lateral movement of insecticide. There was a slightly 

higher level of excretion in the R strain, and a slight qualitative difference in 

metabolism. While the penetration alone could not have accounted for the high 

levels of resistance in this strain, in combination with other factors it provided 

an excellent defense against endrin. 

In a comparison of Spodoptera littoralis strains R and S to permethrin and 

many organophosphorous compounds, penetration of UC labelled permethrin and 

cypermethrin was measured by rinsing the surface of the insects at various 

intervals following application. No difference in penetration between the strains 



was found. These results were not considered completely reliable due to the 

possible interference from excessive water loss from the body surface induced by 

pyrethroids (Holden, 1979). 

Whitten and Bull (1978) evaluated methyl parathion resistant TBW for 

altered penetration and metabolism of 14C labelled methyl parathion. In this 

strain, penetration was not found to be a mechanism of resistance based on the 

rate of absorption from the cuticle. Further evidence for this came from tests 

with injected or orally administered methyl parathion, which was still much more 

toxic to the S strain than to the R strain. Metabolism was determined to be a 

major mechanism of resistance in this strain. Penetration was also shown to be 

of no importance in the resistance of a strain of carbaryl R house flies. The 

resistance in this case was again attributed to increased metabolism (Eldefrawi 

and Hoskins, 1961). 

The physiological reasons for reduced penetration have not been 

conclusively demonstrated yet, but one theory involves a change in the lipid or 

protein composition of the cuticle. Vinson and Law (1971) examined the 

cuticular composition of DDT R and S TBW larvae. They discovered a greater 

protein and lipid content in the cuticles of R larvae. There were indications of 

a greater degree of sclerotization of the R cuticle. More highly sclerotized 

cuticle has been shown to be more apolar, and thus more lipophilic (Fraenkel and 

Rudall, 1940). A greater lipid content could increase the insecticide holding 

power of the cuticle, thus reducing penetration. Strains of house flies resistant 

to diazinon which had reduced penetration were analyzed by Forgash §t gl., 

(1962) for differences in cuticle composition. In this case, no differences could 

be detected. 



In addition to cuticular penetration, resistance could also be caused by a 

reduction in penetration to the actual site of action. The nervous system is 

somewhat protected by the sheath around it, and decreased penetration through 

this or increased binding away from the site of action would offer resistance to 

insecticides. This kind of resistance could be more effective than reduced 

cuticular penetration against stable chemicals (Matsumura, 1983). 

Increased Metabolism 

Enhanced metabolism has been demonstrated to be a mechanism of 

resistance to insecticides in many insects, including the TBW (Bull and Whitten, 

1972; Plapp, 1973; Nicholson and Miller, 1985). It may occur alone, or in concert 

with other mechanisms of resistance. The changes in the enzyme systems 

responsible for the enhanced metabolism can be either quantitative, with more 

enzyme present, or qualitative, with alterations making the enzymes more 

efficient at metabolism of the insecticide (Wilkinson, 1983; Hodgson, 1976). In 

many cases, metabolic resistance confers cross-resistance at least to related 

chemicals, but occasionally the enzymes involved will be quite specific 

(Devonshire and Moores, 1982). 

All pyrethroids are esters, comprised of an acid and an alcohol moiety. 

The natural pyrethrins included six esters, which were combinations of two 

different acid and three alcohol moieties. The natural pyrethrins and early 

synthetic pyrethroids were easily metabolized, and were highly photolabile, so 

they were not very persistent in the field. Fenpropathrin (2,2,3,3-tetramethyl-

cyclopropanecarboxylate), the first photostable pyrethroid now used in agriculture 

to be synthesized, was patented in 1971 by Sumitomo, but not commercialized 

until 1980 (Davies, 1985). Permethrin was the first photostable pyrethroid to be 



used. It gained its stability through the inclusion of a dichlorovinyl group 

(Leahey, 1979). 

Oxidases and Esterases 

Metabolism of pyrethroids in insects and other organisms generally 

consists of some sort of oxidation or hydrolysis mediated by enzymes. This is 

frequently followed by conjugation with other compounds (Chambers, 1980; Casida 

and Ruzo, 1980; Shono et a!., 1978). The end result of metabolism is usually to 

transform the insecticide into harmless or less dangerous substances, which are 

more polar than the parent compound, and so more easily excreted. A few OP 

insecticides including methyl parathion, however, are activated to a more toxic 

form by specific oxidative reactions (Casida, 1970). 

Most of the oxidative metabolism of insecticides is controlled by 

enzymes known as mixed function oxidases (mfo's). These enzymes were first 

found in mammalian species, where they occur mainly in the liver, associated 

with the smooth endoplasmic reticulum (Wilkinson, 1983; Hodgson and Kulkarni, 

1983; Agosin and Perry, 1974). When extracted from liver, the enzymes are 

contained in the microsomes derived from the endoplasmic reticulum, which can 

be isolated by centrifugation of postmitochondrial homogenates. These 

microsomal mfo's function to break down lipophilic xenobiotics in mammals, and 

perform the same function in insects (Hodgson et a].., 1974). 

In insects, microsomal mfo's are found primarily in the midgut and 

fatbody, and sometimes in the malpighian tubules (Shang and Soderlund, 1984; 

Krieger and Wilkinson, 1969, 1970; Hodgson, 1983). Although the small size of 

insects makes dissection of specific organs for microsomal recovery difficult, this 

is preferable to whole body extractions in most cases. Endogenous inhibitors 

which greatly reduce the activity of enzymes in vitro have been found in various 



insect tissues. Powerful inhibitors were identified in the gut contents of 

southern armyworm larvae (Krieger and Wilkinson, 1970; Orrenius, gt gl., 1971). 

Since the midgut usually contains the greatest concentration of mfo's in 

lepidoperous larvae, it is the organ ususally isolated for in vitro studies. The 

presence of these inhibitors makes it important to remove the contents of the 

gut prior to homogenization. Endogenous inhibitors were also found in the head 

and thorax of houseflies, so abdomens were usually extracted to perform in vitro 

tests of housefly mfo's. In spite of this precaution, some inhibitors were still 

found to be present in the abdominal extracts (Jordan and Smith, 1970). 

A great number of experiments, performed both in vitro and in vivo 

have been done to characterize the mfo system, expecially cytochrome P-450, 

which is an important component of this enzyme system. The metabolism by 

mfo's of many insecticides, including several pyrethroids, has been thoroughly 

studied both in mammals and in a number of insects. The commonly observed 

mfo mediated reactions are as follows: desulphuration and ester cleavage; 

epoxidation and aromatic hydroxylation; aliphatic hydroxylation; heterocyclic ring 

hydroxylation; N-, O- and S-dealkylation; sulphoxidation; dehydrogenation; dioxole 

ring cleavage (Hodgson, 1983; Perry and Buckner, 1970). The metabolism of 

pyrethroids in insects and mammals has been examined and reviewed a number of 

times (Chambers, 1980; Shono et gl., 1979; Leahey, 1979; Casida and Ruzo, 1980), 

and so will not be described in detail here. 

Like mfo's, esterases can be recovered from the microsomes of both 

insects and mammals, and are important in the detoxification of many 

insecticides (Soderlund et al., 1982; Dowd et ai„ 1987). Hydrolysis by esterases 

is a major step in the detoxification of many synthetic pyrethroids. With the 

structural changes and addition of groups to make pyrethroids more photostable 



and less prone to oxidative attacks, hydrolysis of the ester' linkage has become a 

much more common metabolic degradation path (Leahey, 1985; Shono £t a!., 1978). 

Shono §t al- (1978) studied the metabolism of permethrin isomers in 

Periolaneta americana. Musca domestica and Trichoplusia m. The trans isomer 

was found to be more easily metabolized than the cis isomer, in agreement with 

the findings of other investigators (Bigley and Plapp, 1978; Nicholson and 

Sawicki, 1982; Holden, 1979). The permethrin isomers were found to be 

metabolized primarily by hydrolysis and hydroxylation of the geminal-dimethyl 

group and the phenoxybenzyl group. The metabolites were then usually excreted 

as glucosides and amino acid conjugates. 

Metabolism of cis- and trans-permethrin by TBW in vivo was studied by 

Bigley and Plapp (1978). The trans isomer was metabolized and excreted more 

rapidly than the cis isomer, and the cis isomer was about 2.5 times more toxic 

than the normal 60:40 trans:cis-permethrin combination. Last instar larvae 

metabolized both isomers faster than smaller larvae. A majority of the recovered 

radiolabeled metabolites were secondary, conjugated metabolites. 

Metabolism and excretion of pyrethroids has been correlated with 

relative toxicity to a number of organisms. Pyrethroids tend to have a low 

toxicity to mammals relative to their toxicity to insects. Several in vivo studies 

of radiolabeled pyrethroid metabolism in rats have demonstrated a rapid 

elimination of metabolites and parent material, mostly in the urine and feces 

(Crawford el al., 1981; Hutson et al., 1981). The mammalian systems metabolize 

and excrete pyrethroids much faster than do insects, indicating that metabolism 

is probably related to the selectivity of pyrethroids in this case. Similarly., -

trout, which are much more susceptible to pyrethroids than mammals, metabolize 

permethrin much more slowly than do rats, both m vivo and in vitro (Glickman 



and Lech, 1981; Glickman gt al, 1982). In insects, the high tolerance to 

pyrethroids in the green lacewing and the relatively high tolerance of the TBW 

as compared to the bollworm, have been attributed to metabolic differences 

(Ishaaya and Casida, 1981; Bigley and Plapp, 1978). Resistant insects have also 

often been shown to have much higher levels of metabolism than their 

susceptible counterparts. 

Induction 

The oxidase system can be stimulated to much higher levels of activity by 

exposure to a wide variety of foreign compounds. This phenomenon, known as 

induction, has been intensively studied in mammals, especially rats, and has more 

recently been looked at in insects. In mammals, microsomal activity occurs 

primarily in the liver, while in insects it is localized mainly in the midgut and/or 

fatbody, depending on the species being considered (Shang and Soderlund, 1984). 

MFO activity has been shown to rise sharply following exposure to many 

chemicals, pesticides and drugs including permethrin, dieldrin, phenobarbital, 

methylbenzenes, butylated hydroxytoluene (BHT), triphenylphosphate, and many 

others (Perry et a]., 1971; Carlson and Schoenig, 1980). Induction is most 

commonly measured by quantifying the levels of cytochrome P-450 in the 

appropriate tissues, with a rise indicating that induction has occurred. Other 

enzyme systems, including those responsible for N-demethylation, epoxidation and 

glutathione transferase activity have also been shown to be inducible in TBW 

larvae by exposure to some cotton allelochemicals (Brattsten, 1987a). 

Induction can occur very rapidly in insects, with increased activity having 

been observed only 30 minutes after ingestion of secondary plant compounds by 

southern army worm Spodoptera eridania (Brattsten et aL 1977). This rapid rise 

in metabolic capability has obvious benefits, allowing the insect to survive 



through temporarily hostile chemical environments. Enzyme activity also returns 

to normal levels soon after the inducing agent is removed, which is more energy 

efficient than if the high metabolic capabilities were continually present 

(Wilkinson, 1983). 

Although induction does occur in insects, high doses of the inducing agents 

are often required; higher than toxic doses for insecticides. This makes it 

doubtful that induction would be involved in the development of resistance, at 

least in the early stages of resistance (Terriere, 1983). While the induced state 

itself cannot be inherited, the capability for induction to occur more easily, 

could be. It is possible that enhanced induction could be selected to augment 

other mechanisms of resistance. Induced southern armyworm larvae have been 

shown to have a higher tolerance for carbaryl, proportional to the increase in 

enzyme activity (Brattsten and Wilkinson, 1973). Some evidence has been found 

to show that induction may play some role in housefly resistance to diazinon, 

but the relationship is not certain (Perry et a].., 1971). A fairly strong 

correlation has been demonstrated between insects that possess inducible enzymes 

and those which are known to be able to develop insecticide resistance. It is 

likely that small differences in induction could be selected for along with other 

mechanisms of resistance, especially high oxidase activity. Even if the rate of 

induction were the same, the total increase in metabolism would be much greater 

in high oxidase than low oxidase strains (Wilkinson, 1983). 

Synergism 

Synergism occurs when the net toxic or pharmacological effect of two 

substances used together is substantially greater than additive (Metcalf, 1967). 

When used in the context of insecticides, synergism generally applies when one 



component, the synergist, has no toxic effect at the dosage used, and the toxic 

action of the insecticide is significantly increased. Synergists are generally used 

to decrease the amount of insecticide needed for control, to increase the 

spectrum of activity of an insecticide, or to increase the effectiveness against 

resistant strains (Metcalf, 1967). 

The most commonly used synergists act to inhibit metabolism of 

insecticides. Several OP and carbamate type compounds with low toxicity on 

their own, act as synergists by inhibiting esterases normally responsible for 

hydrolyzing insecticides. Another group, the methylenedioxyphenyl compounds 

are well known for their inhibition of mfo's. 

Piperonyl butoxide, pbo [paraoxon, 0,0-diethyl O-(p-nitrophenyl) 

phosphate], is the best known and most widely used of the methylenedioxyphenyl 

synergists. It was introduced in 1947, and is used extensively, expecially in 

conjunction with pyrethroids (Casida, 1970). Pbo acts as an effective synergist 

in insects when oxidative metabolism is a major pathway of detoxification. The 

mechanism of synergism by pbo is still not completely understood. Early studies 

indicated that it acts as an alternate substrate for the enzymes, slowing down or 

blocking oxidation of the insecticides (Hansen and Hodgson, 1971; Casida, 1970; 

Perry and Buckner, 1970). Later observations conflicted with the conclusion of 

competitive inhibition, pointing instead to chemical reactions which would 

inactivate the enzyme or cofactors (Hodgson, 1983). 

Of the esterase inhibitors, DEF (S,S,S-tributyl phosphorotrithioate) is 

one of the best known. In this case, the mechanism of synergism is believed to 

involve direct phosphoryl-ation of the esterase, in approximately the same way 

that OP's inhibit acetylcholinesterase (Jao and Casida, 1974). 



Several studies utilizing synergists have applied them in combination 

with the insecticide, usually at a concentration which was some fixed percentage 

of the insecticide concentration (Christian et al., 1986; Chang and Kearns, 1964; 

DeVries and Georghiou, 1981a). Brindley (1977) argued that the synergists should 

be preapplied at a fixed level; a maximum sublethal dose, or preferably the 

minimal dose giving the maximum effect. Preapplication of synergists helps 

achieve the greatest inhibition, and minimizes problems with the altered 

penetration of insecticides sometimes observed with synergists. Many other 

investigators agree that pretreatment with synergists is the best technique, and 

have incorporated it in their studies (Bigley and Plapp, 1978; Brown, 1987; Osman 

and Brindley, 1981; Kurihara et al., 1977). 

Since synergists act by inhibiting metabolism of insecticides, they are 

useful in determining the role of metabolism in resistance to insecticides. 

Theoretically, using pbo on a R strain whose resistance is due to increased mfo 

activity, should lower the LD60 to a level comparable to that of the S strain. 

DEF should produce the same effect if hydrolytic enzymes are involved in the 

resistance. 

DEF and other esterase inhibitors have often proven useful in 

determining whether or not increased esterase levels are involved in resistance 

of insect strains. Riskallah (1983) found a more pronounced inhibition in S. 

littoralis larvae resistant to pyrethroids than in S larvae. DEF lowered the 

resistance from 47, 37 and 18 fold to 9, 9 and 7 fold, respectively for 3 R 

strains. These findings agreed with in vitro measurements of higher exterase 

levels in the R strains. In a strain of TBW resistant to methyl parathion, Payne 

and Brown (1984) observed synergism with DEF and EPN (another esterase 

inhibitor), lowering the LD50 value close to that of the S strain. Pbo was not 



an effective synergist in this case, indicating that esterases but not mfo's were 

important in this R strain. Esterases were also shown . to be important in 

resistance of Amblvseius fallacis to both azinphosmethyl [S-(3,4-dihydro-4-

oxobenzo[d][l,2,3] triazin-3-ylmethly) 0,0-dimethyl phosphorodithioate] and 

permethrin via the use of DEF (Scott et a!., 1983). The green lacewing 

(Chrvsopa carnea Stephens) is known to have a high natural tolerance for 

pyrethroids. Tests with synergists have demonstrated a very high level of 

esterase activity in this species, which is at least in part, responsible for the 

tolerance (Ishaaya and Casida, 1981). 

Inhibition by pbo and other methylenedioxyphenyl compounds has also 

frequently been used to identify cases in which elevated oxidase activity plays a 

role in resistance (Hodgson, 1983). Casida (1970) reviews a number of cases in 

which methylenedioxyphenyl synergists accentuate the toxicity of various 

insecticides against R insect strains. 

While the majority of studies utilize esterase and mfo inhibitors 

individually, combinations of the two may be necessary to get a realistic 

measurement of total metabolism in the insects. Casida (1970) found that the 

use of mfo inhibitors alone may shift much of the metabolism to non-oxidative 

mechanisms of detoxification. Shono et al- (1978) further emphasized the need 

to inhibit both esterases and oxidases, showing a fairly rapid diversion to the 

other route of metabolism when one path is blocked. 

In addition to their other applications, synergists have proven to be of 

use in counteracting or avoiding the development of resistance. In a strain of 

Culex pioiens fatieans (Wied) already resistant to OP's due to enhanced esterase 

activity, selection with an insecticide plus DEF virtually eliminated the 

resistance, and prevented the development of alternative resistance mechanisms. 



The use of pbo plus insecticide for selection, however, further increased the 

level of resistance, since it increased selection pressure for esterase activity 

(Ranasinghe and Georghiou, 1979). Moorefield (1960) found that the development 

of resistance to carbamates was suppressed by selecting with sevin and pbo 

versus selection with sevin alone. Selection with chlordimeform as a synergist in 

combination with permethrin, also appears to delay the development of resistance 

to pyrethroids in the TBW (Jensen et ah, 1984). 

Traditionally, in studies of synergism, the synergist ratio (SR) has been 

used to quantify the role of mfo's or esterases in the detoxification of 

insecticides. Brattsten and Metcalf (1970) compared mfo systems in a wide range 

of insects via the SR's obtained with carbaryl and pbo. Subsequent studies have 

questioned the validity of using SR's to quantify enzyme activity. Kurihara et 

Si. (1977) found the SR to be reliable only when a dose of insecticide 

corresponding to the unsynergized LD60 is initially applied. They recommended 

that quantitative comparisons be made on the basis of direct metabolism 

experiments rather than using synergists. Lee and Brindley (1974) also found 

that SR's did not correlate well with the levels of insecticide detoxification in 

the alfalfa leafcutting bee, Meeachile pacifica. 

Brindley (1977) found that the difference between the synergized and 

unsynergized LD50 values, which he called the synergist difference (SD) was 

more useful than SR's in estimating mfo levels in insects. In 1984, Brindley and 

Selim proposed a number of other parameters to better describe the results of 

tests with synergists on resistant insects. These parameters tell much more 

about the role of metabolism in resistance, and may indicate if other resistance 

mechanisms are also present. In addition to the SR and SD, percent synergism 

(%S), log percent synergism (L%S), and relative percent synergism (R%S), can be 



helpful in analyzing synergism in resistant insects. The R%S parameter scales 

the synergistic effect observed against the maximum expected synergistic effect 

for both the R and S strains. This indicates whether or not on a logarithmic 

scale, the changes in LDE0 of the R and S strains are similar. The %S value can 

be misleading in many cases where the LD60 of the R strain is very high. 

Instead, the L%S parameter can be used to compensate for the large differences 

between strains in LD60 values. This value is useful in assessing synergism 

within a strain, and can indicate the presence of other resistance mechanisms 

which might potentiate the metabolic resistance. 

Summary and Statement of Problem 

TBW are important pests of cotton, especially late in the season. They 

distinguish themselves from the cotton bollworm by their increased tolerance of 

many insecticides, and their tendency to develop resistance to insecticides. 

Major groups of insecticides to which TBW have become resistant include 

chlorinated hydrocarbons, carbamates and organophosphates. With the 

introduction of permethrin and other pyrethroid insecticides for use on cotton, 

the fear arose that TBW would soon develop resistance to this new class of 

insecticides also. Selection of TBW with permethrin in the laboratory prior to 

the initiation of this study did succeed in developing 37-fold resistance to 

permethrin within 12 generations. 

Mechanisms of resistance to various insecticides which have been found 

in TBW include increased metabolism, decreased penetration, and target site 

insensitivity. In many cases, metabolism was the major mechanism of resistance. 

Even in susceptible TBW, metabolism was credited with making TBW more 

tolerant of many insecticides than the cotton bollworm (Plapp, 1973). Increased 



metabolism has recently been identified as a mechanism of resistance to 

pyrethroids in a couple of other strains of TBW which possessed lower levels of 

pyrethroid resistance (Dowd §1 al.» 1987; Nicholson and Miller, 1985). Since 

metabolism is such an important mechanism of resistance to insecticides in TBW, 

it was considered to be a likely mechanism of resistance to pyrethroids in this 

strain also. 

Therefore, the purpose of this investigation was to study some of the 

mechanisms of resistance to permethrin in the TBW, with a special emphasis on 

the role of metabolism. The major goals of the study included: 1) Select for a 

higher level of resistance in the R strain, and hopefully obtain a fairly 

homozygous culture; 2) Utilize synergists to indicate what sort of role 

metabolism plays in the resistance; 3) Compare penetration of permethrin in R 

and S TBW larvae using 14C-labelled cis- and trans-permethrin; 4) Contrast the 

metabolism of 14C-labelled permethrin in R and S TBW larvae in vivo. These 

determinations may help indicate which mechanisms of resistance to pyrethroids 

the TBW are likely to develop. This knowledge may in turn aid in the battle 

against resistance. 
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MATERIALS AND METHODS 

Chemicals Employed 

The insecticide employed in this study was technical grade permethrin 

[(40:60, cis-/trans-),(3-phenoxyphenyl)methyl 3-(2,2-dichloroethenyl)-2, 2-

dimethylcyclopropanecarboxylate; Pounce , F.M.C. Corp., Agricultural Chemical 

Division, Middleport, N. Y., 14105; 96.5%]. The synergists used were technical 

grades of piperonyl butoxide [(PBO) Prentiss Drug & Chemical Co. Inc. New 

York, N. Y.; 100%], and DEF (S,S,S-tributyl phosphorotrithioate; Mobay Chemical 

Co.; 94%). 

Cis- and trans- 14C permethrin (54.8 mCi/mM), labelled in the carbonyl 

group of the acid moiety, and unlabelled standards of the alcohol moiety 

metabolites depicted in Fig. 1 were gifts from F.M.C. Corp.. The acidic moiety 

metabolites shown in Fig. 2 were not available for this study. The radiolabeled 

permethrin was quantitatively transferred into centrifuge tubes, and diluted to 

the desired volumes. All dilutions of insecticides, synergists, and metabolites 

were made with acetone unless otherwise specified. A 3 ug/ml solution of each 

isomer was prepared, resulting in solutions containing approximately 900 

disintegrations per minute/ul (dpm's/ul). The final mean DPM's in the two 

solutions were determined by scintillation counting, and are shown in Table 1. 

The large difference between the DPM's in the cis- and trans-permethrin 

solutions was caused by an accidental contamination of the cis solution with a 

high dose cis solution being used for preliminary trials at the beginning of the 

experiment. 

The standard metabolites include 4'-hydroxy-m-phenoxybenzoic acid (III), 

4'-hydroxy-m-phenoxybenzyl alcohol (IV), m-phenyoxybenzyl alcohol (V), 
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a 
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JWXjO 
cis-permethrin 
(FMC 35171) 

"• V % 

trans-oermethrin 
(FMC 30980) 

"vCXiD 
OH 

4'-Hydroxy-phenoxybenzoic 
acid (4'-Ho-pBacid) 
(FMC 53808) 

IV. 

-XL0 
OH 

4'-Hydroxy-phenoxybenzyl 
alcohol (4'-Ho-pBalc) 
(FMC 53809) 

V. 

m-phenoxybenzyl alcohol 
(m-pBalc) 
(FMC 30952) 

".JXO 
m-phenoxybenzoic acid 
(m-pBacid) 
(FMC 30953) 

Figure 1. Structure of standards of permethrin and its alcoholic moiety 
metabolites taken from a diagram by Shono et al. (1978). 
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" - . C . X X  

2'-Hydroxy-phenoxybenzoic 
acid (2'-Ho-pBacid) 
(FMC 53813) 

2'-Hydroxy-phenoxybenzyl 
alcohol (2'-Ho-pBalc) 
(FMC 53814) 

4'-Hydroxy, trans-oermethrin 
(4'-Ho, t-perm) 
(FMC 53824) 

x's-A.,-xux 
2'-Hydroxy-permethrin 
(2'-Ho-perm) 
(FMC 53825) 

Figure 1. Continued. 
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Figure 2. The acidic moiety metabolites as depicted by Gaughan §t 
(1977) and Shono et al. (1978). These compounds were 
available for this work.) 



m-phenoxybenzoic acid (VI), 2'-hydroxy-rn-phenoxybenzoic acid (VII), 

2'hydroxy-m-phenoxybenzyl alcohol (VIII), 4'-hvdroxv-trans-permethrin (IX), 

2'-hydroxy-permethrin (X). Solutions of each of these metabolites were 

prepared, ranging from 1.0 to 1.2 mg/ml. A mixture of all of the metabolites 

was made by combining equal volumes of each of these solutions, resulting in a 

solution containing approximately 125 ug/ml of each metabolite. 

Table 1. Disintegrations per minute/ul in the solutions of radiolabeled cis-
and trans-oermethrin (5c 4 SE) 

trans 

709 ± 44 

Insects and Rearing Procedures 

Cultures of tobacco budworms used in these experiments were initiated 

from approximately 500 larvae collected from cotton fields in Maricopa County, 

Az. in the fall of 1980. This original culture was divided into two strains: one 

not exposed to any insecticides since its removal from the field (S), and the 

other being pressured each generation with permethrin in order to develop 

resistance (R). The R culture was in its 13th generation at the beginning of 

this study. The development of resistance through the 12th generation is 

described by Jensen et a!., (1984). 

Rearing of the insect cultures is as described by Jensen, (1983), with 

certain modifications. After the F19 generation, in which problems with disease 

CIS 

1300 ± 72 



(Pseudomonas sp.) were encountered, the adult moths were transferred from a 

rearing room to the main laboratory, which was kept at 27±2°C, with no 

humidity control, and a variable day length. The 5% sucrose solution used to 

feed the adults was stored at 5°C, and the feeder tubes were cleaned with a 

sodium hypochlorite solution, and refilled" every day or two. These procedures 

reduced the problems with disease. 

Newly emerged moths were placed into wide-mouth, 3.8 liter (1 gal.) 

glass jars, with about 35 moths per jar. The top of the jar was covered with a 

double layer of cheesecloth for use as an oviposition substrate, and feeder tubes 

filled with the sucrose solution were inverted through the top. 

Egg sheets were changed every other day after the commencement of 

oviposition. These were surface sterilized with a 5% sodium hypochlorite 

solution, followed by rinses with a 10% sodium thiosulfate solution, and tap 

water. The egg sheets were then air dried on paper towelling, and transferred 

into 474 ml (16 oz) waxed or plastic cartons to develop and hatch. Neonate 

larvae were transferred with a camel's hair brush into 29.6 ml (1 oz) plastic 

creamer cups, half filled with a modified lima bean diet (Patana 1969), and 

capped with paper lids. Two to four larvae were placed in each cup. For the 

first three days, these larvae were placed in an environator at SO^C and 

constant darkness, then they were transferred to a rearing room at 29±1°C, with 

a light:dark cycle of 16:8. Pupae were collected from these cups, and placed 

into 236.8 ml (8 oz) paper cartons, one layer deep, to develop into adults. 

When a large number of larvae were needed to perform the 

dosage-mortality studies, 5 to 8 larvae were placed in each cup of diet, or 

several hundred larvae would be transferred into plastic storage boxes (31.8 x 

17.1 x 9.5 cm) with approximately one cm of diet on the bottom. The surface of 



this diet was roughened with a spatula prior to the introduction of larvae, to 

provide additional feeding surfaces, and minimize cannibalism. This technique 

was modified from that of Patana and McAda (1973). 

Bioassavs 

The standard method for detection of resistance in Heliothis (Brazzel, 

1970) was used in the dosage mortality studies. Third instar larvae weighing 22-

+5 mg were used in all bioassays, with the average weight being determined from 

a sample of about 15% of the larvae to be treated. Prior to treatment, larvae 

were placed individually in fresh diet cups. A minimum of 4 replicates of 15 to 

30 larvae was used at each of 4 to 7 insecticide concentrations. Dosing was by 

topical application of one ul of the insecticide solution (or acetone in the case 

of the controls) to the dorsal thoracic region of the larvae, with a motor driven 

microapplicator (Instrument Specialties Co.). Treated larvae were held at 27±2°C. 

Dosage-mortality lines were computed (Finney 1971) from the 72 hour 

mortality plus moribund counts, as moribund larvae were considered dead at this 

point. Larvae were considered dead if they failed to respond to prodding with a 

blunt probe, and moribund if they were unable to right themselves when placed 

on their backs. 

The Development of Resistance 

The procedures used in selecting for resistance in the permethrin-selected 

(R) strain are similar to those described by Jensen et ah (1984). From the F1S 

to the F22 generation, dosage-mortality lines were obtained approximately every 

other generation, with the survivors of the higher doses becoming the parents of 

the next generation. This generally resulted in a 70 to 90% selection pressure. 



In the alternate generations, larvae were selected with approximately an LD80 

dose to obtain the adults used to produce the next generation. After the F22 

generation, a lower, discriminating dose, giving approximately a 25 to 60% 

mortality, was used to maintain the resistance level. A discriminating dose is 

used to remove any susceptible individuals in the population, while producing a 

low mortality among the resistant insects. Dosage-mortality lines were obtained 

every other generation as before, but survivors of doses over an LD40 were 

retained. 

Synergism of Permethrin by PBO and DEF 

The role of metabolism in insecticide resistance may be indicated 

through a comparison of synergism in susceptible and resistant strains. PBO, a 

mixed-function oxidase (MFO) inhibitor, and DEF, an esterase inhibitor, were 

used in this test. While the use of either of these individually may demonstrate 

the involvement of MFO's or esterases in the resistance, often both types of 

metabolism are involved, and when one pathway is blocked the other may 

compensate, at least partially (Wilkinson, 1983). Thus, it is necessary to block 

both pathways simultaneously in order to eliminate this potential problem. For 

this reason, a combination of the two synergists was used in this experiment, 

although preliminary tests were performed with each of the synergists alone. 

Initially, a dosage-mortality line was determined for both the S and R 

strains, with and without the synergist mixture. A minimum of five replicates of 

25 larvae was dosed at each of at least five permethrin concentrations. The 

same, fairly high nonlethal concentration of the two synergists was used in 

conjunction with all insecticide concentrations (5.2 ug/ul PBO + 5.0 ug/ul DEF). 

The insects in the synergist group were dosed with the synergists on the dorsal 



thorax one hour prior to the application of permethrin. Finally, the above 

experiment was repeated, except that the synergist mixture was applied to the 

posterior dorsal abdomen instead of the thorax. Permethrin was applied to the 

thorax as before. Controls were dosed with the synergists and acetone. 

Metabolism and Penetration of Permethrin 

Quench Curve For Scintillation Counting 

The quenching agent was prepared in the following manner. Groups of 

third instar larvae were placed in tissue grinders and homogenized with 2 ml of 

methanol for about 1 min. The homogenate was transferred into centrifuge tubes 

with additional methanol and centrifuged at 2900 rpm's (1019 g) for 10 min in a 

counter-top centrifuge. The supernatant was discarded, the pellet resuspended in 

acetone and transferred into a scintillation vial. After the acetone was 

evaporated, 1 ml of tissue solubilizer was added to the insect residue, and the 

mixture was incubated at 90°C for at least 72 hours. 

A series of dilutions of this quenching agent was prepared with toluene, 

to produce a total volume of one ml in each of 22 scintillation vials. Three ul 

of the 14C trans-permethrin solution were added to each vial. Ten ml of 

Aquasol scintillation cocktail (New England Nuclear, DuPont Co.) was added to 

each vial, which was then counted with the H# reading taken, both with and 

without Automatic Quench Correction (AQC). (The H# is a value calculated by 

the scintillation counter based upon the degree of quenching of an external 

radiation source, and AQC is a modification of the counts recorded to 

compensate for the quenching, indicated by the H#.) The H# was plotted against 

the percent efficiency for both counting techniques. 



Thin Layer Chromatography 

Precoated silica gel 60 F-254 plates, 0.25 mm thick (E.M. Labs) were 

used in this study. The solvent system consisted of 10 parts toluene saturated 

with formic acid, and 3 parts diethyl ether (Soderlund, personal communication 

1984). This system was shown to effectively separate all standard metabolites 

used in this study. Permethrin and all metabolites were run both individually and 

in combination during preliminary testing. Standards were visualized with 

ultraviolet light. Rf values were calculated and the pattern of separation noted. 

Although most of the standard metabolites did not contain the acid moiety 

(which was labelled in the parent 14C permethrin), and thus could not be used 

for identification of the metabolites produced in this experiment, they were all 

included in the extractions as indicators, to demonstrate that TLC was properly 

performed. TLC plates were developed to a height of 15 cm above the origin. 

Then the plates were analyzed by sectioning and scraping the plate, followed by 

scintillation counting. A 2.0 cm wide strip centered around the original spot was 

marked and scored, and the resulting strip was divided into 0.5 cm sections, 

which were then scraped into 8 ml scintillation vials. Each of these had 100 ul 

of methanol added to dissolve any metabolites, followed by 3 ml of scintillation 

cocktail. These vials were counted without the H# or AQC since only 

percentages, and not total dpm's were needed. 

Dosing of Larvae 

Third instar larvae, as used in the dosage-mortality studies, were 

selected and placed individually into 22 ml scintillation vials. The larvae were 

dosed with 1 ul of the appropriate UC permethrin solution using the motor 

driven microapplicator, and the vial held in front of a small fan for several 



seconds to evaporate the acetone. Larvae were then held at room temperature 

for 0, 1, 6, 12, or 24 hours. The 0 h insects were placed on ice immediately 

after the acetone evaporated. Following the specified time, any larvae that had 

molted or died were discarded. The remaining larvae were divided into replicates 

consisting of 15 larvae each, and placed into a freezer at -10°C for 10 min. 

Larvae were then transferred from their holding vials into a new vial, 

along with the other larvae from their replicate. This group of larvae was 

washed three times with 2 ml of hexane. These rinses were performed for a 

combined total of no longer than about 20 sec, as excessive rinsing can remove 

internal insecticide and metabolites (Ahmad, 1976). The rinses were combined in 

another scintillation vial labelled "external wash", and the hexane allowed to 

evaporate. Larvae were returned to the freezer immediately after rinsing. Ten 

ml of scintillation fluid (Aquasol) were added to each external rinse vial, and 

counts were made on a Beckman scintillation counter (Model LSIOOO), with AQC. 

The counts per minute (CPM's) were converted to disintegrations per minute 

(DPM's) through the use of the H# and the previously prepared quench curves. 

Holding vials from individual replicates were combined by rinsing each 

vial with one ml of acetone followed by two rinses with smaller volumes of 

methanol. These rinses were combined in one of the 15 holding vials and the 

solvents evaporated. The holding vials then had 10 ml of scintillation cocktail 

added, and were counted. 

Extraction of Permethrin and Metabolites 

In order to quantify and analyze the amount of radiolabeled material 

inside the TBW's after rinsing, it was necessary to extract the insects. This 

extraction was performed on several replicates from each treatment at the 24 h 



time period, and a few of those in other time periods for comparison. While 

still frozen, the rinsed insects from one replicate were transferred from their 

vial into a tissue grinder along with 50 ul each of unlabelled cis-permethrin and 

the metabolite mixture, and 2 ml of methanol (which was first used to rinse the 

vial). Insects were homogenized for about 1 min, or until the cuticle appeared 

to be thoroughly macerated. This homogenate was then transferred to a 

centrifuge tube, with additional methanol used to rinse the tissue grinder. The 

tubes were centrifuged for 10 min in a counter-top centrifuge, at 2900 rpm (1019 

g). The supernatant was removed into a new vial, and the pellet resuspended in 

2 ml of fresh methanol and centrifuged as before. Again, the supernatant was 

removed and added to the first extraction. The final pellet was resuspended in 2 

ml of methanol and treated as before. The methanol was then evaporated under 

a stream of nitrogen. 

Following this final extraction, the pellet was resuspended in acetone 

and transferred back into the vial which previously contained the insects. After 

the acetone evaporated, 1 ml of tissue solubilizer was added, and the vial 

incubated at 90°C for a minimum of 72 hours. Ten ml of scintillation fluid were 

added and the sample counted for 20 min with AQC. 

In order to remove lipids which would interfere with TLC from the 

methanol extract, a hexane-acetonitrile separation was performed. Preliminary 

tests demonstrated that approximately 95% of the parent compound would be 

recovered with three extractions of the hexane with equal volumes of 

acetonitrile. It would be expected that most of the metabolites would also be 

recovered in such a procedure, since they would generally be more polar than 

the parent. 



The methanol vial was rinsed three times with 2 ml of acetonitrile-

saturated hexane, followed by 3 rinses with hexane-saturated acetonitrile, with 

all rinses being transferred to a separatory funnel. Two hundred ul of distilled 

water were added to the rinsed methanol vial, followed by 10 ml of scintillation 

cocktail, and the vial was counted to determine the amount of radioactivity 

remaining. Four ml each of the saturated acetonitrile and hexane were added to 

the separatory funnel, making the total volume of each 10 ml. The funnel was 

vigorously shaken for a minimum of one minute, then allowed to stand and 

separate. The bottom, acetonitrile, layer was removed into a beaker, and the 

hexane layer was extracted twice more with 10 ml of saturated acetonitrile, with 

all of the acetonitrile being combined in the beaker. The hexane layer was then 

transferred to a new vial, and the hexane allowed to evaporate. One hundred 

ul of hexane were added to this vial, followed by 10 ml of scintillation fluid, and 

it was counted with AQC. 

The acetonitrile layer was concentrated to a volume of about 2 ml under 

nitrogen, then transferred from the beaker to a graduated cylinder. The beaker 

was rinsed successively with approximately 2 ml portions of acetonitrile, which 

were added to the graduated cylinder to bring the total volume up to 10 ml; 500 

ul were used for scintillation counting, and the remainder transferred to a new 

vial. Following evaporation, the residue in the acetonitrile vials was taken up in 

a minimal volume of acetonitrile, spotted on TLC plates, and treated as 

previously described. The procedures from this portion of the study are depicted 

in Fig. 3. 
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Figure 3. Schematic diagram for the extraction and analysis of 14C-permethrin 

and metabolites. 



Analysis of Data 

Dosage-Mortality 

Results from the dosage-mortality experiments were analyzed by probit 

analysis (Finney 1971) which yielded an LD50 value, slope, and confidence 

intervals. The 95% confidence intervals calculated by the probit analysis program 

were used to compare the LD50 values. The slopes were compared with paired 

t-tests, using the standard error for each slope calculated in the program. 

Synergism 

Results of the synergism studies were analyzed according to techniques 

described by Brindley and Selim (1984). In addition to the standard synergist 

ratio, the synergist difference, percent synergism, log percent synergism and 

relative percent synergism were calculated using the formulas in Fig. 4. 

Metabolism and Penetration 

Results from the scintillation counting were converted to DPM's, except 

for those from scraping the TLC plates, for which only the percentages of 

counts were calculated. Once the data had all been collected, percentage of 

total counts recovered in each category was calculated, along with total percent 

recovered. Results from scraping TLC plates were plotted as histograms, based 

upon percent of total radioactivity on the plate found in each section. Visual 

inspection of these histograms revealed a pattern of peaks which was fairly 

consistent between the trials. Further analysis was done by ANOVA on individual 

peaks for the different treatments using DPM values calculated from the 

percentages in each peak, and the total DPM's in the acetonitrile extracts. 

These were standardized according to the comparisons being made. 
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Figure 4. Equations for parameters to describe synergism, from Brindley and 
Selim (1984). 

I 

n._ lOOfLD - sLDI 
%S= LD 

L%s = lOONoefLD + 1) - loefsLD + m 
log(LD + 1) 

lOOrioe LD(R) - log sLDfRIl 
- [lQg LD(R) _ lQg sLD(S)] 

_ lOOriog LPfS) - log sLDfR1)! 
W ~ [log LD(R) - log sLD(S)] 

1/ Abbreviations: LD (LD60); sLD (synergized LD60); 
SR (synergist ratio); %S (percent synergism); 
L%S (log percent synergism); R%S (relative percent synergism); 
S (susceptible strain); R (resistant strain) 



Percent of radioactivity remaining on the insects' cuticle was calculated 

from the amount recovered in the external rinses, as a percent of the total 

applied minus the DPM's rubbed off in the 0 h holding vials. This percent was 

then plotted against time for each strain and isomer. Penetration is assumed to 

be inversely related to the amount of permethrin recovered from the cuticle. 

Penetration results were compared using factorial analysis of variance on the 

percent of the DPM's in the external rinses. 
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Selection for Increased Permethrin Resistance 

Selection of the already resistant TBW strain with permethrin for an 

additional 20 generations produced a much higher level of resistance. The 

development of resistance through the 12th generation, prior to the initiation of 

this experiment was described by Jensen et al. (1984). By the F12 generation, a 

37-fold increase in the LDB0 values was observed (Table 2). 

From the F1S to the F32 generations, eleven dm-r lines were calculated 

to monitor the development of resistance. The results of these tests are shown 

in Table 3. By the F32 generation, the LD50 value had increased to 465-fold 

over the LD60 of the Fx generation. The highest level of resistance observed 

occurred in the F27 generation, and was 680-fold higher than the LD60 of the 

Fj generation. A susceptible strain, derived from the same parent stock, but 

not exposed to any insecticide was maintained concurrently in the laboratory. 

During this time, the LD60 of this strain decreased 20-fold compared to the Fx 

generation (Table 3). 

Compared to the F12 generation, the F14 generation exhibited a slight 

decrease in the LD60 value, and a large decrease in slope, to 1.1 (Table 3). 

Over the next few generations, a large decrease in the median lethal dose was 

observed. In the F16 generation, the LD50 value dropped to 85 ug/g, and the 

LD95 plummeted to 840 ug/g, as the slope increased slightly, to 1.7. The 

difference in the LDB0 values was not significant at the 0.05 level as determined 

from the confidence intervals, but the LD95 value did decrease significantly. 

The F17 generation showed a significant drop in the LDB0 value to 16 ug/g, 
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Table 2. Dosage-Mortality Data ^ of Permethrin on the Tobacco Budworm 
Subjected to LD80 Pressure for Several Generations Prior to the 
Initiation of this Investigation 

Generation LD50^ ±SD 95%CI LD95^ Slope (SE)2/ RR±/ 

1 4.8 0.8 (4.1-5.4) 37 2.1 (0.28) -

2 Pressure 

3 8.8 4.0 (6.6-16) 110 1.5 (0.30) 1.8 

4 Pressure 

5 Pressure 

6 4.6 1.2 (3.6-5.4) 42 1.7 (0.19) 0.9 

7 Pressure 

8 10 1.5 (6.1-15) 39 3.2 (0.69) 2.1 

9 Pressure 

10 100 20 (80-120) 1100 1.9 (0.27) 22 

11 Pressure 

12 180 28 (150-210) 1200 2.1 (0.32) 37 

1/ Data from the study by Jensen, Crowder, and Watson (1984) 
2/ ug/g 
y SE = Standard error of the slope 
4/ RR = Resistance Ratio = LD50 of FX/LD50 of F: 
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Table 3. Dosage-Mortality Data ^ of Permethrin on the Tobacco Budworm 
Subjected to Either Pressure or No Pressure for Several Generations 

Strain 
Generation LD50^ ±SD 95%CI LD95 ^ Slope (SE) 2/ rr!/ 

S F1 4.8 b^/ 0.8 (4.1-5.4) 37 2.1 cd*/ (0.28) -

S F27 2/ 0.23 a 0.8 (0.21-0.26) 0.94 2.7 d (0.22) 0.05 

R F14 130 e 38 (75-180) 4070 1.1 b (0.18) 27 

R F16 5/ 85 de 31 (45-120) 840 1.7 be (0.29) 18 

R F17 16 c 11 (11-21) 480 1.1 b (0.08) 3.2 

R F18 49 cd 24 (21-75) 880 1.3 be (0.17) 10 

R F19 71 de 26 (42-99) 3270 1.0 b (0.10) 15 

R F22 56 de 23 (31-78) 1730 1.1 be (0.13) 12 

R F24 1210 f 88 (930-1680) 17600 1.4 be (0.09) 250 

R F25 1110 f 74 (890-1400) 19300 1.3 be (0.12) 230 

R F27 3280 g 147 (2500-4300) 59900 1.3 be (0.13) 680 

R F28 900 f 103 (540-1610) 792000 0.56 a (0.07) 188 

R F32 2230 g 109 (1690-2850) 80700 1.1 be (0.11) 465 

1/ Data analyzed by computer probit analysis (Finney 1971) 
2/ ug/g 
3/ SE = Standard error of the slope 
4/ RR = Resistance Ratio = LD50 of FX/LD60 of Fj 
5/ LD50 values followed by the same letter are not significantly different when 

compared using the 95% fiducial limits 
S F27 generation is approximate, as this strain was not kept as distinct 
generations 

7/ Slope values followed by the same letter are not significantly different at 
P = 0.01 as determined by a t-test 

8/ Generations of the R strain not listed in this table received pressure with 
permethrin 



only 3.3 fold higher than that of the Fx generation. This value turned out to be 

the lowest observed in the course of this experiment. 

The median lethal dose started to increase again in the F18 

generation, as did the LD95. In the following generation, the LDS0 reached 71 

ug/g, and the LD95 jumped to 3270 ug/g. With the exception of the F17 and 

Flg generation, the differences in the LD50 values observed from the F14 

through the F22 generations were not significantly different. The F17 LD60 

value was significantly lower than every generation since Fg. 

In the F24 generation, the LD60 value increased to 1210 ug/g, and the 

LD96 rose to 17,600 ug/g. In the following generation, there were no significant 

differences in any of the values calculated from the dm-r line. Once again, in 

the F27 generation, the LD60 value increased greatly, to 3280 ug/g, while the 

LD95 climbed to 59,900 ug/g, and the slope remained unchanged, at 1.3. The 

LDbo level was significantly higher in this generation than at any other time 

during this study except in the F32 generation. In the F28 generation, the LDB0 

level decreased significantly, to 900 ug/g, a level close to that seen in the F24 

and F25 generations. The slope of the dm-r line this generation decreased to 

0.56, the lowest slope recorded thus far during the selection of this strain. A 

final dm-r line was obtained in the F32 generation, at which time the LDB0 had 

risen to 2230 ug/g, and the slope had returned to 1.1. Except in the F28 

generation, when a very low slope was observed, there were no significant 

differences in slope observed from F14 to F32. Although the actual slopes 

recorded in this period were all lower than that observed in the Fj generation, 

only in the F14, F17, F19 and F2g generations were these differences significant. 

Selection for resistance was continued on the R strain after the F32 

generation, and the results from F33 through F59 are shown in Table 4, and will 
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Table 4. Dosage-Mortality Data U of Permethrin on the Tobacco Budworm 
Subjected to Pressure for Several Generations Subsequent to the 
completion of this investigation 

Strain 
Treatment LD60 2/ 95%CI LD952/ Slope (SE)5/ RR 

R F33 1910 (1590-2300) 53500 1.1 (0.12) 398 

R F35 £/ 6390 (5650-7230) 40900 2.0 (0.19) 1330 

R F37 5530 (4850-6300) 38100 2.0 (0.15) 1150 

R F39 4130 (3650-4680) 31000 1.9 (0.16) 860 

R F44 8930 (7890-10100) 61700 2.0 (0.14) 1860 

R F49 2940 (2470-3490) 37400 1.5 (0.11) .610 

R F50 3220 (2820-3670) 20800 2.0 (0.15) 670 

R F51 6040 (5350-6820) 45500 1.9 (0.13) 1260 

R F54 7170 (6320-8140) 45900 2.0 (0.15) 1490 

R F57 4870 (4140-5740) 23300 2.4 (0.17) 1010 

R F59 3710 (2910-4600) 41700 1.6 (0.14) 770 

\J Data analyzed by computer probit analysis (Finney 1971) 
2/ ug/g 
2/ SE = Standard error of the slope 
4/ RR = Resistance Ratio = LD60 of FX/LD50 of Fx 

5/ Generations between those listed in this table received pressure with 
permethrin 



be referred to later. Several dm-r lines from the entire period of selection are 

presented in Fig. 5 to demonstrate the general trends in LD60 values and slopes 

during the development of resistance. 

The Use of Synergists in the Analysis of Resistance 

In this portion of the study, dm-r lines were obtained for the R and S 

strains, both with and without preapplied synergists. The results from the 

initial test, in which synergists were preapplied to the thorax, are curious in 

that synergism is seen in the case of the R strain, but the S strain 

demonstrated antagonism when the "synergists" were used. The R strain was 

first tested during the F27 generation with synergists. As previously mentioned, 

the LD60 value this generation was 3280 ug/g. When the combination of PBO 

and DEF was applied to the dorsal thorax one hour prior to the application of 

the permethrin (also applied to the dorsal thorax), the LD50 value obtained 

was 1120 ug/g, a synergist ratio of nearly 3. The S strain had an LD60 value 

of 0.23 ug/g with permethrin, but when synergists were preapplied to the thorax, 

the LD50 level was 1.1 ug/g; a clear case of antagonism (Table 5). 

In order to investigate a possible cause of this antagonism, a second 

test was performed in which the synergists were preapplied to the abdomen 

instead of the thorax, and the permethrin applied to the thorax as before. With 

this method, the LDB0 value for the susceptible strain when the synergists 

were used was 0.11 ug/g, a 2.2-fold decrease over the LD50 value for the 

permethrin alone. The test was repeated on the R strain during the F28 

generation. This time, the synergized LD60 value was 420 ug/g, a 2.2-fold 

decrease when compared to the LDB0 value for the permethrin alone (900 ug/g) 

(Table 5). 
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Table 5. Dosage-Mortality Data ^ for Permethrin and Synergists Plus 
Permethrin on R and S Tobacco Budworm Strains 

Strain/Tmt/ 
Location LD60 U LD95 ^ Slope RR 2/ SR ^ 

S/Perm 0.23 0.94 2.7 0.05 -

S/P+S/T 5/ 1.11 12.3 1.6 0.23 0.2 

S/P+S/A 2/ 0.11 0.33 3.3 0.02 2.1 

R F27/Perm 3280 59900 1.3 683 -

R F27/P+S/T 1120 29200 1.2 233 2.9 

R F28/Perm 900 792200 0.6 188 -

R F28/P+S/A 420 70000 0.7 88 2.1 

1J Data analyzed by computer probit analysis (Finney 1971) 
2/ ug/g 
y RR = Resistance Ratio = LD50 of FX/LD50 of Fx 

4/ SR = Synergist Ratio = unsynergized LDS0/synergized LDS0 

5/ S/P+S/T = Susceptible strain/Permethrin + Synergist mixture/ 
Synergist preapplied to the Thorax 

6/ S/P+S/A = Susceptible strain/Permethrin + Synergist mixture/ 
Synergist preapplied to the Abdomen 



Brindley and Selim (1984) defined several parameters calculated from 

synergism data, which appear to be useful in estimating the relative levels of 

metabolism in R and S strains of insects. These parameters include "synergist 

ratio" (SR), "synergist difference" (SD), "percent synergism" (%S), "log percent 

synergism" (L%S), and "relative percent synergism" (R%S). Equations describing 

each of these are shown in Fig. 4. 

These parameters, calculated from the values obtained in this study for 

the R and S strains, are listed in Table 6. The SR was identical for both the 

R and S strains, as were the %S and R%S values. The SD value of the R 

strain, at 487, was much greater than the value of 0.13 obtained for the S 

strain. Whether calculated with ug or ng values, the L%S parameter is larger 

for the S strain, although the magnitude of the difference is greater when ug 

units are used in the calculation. 

Penetration of ^C-Labelled Permethrin 

An estimate of the rate of penetration into the R and S strains was 

obtained by measuring the amount of 14C-labelled permethrin remaining on the 

cuticle at specific time intervals following application of each isomer. In order 

to correct for 14C-labelled permethrin rubbed off in the holding vials, and thus 

get a better estimate of the actual penetration, the average DPM's recovered 

from 0 h holding vials from each treatment were subtracted from the total 

DPM's applied before calculating the % remaining on the cuticle over time. Four 

lines, representing the recovery from the cuticle of the two isomers in each 

strain are plotted in Fig. 6. The lines appear to be grouped into two pairs, 

with the top two lines representing the penetration of the ci£ isomer into each 

TBW strain, and the bottom lines representing the trans isomer. 
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Table 6. Parameters Calculated from the Synergist Data M for Permethrin and 
Synergists Preapplied to the Abdomen Plus Permethrin on R and S 
Tobacco Budworm Strains 

Strain/Tmt/ 
LDbo*/ SR 5/ SD U %S & 

L%S 2/ 
R%S ^ Location LDbo*/ SR 5/ SD U %S & (ng) (ug) R%S ^ 

S/Perm 0.23 - - - - - -

S/P+S/A 5/ 0.11 2.1 0.12 52 13 50 8.2 

R F28/Perm 900 - - - - - -

R F28/P+S/A 420 2.1 480 53 5.6 11 8.5 

1/ Data analyzed according to the techniques of Brindley and Selim (1984) 
2/ ug/g 
y SR = Synergist Ratio (Defined in Table 5) 
4/ SD = Synergist Difference 
5/ %S = Percent Synergism 
6/ L%S = Log Percent Synergism (Calculated using ng and ug values) 
U R%S = Relative Percent Synergism 
8/ S/P+S/A = Susceptible strain/Permethrin + Synergist mixture/ 

Synergist preapplied to the Abdomen 
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An ANOVA comparing penetration in the two strains within each isomer did 

not show any significant differences between the R and S strains. There is a 

difference in penetration of the two isomers, however, with less of the cis 

isomer penetrating. The slopes of the two pairs of lines are similar, but not 

identical. The cis isomer appears to have a slower rate of penetration for the 

first 6 hours. While ANOVA did show a difference between the two isomers, it 

may not be valid to make these comparisons since the initial amount of the trans 

isomer applied was only 54% of the amount of cis isomer used. In fact, when 

the actual total DPM's disappearing from the surface of the cuticle are examined 

(corrected for the 0 h holding vials, but without the correction for the different 

amounts applied), the quantities are similar for the two isomers from 0 to 6 

hours. From 6 to 12 h, the cis isomer penetrated much more rapidly than the 

trans- isomer, and then again paralleled it from 12 to 24 h (Fig. 7). Although 

the total amount of cis-permethrin that penetrated by 24 h was greater than 

that for trans-, the percentage which penetrated was lower for cis. 

Metabolism of ^C-Labelled Permethrin 

Recovery of 14C-Labelled Permethrin and Metabolites from Extractions 

In addition to the radiolabeled permethrin recovered from external washes 

of the insects, levels of radioactivity from the holding vials and the various 

fractions from the extractions were also measured. This was done for several 

replicates of the low dose on each strain and isomer at 24 h. For other time 

periods, only a few extractions at most were performed, so the results are less 

complete and reliable. The extraction of insects resulted in 4 different fractions 

in which the radioactivity was measured. These included the acetonitrile 

fraction, which should contain most of the permethrin and metabolites; the 
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hexane fraction, which should contain permethrin and metabolites not partitioned 

into the acetonitrile; the methanol fraction, which might contain some polar 

metabolites; and the insect residue, which included anything that could not be 

extracted by this technique. The results of these readings are expressed as the 

percentage of the total DPM's applied (and not rubbed off at 0 h) which were 

recovered in that fraction. All of these values, and the number of replicates 

involved in calculating the means, are shown in Tables 7-12. No statistical 

analyses were performed on most of these data, but general trends were looked 

for. 

The holding vials contained 2.9 to 7.6% of the radioactivity at 0 h, and 

seemed to gradually increase in DPM's over time to levels ranging from 9.4% to 

17.3% at 24 h. The raw data from the holding vials was highly variable, so the 

average values reported in Table 7 may not be too reliable. There appears to be 

a greater % DPM's in the trans holding vials from 0 to 12 h. There is also a 

difference between the R and S strains at 24 h for the cis- isomer. The trans 

holding vials show a more rapid increase in radioactivity than the cis holding 

vials during the first hour, and then level out for the remainder of the 24 h 

period. The cis holding vials show a more gradual increase, except for the S c]s 

treatment from 12 to 24 h, which increases more rapidly during this period. 

Prior to the 24 h readings, the holding vials from the trans treatments appear to 

contain more radioactivity than those from the cis treatments. Following the 

large increase in levels between 12 and 24 h, the S cis treatment contained, as 

much or slightly more radioactivity than the trans treatments at 24 h. The R 

cis treatment has the lowest levels of radioactivity in the 24 h holding vials. 



The methanol and hexane fractions, and the insect residue all contained 

fairly low levels of radioactivity from 0 through 24 h (Tables 8, 9, 10). No 

obvious trends or differences between the treatments can be seen. 

The acetonitrile extracts similarly show no definite differences between 

treatments. Initially, 5.9 to 14.9% of the application was recovered in the 

acetonitrile, and at 24 h, the recoveries ranged from 10.9 to 16.3%, representing 

at most only a slight increase in levels over time (Table 11). At 24 h, there 

were no significant differences between any of the treatments. The acetonitrile 

fraction contained only a fairly small percentage of the total penetrated 

permethrin (percent not recovered in the external wash or in the 0 h holding 

vials). At 0 h, about 40 to 60% of penetrated radioactivity was recovered in the 

acetonitrile. The percentage dropped rapidly during the first hour, and more 

gradually afterwards, until only around 20% was in this fraction at 24 h (Table 

13). 

The total percent of radioactivity recovered from all sources was variable, 

but showed a downward trend over time for all treatments. Early recoveries 

varied from 88.5% to 97.5%, while recoveries at 24 h had dropped to as low as 

60.7% in the R trans treatment (Table 12). The data from the extractions were 

not complete enough to analyze further, but the acetonitrile extracts were 

qualitatively examined using thin layer chromatography. 

Thin Layer Chromatography 

The Rf values obtained from TLC of the standards of permethrin and its 

alcoholic moiety metabolites are shown in Table 14. Of these, only compounds I, 

II, IX, and X contain the radiolabelled portion of the permethrin molecule, and 

might be observed in this experiment. 



Table 7. Percent of total applied DPM's found in the holding vials at each time 
period for cis- and trans-permethrin applied to the R and S strains. 

Oh lh 
Time 

6h 12h 24h 
Strain/Isomer % N y % N % N % N % N 

S trans 7.3 4 12.9 3 13.1 3 10.2 4 15.2 4 

R trans 7.6 4 14.2 4 15.3 2 15.7 4 15.4 3 

S cis 2.9 5 5.2 4 9.8 3 7.5 4 17.3 6 

R cis 3.9 5 6.3 4 8.3 4 6.2 4 9.4 4 

\J N = the number of replicates used to calculate the % DPM's (15 larvae/rep) 



Table 8. Percent of total applied DPM's ^ found in the methanol vials at each 
time period for cis- and trans-permethrin applied to the R and S 
strains 

Strain/Isomer 
Oh lh 

Time 
6h 12h 24h 

Strain/Isomer % N 2/ % N % N % N % N 

S trans 2.6 2 2.3 3 1.5 3 - 0 6.3 4 

R trans 1.6 4 1.3 3 1.9 3 4.6 3 4.4 3 

S cis - 0 - 0 1.2 1 1.7 2 2.4 6 

R sk - 0 1.2 2 - 0 3.8 2 5.1 3 

1/ Total corrected for DPM's recovered from 0 h holding vials 
2/ N = the number of replicates used to calculate the % DPM's 
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Table 9. Percent of total applied DPM's U found in the hexane extract at each 
time period for cis- and trans-oermethrin applied to the R and S 
strains 

Time 
Oh lh 6h 12h 24h 

Strain/Isomer % N 2/ % N % N % N % N 

S trans 1.7 2 1.2 3 4.0 3 - 0 4.4 4 

R trans 2.5 4 1.9 3 4.9 3 3.4 3 4.0 3 

S cis - 0 - 0 2.3 1 2.2 2 3.7 3 

R £is - 0 1.9 2 - 0 2.9 2 4.8 3 

1/ Total corrected for DPM's recovered from 0 h holding vials 
2/ N = the number of replicates used to calculate the % DPM's 



Table 10. Percent of total applied DPM's ^ found in the insect residue at each 
time period for cis- and trans-permethrin applied to the R and S 
strains 

Strain/Isomer 
Oh lh 

Time 
6h 12h 24h 

Strain/Isomer % N H % N % N % N % N 

S trans 2.2 2 1.3 3 4.6 4 - 0 6.0 4 

R trans 1.1 4 2.2 4 4.1 3 12.5 3 4.9 4 

S cis - 0 - 0 1.8 1 0.8 2 2.5 3 

R cis - 0 4.9 2 - 0 3.8 2 5.5 3 

1/ Total corrected for DPM's recovered from 0 h holding vials 
2/ N = the number of replicates used to calculate the % DPM's 



Table 11. Percent of total applied DPM's ^ found in the acetonitrile extract at 
each time period for cis- and trans-permethrin applied to the R and 
S strains 

Time 
Oh Ih 6h 12h 24h 

Strain/Isomer % N 2/ o/0 n o/0 n o/a jsj % n 

S trans 14.9 2 13.1 3 13.1 3 - 0 16.3 4 

R trans 12.3 4 10.9 3 11.5 3 14.4 3 13.8 3 

S £is - 0 - 0 10.0 1 5.3 2 11.9 6 

R c]s - 0 5.9 2 _ 0 9.2 2 10.9 3 

i/ Total corrected for DPM's recovered from 0 h holding vials 
2/ N = the number of replicates used to calculate the % DPM's 
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Table 12. Total percent of applied DPM's recovered from all sources, at each 
time period for cis- and trans-permethrin applied to the R and S 
strains 

Strain/Isomer 
Oh lh 

Time 
6h 12h 24h 

Strain/Isomer % N */ % N % N % N % N 

S trans 95.6 2 83.2 3 79.4 3 - 0 63.1 4 

R trans 88.5 4 87.6 3 72.5 2 81.7 3 60.7 3 

S cis - 0 - 0 95.1 1 56.2 2 67.2 3 

R cis - 0 97.5 2 - 0 69.9 2 70.2 3 

1/ N = the number of replicates used to calculate the % DPM's 



Table 13. Percent of the penetrated DPM's ^ found in the acetonitrile extract 
at each time period for cis- and trans-permethrin applied to the R 
and S strains 

Time 
Oh lh 6h 12h 24h 

Strain/Isomer % N ^ % N % N % N % N 

S trans 56.8 2 31.2 3 25.3 3 - 0 20.0 4 

R trans 41.1 4 29.6 3 19.0 3 22.6 3 17.6 3 

S ds - 0 - 0 36.5 1 8.8 2 17.2 6 

R cis 0 31.1 2 0 17.2 2 17.3 3 

i/ Penetrated DPM's calculated by subtracting the external wash recoveries from 
the total applied corrected for the amount recovered from 0 h holding vials 

2/ N = the number of replicates used to calculate the % DPM's 
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Table 14. Rf values (X ± SE of trials) for permethrin and some standard 
metabolites with thin layer chromatography. (using toluene saturated 
with formic acid:ether (10:3) as the solvent system) 

Compound FMC # 
Roman 
Numeral Rf Values Labelled U 

os-perm 35171 I .708 ± .010 Y 

trans-Derm 30980 II .708 ± .010 Y 

4'-HO-pBacid 53808 III .172 ± .004 N 

4'-HO-pBalc 53809 IV .120 - .005 N 

m-pBalc 30952 V .368 ± .006 N 

m-pBacid 30953 VI .268 ± .006 N 

2'-HO-pBacid 53813 VII .204 ± .006 N 

2'-HO-pBalc 53814 VIII .135 ± .004 N 

4'-HO,t-perm 53824 IX .430 ± .009 Y 

2'-HO-perm 53825 X .582 ± .018 Y 

iy Indicates whether or not the metabolite would be labelled if it is produced 
from the 14C-labelled permethrin (the standards themselves were not 
labelled). 



The results of the TLC plate analysis were examined using histograms 

which plot the percent of total radioactivity on the plate found in each 0.5 cm 

section against the distance of the section from the origin. Visible and 

consistent peaks were identified and quantified for comparison. Seven peaks 

were located for both strains in the gis isomer TLC histograms, and were named 

A through G (Figs. 8 and 9). Corresponding peaks were found for the trans 

isomer, except that peaks D and E could not be differentiated, and so were 

combined (Fig. 10 and 11). The range of Rf values encompassed by each peak is 

shown in Table 15, along with standard metabolites which might be included in 

the peak. The peak analysis for trans permethrin showed no differences between 

the S and R strains (Fig. 12). When the peaks for the cte isomer were 

compared, however, some differences were apparent (Fig. 13). In the R strain, 

peaks A and C were higher, and peak G was smaller. Peak G corresponds to the 

location of the parent compounds, I and II, while peaks closer to the origin 

contain radiolabeled metabolites. Thus, there was less of the parent compound 

remaining in the R strain, and more of the highly metabolized substances found 

close to the origin of the TLC plate. 

Peak F, which should contain metabolite X, is very small for all 

treatments, not constituting a visible peak, but rather an area devoid of any but 

trace radioactivity (Figs 12 and 13). Peak E, which should contain metabolite IX 

is not extremely large for the cis- isomer, but seems to be much larger in the 

trans- isomer (although peaks D and E can not be differentiated). This may 

indicate a greater amount of IX in the trans treatments, although other 

metabolites could be immediately adjacent to IX, causing the less distinct peaks. 
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Figure 8. Distribution of radioactivity on TLC plates from acetonitrile extracts from susceptible TBW 
treated with 14C-labelled cis-permethrin. 
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Figure 9. Distribution of radioactivity on TLC plates from acetonitrile extracts from resistant TBW 
treated with 14C-Iabelled cis-permethrin. 
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Figure 10. Distribution of radioactivity on TLC plates from acetonitrile extracts from susceptible TBW 
treated with 14C-labelled trans-permethrin. 
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Figure 11. Distribution of radioactivity on TLC plates from acetonitrile extracts from resistant TBW 
treated with 14C-labelled trans-permethrin. 
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Table 15. Range of Rf values included in peaks from the thin layer 
chromatography trials 

Peak Low Rf Value High Rf Value Std. Metabolites ^ 

A 0.0 0.033 -

B 0.033 0.133 -

C 0.133 0.233 -

D 0.233 0.367 -

E 0.367 0.500 IX 

D/E 0.233 0.500 IX 

F 0.500 0.600 X 

G 0.600 0.733 I, II 

1/ Standard metabolites which would be located in the peak, and would also be 
radiolabelled if produced in the larvae 
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DDT Cross-Resistance 

Preliminary tests with DDT on the R and S strain indicated a high degree 

of cross-resistance to DDT. Doses as high as 600 ug/larva of DDT failed to 

produce any mortality. While a dosage mortality study has not yet been 

performed on the S strain, relatively low concentrations of DDT produced high 

mortality. 
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DISCUSSION 

Selection for Resistance 

Dosage Mortality Lines 

The techniques used to obtain dosage mortality data were close but not 

identical to the standard test procedures (Anon 1970). The weight range of 3rd 

instar larvae used was 22±5 mg instead of 35±5 mg. Few 3rd instar larvae reach 

35 mg, or if they do, are too close to molting to use. Other researchers seem 

to be using a lower weight range in their tests also (Nicholson and Miller, 1985). 

One possible problem with the weight range used here is that there may be a 

significant difference in the susceptibility of larvae at the low and high ends of 

the range. Roush and Wolfenbarger (1985) showed that methomyl resistant larvae 

weighing 12-21 mg were harder to kill than those weighing 22-29 mg. This 

factor has not yet been examined in these S and R strains, but could account 

for some of the observed day to day variations. 

An earlier study by Gast (1959) demonstrated an increasing LD50 value for 

many insecticides as the larval weight increased, but his study only looked at 

larvae weighing over 50 mg. It also did not consider larval instar, age, or 

proximity to molting. Krieger and Wilkinson (1969) investigated a microsomal 

epoxidase in southern armyworm (Prodenia eridanja) larvae, which increased 30 

fold in activity from the 3rd to the 6th instar. This should result in increased 

tolerance of insecticides in later instars. They also demonstrated a drop in the 

activity of this enzyme during the burrowing and prepupal stages, after feeding 

ended. In the soybean looper (Pseudoplusia includens), Dowd and Sparks (1984) 

showed an increase in hydrolytic activity during the 6th instar until the end of 

the feeding stage, followed by a decrease in activity for the rest of the instar. 



The LD50 values obtained from their study seemed to reflect the pattern of 

hydrolytic activity. Overall metabolism of carbaryl in the fat body of cabbage 

loopers was greatest in the fourth and fifth instars and the prepupal stage. 

These differences according to stage were even more pronounced in a resistant 

strain, whose total carbaryl metabolism was much higher. A similar, but less 

pronounced pattern was seen in the midgut tissues (Kuhr, 1971). 

Other recent studies have confirmed that physiological age is more 

important than weight in determining the level of insecticide tolerance (Gould 

and Hodgson, 1980; Dowd and Sparks, 1987). The time since the last molt or 

prior to the next molt could be used as a more reliable indicator to obtain 

larvae with a standard insecticide tolerance level. Unfortunately, due to 

variation in the rates of growth of individual larvae, it is very difficult to really 

standardize the physiological ages of larvae to be tested. Larval appearance can 

at least allow selection of larvae that are not very close to ecdysis, and the size 

restriction eliminates very young 3rd instar larvae. 

Another deviation from the standard test procedure was that the larvae 

were not kept under continuous light. For the first 3 to 4 days, they were kept 

in complete darkness, following which they were maintained in a variable 

light:dark cycle, approximating 13:11. Maintaining the larvae in complete 

darkness for several days improved survivorship, since the phototactic response 

of young larvae draws them off of the diet. Mortality readings were taken at 72 

rather than 48 h, since 72 h results were less variable, and provided a better 

indication of total mortality. 



Level of Resistance 

While extremely high levels of resistance have been measured in the 

resistant strain, the exact height of the level may be somewhat artificial. As 

the topically applied dose increases, a number of factors may contribute to 

reduce the actual dose to which the insect is exposed. A certain percentage of 

the insecticide on the cuticle would remain for longer times than if lower doses 

were being applied, and loss by molting or rubbing' off would be more likely. 

Equilibrium and solubility considerations also mean that the total amount of 

insecticide that can be absorbed over a fixed time is limited. Soderlund (1979) 

demonstrated that internal accumulations of topically applied pyrethroids at 24 h 

are directly proportional to the dose over a certain range of doses, but higher 

doses gave smaller increases in tissue levels. Sawicki and Lord (1970) also 

showed increased total penetration at higher doses, but the increase was not 

proportional to the dose. 

Additionally, the longer the time that the insecticide remains on the surface 

of the insect, the greater the amount of volatilization. The importance of this 

will depend largely on the volatility of the insecticide itself, but the amount 

volatilizing will be related to dose (Szeicz et ah 1973). Light stable synthetic 

pyrethroids such as permethrin are not very volatile (Davies, 1985), but some 

may be lost from the cuticle in this fashion. 

The stage of the insect can also influence the level of resistance, and 

although resistance may be present in one or more stages, individual resistance 

mechanisms may not exist in all stages. For example, larvae which feed on 

leaves and must metabolize secondary plant compounds are more likely to possess 

metabolic defenses than is the adult. While very high levels of resistance have 

been observed in the third instar of this strain, and the first instar has also 



displayed resistance during residue tests, other stages have not yet been tested 

for resistance. A preliminary test on adults in which exposure was performed 

via a film of insecticide in scintillation vials, indicated that the R adults were 

more resistant than S adults, but the level of resistance seemed relatively low 

compared to the larval resistance. Miller (1986) has found tolerances to 

pyrethroids in field collected TBW larvae up to 50 times greater than S TBW 

larvae, while in adults no significant differences in tolerance between the field 

collected and susceptible strains were found. 

Slope of Dm-R Lines: Genetic Implications 

The slope of the dm-r line is an indication of the variation in response 

of the organisms to the toxin (Hoskins, 1960), with a steep slope indicating a 

homogeneous population, and a flat line resulting from a heterogeneous 

population. The Fj generation, prior to any selection pressure in the laboratory, 

had a relatively steep slope of 2.1. After 4 years in the laboratory with no 

exposure to insecticides, the S strain exhibited a slope of 2.7. This increase in 

slope could be attributed to a more homogeneously susceptible strain than was 

originally collected from the field. Over this same time period, the LD50 value 

of the S strain decreased from 4.8 ug/g to 0.26 ug/g, further supporting the idea 

that the S strain has become more homogeneously susceptible (Table 3). 

During the first 12 generations of selection in the R strain, the slope 

varied from 1.5 in the Fs generation to 3.2 in the Fg generation. The F12 

generation had the same slope as the Ft generation (2.1), along with a much 

higher LD50 value (Jensen et ai. 1984) (Table 2). In the generation, the 

slope decreased to 1.1, and remained near this value through the F27 generation. 

Meanwhile, the LD50 values fluctuated greatly, dropping to a low of 16 ug/g in 



the F17 generation, followed by a gradual rise to 56 ug/g in the F22 generation. 

Following another generation of pressure, the F24 generation exhibited a 

dramatic increase in LDB0, to over 1000 ug/g (Table 3). This was accompanied 

by no significant change in slope, indicating that in spite of the increased 

resistance, the population was still quite heterogeneous with regard to resistance. 

In the F27 generation the LDB0 increased to 3300 ug/g, while the slope 

remained at 1.3, but the LD50 of the F28 generation dropped to 900 ug/g, 

accompanied by a decrease in slope to 0.56, possibly caused by a contamination 

of the strain by some S individuals. When the next dm-r line was obtained in the 

F32 generation, the LDS0 value had again increased, to 2200, and the slope 

returned to 1.1. After the F22 generation, selection pressure was maintained at 

a low level, which would remove susceptible individuals from the population, but 

possibly not remove heterozygotes or push the population towards greater 

resistance. 

The low slopes encountered indicate that some fairly susceptible, as well 

as some highly resistant individuals are being maintained in the population. This 

leads to a consideration of the genetic factors responsible for the resistance. In 

the simplest scenario, in which there is a single gene for resistance, this gene 

could be dominant, incompletely dominant (or incompletely recessive), or 

recessive. If the resistance gene were completely recessive, selection pressure 

should rapidly remove all individuals that are not homozygous for the resistance 

gene, leaving a homogeneously resistant population. This does not seem to be 

the case in this strain. 

If the gene for resistance were dominant, it would be difficult to 

completely remove the susceptible genes from the population via normal 

selection, although the gene frequency could be reduced to low levels over many 



generations of selection pressure. Each generation, phenotypically susceptible 

individuals would be killed when selection pressure is applied, contributing to the 

low slope of the dm-r lines, but the heterozygous individuals would survive, 

maintaining the susceptible genes in the population. The same situation would 

apply to incompletely dominant or incompletely recessive resistance genes which 

were being selected with too low a dose. 

In the case of a single locus where the resistance gene was 

incompletely dominant or incompletely recessive, with heterozygous individuals 

displaying an intermediate level of resistance, a low level of selection pressure 

would remove only homozygous susceptible individuals. A higher selection 

pressure would remove heterozygous individuals also, but the level of pressure 

needed and the efficiency of the selection would depend upon the degree and 

variability of the expression of the resistance gene. The frequency of the 

resistant gene should gradually increase with each generation of low pressure if 

there are no advantageous characters such as higher fecundity inherited along 

with the susceptible gene (and no deleterious characters associated with the 

resistant gene). It would be difficult to completely eliminate the susceptible 

genes from the population under these conditions. A study of the biology of the 

R and S strains has shown that the R strain possesses some deleterious 

characteristics, including lower fecundity and egg viability. This, combined with 

the fact that only low levels of selection pressure have been applied to the 

strain since the development of a high level of resistance, make it likely that an 

incompletely dominant or incompletely recessive resistance gene is involved in 

the resistance of this strain. 

Other factors could also contribute to the maintenance of the S gene in 

the population. If there were a homozygous lethal gene linked to the R gene, 
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only heterozygous individuals would survive, and a homogeneously resistant 

population could never be obtained (Tsukamoto 1983). Any highly advantageous 

characters linked to the S gene and expressed in heterozygotes could similarly 

prevent the selective removal of S genes. 

The actual genetic makeup of this resistant population unquestionably is 

much more complex than the above scenario. First, there is strong evidence 

that the resistance is polygenic. Crosses between R and S individuals have 

yielded results which can be more easily attributed to multiple genes than to a 

single gene for resistance. Furthermore, this study indicates that more than one 

mechanism is involved in the resistance, although one is probably more important 

than the others. 

It has been proposed that laboratory selected R strains are likely to 

have polygenic resistance, whereas R strains in the field are more likely to 

possess a single gene for resistance (Rousch and McKenzie, 1987). This 

difference would result from the lower level of pressure used in the laboratory, 

which would allow individuals with smaller degrees of resistance to survive. 

Thus, mechanisms which alone might only impart low levels of resistance would 

be selected for at first. Eventually, all of these mechanisms would combine in 

individuals to produce high levels of resistance. In the field, a much higher 

selection pressure is applied, so only individuals possessing very effective 

resistance mechanisms would survive, and the resulting resistant strain is likely 

to have only one mechanism of resistance. In fact, a number of cases of 

insecticide and acaricide resistance in the field have been shown to be due to 

only one or two genes (Roush and McKenzie, 1987). This theory further 

supports the evidence that this R strain is polygenic for resistance. Although 

this theory is likely to be correct for laboratory strains, there is some question 
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about the validity with regard to field populations. In the field, factors such as 

the evenness of insecticide applications, availability of refugia, immigration of 

susceptible individuals, and persistence of the insecticide could all affect the 

actual level of selection (Comins, 1979). Lower selection pressure in the field, 

which could result from some of these factors would invalidate one of the major 

assumptions of the theory 

The persistently low slopes being encountered in spite of high resistance 

levels indicate that some relatively susceptible individuals are being produced 

each generation in addition to highly resistant ones. Strong evidence for 

polygenic resistance is apparent in these "susceptible" individuals, since the very 

low permethrin concentrations which would kill almost 100% of the S strain, kill 

few if any of these insects. This indicates that there may be a number of genes 

at various loci which contribute to resistance, but alone produce lower levels of 

resistance. Thus, even the "susceptible" individuals in the R strain are likely to 

possess some degree of resistance. 

Subsequent studies involving crosses of the R and S strains have 

indicated that the ^ resistance is incompletely recessive (Watson and Kelly, 

unpublished data). The crosses produced a large decrease in the LD50 value, 

although the heterozygotes were still far more resistant than the S strain. This 

effect might also be produced in polygenic resistance, if some genes were 

dominant and others recessive. The results from the F2 generation and from 

backcrosses with R and S individuals also indicated that more than one gene 

might be involved. 

The large drop in the level of resistance seen in the F17 generation was 

probably due to a contamination of the culture with some susceptible individuals 

in a previous generation. The much higher fecundity of the S strain would allow 
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a few S individuals to produce a high frequency of the susceptible genes in the 

population within only a few generations, assuming some heterozygotes could 

survive the selection with permethrin. If contamination of the culture did occur, 

it was probably in the pupal or adult stage, since homozygous S larvae would not 

have survived the selection with permethrin. 

Development of resistance in the R strain included several fairly sudden 

jumps in the LD50, sometimes without significant increases in the slope. This 

again is evidence for polygenic resistance, since jumps in the LDB0 could be 

associated with the establishment and expression of individual genes for 

resistance in the population, while other resistance genes maintained a low 

frequency. This type of sudden rise in LD60 has been observed in other studies 

(Brown and Pal, 1971), and is related to the phenotypic expression of the R 

gene(s) in resistant homozygotes (Georghiou and Taylor, 1976). If there were 

several genes for resistance in the population which were being independently 

selected for, the LD60 could be expected to rise in a series of jumps as each 

resistance factor reached a high enough frequency in the population to be 

expressed in many individuals. 

As long as the R strain remains heterogeneous, selection pressure must 

be applied every generation in order to maintain a high level of resistance. 

Since in the absence of any insecticidal pressure, the S individuals are more "fit" 

than the R insects, a reversion to susceptibility could be expected upon removal 

of the pressure. In the F27 generation, before extremely high levels of 

resistance were attained, reversion to susceptibility was demonstrated following 6 

generations without selection in this strain (Jasim, Univ. of Az, personal comm.). 

Studies currently in progress have similarly shown a fairly rapid reversion to 
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susceptibility, but these tests must be replicated to confirm that these results 

were not due to contamination of the strain with S individuals. 

In an attempt to create a homozygous resistant culture, individual parent 

crosses were made, and only offspring from parents which showed no susceptible 

individuals in the F2 generation were kept and used to create a new R strain. 

This technique will not work perfectly if the resistance is in fact polygenic, but 

it might at least produce a strain homozygous for the major mechanism of 

resistance. A number of additional experiments will be performed to elucidate 

the genetics involved in the resistance of this strain. 

Synergism Studies 

Interpretation of Synergism in the R and S Strains 

The SR value, which indicates by what factor the synergist reduces the 

LD50, has been widely used by researchers to estimate the metabolic activity of 

insects in vivo. The results of this study yield SR's for the S and R strains 

that are identical (Table 6). The values of this parameter indicate that there is 

no difference in the metabolic capabilities of the two strains. 

Brindley (1977) however, questioned the usefulness of the SR in 

evaluating metabolism, and proposed that the difference between LD60 values 

with and without the synergists (SD) may be a more useful parameter. The SD 

is an indication of the amount of insecticide that would normally be metabolized, 

but is not due to the presence of the synergists. This parameter is much 

greater in the R strain than in the S strain. This means that there is actually a 

much greater amount of metabolism occurring in the R strain. Of course, when 

there is such a large difference in LD60 values between R and S strains, the SD 

of the S strain could not approach that of the R strain if the synergists 
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produced any significant reduction in the LDB0 of the R strain. This fact may 

make the SD less useful in cases where there is a high level of resistance. 

The %S parameter is the percent by which the synergists reduced the 

LD60. As was the case with the SR, there is no difference in the %S value for 

the two strains. The %S values can be misleading, especially where LD60 values 

are extermely different, and when there is a large change in LD50 values even 

though the synergized LD50 of the R strain is still far from that of the S strain. 

L%S is similar to %S, except that it is calculated with the logs of the LDS0 

values. This value is of greater use in assessing synergism in strains such as 

this, with very high LD50's. The value of this parameter is lower for the R 

strain than for the S strain. According to Brindley and Selim (1984), this is a 

very good indication that there are one or more non-metabolic factors involved 

in the resistance, but does not rule out metabolism as a component. 

R%S values scale the amount of synergism in each strain against the 

maximum possible synergistic effect; which would be the difference between the 

R strain's LD50 and the S strain's synergized LDB0. Again, there is no 

difference in this value for the two strains. 

If metabolism were the major mechanism of resistance in the R strain, it 

would be expected that the values of each of these parameters would be greater 

in the R strain. Based upon the results of this test, it appears that metabolism 

probably is not a major mechanism of resistance in the R strain. The results of 

the metabolism study with radiolabeled permethrin generally support this 

synergism study. They indicate that metabolism does play some role in the 

resistance, but not a major one. It does seem that the SD parameter, which in 

this case was much greater for the R strain than the S strain should not be 

used alone when determining the degree of difference in metabolism. While it 
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did point out that there was a difference, a fact that the SR would have missed, 

the actual increase in metabolism was fairly small. 

Antagonism by Synergists 

The phenomenon of antagonism that was observed when synergists and 

insecticide were both applied to the thorax of susceptible larvae has also been 

demonstrated in other studies. Although sesamex did inhibit the metabolism of 

pyrethrins in houseflies, when applied in combination the sesamex also reduced 

absorption of the insecticide as much as 50 percent (Chang and Kearns, 1964). 

They concluded that sesamex competed with the fly epicuticle for any lipophilic 

compound, reducing penetration by a purely physical phenomenon. Nishimura et 

al. (1981) similarly demonstrated a decrease in the rate of penetration of 

pesticides caused by PBO. Antagonism of permethrin by PBO was also 

demonstrated by Christian et al. (1986) at certain doses when applied together 

to southwestern corn borer, Diatraea erandiosella (Dyar) larvae, but they did not 

attempt to explain it. Kurihara et ah (1977) observed a reduced penetration into 

houseflies of lindane and several analogs following treatment with PBO. They 

concluded that this was due to the buildup of unmetabolized substances in the 

insect, which in turn slowed further penetration. While this explanation may 

account for a portion of the antagonism by PBO, results of the current study 

indicate that other factors are responsible for much of the antagonism. 

In contrast to these cases of antagonism, Sun and Johnson (1972) 

described what they termed quasi-synergism, in which a synergist increased the 

toxicity of carbamates by increasing the penetration rate, possibly by acting as a 

carrier. This phenomenon was most apparent with slow penetrating insecticides, 

and served to greatly accentuate any synergism due to metabolic inhibition. 



107 

While this is the opposite of the phenomenon observed in this experiment, it 

seems reasonable that different substances could either increase or decrease 

penetration rates, producing either this quasi-synergism or antagonism. When 

testing several chemical adjuvants on TBW larvae for synergistic effects with 

permethrin and cypermethrin, Sivasupramaniam (1984) observed antagonism. The 

same chemicals showed synergism when used on adult pink bollworms 

(Pectinoohora eossvpiellal and houseflies. While this difference could have been 

due to different metabolic pathways in the TBW, it may also have resulted from 

cuticular differences between larval TBW and the other adult insects. While the 

exact nature of these adjuvants was not known, they had been shown to enhance 

the efficacy of defoliants on plants, and they were believed to increase 

penetration across the plant cuticle. 

The results of this experiment provide further evidence that the 

antagonism sometimes observed with synergists is actually a physical phenomenon. 

It is likely that when the insecticide was applied to the cuticle in the same area 

that the synergist had been previously applied, synergist remaining on the 

surface had an affinity for it, holding it on the surface and preventing or 

delaying penetration. This would produce visible antagonism in the S strain, 

since the reduction in penetration of the small dose applied had a greater effect 

than the reduction in metabolism of insecticide that did penetrate. Synergism 

was seen in the R strain because the quantity of synergist was small in relation 

to the amount of insecticide applied, so only a minor effect on penetration 

occurred, and the influence of reduced metabolism was still visible. 

The extent to which the synergists moved along the surface of the larvae is 

not known, but it seemed to remain concentrated in the area of initial 

application. In spite of an hour delay between the application of the synergist 
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and the insecticide, antagonism was still seen only when the insecticide was 

applied to the same area as the synergist. Application of the synergists to the 

abdomen instead of the thorax did not result in any apparent antagonism, 

although interference with penetration could have still resulted in a reduction of 

synergism. 

These results further support the argument that in synergism studies, 

synergists should be preapplied rather than applied in combination with the 

insecticide. In addition to the time needed for the synergists to take their 

inhibitory action, applying the combinations probably alters the penetration of 

the insecticide, giving erroneous results. Additionally, it is advisable to apply 

the synergist and insecticide to different locations on the insect to avoid the 

problems encountered in this study. If not taken into consideration, these 

factors could seriously alter results, even if no antagonism is observed. 

Penetration of ^C-Labelled Permethrin 

The method used to study penetration is not ideal, but was an easy 

technique to employ along with the metabolism study. By merely rinsing the 

larvae with solvents, only the dislodgeable radioactivity is removed from the 

cuticle and measured. Anything not in this fraction is assumed to have 

penetrated into the insect. This does not differentiate between insecticide which 

actually penetrates into the insect, and any which might be bound within the 

cuticle. Thus, minor differences in penetration caused by binding of the 

insecticide to the cuticle might not be detected. The degree of resistance is so 

high in this R strain however, that if reduced penetration were an important 

mechanism of resistance, it should have been observed by this rinsing technique. 
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Although it has been included in the penetration study, it is important 

to note that in reality, a "zero time" can not exist. There was a short time 

between application of the insecticide and freezing of the larvae, and more time 

during freezing in which penetration could have occurred prior to extraction. 

Even more efficient techniques would still involve time for solvent evaporation 

and some handling prior to extraction (Sun, 1968). 

This short, but significant amount of time involved in the 0 h period 

helps account for the relatively low recovery of permethrin from the external 

rinses of the larvae. While one would ideally expect to recover 100% of the 

insecticide if there had really been no time for penetration to occur, only 70% to 

78% was recovered at 0 h (Fig. 6). (The 0 h holding vial counts for each 

treatment were subtracted from the initial amount applied prior to calculating 

percentages for all time periods within the treatment. This does not take into 

account permethrin rubbed off at later times, but this could not be measured 

since holding vials from later times would also contain excreted radioactivity.) 

This low recovery may be partially due to a rapid initial penetration, and also to 

binding of the insecticide to the cuticle. 

There is no difference between the R and S strains in the penetration of 

either isomer. This eliminates penetration from consideration as a mechanism of 

resistance to permethrin in this strain of TBW. There is some difference 

between the two isomers in penetration, although the differences in initial 

amounts applied reduce the reliability of this observation. The trans isomer 

appears to have a greater penetration rate for the first few hours, and the cis 

isomer penetrates more rapidly from 6 h to 12 h. From 12 h to 24 h, the rates 

of penetration for the £is and trans are similar. The more rapid disappearance 

of the trans isomer during the first few hours may be related to the different 
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quantities of the two isomers applied, or could be due either to a real difference 

in penetration or to more trans than cis being rubbed off after 0 h. There was 

a greater amount of radioactivity in the trans 0 h holding vials, so more 

apparently was rubbed off at least immediately following the application. If this 

phenomenon is real, it might be due to a greater irritation caused by the trans 

isomer. This possibility has not yet been investigated any further. 

The rate of penetration of a substance is related to physical properties 

of the molecule and the cuticle, the amount of the compound on the cuticle, the 

internal concentration, the area of contact, and time (Matsumura, 1983). The 

involement of the concentration of insecticide on the cuticle in determining the 

amount of penetration indicates that the higher amount of cis isomer applied is 

likely to have caused at least part of the differences observed between the 

isomers. Since there are physical differences between the two isomers which 

could affect penetration, it is possible that part of the difference in penetration 

is real. Findings by Soderlund (1979) however, indicated that penetration was 

not different in Periolaneta americana for insecticidally active and inactive 

enantiomers of another pyrethroid. It is interesting that the cis isomer seems to 

have the lower total penetration, since it is the more toxic of the two isomers. 

This indicates that compared to the trans isomer, the toxicity of that amount of 

the sis isomer which does penetrate, may be even higher than topical tests show. 

Metabolism of ^C-Labelled Permethrin 

Radioactivity Recovered in the Various Fractions 

The holding vials contained permethrin and metabolites either rubbed off 

or excreted by the larvae. At 0 h, the amount of radioactivity in these vials 

was small for all treatments, consisting solely of permethrin that had rubbed off. 
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At later times, excreted (and any additional rubbed off) radioactivity was added 

to the holding vials, resulting in increases of 5 to 14% by 24 h (Table 7). There 

was a high variability among replicates, which may have been due to differences 

in the amounts rubbed off. These data indicate that during the 1st hour, the 

trans isomer is excreted or rubbed off by both strains at a much faster rate 

than is the c|s isomer. The excretion of the c|s isomer appears to occur more 

gradually. If this observation is correct, it may be related to the fact that the 

trans isomer is generally metabolized more easily than the ds isomer. As a 

result of this, the degradation and subsequent excretion of the trans isomer 

might occur fairly rapidly, but it is questionable whether metabolism and 

excretion alone could produce such a large effect by 1 h. If the trans isomer 

were more of an irritant than the cis isomer, more radioactivity might also be 

rubbed off. 

There does not appear to be any difference between the R and S strains' 

holding vials for the trans isomer, but at 24 h, there is more radioactivity in the 

holding vials of the S cis treatment than in those of the R cis treatment. This 

implies that from 12 to 24 h, the S strain is eliminating the cis isomer more 

efficiently than the R strain. While this could be due to greater metabolism and 

excretion in the S strain, it is more likely due to the increased loss of fluid 

which has been observed in intoxicated larvae (Gerolt 1983, Holden 1979). This 

dose of cis-permethrin killed many of the S larvae, and those that survived were 

probably very intoxicated at the later time periods, and would have lost some 

permethrin and metabolites both from the surface of the cuticle and from 

internal sources, along with the increased water loss. With the exception of the 

S ds treatment, there was very little increase in radioactivity in holding vials 

after the first few hours. Volatilization of compounds in the vial may have 
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counteracted any buildup of excreted materials, and excretion could have been 

slowed due to effects of permethrin on the larvae (Devries and Georghiou 

1981a,b). Additionally, any metabolites which were present in the excretia, but 

were not very soluble in methanol or acetone might not have been adequately 

rinsed out of the individual holding vials into the vial which was counted. 

The acetonitrile fraction should have contained most of the permethrin 

and metabolites which were still inside the insects at the time of extraction. A 

majority of the radioactivity was recovered in the acetonitrile fraction, but 

significant amounts were left in the other fractions. The methanol vials at 24 h 

still contained between 2.4 and 6.3% of the total applied radioactivity (Table 8). 

The vials had been thoroughly rinsed with both hexane and acetonitrile, so the 

remaining radioactivity must have been fairly insoluble in these solvents. It is 

likely that the methanol vials still contained highly polar metabolites; possibly 

conjugates with proteins or other large molecules. Even if these compounds had 

not been very soluble in methanol, they would have remained there if they did 

not precipitate out upon centrifugation. There was no apparent difference 

between the strains or isomers in the amount of radioactivity in the methanol 

fraction over time. 

At 24 h, the hexane fraction contained between 3.7 and 4.8% of the total 

applied radioactivity (Table 9). While this is not a large amount, it is more than 

the 1.5% predicted by the trial acetonitrile-hexane extractions. This difference 

may be due to the different solubilities of some of the metabolites, since the 

trials were done only with permethrin. Again, no differences were apparent 

between the treatments over time for the hexane fractions. 

The insect residue contained from 2.5 to 6.0% of the radioactivity at 24 

h (Table 10). Due to the high degree of quenching in these samples, the results 
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of their LSC readings may be less reliable than those of other fractions. The 

insect residue fraction should contain any metabolites which were bound to 

proteins or other substances which made them insoluble in methanol and heavy 

enough to be precipitated by centrifugation. 

At 24 h, the acetonitrile fraction contained between 10.9 and 16.3% of 

the radioactivity (Table 11). Even initially, 5.9 to 14.9% was recovered from this 

extract. There was at most only a slight increase in these levels over time. 

This stability may have been due in part to an equilibrium between excretion, 

metabolism and penetration. Once a certain level of internal permethrin had 

been reached, any further penetration would be slow except as needed to 

maintain this level, replacing any metabolized or excreted permethrin. Although 

there appears to be slightly more radioactivity in the acetonitrile fractions from 

the trans treatments, there were no significant differences at 24 h. There was 

insufficient replication at other time periods to analyze statistically. The 

composition of the 24 h acetonitrile fractions was analyzed using TLC in another 

part of this experiment. 

The total amount of radioactivity which was recovered from inside the 

larvae, the internal radioactivity, seemed to rise slightly (approximately 10%) 

over time for all treatments, as expected. In the S strain at 24 h, a higher 

percent of the trans isomer and its metabolites was internal than of the cis 

isomer and its metabolites. This could be due to different penetration rates of 

the two isomers as well as to the increased excretion or loss with fluids of the 

cis isomer postulated earlier. The 24 h levels in the R strain are intermediate 

to those in the S strain, and there is no difference between isomers. More 

trans- than cis-permethrin and metabolites may have been excreted by the R 

strain at 24 h, lowering the internal radioactivity of the trans treatment, and 
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there was no additional loss of the cis isomer due to intoxication related fluid 

loss as in the S strain. These two factors could account for the lack of 

difference between the isomers in the R strain, in spite of the difference in 

penetration. 

The total percent of the applied radioactivity recovered from all sources 

declined over time. At 0 h, recoveries ranged from 88.5 to 95.6%, while at 24 h, 

between 60.7 and 70.2% was retrieved (Table 12). A number of factors could 

have contributed to the decreasing levels after 0 h. Steps such as the 

combination of the holding vial residues into one vial resulted in the loss of 

some radioactivity. In trial runs using only permethrin, about 95% of the 

measurable radioactivity from the holding vials was isolated in one vial via the 

rinsings, leaving 5% in the other vials. After 0 h, metabolites in the holding 

vials which might be less soluble in methanol and acetone than permethrin could 

have further lowered the recoveries from the rinsing of the vials. 

A certain amount of radioactivity may have been metabolized into C02 

or volatile compounds which would not have been recovered once excreted, since 

no trap for gases was used in this experiment. This could have been responsible 

for a significant portion of the missing radioactivity at the later time periods. 

Nicholson and Miller (1985), working with sH-labelled trans-permethrin in slightly 

resistant TBW did find that a significant amount of a volatile metabolite was 

produced. No attempt was made to identify this compound, so it is unknown 

whether or not it would have contained the labelled carbon atom from the 

permethrin used in this experiment. Crawford et ah (1981) found that less than 

0.1% of the dose of cis- or trans-cypermethrin administered to rats was 

eliminated in the form of 14C-labelled C02. Again, the radiolabels were in 
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locations different from that in this experiment, and the subject of these tests 

was not even an insect, so the applicability to the present study may be minimal. 

TLC/Metabolite Study 

TLC plates consist of a thin, uniform layer of silica gel coated on one side 

of a glass plate. The solution containing the substances to be separated is 

spotted at an origin, about an inch from the edge of the plate, keeping the spot 

as small as possible. Adequate amounts of the solution can be applied by 1) 

making the solution more concentrated and 2) repeatedly applying more after the 

previous application dries. The plate is developed by putting it in a closed tank 

containing a shallow layer of an appropriate solvent or solvent mixture. An 

appropriate solvent system is one which will separate all of the substances being 

examined over a reasonable distance. The plate is placed with the origins down, 

close to but not in the solvent. The solvent slowly moves up the silica gel 

layer, carrying substances from the origin to differing degrees, depending on 

their solubility and affinity for the silica. With relatively apolar solvents, this 

results in the least polar substances being carried the farthest, while highly 

polar substances may not move from the origin. 

The solvent used in this study was a 10:3 mixture of formic acid saturated 

toluene, and ethyl ether. This provided a good separation of the standard 

metabolites, carrying permethrin the farthest, and moving the others to different 

degrees. This solvent does not separate the cis and trans isomers of permethrin. 

The Rf value, which is the distance travelled by a compound divided by the 

distance from the origin to the solvent front, can be used to identify substances, 

since it is constant for a particular compound in a solvent system under constant 

conditions. 
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A comparison of the peaks of radioactivity on the TLC plates from the 

trans isomer showed no difference between the two strains, indicating that there 

were no qualitative differences in the metabolism of this isomer by the R and S 

strains (Fig. 12). A similar comparison of the peaks for the cis isomer did 

reveal some differences between the two strains (Fig. 13). The percentage of 

radioactivity in the parent peak of the S strain was greater than that of the R 

strain. Two of the metabolite peaks near the origin were larger in the R strain 

than in the S strain. These findings indicate that more of the cis permethrin 

was metabolized into more polar compounds in the R strain than in the S strain. 

The total amounts of radioactivity recovered in the acetonitrile fraction at 24 h 

was only 9 to 13% of the total amount applied, and about 20% of the amount 

penetrated, so the difference between the strains, while significant, does not 

constitute a large enough reduction in permethrin to account for the high level 

of resistance in the R strain. 

In addition to the parent cis- and trans-permethrin, metabolites IX and 

X could be looked for in specific peaks. There must have been little if any 

metabolite X in any of the treatments at 24 h, since there was almost no 

radioactivity in Peak F. Peak E, which should contain IX was not too large in 

the cis treatments. It is doubtful that very much of this metabolite (4'-Hydroxy 

trans-permethrin) would have been produced from cis-permethrin, so in this case, 

peak E might contain a different metabolite. Peak D/E was much larger for 

trans than for cis treatments, possibly indicating the presence of metabolite IX, 

but a distinct peak can not be identified on the trans results. Other metabolites 

close to the location of IX could have obscured it, especially considering the low 

peak resolution of the methods used here. 
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Very little could be done in this experiment to actually identify specific 

metabolites. The reasons for this are two-fold. First, few of the standards 

supplied by FMC contained the acid moiety, meaning that they could not be 

identified by radioactive traces even if they were present in the extracted 

material. Second, the method of sectioning and counting the TLC bands does 

not produce detailed peaks with precise Rt values. The resolution is further 

decreased when averages of the replicates are taken. This accounts for the 

rather indistinct peaks in Figures 8-11. The peaks were more clearly visible in 

histograms of individual replicates. Peak resolution could have been improved by 

partitioning the strip into smaller sections (<0.5 cm), but problems in accuracy of 

sectioning and scintillation counting would increase if this were done. Some 

trials were performed with a linear peak analyzer. It seemed difficult to identify 

individual peaks with this method, but persisting with it might have produced 

better results in terms of identifying individual peaks. Possibly the best method 

which could have been used was radioautography of the TLC plates. This method 

involves placing the TLC plates on a special photographic film for several 

months, during which decay of the radioactive substances exposes the film, 

producing visible spots where the radiolabeled metabolites are. This method was 

not selected due to the long time needed to obtain results. 

Another problem with attempts to identify metabolites in this experiment 

is that significant levels of impurities were present in the radiolabeled cis- and 

trans-permethrin. The 14C-labelled permethrin was simply diluted and used as it 

came from FMC. Ideally, it should first have been purified by TLC to remove 

any radiolabeled contaminants (Ahmad, 1976). Small peaks other than that of 

the permethrin were seen when TLC was performed on the permethrin solutions. 

This contamination does not affect comparisons between strains within each 
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isomer, but it invalidates comparisons between isomers, and attempts to identify 

and quantify specific metabolites. It would not be known if metabolite peaks 

were actually due to contaminants or to further metabolism of these 

contaminants rather than to metabolism of the parent compounds. 

Cross-Resistance to DDT 

The high level of cross-resistance to DDT in the R strain, although not yet 

quantified, strongly implicates target site insensitivity (termed kdr in flies) as 

the major mechanism of resistance. Further tests are planned to conclusively 

demonstrate this, but a number of other studies have shown that kdr is 

inevitably a mechanism of resistance when cross-resistance between DDT and 

pyrethroids is present (Miller et a].., 1983). Most of the studies of this 

phenomenon have been performed on houseflies, but it has been demonstrated in 

other species as well (Matsumura 1971, 1983). The reason for this cross-

resistance undoubtedly lies in the similarities in the mode of action of DDT and 

the pyrethroids. Whatever alterations in the target site prevent pyrethroids from 

exerting their toxic action, have a similar blocking action on DDT. Further 

tests to look more directly at the site of action of permethrin are necessary to 

confirm that target site insensitivity is a major mechanism of resistance in this 

strain. 

Other Factors Possibly Contributing to Resistance 

With continued pressure, the LD50 of the R strain has climbed as high 

as 8900 ug/g in the generation. The LD60 value has fluctuated between 

2900 and 7200 ug/g since then. Studies of the biology of the R strain performed 

in the F53 generation implicate another factor which may contribute to the very 
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high levels of resistance in this strain. The mean weight of the R strain in the 

3rd instar prior to molting was lower than that of the S strain. The R strain 

also had a much higher percentage of individuals undergoing six larval instars 

than did the S strain (unpublished data). The added instar was probably needed 

to compensate for the lower weight gain during the early instars. 

This change in biology may be related to the techniques used in 

selecting for resistance. Each generation, 3rd instar larvae weighing between 16 

and 28 mg which were not undergoing ecdysis were selected to be dosed topically 

with permethrin. Survivors were used to produce the next generation, so there 

was selection for individuals which could best tolerate the high doses of 

insecticide when they were in the appropriate size range. Within an instar, 

insecticide tolerance varies not only with weight, but also with physiological age 

(Gould and Hodgson, 1980; Brattsten, 1987b). Additionally, proximity to ecdysis 

may influence insecticide tolerance, since any insecticide remaining on the 

cuticle will be shed along with the old exoskeleton. This last factor could be 

more important at higher doses, since much greater quantities of insecticide 
I 

would be removed upon ecdysis. This implies that there might be selection for 

larvae which were closer to molting when they were dosed, so that the amount 

of insecticide that they were exposed to internally was lowered. The reduction 

in the size of 3rd instar larvae of the R strain may have resulted from selection 

for larvae which would be fairly close to molting when they reach the "prime" 

size for dosing. While larvae showing head capsule slippage, the first visible 

sign of molting, are not selected for dosing, many of the larvae may be on the 

verge of this stage when dosed. 

There would also be some selection against smaller 3rd instar larvae, 

since the larvae would be in the acceptable weight range for a shorter time, and 
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would thus be less likely to be chosen for dosing. At high doses, the improved 

chance of survival imparted by being close to ecdysis when dosed may outweigh 

the lowered possibility of being selected for dosing. 

The possible presence of this mechanism does not lessen the importance 

of whatever other resistance mechanisms are present. The larvae must still be 

able to handle the insecticide which has penetrated the cuticle prior to ecdysis. 

Post-exposure molting could greatly accentuate any other resistance mechanisms 

present, by lowering the actual dose entering the insect. The effect of this is 

similar to that of reduced penetration, but instead of slowing entry of the 

insecticide, this mechanism would stop all penetration after a shorter time. 

While post-exposure molting might produce extremely high levels of 

resistance in the lab when this sort of dosing is used, the increased resistance 

would not be manifested under field conditions. Only resistance due to other 

mechanisms would be observed in the field. This strain would still be highly 

resistant, but not to the degree that the lab results have indicated. 

These dosing techniques are generally accepted for this type of study in 

Heliothis. and should be used to obtain LD60 values for comparison with other 

studies. However, in long term studies in which resistance is being selected for, 

it might be advisable to alter the method of exposure used for selection. This 

problem might be avoided by using a film exposure technique, in which the 

larvae are placed on an insecticide treated surface for specific periods of time. 

Implications and Applications for Field Resistance 

Extrapolations from these results to field resistance are difficult to make 

for a number of reasons. This resistant strain attained a higher level of 

resistance than would ever be seen in the field. Failures of pyrethroids in the 



121 

field would occur at much lower resistance levels, and unless they were used 

against other pests, pressure would be relaxed. Additionally, minor mechanisms 

contributing to the resistance in this strain might not have been selected for 

under field conditions. The early 3rd instar molting mechanism, if real, would be 

specific to the dosing techniques used here, and would not be effective in any 

other situation. 

Metabolism was shown to be a minor mechanism of resistance in this 

strain. The use of synergists might aid in control, but would not adequately 

counteract resistance in this case. Metabolic inhibitory synergists used prior to 

the development of resistance might prevent the development of the metabolic 

portion of resistance, but target site insensitivity would still be a problem. 

Also, use of only an MFO inhibitor such as PBO, or only an esterase inhibitor 

such as DEF could result in resistance due to accentuation of the other 

metabolic pathway (Wilkinson 1983, Ranasinghe and Georghiou 1979). Other 

experiments with this strain have indicated that chlordimeform applied with the 

permethrin might effectively delay or prevent the development of resistance 

(Bohmann §t ah, 1988). Chlordimeform also greatly increases the effectiveness of 

permethrin against 1st instar R larvae (unpublished data), but unless an 

analogous compound is found to replace the banned chlordimeform, these findings 

can not be applied. 

Penetration was not shown to play any role in the resistance of this 

strain. Since reduced penetration as a mechanism of resistance often produces 

cross-resistance between classes of insecticides, it might be more likely to 

develop in situations where it had been involved in resistance to other 

compounds, and the genes are already present in fairly high numbers. 
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While target site insensitivity has not yet been proven to be the major 

mechanism of resistance in this strain, there is strong evidence that this is the 

case. It is probably fortunate that DDT has not been used in this country for 

quite a long time, since cross-resistance between pyrethroids and DDT due to 

kdr is so common. The frequency of genes conferring this resistance mechanism 

may not be extremely high in field populations, but they are undoubtedly present. 

Other promising findings include the large drop in resistance experienced 

when R individuals are crossed with S individuals, and the fairly rapid reversion 

to susceptibility of heterozygous strains. Combined with the lower fecundity and 

viability of the R strain, results indicate that resistance could be fought 

effectively if it does occur. Monitoring, to allow early detection of resistance in 

the field is critical in any resistance management program. Resistance might be 

managed through judicious use of pyrethroids, and possibly releases of susceptible 

males. If the use of insecticides can be totally avoided for part of the season, 

natural predators and parasitoids should keep resistant TBW under control as well 

as they do susceptible TBW, and the insecticide free period will allow some time 

for S genes to build up. When insecticides must be used, the dose should be at 

least high enough to kill heterozygotes in order to delay the development of 

resistance (Tabashnik and Croft, 1982). 

Once again however, it must be stressed that this R strain is very 

different from one that might develop in the field. Field resistant strains would 

exhibit lower levels of resistance, but might also not possess the lower fecundity 

and viability seen in this strain. If this were the case, management would be 

even more difficult. In any case, it would be best to avoid the problem 

altogether by taking every precaution to avoid resistance in the first place. 
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