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ABSTRACT

The relative toxicities of some systemic organophosphorus

insecticides to Acyrthosiphon pisum and Aphis fabae were studied

in laboratory tests together with some of the factors affecting their

toxic action.

The two species were fed on Vicia faba and the weights of the
developing aphids and the rates of larviposition and honeydew

production were examined.

. . 2 '
- In comparative feeding tests on 3 P-labelled plants the
division of the ingested material between the adults, larvae and

honeydew was followed. ) -

The feeding behaviour of the two species on different arti-
ficial liguids and under differenf experimental conditions was
- examined. The acceptability of the diets in each specie s and the
interference of dimethoate with artificial feeding were also

measured radiometrically.

The significance of the feeding behaviour of each species on
natural or artificial diet is discussed in relation to the observed cont-

act or systemic toxicities.

Some of the enzymes affected during insecticidal poisoning
were examined in relation to the insecticidal action and the

tolerance of the aphids.

The aphid esterases were resolved electrophoretically and
the cholinesterase and carboxylesterase activities were estimated
with titrimetric and colorimetric techniques. Qualitative and
quantitative differences in the esterases of the two species and their

significance in poisoning the insect are discussed. '



The interactions between the insecticides and the enzymes
in the living insect were examined and the inhibitory action of the
insecticides on the esterases was compared with the mortality
caused. The inhibitory action of organophosphates with respect

to time was also examined in the broken cell.

On the basis of the data collected, the possible physiological
roles of the factors studied in the.poisoning of the two aphids are

discussed.
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GENERAL INTRODUCTION

Control of aphids.

Aphids cause damage as pests either directly as a result of
heavy infestations of wingless individuals on various crops or with
the winged forms as virus vectors. Apterae are relatively unim-
portant in transmitting viruses due to their relative immobility.
Thus, the problem of controlling aphids is a dual one, of preventing
the wingless forms from multiplying to plant damaging numbers and
of preventing the winged forms moving from virus affected to healthy

plants.

. Most aphid-transmitted viruses are of the "non-persistent!' type. . .

The "persistent' virus transmitted by aphids up to 1969 was found to
be 38 (Gibbs, 1969). Most of the work and a considerable amount of
-research on aphid control has been done on preventing the spread of
persistent viruses. Despite different methods used so far to prevent
the spread of viruses by aphids, insec;cicides rema;n the basic control
measure, though they are not without shortcomings. Contact
insecticides are not especially effective in protecting plants against
infection as new foliage, produced between applications is not
adequately covered with \insecticide and the development of systemic
insecticides was hailed with as much en’chtilsiasm as the introduction
of DDT had been (Ripper et al, 1949). But as aphids must feed on
sprayed plants before they can pick up the insecticide, it is not sur-
prising that systemic insecticides have been no better than contact
ones in preventing either the introduction of virus into crops or the
spread of non persistent virus in crops. The need, therefore, is for
potent insecticides that paralyse or kill aphids almost immediately.
For maximum effective control the epidemiology of the virus and the

biology of the aphids need detailed study. In this context Watson



and Plumb (1972) have reviewed the behaviour of aphids in their relation-

ship to virus transmission.

The role of the plant in systemic insecticidal action.

The efficiency of a systemic insecticide is dependent on the
active participation of the plant in three ma.ih processes; the absorption,
translocation and de’coxifica.tion;of the chemical (Bennett, 1957).
Differences in some of the conditions in which plants are grown in the
field interfere with these processes and change the potency and
availability of an applied chemical. These differences are j;)ossibly
re'sponsible to some extent for the variable results obtained with
systemic insecticides which are reported in the literature.

The plant can also interfere indirectly and thé role of nutrition
in the determination of the biochemical activities and p\qtentialities
of living organisms is rarely given enough emphasis (Gordon, '1961)
There are few examples of the influence of nutrition of aphids on their

tolerance to insecticides. Acyrthosiphon pisum (Harris) reared on

Vicia faba L. are about 1.5 times more tolerant to rotenone than aphids

reared on Tribolium pratense (Potter and Gillham, 1957) Myzus

persicae (Sultz) reared on turnip (Brassica campestris) or lettuce

(Lactuca sativa) are three times more tolerant to nicotine than aphids

reared on nasturtium (Tropaeolum sp.) (Richardson and Casanges, 1942).

All these effects are minor and difficult to interpret. Even if it could

be shown that a diet that causes higher tolerance also causes larger

body weight or higher fat content, one could never be certain that the
increased body weight or fat is the direct cause. Some other unknown
factor may be responsible. Gordon (1961) suggested that nutritional
effects on insecticide tolerance can be morve striking if the insecticide

is present at sublethal levels in the insect body during the feeding period.
Field studies often show a significant increase in the resistance of insect

populations with seasonal changes (Andres et al, 1955; Kerr and Olney,
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1959) and some of this increase may be attributed to the changing
nutritive value during growth and maturation of the crop plants and
also to adaptive changes in the insects growing in the presence of

sublethal levels of insecticides.

Studies on the uptake and fate of plant material, may considerably
improve our understanding of the aphid-plant relationship. The use of
radioactive compounds _incorporatéd into the plant tissues, has made it
poésible to study the mo\vements of . minute quantities of plant sap.
Studies on the feeding response of aphids are important and this has

been facilitated with the introduction of artificial feeding methods

through membranes.

‘Sélectivity of insecticides.

The difference in response between any two species is a measure
of the selectivity of the insecticidal action in relation to those .species.
The ideal insecticide would be highly toxic to the insect pest, but quite
innocuous to other forms of life with which it came into contact
(Wintering}:mam, 1969). An example of selectivity is to be found in the
three systemic organophosphorus {O-P) compounds studied by Elliott
(1970).

Menazon did not kill two species-of anthocorids at any dosage;
dimethoate and phorate killed the predators only when these insects
were confined on the treated leaf-surface and not on the opposite
surface. All three insecticides,A'especially menazon, were selective,

since any dosage killed more aphids (A. pisum) than it did predators.

Among the factors that influence the physiological selectivity of
organophosphorus insecticides are penetraﬁon of the chemical into the
insect's body, sorption and distribution of the absorbed poison and

especially metabolism. The study of O-P-susceptible and -resistant
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strains of different species offer unique advantages in investigations
into the separate or joint action of these factors in connection with the .

different sensitivities of the species or strains to the tested chemicals.

Slow penetration may be expected to increase the effect of meta-
bolism and excretion of poison by allowing more time for loss of poison,
and thereby increasing the dose needed on the outside of the insect

(Lord, 1967). Differences between the LD__s by topical application

50
and by injection, is an indication of the effective barrier between the
external surface and the site of action. There is considerable variation
in the injected-contact toxicity ratio {rom one species to another and from
one anticholinesterase to another (Lovell,1963). Forgash et al (1962)
Farnham et al (1965), Gwiazda and Lord (1967) and -Lord (1967), .
demonstrated that diazinon penetrates more slowly into O-P-resistant
housefly strains than into susceptible strains, indicating that slower
penetration may be important although it does not account fqr the whole

of the resistance. Sawicki and Lord (1970) have shown that the delay

in knockdown of resistant M.domestica compared with susceptible flies
by diazinon, parathion and chlorthionethyl was accompanied by an
increase in the amounts of insecticides that could be recovered from

the surface of the ins eéts 4 hrs. after treatment, suggesting that

delayed penetration was responsible. The amount of poison present

on the surface diminished fastest immediately after treatment and

slowed down with increasingtime. DBoth the strain of insect and dose
applied affected this rate of loss (Sawicki and Lord, 1970). Lord (1967)
has found that the proportion of a chemical that penectrates the cuticle

is larger for the smaller doses. Different inethods of application may
also affect the rate of penetration. There is also an example in Aedes
aegypti (L) larvae where induced malathion tol‘erance was found to be

due to decreased absorption (Matsumura and Brown, 1961a). Although

v

. the effect of delayed penetration on the entry of insecticides into insects
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is relatively small and is of little importance in insects which lack the
metabolic mechanisms for breaking down insecticides, it can have a
more significant effect in insects that have detoxifying mechanisms

(Sawicki and Lord, 1970).

Little is known of how the insecticide makes its way from the
surface of the cuticle to the n. system, whether directly through the
cuticle and haemolymph, or by some indirect route such as the tracheal

system. In M.domestica (Gwiazda and Lord, 1967) and in Periplaneta

americana (Burt and Lord, 1968) has been found that once diazoxon has
pe‘netraf,ed the cuticle it appears to spread rapidly throughout the bodies
of insects. The route by which the insecticide approaches the nervous
-system and the concentrations that occur there have been studied by .-
Burt (1970).. This author found that the haemolymph playé a major

rofe in transpox:_t of insecticides, although other tissues are also
involved. Burt and Lord (1968) also found that haemolymph can carry
relatively large quantities of moderately water soluble insecticides such
as diazinon and relatively small amounts are sorbed on other insect
tissues. They also found that a rather insoluble insecticide such as
pyrethrin I, is sorbed much more stréngly on the tissues which take

up a large fraction of a to‘pic)ally applied dose. The partition ratios,
tissue to buffer solution are 3. 7:1 for diazoxon and 30, 000:1 for
pyrethrin I. The close correspondence between dose and concentration
in' the haemolymph is further evidence for rapid equilibration of thé
poison throughout the insect. The concentration in the haemolymph
determined chemically 1-2 hrs after treatment with an LD90 dose are
remarkably similar to those‘producing conduction~block in ganglia‘

in vitro in the same time, an indication that diazoxon in the central
nervous system is in approximate equilibrium with that in the haemolympk

(Burt and Lord, 1968).



13

Other routes of entry exist and Gerolt (1969) has shown that
insecticides are able to reach the nervous system in another way than
via the haemolymph. By using a range of insecticides (but mainly |
dieldrin), he fqund evidence that after application to the cuticle,
insecticides pass over or laterally through the cuticle to the spiracles
and then via the tracheae and tracheoles to the nervous system and
other tissues. Burt (1970) does not exclude the possibility that some
insecticide passes from the outer surface of the cuticle into the
. haemolymph via the tracheae which is a more likely route for less

water-soluble insecticides.

Gwiazda and Lord (1967) and Lord (1967) have shown that
~diazinon is sorbed at places other than the site of action in 'sﬁs‘cép't'ib_l'é"
and resistant strains of houseflies. This non specific sor'ption, of the
san'qe ngree in.the two strains, would be at least partly reversible
and concentration-dependent, and diminishes the amount of _th'e chemical
available for poisoning by some 5 to 40 times (Gwiazda and Lord, 1\967)
One of the toxicoiogical significances of this sorption, according to
Lord (1967) is that in this way the insecticide is protected from being
converted to less toxic substances, though Weiden (1968) points out |
that lipophilic compounds which are more likely to be taken up by
miclzrosomes are thus more susceptible to microsomal oxidation.
Sorption may also be important in the penetration of insecticides through
tiésues or membranes because the properties of rapid and complete
reversible sorption might be expected to facilitate movement of |
materials in contrast to lack of ""'solubility" which would present a

barrier.

There are claims that resistance can be conferred by storage of
the insecticide in the fat reserves of the insect (Hoskins and Gordon,

1956) or excretion of unaltered insecticide (Perry and Buckner, 1959).
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However, Gordon (1961) states that it has not always been shown that
storage and excretion are not normal processes in the susceptible
strains or that equal doses of a non-toxic analogue of the insecticide
are more efficiently stored or excreted by the resistant strain than

by the susceptible strain.

The mechanism of the preadaptation for resistance in most cases
is, according to Brown (1964) mainly due to detoxification of the
insecticide. Preadaptations involving reduced absorption through the
cufcicle and alimentary canal are of relatively minor importance.

There is now abundant evidence that differences in enzymic metabolism
are one of the most important factors in selectivity (O'Brien, 1967)
‘and the most studied group of insecticides in this context is the organd=
phosphates (reviewed by Hope and Ordish, 1961; O'Brien,. 1961b;Met -
calf, 1964). ’

Enzymic metabolism of the absorbed insecticide may involve
an increase (intoxication) or a decrease (detoxication) in the
toxicity of the molecule. Enzymic metabolism of the insecticide
usually involves detoxication (‘Winteringham, 1969).The relationship
between the rate of detoxication and the rate of intoxication, determines
the toxic effect to the insects (Yang, 1971). Resistance to O-P
insecticides in insects is caused by higher rates of degradation and
correspondingly higher levels of hydrolytic enz;ymes in the O-P-
resistant strains than in susceptible strains (O'Brien, 1966; Brown,
1968). It was found that degradation ofx diazoxon (Gwiazda and Lord,
1967) and paraoxon (Oppencorth and Asperen, 1961; Nolan, 1970) was
higher in resistant strains than in susceptible strains of M.domestica.
When larvae of malathion-susceptible or-resistant strains of Culex
tarsalis Coquillett are exposed to equal concentrations of malathion
(1 ppm), the resistant strain )has only about 1/3 as much malaoxon

as the normal strain after 30 minutes (Matsumura and Brown, 1961 b).
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This difference is partly caused by its greater ability to detoxify
malaoxon, for when’larvae are exposed to malaoxon, this toxicant

is eliminated by the resistant but not the susceptible strain, and
homogenates of resistant larvae destroy malaoxon almost five times
as fast as those of susceptible larvae. It is widely recégnised that
resistance ratios which may be large with topical applications may
be very small with injected applications, though this does not necess-
arily mean that the strains differ in the rapidity with which a chemi-
cal may penetrate. Thus a 2-fold difference in metabolic degradation
could have a disproportionately large protective effect if, in both

strains, the topical doses penetrated at identical rates, sufficient to

- overwhelm the degrading system of the susceptible. strain (Nolan, 1970).

The role of esterases in insecticidal action.

Because of the implication of esterases in the poisoning of
insects by insecticides, studies on the insecticidal action of O-P
compounds have raised considerable interest in insect esterases, both

those poisoned by the toxin and those involved in detoxication.

The cholinergic system comprises three components: the synaptic
transmitter, acetylcholine (ACh); the acetylcholine hydrolysing enzyme,
acetylcholinesteraée (AChE); and the acetylcholine synthesizing enzyme,
choline acetyltransferase or choline acetylase '(ChA)(Srﬁallrnan and
Mansingh, 1969). Despite early uncertainty the evidence for the
presence of the system in insects is now unequivocal and its function
in insects has been reviewed by Smallman (1958), O'Brien (1960 ),
Chadwick (1963), Colhoun (1963), Treherne (1966). In insects as in
other animals, the cholinergic system is avssociated primarily with
nervous tissue, though there is strong evidence that this system is
not the only neural transmitter in insects. Evidence from toxicological

studies suggest also that the muscular movements are controlled by the
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same system (Mehrotra and Smallman, 1957). Various experiments have

been done to attempt to explain the action of O-P insecticides on

different species and the stages of development with differences in

the levels of cholinergic components. The comparative value of

the available data however is restricted due to the differences in
precision of the variety of methods were used by various experimenters

with. different species.

It is generally thought that cholinest?rase inhibition is the
primary cause of poisoning by organophosphates (Spencer and O'Brien,
1957; Smallman and Fisher, 1958; Smith and Salkeld, 1965; Metcalf
and March, 1969). However considerable doubt exists as to whether
' the O_P insecticides exert their insecticidal action by the inhibition
of ChE activity in the nsrvous system, and many workers have stressed
the possibility that inhibition of other esterases might also be involved,
even if they are not necessarily the cause of death (Lord and Potter,
1951, 1954a;Hopf, 1952, 1954; Potter et al, 1957; Asperen, 1958b1960a;
Brown, 1961; Bigley, 1966).

The most studied groups of esterases involved in the insecticidal
action of O-P compounds-:are the cholinesterases aﬁd carboxylesterases.
Cholinesterases (ChEs) are of two types, Acetylcholinesterase (AChE)
and cholinesterase (ChE). They were classified b*).r the International
Commission on Enzymes in 1961 under the systematic names
Acetylcholine acetylhydrolase (3. 1.1.7) and Acetylcholine acyl-
hydrolase (3.1.1.8) respectively. AChE is the predominant acetyl-
choline-decomposing enzyme of nervous tissue and the erythrocytes
of most species, whereas ChE predominates in the blood plasma of
most species. Each enzyme was found to hydrolyse both choline and
non-choline esters, but the rate of hydrolysis of each ester by each

of the two enzymes differs. They can also hydi'olyse aromatic as well
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as aliphatic esters, often quite rapidly. The enzyme from houseflies,

although regarded as an AChE, is intermediate in properties.

Carboxylesterases (Car-Es), formerly known as "aliesterases"
or "B-esterases' were classified under the systen?t(icname carboxylic
ester hydrolase (3.1.1.1). Itis probable that a number of Car-Es
exist. The enzyme attacks both aliphatic and aromatic neutral esters,
so that the old name ''aliesterase'’ was incorrect {Dixon and Webb,
1964). The term éarboxylesterases (Car-Es)is used throughout this

work for the carboxylic ester hydrolase.

To understand fully the action of an insecticide it is necessary
to know the lethal mechanism, the critical site of action, how the
poison reaches this site, and any protective mechanism the insect. =~ =
may possess (Burt and Lord, 1968). Strong arguments have been
put forward that the toxic action of insecticidal O-P compounds is
due to the inhibition of ChEs within the n.system of insects and thus
disorganization of synaptic conduction, but this has not been proved

(Metcalf, 1955; Burt and Lord, 1968).

In resistant and su_scga:ptible strains of houseflies it was found
that after external application of poison the extent of ChE inhibition
was related in both strains to the toxic symptoms (Lord et al, 1963)
A strain of the ﬁosquito C.tarsalis specifically resistant to malathion
and malaoxoﬁ alone (Darrow and Plapp, 1960) was characterized by
a 2- to 3-fold increase in ChE activity (Matsumura and Brown, 1961b).
Using a number of p-nitrophenyl phosphates and a phosphorothioate
Dauterman and O'Brien (1964), studied the correlation of the sensitivity

of Apis melifera to these ppisons in vivo and their ChE inhibition 3_11

vitro. There was a high correlation between in vitro inhibition and
in vivo toxicity. Asperen (1958a)and Plapp and Bigley (1961) reported
that Car-E inhibition was higher in poisoned houseflies. But this

"was not coincident with symptoms of poisoning as was.the case with
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ChEs. Furthermore, maximum Car-E inhibition preceded symptoms
and reactivation continued as poisoning advanced to point of death.
O'Brien (1961a)showed that inhibition values for Car-Es were higher
than those for ChEs in houseflies treated with parathion and 3 other
phosphorothionates. ﬁowever, because of the coincidence of symp-
toms with inhibition of ChEs, it was concluded that death was due

to ChE inhibition. Lord et al (1963) have found that houseflies are
killed by doses that inhibit only about 1/3 of the total activity of the
thoracic ganglion. Further, although "superficial and ''peripheral'
ChEs are almost completely inhibited, activity in the neuropile is
little affected. The vital function of ChE is normally considered to

. be at the synapses, which are in the neuropile. If this is the only.
vital function for ChEs then the thoracic ganglion cannot ‘be a .
critical site of toxic action, or inhibition of ChEs is not the primary
cause of death. This does not rule out the possibility that inhibition
of ChEs lin other parts of the n. system may be critical. According to
Burt et al (1966) and Booth and Metcalf (1970), localized sites of ChE
inhibition in houseflies may be responsible for the action of the t‘oxi-
cants used by these authors (organophosphates and carbamates),
rather t\han a generalized inhibition. The peripheral areas of the
thoracic ganglion of the central nervous system appear to be one

of these sites. The thoracic ganglion, controls segmental reﬂe_x
abtivity and it is not surprising to find the locomotory apparatus )
nonfunctional when peripheral inhibition of ChE occurs in the ga\nglion
(Priﬁgle, 1940; Roeder, 1953; Molloy,1961). The exactxfunction of
this non synaptic peripheral enzyme as it relates to death of the
insect is not known. Experiments with houseflies, with and without
addition of eserine showed that 60% of ChE activity and 20% of Car-E
activity to «-naphthyl acetate is contributed by the heads (Asperen,
1962).
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Lord and Potter (1950,1951) were the first to suggest that
esterases other than ChEs may be important in O-P-poieoning.
According to Hopf (1958) there is at least one other distinct enzyme,

a phenylesterase, present in locust ganglia. The inhibition of this
enzyme seems to be more correlated to toxic symptoms than that of
ChEs. However, he accepts that in the absence of information on its
natural substrate or on the occurrence of other enzymes it is not
possible to speculate on its role in the mode of action of phosphoric
insecticides. In vivo and in vitro experiments conducted by Mat-
sumura and Brown (1961b), proved the Car-E inhibitor EPN (Ethyl 4-
nitrophenyl phenylphosphonothionate) to be a strong synergist to malathio:
for the reS1stant straln, whereas the phosphatase 1nh1b1tor NaF showed
‘only a Weak synergistic effect. They, therefore, concluded that it is
mainly the Car-E and not phosphatase activity that is the deciding
factor in malathion metabolism. On the other hand, selective in-
hibition of Car-Es in houseflies by DEF carried out by Bigley (1966)
did not result in death of treated susceptible or resistant flies.
Although Car-Es apparently play a nonvital role in housefly general
metabolism (Bigley, 1966), its role in degrading toxic O-P compounds
is highly important, especially when resistance is present. After
DEF pretreatment there was a greater accumulation of paraoxon in

both strains.

Several reports have shown that AChE of susceptible and resis-
tant strains of houseflies do not differ (Asperen and Oppenoorth, 1959;
Bigley and Plapp, 1960; Forgash et al, 1962) but Mengle and Casida
(1960) suggested that resistant flies may contain a factor which pi'otects
the enzyme. Asperen (1960b)has pointed out that after poisoning house-
flies with various organophosphates, there was a very high percentage
of Car-E inhibition, in comparison with a low percentage of ChE

inhibition at the time of prostration. This could mean that inhibition
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of Car-Es is more important than ChE inhibition in causing the death
of the fly. On the other hand Stegwee (1960) showed that considerable
Car-E inhibition in houseflies treated with tﬁ-o-totyl phosphat (cited
as ‘Tri-o-cresylphosphate, TOCP), which is a selective inhibitor

not affecting ChEs, did not cause death. When those flies were
treated 24 hrs later with tetraethyl pyrophosphate (TEPP), typical

symptoms of O-P-poisoning developed.

Asperen and Oppenoorth (1959) found that in 5 parathion-resistant
and 2 malathion-resistant strains of houseflies the activity of Car-Es,
measured by the hydrolysis of esters such as methyl butyrate, was
only about 20% of the Car-E activity of normal strains. Further
" study (Asperen and Oppenoorth, 1960) showed that-resistant flies -~
contain a modified Car-E which has the capacity of degrading the
oxérgen analoguﬁ:o which resistance has developed. Two parathion-
resistant strains could break down paraoxon and diazoxon more
rapidly than the normal strains. ;I‘he_se authors (Oppenoorth and
Asperen, 1960) concluded that in the O-P-resistant strains the Car-E
has been converted into a breakdown enzyme which thus functions
as a phosphataselwith very high aiffinity for its substrates paraoxon
and diazoxon and it seems difficult to correlate the low Car-E
activity with resistance in houseflies. The main cause of O-P-
resistance in houseflies is therefore degradation of the toxic oxygen
analogues of the poisons by some altered Car-E, although other
mechanisms are present in some strains (Oppenoorth and Asperen,
1961). This is corroborated by the strong synergistic action of
organophosphatés that block these breakdown enzymes. At this time
it appeared that carboxylesterase-like degrading enzymes were able
to prevent the toxicant from reaching a fatal concentration at the site
of action whereas most of the total elimination was brought about by

other mechanisms present in both susceptible and resistant strains
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(Oppencorth and Asperen, 1961).

Since then, differences in the Car-E activity between susceptible
and resistant strains of different species have been found, though the
'ChE activities were similar. Lower Car-E activity was found in
parathion- and malathion-resistant strains of houseflies (Bigley,

1966) and also in malathion-resistant blowfly Chrysomya pytoria (Wild)

(Substrate «~naphthyl acetate; Ozaki, 1969). On the other hand,
Matsumura and Brown (1961b) have ascribed malathion resistance in
the larvae of the mosquito C.tarsalis to a higher Car-E activity.

Strains of Drosophila melanogaster Meigen showing resistance to

parathion and to other insecticides, proved to have 7-8 times mozxre

"' Car-Es than normal strains (Ogita,1961). Resistance to several organo-

phosphates in the hemipterans, the green rice leaf hopper Nephotettix

cincticeps Uhler (Ozaki, 1969) and the small brown leaf-hopper Lao-
delphax striatellus Fallen (Kojima et al, 1963; Ozaki, 1969) is linked

with high Car-E activity (substrate .B-naphthyl acetate ). Similarly,
;*cesisltance to O-P compounds in M. persicae is linked with high

Car-E activity (Needham and Sawicki, 1971; Sudderuddin, 1972) and

the loss in resistance in an unsélected strain of this species was re-
flected by a corfesponding loss of Car-E activity (Needham and Saw_ick
1971)

Combined effect of factors affecting toxicity

A1l results indicate that several factors are involved in the
development of resistance. However, the effect; seem to be so
complex that no attempt has been made to deVeiop a theoretical treat-
ment of these results(Sawicki and Lord, 1970). Knowledge of how a sub-
stance affects a sensitive mechanism is not enough to predict its bio-
logical activity(Lewis and Lord, 1969). Thus, O-P insecticides kill by
inhibiting ChEs, but anti-ChE activity is not a reliable guide to toxicity,

because toxicity is much affected by other phenomena.
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By applying 3H—dimethoate to 5 insect species it was found
that in the highly sensitive housefly penetration was particularly
rapid and in the initial 30 min. there was a 5-fold increase in
production of the oxygen analogu(eand the ChEs were 100 times more
seﬁsitive (Uchida et al, 1965). However, variations in thesei factors
could not explain all the variations in toxicity to the other 4 species.
According to these authors, additional factors will have to be studied
to account fully for the remarkable species specificity of dimethoate.
Lord et al (1963) found that to produce equal symptoms and ChE in-
hibition in resistant and susceptible strains of houseflies it required
up to 40 times as much diazoxon for the resistant as for the susceptible
st'rai‘n. when the poison was appliéd externally. This differenc'e__be_tvy-e‘e.n
the' two stfai\ns may mean that the ChEs of the reéistant flies is 'less' o
susceptible to inhibition or that a smaller proportion of the externally
applied poison reaches the site of action, perhaps because of
differences in permeability or detoxication, or a combination of
both (Lord et al, 1963). Initial studies of parathion-resistant (Oppen-
oorth, 1958) and malathion-resistant (March, 1959) strains of house-
flies showed that they contained no more ChEs than the normal and
that their ChEs were of normal susceptibility to inhibition by O-P
compounds_i_xlx_it_r_é; The resistance was still present if the O-P
compound was injected and was therefore not du:e to differences in
. absorption. The parathion-resistant strains accumulated less para-
oxon in the body, not because it was produced more slowly from
parathi.on but because it was degraded more rapidly than in the normal
strains (Oppenoorth, 1958). Tissues of malathion-resistant flies also
detoxified malaoxon twice as fast as susceptible flies (March, 1959).
However, in a strain of diazinon-resistant flies, which absorbed
less diazinon and contained less diazoxon than normal, the difference
in degradation rates seemed inéuﬂicient to account for the resistance

(Krueger et al, 1960)
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Factors that influence susceptibility by modifying the effect

of metabolism of poisons are not only differences in the distribution

of the poison, but also differences in the distribution and sensitivity

of detoxication mechanisms (Gwiazda and Lord, 1967). Little is
known about specificity at the site of action within the Insecta as a
whole, because the effect of insecticides has been examined electro-
physiologically on very few species of insects (Burt, 1970). Nearlf
all the work has been done on one species of cockroach, and on locusts
and houseflies. Insecticides that interfere with synaptic conduction
(e.g. O-l:,’ compounds) are likely to show some specificity at the site
of action, but with all insecticides physiologicai specificity is mostly
associated with such factors as penetration and metabolism (Burt,
1970). Smissaert (1964) found higher enzyme activity in ho'mogén;a;t;s"
of a susceptible strain of Tetranychus urticae than in resistant strains.

susceptible o
Moreover, he found that the ChEs of the ( -strain were more sensitive

resistant
than those of the [-strain to inhibition by diazoxon or paraoxon. He
resistant
concluded that the lower ChE activity of the ( -strain was an incidental
compounds
effect but the lower sensitivity to inhibition by the O-P{was a factor

in the lower in vivo toxicity. Quantitative tests conducted by Gwiazda
and Lord (1967) indicated that the mec}\lanisnis for decomposing dia-
zinon are located'differently in the two strains of houseflies. The
'susceptible stfain seems to have a detoxication mechanism both inter-
~nally and in the integument, whereas the resistant strain has possibly
one only in the integument. Resistance or tolerance to O-P compounds

due to AChE insensitivity was reported by Schuntner and Roulston

(1968) in blowflies and by Zahavi (1970) in Ceratitis capitata Wied.
from a locality where organophosphates had been used extensively.
AChE from resistant Medfly heads was found to be 20% less sensitive to
pﬂoéphaﬁidon than in normal strains.

Insects showing generalized tolerance to insecticides, are unlike-

ly to have exceptionally efficient detoxication mechanisms for all
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organic toxins. It seems probable that several adaptations exist
for these insects to withstand toxic compounds. For example,
Gordon (1961) suggests that the larval forms of many insects with
less well organized nervous systems than the adults are more
insecticide-tolerant. Gordon continues that the larvae must endure
variable and severe biochemical stress, presumably arising in their
more sessile existence and with a less vulnerable nervous system ami
more active defense mechanisms than the adults they possess this
"endurance vigor'' which is of value in survival. Adult forms of
some insect speeies would be able also to endure a deprivation of
food and water for long periods, that would kill other insect species
and thus av01d taklng in any toxic material present. In Aphld spec1es
. this is attrlbutable to the sap~feeding mechanlsms, by wh1ch they ‘
avoid intake of many deleterious plant biochemicals or added toxic

materials.

New approaches to insect control.

The need for new insecticides is made apparent by the increasing
number of resistant strains which are arising in the field. In the area
of aphid control the need is for rapid poisoning to prevent the spread
of aphid-born virﬁses and selective action to interfere as little as
possible with predator and parasite populatiorts. These pressures
have recently led to new approaches to insect control being attempted.

O'Brien (1970) has reported\work, describing the prospect of
using the acetylcholine receptor as a new target for tnsect control.
The best known target so far for poisoning is acetylcholinesterase,
the enzyme which destroys acelylcholine and in so doing prepares
the neuron for a new excitation. But there is a completely different
macromolecule called the receptor, which is of even more central
importance to cholinergic neurons. This is the protein with which

acetylcholine normally combines in order to produce its excitatory
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effect. This a.cetylcholine receptor has never been isolated. Its
properties are only recognized by its action in the intact cell.

In vertebrates very many agents are known which act upon the
receptor, like curare, succinylcholine and atrofine, and it .is
assumed that nicotine acts by combining with the receptor in insects.
O'Brien describes the first study of the properties of the acetyl-
choline receptor at the broken cell level in Torpedo electroplax,
housefly head and rat brain. A thorough study of this receptor,

he believes, may make it possible to design new toxicants operating
on the receptor. It is quite likely that, just as in the case of
acetylcholinesterase, there will be important differences between
_the receptors of insects and mammals and that thgse differel}qes o

might be a basis for new selective toxi cants.

Maddrell and Casida have reported that paralytic doses
of insecticides representing each of the major types, applied to the

fifth instar nymphs of Rhodnius prolixus Stal, initiate massive

secretion by their Malpighian tubules. As a result there is in each
case a very lérge increase in the volume of rectal fluid and a corres-
ponding reduction in the haemolymph volume. The mode of action
appears tovinvolve the liberation of a diuretic factor, probably the
diuretic hormone from the central nervous system into the
haemolymph at the paralytic stage of poisoning. The disturbances
in \%rater distribution and cation balance in the haemolymph possibly
contribute to the eventual death of treated insects (Casida and
Maddrell, 1971; Maddrell and Casida, 1971). These authors suggest
that these findings on the excretory physiology of insects are of‘
potential importance in the use and design of insecticidal chemicals.
Because of the rapid loss of a large volume of haemolymph not only
is the ionic balance likely to change drastically, but the insecticide

concentration in the haemolymph may increase as a result of the
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fluid loss and so enhance its disruptive action on the nervous system.
These changes can be initiated by chemicals that paralyse the insect
for only brief periods and they suggest that possibly insecticidal
chemicals that are non persistent in the environment could be used
not as acutely lethal paralytic agents but as initiators of disadvant-

ageous excretion (Maddrell and Casida, 1971; Maddrell, 1972).
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INSECT MATERIAL AND INSECTICIDES

Insect Material. Laboratory strains of the species Acyrthosiphon pisum
(Harris) and Aphis fabae Scop. (Homoptera:Aphididae) were used as the
experimental insects in this study. The aphids were reared on pot-
grown broad bean plants, Vicia faba (L.), a dwarf variety '""The Sutton"
was used. Bean seeds were germinated in wet vermiculite or sand

in a glasshouse and when 5 to 10 ¢cm high were transferred to pots

also containing vermiculite with 2 to 3 plants per pot. The aphid
species were kept separately and to prevent mixing of the two species
and different age groups each pot was covered with a cellulose acetate
cylinder, 11 cm diam. x 15 c¢m high, topped with a terylene voile.

The pots were kept in plastic trays, 55 x 28 x 7 cm deep, 8 pofs per

" tray on a vermiculite bed, through which water was supplied to the

plants.

The aphid cultures were maintained in an air c.onditioned room
at 20 £ 1°C. The relative humidity was not controlled, being usually
between 40 and 50%. Light was provided 16 hrs a day by four 85W
daylight fluorescent tube lights 1.20 m long and 15 cm apart, arranged

35 cm above the plants.

Insecticides. The following analytical grade organophosphorus

systemic insecticides were used:

a) . Dimethoate (dimethyl S-(N-methylcarbamoylmethyl)
phosphorothiolothionate), 99.5% active ingredient.

b) Menazon (5-(4, 6-diamino-1, 3,5-triazin-2 ylmethyl)dimethyl
phosphorothiolothionate). |

c) Phorate (dietflyl S-(ethylthiomethyl) phosphorothiolothioate), -
98.9% a.i.

d) Phoratoxon (diethyl S-(ethylthiomethyl) phosphorothiolate).

2% w/v stock solutions were made up, dimethoate in acetone and the

e
rest chemicals in 2-ethoxyfthanol. Dilutions of the above stock
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solutions with acetone or deionized distilled water in the case of
dimethoate and 2-ethoxyethanol in the case of the other chemicals were
prepared as necessary. The analytical material of the above compounds
and the solutions prepared, were stored at -15°C to minimize break-
down. In all these experiments the water used was first distilled and

then deionized.
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PART ONE

BIOLOGICAL ASPECTS
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SECTION A. GROWTHAND REPRODUCTION OF THE TWO SPECIES

Introduction

Different aphid species settle on the undersurface of V.faba

leaves in characteristic patterns. Some species, like A.fabae,

Megoura viciae Buckt., prefer to settle mainly on the main veins
of leaves, others on peripheral parts of the leaf lamina (Mzzus spPp)

or on intermediate areas [é pisum Aulacortumsolani (Kltb.) ]

(Lowe, 1965, 1967a). This author also demonstrated a close
correlation between the observations of settling and probing for
many aphid species. A.fabae feed in the phloem of the larger veing
" whereas other species, for example A.pisum, do not settle

' preferentially on big veins, but feed from alternative food sources in
the bean leaf, the smaller vein or mesophyll (Lowe, 1967a). It has
been suggested therefore by Lowe (1967b) that a gradient of
properties exists from the leaf base to the lamina margin, which
exercises this behavioural pattern on the species. The differential
settling and feeding of aphids appears to influence their growth.
é.'ig_]_o_ig and A.solani grew larger when caged on the peripheral
areas of mature bean leaves than when caged on basal areas of the
leaves (Lowe, 1967b). The performance of systemic insecticides

" in controlling aphids may well be affected also by the preferred
f‘ood source of the insects.

In the present work observations on the growth of the two
species were carried out after they were left to settle freely on
their prefefred sites of V. faba leaves. Difflerences in their rates of
growth may indicate quantitative or nutritionél differences in the plant
matérial taken up by the aphids. Insecticidal material distributed in
the plant will also be taken up in different proportions.

Larvae born during any period of adult life are associated with
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nutrients ingested earlier. Banks and Macaulay (1965) found that 70%
of the total nitrogen ingested by the adults of A.fabae appeared in the
larvae. It has been found also in these studies (see page 56 ) that a
significant quantity of radioactive phosphorus taken up by the adults
of the two species was transferred to the larvae. Transfer of
nutrientvmaterials to unborn larvae occurs readily and the ability
to transfer compounds less useful nutritionally may be important in
toxicological studies of aphids, since in this way the larvae constitute
a route by which absorbed insecticides or their metabolites, may be
removed from the adult as has been already established in Glossina_
pallidipes Aust. (Irving,1968). The capacity to eliminate compounds

by this larval route w111 be in direct relatlonshlp to the number of
the larvae produced. In the present work the rate of larval productlon'
-in the two species was measured durlng the major part of their
reproductive life.

Closely associated with food intake by aphids is the honeydew

they excrete. Auclair (1963) has said that a quantit}:taive determination

"', .constitutes a most valuable tool in aphid

of honeydew excretion
physiology. It may be used in studies of the rates of aphid feeding,
food assimilation and growth, in nutritional experiments involving

food balance and nitrogen economy, in assessing the degree of

. resistance of host plant, and it may serve as a crude measure of the
general metaiaolic activity of the insect...'". The rate of excretion
depends not only on the aphid species but also on the stage of the
insect, and the species and variety of the host plant (Auclair, 1958,
1959; Auc'lair and Maltais, 1961; Banks and Macaulay, 1965).

Various environmental factors also influence the growth of the plant
and the periodicity with which aphids excrete honeydew droplets
_(Auclair, 1958; Mittler, 1958b). Honeydew production is an indication
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of aphids feeding, however it can follow different forms in different

species. Mittler (1958a) observed that Tuberolachnus salignus

(Gmelin) continues to excrete large quantities of honeydew during
post-reproductive life, but it is remarkable that A.fabae does not
do so, although it continues to feed (Banks and Macaulay, 1965).
Through the honeydew the aphids excrete a great part of the
plant sap taken up. Auclair (1959) has found that A.pisum adults

fed on the susceptible variety "Perfection' of Pisum sativum,

ingested 10. 65 mg per individual in 71 hrs. Of this quantity, the
body weight was increased by 1.47 mg to a final weight of 2. 57 mg,.
1. 60 mg was lost by evaporation, 0.05 mg in 2 exuviae and as much

as 7.53 mg per individual as honeydew. The same species when

" feared on resistant and susceptible varieties of P. sativum excreted

_as honeydew 47% and 58% respectively of the total ingested (Auclair
and Maltais, 1961).

In toxicological studies of aphids the study of honeydew
excretion is one of great importance not only because it gives a rough
picture of the feeding rate of the insects and therefore the rate of
ingestion of a toxic compound in the plant sap, but also because
through the honeydew the insect has a mechanism of elimination of
an absorbed chemical and its metabolites. Quantitative and
gualitative measﬁrements of honeydew production have been carried
out so far on several aphid species by many workers. The rate of
honeydew excretion has been estimated by most authors as a product
of the number of droplets and the mean volume per dropiet (as for
example By Auclair, 1958, 1959). The collection and exact measure-
ment of honeydew volumes is necessary in order for it to be used in
toxicological studies. In the present work, the honeydew excreted by
the t‘wo spécies was collected in its original form. Also, a simple

method was used to measure the specific gravity of the honeydew:.
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Materialis and Methods

Rate of growth. A number of adults of each species were put

separately per species on plants. 24 hrs. later all the adults were
removed and the larvae produced during this period were weighed
using a VDF torsion balance 'United' type 2.5, with a sensitivity
of 5 }Lg—division. The weighings were performed every 2 days and
the aphids were transferred to new plants every 4 days. The
insects were allowed to settle on their p-referred sites. Larvae
of both species were weighed initially in groups of 5 confined
within a small gelatine capsule of known weight. From the 4th
day onwards the aphids were weighed individually. Weighings

- were contlnued up to the 18th day and covered all the pre-
reproductlve life and about 10 days of the reproductive period of

" the aphids.

Rate of larval production. Early adults of the two species were

caged individually on the undersurface of leaves under small rubber
rings of 1 c¢m internal diameter covered with a terylene net. Each
ring was held with a spring clip onto the plant. Two pots, each
with 3 plants, were used with 5 cages of each species to each pot.
The larvae produced by each adult were counted daily and removed

from the cages.

~ Collection and measurement of honeydew. In order to collect honeydew,
it is neéessary to restrict the insects to the undersurface of a leaf.

A number of ways of preventing them from leaving a test leaf were
tried. Firstly, a string ring supported on a cellulose acetate base
which surrounded the insects and restricted them within a certain

area of the leaf was tried. The ring was kept in position by means

of a spring clip (Fig.1l.1la) Secondly, a foam plastic ring around

the petiole of a single leaf that was inclined slightly upwards was

often sufficient to prevent aphids migrating from the leaf. (Fig. 1. 1b).
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The third method consisted of a thermal barrier produced by a short
lengfh of resistance wire surrounding a single leaf petiole and
carrying an electric current. A foam plastic ring (Fig.1l.1lc) or a
cardboard disc (Fig.l.1d) were used to prevent heat damage to
the plant. The resistance wire was glued on the periphery of the
cardboard disc, which had a radial slit allowing it to be placed
around the petiole from which it was further isolated by a thin foam
plastic ring. A small clip joined the two ends of the slit and
prevented the barrier being dislodged. The string ring was not
effective in restricting the insects to one leaf and the resistance wire,
isolated from the leaf petiole simply by a foam plastic ring produced
) leaf decay at the temperatures necessary to prevent aphlds mlgratlng ]
to other parts of the plant. This was especially so w1th A. _f_g.}_o_e_g
"More satisfactory was the use of a simple foam plastic barrier
around the petiole of an upwardly directed leaf,; or the thermal
barrier around a cardboard disc. -‘Aphids occasionally fell, when
they approached the hot wire and neither of these methods was
entirely satisfactory in restricting the movements of the aphids.
Thus, frequent counts of the number of adults on the undersurface
of the leaves were necessary in order to assess the number of
adults present and the duration of their feeding. Occasionally new
. adults were added during an experiment when the original number
was reduced by migration or falling. These new adults were
considered to be feeding and were counted only after they had settled.
The sum of the mathematical products of the number of adults and
the duration of feeding in each experiment, gives the total number of
aphids-hours for honeydew production.

. After.the insects had settled on the lower surface of a leaf
about 10 ml of Risella 17 oil, specific gravity 0.7, was placed in

a disposable polystyrene petri-dish 9 cm diameter beneath them.
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The degree of 'sticking', of honeydew droplets on the disposable petri-
dish was lower than on a glass surface. The o0il surface was posi-
tioned 4-5 cm helow the aphids so that the droplets had a small dis-
tance to fall through which evaporation could occur. A little Sudan
IV dye was dissolved in the oil to make the honeydew droplets easier
to see as clear beads. To ensure insignificant loss of water from the
droplets to the oil, the oil was first shaken with and left standing over
a 10% sucrose solution. Any droplets were removed by centrifugation
before use. (Honeyborncé',_}ghd Gibson, (1967, personal communication).
At the end of the collection period excess o0il was removed from
the petri-dish with a pasteur-pipette. The small remaining volume of
the oil with the honeydew droplets were transferred to.a Hopkins vac~
cine éenfrifu‘ge‘tube which had a capillary base abouf 2 mm diamlete.r 3
and a capacity of about 0.05 ml (Fig.1.1le). The droplets of honeydew
were spun down from the oil into the capillary by using a fly-out
centrifuge head run at about 1,500 g for 10 min. The honeydew collec-
ted in the base of the capillary and was measured using a travelling
microscope and vernier scale. The volume of honeydew was estimated
from a calibratibn curve produced beforehand by measuring the lengths
and weights of small volumes of distilled water added to the tube and
centrifuged in a similar manner. The weights of water were converted
to }11 and plotted against their corresponding lengths. The density of
water was taken as 0.99823 g/ml at 20°¢ » the temperature of the
calibration (International Critical Tables). The corrected volume of
honeydew was divided by the total aphids-hours to give the mean vol-

ume produced per aphid per hour.

Results

1. Rate of growth of the two species. The mean weights of the aphids

and standard errors are presented in the Fig.1l.2. It shows that
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there was a rapid increase in the aphids weight up to the 8th day in
both species. Though the weight of A.pisum increases more rapidly
than é._f_gl_)g_g, the species are more similar when the data is expressed
as an increase relative to the weight of the lst instar nymphs. Larvi-
Position started on the 7th day in A.fabae and 8th day in A, pisum.
During the reproductive period of the adults no further increase of

the body weight in A.pisum occurred, while in A.fabae there was a
élight decrease. However if the weight of the larvae produced is

added to the mean weight of the adults during the reproductive period
we have a further increase up to the 14th day in both species.

2. Rate of produced larvae. The Fig.1l.3 shows that the number of

larvae born to both spec1es followed parallel patterns The max:trnurn
larv1p051t10n occurred between the 6th and 10th day in both. spec1es J
The number produced per adult was higher in the case of A. E‘ﬂl_nﬁl_
than in A.fabae. This difference was kept stable throughout the
whole period of the 20 days larviposition. Within this period the
total number of larvae produced was in' A.pisum 81.3 per adult and in
A.fabae 61.5 per adult.

3. Produced honeydew.

Volume of honeydew.  The data in Table 1.1 shows that the

volume of honeydew produced by A.pisum adults was nearly 6 times

greater than by A.fabae adults.
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Table 1.1. Volume of honeydew produced by the adults of the two

species (see Appendix 3).

A. pisum A.fabae
Case
Exp.l| Exp.2| Exp.3| Exp.1l | Exp.3

Total volume (pl) 29.82 | 22.88 | 22.36 1.48 2.99
Aphids-hours 635.50 [486.50 p15.90 [165.50 [467.40
Honeydew (Pl)/aphid/hr. 0.0469 D.0470 p.0433 [0.00892|0.00640
Mean volume 0.046 % 0. 0012 0.0077 % 0. 0013
|- (pt/aphid/hr.) . . T

of the honeydew, a capillary of 5 }11 was weighed when filled with
distilled water and again filled with honeydew. At the prevailing
temperature of 21°C the density of water is 0.99802 g/ml (Inter-
vnational Critical Tables). Thus, the volume of the capillary was
5x 0.99802 = 4.99 }11. The weight‘of_A_._p_iE_g_r_n_ honeydew in the same
capillary was 5.2 mg and of A.fabae 5.4 mg. The specific gravity,
therefore, of the honeydew produced by the two species was in
A, pisum 5.2/4.99 = 1. 04 and in A. fabae 5.4/4.99 = 1. 08.
Discussion

An important factor in relative toxicological studies, is the
quantity of plant material é,bsorbed and therefore the quant.:ity of
insecticide ingested with the plant sap. In order to use the relative
increase of body weight as a criterion of uptake it must be known how
much of the total quantity taken up has been used to increase the body
weight in each species. From the figures given previously for A. pisum

32
(Auclair, 1959, page/above) the body weight increases by 1 mg for
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every 7.2 mg taken up. This ratio alters during the insect's develop~
ment. The adult aphid continues to feed but does not increase in
weight. There is however a continued increase in biomass which can
be derived from the weight of larvae produced, as the dotted lines

of Fig. 1.2 show when the weight of the larvae produced was added to
that of the adults. This increase finally stops when the reproductive
period is over, though in A.fabae, continued feeding without the
production of honeydew would be expected to cause a continued gain

in weight in post-reproductive life (Banks and Macaulay, 1965).

Absorption of plant material and conversion to aphid tissue
either in the adult or developing embryos indicates also that
systemlc 1nsect1c1de absorbed with the plant food could s1m11arly be
avalldble to exert a t0x1c action. '

Over 5 days intervals of their reproductive period A.pisum
adults produced 3.8 to 6.3 larvae per adult more than A. fabae.
In the 20 days of larviposition A.pisum produced about 20 larvae per
adult more than A.fabae, though in these experiments production by
A.fabae was lower than that found by Banks and Macaulay (1965) on
other varieties of broad beans. Thus, A.pisum adults have the
potential to excrete a greater quantity of the assimilated material
and with it any toxic compound that may be pres'ent, through the
greater number of larvae they produce.

Unwanted and possibly toxic material can .also be excreted through
the honeydew. Estimation of honeydew production by counting the num-
ber of droplets and mean droplet volume has the disadvantage that
there is often a wide range of droplet sizes produced. Auclair (1958)
quoted a three-fold range in honeydew droplet volume for A.pisum
reared on P.sativum. With the technique used here it was possible
to collect and measure the volume of honeydew produced by the two

species directly. Unsuccessful attempts to prevent adults moving to
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other parts of the plant were overcome by the frequent counting of

adults on the undersurface of the leaves.

The volume of honeydew excreted by the adults of A.pisum
was 0.046 pl per aphid per hr. and represents about 2.3% of the
body weight. The volume excreted by A.fabae, 0.0077 pl/aphid/hr.
represents about 0.8% of the body weight. Thus, A.pisum adults
produced more honeydew than A.fabae and even though more than
twice the size of é_.'izg;l_é_e_x_g_,_' took about 40 hours to produce their own
weight of honeydew, while A.fabae took as long as 127 hrs. to pro-
duce their own weight in honeydew. The results for honeydew pro-
duction by A. pisum agree with those found by Shaefer (1938), where
" this species excreted 3.14% of the body weight/aphid/hr. and by Auclair -
(1959), where the same species was feeding on _lisativum; however in
earlier experiments Auclair (1958) found slightly higher feeding rates
with considerable variability of honeydew production. Aphids of A.fabae
species reared on two varieties of V.faba during development from
1ar.va to adult (mean duration 7.5 days) excreted 2.83 pl and 3. 60 pl
or 0.0168 pl and 0.0216 pl/aphid/hr (Banks and Macaulay, 1965).
They produced therefore 1. 7% and 2.2% of the adult-body weight per
hour in the two varieties, two to three times the rate of excretion
found in these experiments. Other species were found to excrete higher
quantities of honeydew. T.salignus (Mittler, 1958b) and M. persicae (Day
and Irzykiewicz, 1953) excreted as much as 33% of their own weight
per aphid per hour.

The specific gravity of honeydew was _found fo be nearly the same
in the two species, 1.04 in A.pisum and 1.08 in A.fabae. Auclair (1958)
found specific gravity of A.pisum honeydevs} reared on P. sativum to be

about 1.3 and Srivastava and Auclair, in unpublished results referred

to by Auclair (1963), about 1.03. These are comparable to the specific
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gravity measured in these experiments, though the figure of 1.3
quoted by Auclair seems rather high.

Auclair (1963) has concluded that when aphids are reared on
the same host-plant and under the same environmental conditions,
differences in honeydew production s:.lggest different aphid feeding
and metabolic processes. Greater honeydew production must be
correlated with increased feeding rate, thus A.pisum which will
take in relatively more toxic material has the potential to excrete
greater quantities also. However, a factor which considerably
complicates the toxicological significance -of the feeding behaviour

is the well established interference of some systemic insecticides

. present in the feeding medium in changing the feeding response of

the ai:)hids. Studies on this aspect with M. persicae have been carried

out by Mittler and Pennell (1964), Parry and Ford (1967,1969,1971)
and Javadi (1971) using the artificial feeding technique. An attempt
wa‘s made also in the present study to examine the inhibitory action
of O-P compounds to A.pisum and A. _f_é_b_q,_q and is described below

in Section C.
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SECTION B. UPTAKE AND EXCRETION STUDIES OF A.PISUM

AND A.FABAE FEEDING ON 32P LABELLED

LEAF-TISSUE,

Introduction

O'Brien and Wolfe (1963) refer to non specific labelling of food-
stuffs as a widely used technique to study feeding as a social function,
as in the transfer of food within insect colonies, or on an individual
basis in the study— of food or water intake and transfer of plant sap
containing virus from plant to plant. There has long been an interest
in following the feeding behaviour of phytophagous insects particularly
disease vectors such as aphids;

The feeding and excretion behaviour of several aphid species
has been studied by allowing the insects to feed on leaf tissues méde
radioactive, usually with 32P—phosphate, and then relating the radio-
activity of the aphids, honeydew and larvae to that of the leaves. The
results obtained are mostly of value for comparative purposes only,
since the concentration of the radioacfive materials in the actual
plant fluid ingested was unknown (Watson and Nixon, 1953; Day and
Irzykiewicz, 1954; Banks and Nixon, 1959). It has been suggested that
the rate of excretion by the aphids is equal to the rate of ingestion
(Banks and Nixon, 1959). A great deal of work has therefore been
done in the study of the excretion through the honeydew and it has

‘been found that different factors influence its production.

At one time turgor pressure was thought to determine the rate

of feeding in the plant. But using radioisotope techniques A. fabae

and Aphis sambuci L. were found to produce twice as much honeydew

when attended by ants (Herzig, 1937; Banks and Nixon, 1958). This
enhanced honeydew production was the result of increased intake of
radioactive sap from the plants. It follows therefore, as Herzig

(1937) supposed, that attendance by ants directly stimulates both
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the excretion and feeding rates of the aphids. At these higher feeding
rates the number of larvae produced by A.fabae and A.sambuci was
doubled or trebled (Herzig, 1937). However no increase in larvi-
position was observed by Banks (1958)-and Banks and Nixon (1958)
when A.fabae feeding on bean plants was stimulated similarly. These
authors have also demonstrated that the reproductive rate is sig-
nificantly affected by the age of the plant tissue on which the aphids
feed and accepted that the reproductive rate of the aphid is affected
more by the quality than by the quantity of the nutrients which the
aphid receives.

It ilas been found that much of the 32P ingested by the adults
appears in the young larvae when they were born (Watson and leon,
1953; ‘Banks and leon, 1958, 1959). In radloautographs made from

serial sections of aphids fed for 24 hrs. or more on 32P labelled
leaves, the dense blackening in the region of the developing embryos,
indicated that much of the phosphorus taken up by the parents is
deposited in this tissue (Watson and Nixon, 1953). Since adults

lose radioactivity when they give birth to young, some workers

have preferred to study uptake and excretion in nymph (Banks and
Nixon, 1958, 1959). '

Most of the studies on uptake and excretion rates by aphids
that have been carried out so far were designed to investigate the
performance of aphids as virus vectors and thair relationship to
susceptib_le and resistant varieties of host plant. It is perhaps
surprising that there are few reports of work on the uptake and
excretion behaviour of aphids on plants directed towards an under-
standing of systemic insecticide performance.

The present work investigates some of the relationships

between the susceptibility of the two aphid species to systemic

insecticides and their feeding behaviour on plant tissues. The ability
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of the two species to take up radioactive sap was estimated by
referring the radioactivity of insects directly to that of the labelled
leaf-tissues. The relative rates of assimilation and excretion of
32P by the two species was also examined by allowing the adults of
the two species to feed alternately on the same radioactive areas.
Finally, the rate of ingestion of radioactive material by the two species
was followed in time and the fate of the isotope after the insects had
been removed from the labelled plants was followed. The toxicological
significance of the results are discussed. Since the aphids were con-
fined to a certain leaf-area, little choice was given them to select
their preferred sites on the undersurface of the legf (van Emden,
' _1:9;6'7‘) or to feed from places with large nutritional differences
(Lowe, 1967a).

Materials and Methods

Radioactive compound. A standard 32'P--sod.iu.rn ortho-phosphate

solution was used (PBS 1, Radiochemical Centre, A mersham).
Application. Plant tissue was labelled in two different ways. When
aphids were to be caged on whole leaves the isotope was injected into
the petiole in portions of 5 pl up to a total volume of 10 to 20 }11 per
petiole with activities ranging from 3.7 to 7.1 pCi. These multiple
applications of the isotope solution were spread over a 2 hours period
in order to facilitate absorption by the plants. Aphids were also fed
on leaf discs and in these experiments 1.7 to 3.6 pCi of isotope was
applied in 5 pl to the wicks supplying the discs with water. Further
details of the leaf disc technique are given below (page 92).

Feeding experiments. Groups of 5 to 10 adults of each species were

caged separately on the labelled plant areas 24 hrs. after application
of the radioactive phosphate. The aphids were caged on the under-
surface of the treated leaves of the plant in perspex cages 2.5 cm in

diameter, with a muslin top (Fig.1l.4a). In the leaf disc experiment
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>
v Zp—pO,
applied here

injected
here

(a) _ (b)

Fig. l.4. Exploded and cross-sectional diagrams of the aphid cages
(2) on intact leaf and (b) on leaf-disc of broad bean plant, after

application of 2p._c ompound.

1. leaf, leaf-disc; 2. "perspex’ cage attached to "crocodile"

hair grip; 3. stainless steel cage; 4. strip and 5. disc of filter
paper treated with bromocresolgreen; 6. celluloid retaining

cap; 7. cotton wick for water supply to the leaf disc; 8. '"perspex"
tray; 9. rubber band through glass tube to keep the cages in
position. (after D.J.Galley, personal communication, 1969).

a
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stainless steel rings were used topped with a muslin cover and held in
position with a rubber band. The perspex trays carrying the discs
were kept inverted (Fig.1l.4b).

Honeydew produced by the captive aphids was collected on filter
paper lining the inverted cages. To locate the spots of honeydew, the
filter paper was previously dipped in a 2% bromocresolgreen ethanolic
solution to which a few crystals of citric acid were added. The yellow
colour of the drv bromocresolgreen-treated paper changes to blue in
the places where the honeydew droplets are present.

_ The adults were confined to the labelled leaf-surfaces for up to
24 hrs. To minimize the errors caused by uneven distribution of
label in dlfferent leaves of the plant, the species were alternated at
the end of each 24 hrs. feeding period. That is, leaf areas on Wthh T
A.pisum were caged initially were subsequently used for A.fabae and
vice versa.

In experiments where the rate of loss of 32P from labelled aphids
was examined, 10 adults of each species were caged together on 4

contaminated leaf discs and after 4, 8, 12 and 24 hrs, 2 adults of
' each species were collected from each of the 4 labelled discs and
caged separately, by species, on clean leaf-discs.

Counting technigues. Samples of adults, larvae and honeydew droplets

were collected every 24 hrs. for counting. In cases where the experi-
ment lasted more than 24 hrs. the counting of all the samples was
carried out af the end of the experiment. Adults and larvae were
killed by freezing immediately after collection. Adults and larvae
were counted intact, without squashing, since 32P is a strong
B-emitter and easily penetrated the small barrier of the aphid tissue.
The increase in efficiency gained by homogenizing the aphids was
barely worthwhile. Where 32P was injected into the petiole of the

leaves 2.5 cm diameter discs were cut at the end of the experiment
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from the places where the insects had been caged. These leaf-disc
samples were cut in small pieces and homogenized in a glass, hand
operated homogenizer in 2 ml of phosphate buffer solution 0.1 M,
pH 7. After decanting, 0.2 ml portions of the homogenate were
counted with a scintillation counter in 5 ml scintillation fluid (N.E.
240). The counts of the aphid samples collected from these treated
leaves were then expressed in mg of plant material utilized and
excreted by the insects.
Two counting procedures were used:

1. Liquid scintillation counting. A PANAX Equipment Ltd. scinti-
llation head and associated PX equipment giving efficiency for 32P

of 88.3% was used Dry samples were counted in 2 ml N. E 213
| (Nuclear Enterprlse, Edinburgh) scintillation fluld Aqueous homé-
genates were counted in 5 ml of N. E. 240.

2. Geiger-Miiller counting. A thin end window G-M tube, Mullard
MX 168, connected to an Isotope Development Ltd. 1700 Scaler was
used. A range of voltages from 250 to 800 volts were tested and
operating plateau was found to be 400 to 550 volts. The samples were
counted at 400 V in the centre of a planchet at a distance 14 mm from
the end window. At this distance and voltage the efficiency of the
counter for the S2P was 6. 5%.

Counts were corrected for background and decay and were ex-

pressed in nCi per mg of plant material or per adult. |

Honeydew Saﬁples. The honeydew produced by radiolabelled insects

was collected on bromocresolgreen-treated paper and the honeydew
spots cut out, as described above, and counted in the centre of an
aluminium planchet.

To investigate the extent, if any, to which filter paper prevented
the 32P B emission reaching the Geiger-Miller detector, the following

tests were carried out:
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(a) The same sample of labelled honeydew was counted after
each of three different arrangements in the centre of a planchet. The
counts obtained, 15906 % 282, 15764 + 281 and 15589 + 279 c.p.m.,
show that the reproducibility is good. This indicates that whatever
the arrangement of the filter paper pieces,similar counts are
obtained provided that the same counting conditions are maintained.

(b) The above sample was entirely covered with one, two or
three large pieces of filter paper and the counts obtained were
15582 + 279, 15470 £ 278 and 15110 x 275 c. p. m. respectively.
These counts compared with 15589 + 279 ¢. p. m. of the uncovered
sample represent a fall in the counting efficiency of only 0.3% and
_ s:ho__w that the high energy B emission from 3ZP can easily penetrate
£he sheets of filter paper covering the sample and pervided the pile
of filter paper pieces is not too deep, no serious loss in efficiency
will occur.

This method of counting labelled honeydew was a time consuming
procédure. A quicker counting technique was tested which avoided
cutting out the individual honeydew spots. 10 pl of a dilute solution
of 32P--sodium phosphate containing 25 nCi were put on each of five
filter paper discs 2.5 cm in diameter. When dry, they were counted
with a Geiger~Miller counter to check their activity and 4 of them,
after they were cut into small pieces, put separately in 2 ml of the
following solutions: |

Solution (1) 50% aqueous acetone

" (2) 50% ethanol
" (3) 0.03M NaHPO,. 12H,0
" (4) 1M HCL

After 1 hour all the papers were taken from their solutions and
immersed in 2 ml of fresh solvent. This procedure was repeated
again after 1 hour. 0.2 ml aliquots of each extract were dried on a

planchet and counted under a Geiger-Miller counter. All radioactivity
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was found to have been extracted within the lst hour by all the solutions

tested. The results are given in the table 2. 1.

Table 1. 2. 32P--compound extracted from filter paper,
within the first hour.

counts per minute
. In the mea- In the whole Counting
Solution sured sample sample efficiency
(.2 mL)
Control - 1131.0 11.6%
sol. (1) 129.9 1299.0 . 13.3%
"(2) 116.1 1161.0 11.9%
1" (3) . .114.9 1149.0 .. 11.8%. ..
no(4) 134.4 1344.0 13. 7%

As can be seen from this table, similar amounts were extracted in all
the cases and compared with the unextracted sample the comtiﬁg
efficiency was slightly but not significantly increased. Accordingly
this‘simple technique can be useful in routine experiments where a
great number of labelled honeydew samples on filter paper have to be
counted. There is a disadvantage with this elution technique, in that
although it functioned satisfactorily for labelled phosphate, the extent
to which the isotope in a leaf and in aphid honeydew is combined with
larger less mobile molecules was unknown. The indications in pre-
liminary experiments on the extraction of honeydew labelled with 32P
were that a small proportion was not leached from the filter paper.
Thus, in order to keep counting conditions similar -to earlier experiments
and to obviate the risk of losing a proportion.of the isotope, the labelled
honeydew samples were counted, as has alréady been described,by

cutting out the spots and positioning them in the centre of an aluminium

planchet.
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Results

1. Quantity of plant sap taken up and excreted by the adults during

24 hrs. feeding. The results of the experiments in which aphids were

fed on leaves labelled by petiole injection are shown in Fig.1.5. It
can be seen that there was an uneven distribution of 32P between the
two leaves. The activity present in the leaves (a) and (b) was 1.2
and 7.0 nCi per mg of plant material respectively.

If it is assumed that the distribution of 32P was uniform, A.pisum
adults removed about 8 times their body weight of plant sap or 15.8 mg
per adult of which 7.2 mg were retained in the adult and 8. 6 mg ex-
creted in the honeydew during the 24 hrs. of feeding. The quantity of

.plant.sap taken up by A.fabae in the same period, l..1 mg per adult, - ...
was nearly equal to the body weight. Half of this was found in the adult
and half excreted through the honeydew.

Since last instar nymphs and early adults were used, no larvi-
position occurred during the experimenj:.

2. Relative quantity of 32P taken up and excreted by the adults during

24 hrs. feeding on labelled plant tissue. The radiocactive compound

in ‘these experiments was applied both by injection 7.1 pCi into the
petiole of two leaves and in the water supply to leaf-discs at the rate

of 3.6 pCi per disc. Adults were caged by species for a 24 hrs. period.
In the whole leaf experiments oné leaf was used per species and in the
disc experiments three leaf-discs per species were used. Fresh insects
of each species were caged on the other leaf or leaf-discs during the
second 24 hrs. of the feeding period. Thus, both species were allowed
to feed in turn at each feeding site. After 48 hrs. the adults, larvae

and honeydew were counted separately under a Geiger-Miller counter.
The results are shown in the Table 1.3 and are expressed graphically

in Fig.1.6.
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Table 1.3. Removed 32P from labelled leaf-tissues per adult
and distribution to adults, larvae and honeydew during 24 hr.

feeding (see Appendices 5 and 6).

Way of Total . . .
treatment | Species quantity Distribution %
with 32pP removed
(nCi) Adult | Larvae |Honeydew

Injection |A.pisum 32.9 57.3 6.7 36.0

' A. fabae 19.2 47. 8 21.8 30.4
Wick A.pisum 59. 4 43. 7 7.1 49.1
appli- —

) A. fabae 49.6 39.8 13.8 46.4

cation -

Jﬁdging from the quantities removed from each feeding site by
both species the levels of activity found in the two leaves in the injection
experiment and in the 6 leaf-discs in the wick application experiment
varied considerably.

The graph shows that:

1. - The total quantity of 32P taken up by the adults of A.fabae was less
than that taken up by the adults of A. pisum in both applications. However
A.fabae excreted a greater proportion of the activity removed from the
plant, in the hpneydew and larvae than A.pisum .

2. Both species excrete labelled material in their honeydew. 36.0 to
49.1% of the quantity taken up by A.pisum adults appeared in the honey-
dew and 30.4 to 46. 4% appeared in A.fabae honeydew. In contrast, the
quantity of 32P excreted in the larvae laid during the feeding period was
very low. In A.pisum, only 6.7 to 7.1% of the total consumed and in
A.fabae 13.8 to 21. 8% appeared in the larvae. Even so it is perhaps
surprising that even these quantities of the isotope have found their way

into the larvae in so short a time.
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Fig.l.5. Distribution of ingested plant material after 24 hrs.
feeding, per adult (see Appendix 4).
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Fig.1l.6. Total quantity of 32P removed from plant tissues during
24 hrs. feeding and its distribution in adults, larvae and honeydew

(see Appendices 5 and 6).
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3. Uptake of 32P with time and distribution in the larvae and

honeydew. 32P-ph03phate was applied to the wicks at the rate of

1.7 pCi per leaf-disc. Adults were caged on the treated discs to feed
for 4, 8, 12 and 24 hrs. After these periods the adults were trans-
ferred and caged separately by species on untreated leaf-discs. 24
hrs. later samples of adulits and of the larvae and honeydew produced
were collected and were counted with the Geiger-Miiller counter. The
untreated leaf discs were also checked for possible gross contamination
arising from the aphids feeding . The results are shown in the Table
1.4 and the Fig 1. 7.

} Table 1.4. Distribution of 32P 24 hours .after feeding on labelled

A discs for different times. During the 24 hrs. the éﬁxids‘ feci ;n ﬁn; ’

- labelled discs (see Appendix 7).

Time(hrs) |Total ‘ Distribution %
. spent on Quantity -
Spe01es labelled removed Adults | Larvae |Honeydew IJiesajs
leaf-discs [(nCi/adult)
4 3.9 66.7 5.1 25.6 (2.6
A. i 8 8.0 65.0 5.0 28.17 1.2
= PLERm G g, '10. 8 71.3 | 12.0 15.7  |<0.9
- 24 19.0 73.1 | 14.7 ~11.6 0.5
4 3.5 68.6 | 11.4 14.3 5.7
-' 8 2.5 52.0 | 16.0 24.0 8.0
A-fabae |y, 8. 8 52.3 | 21.6 26.1 0.0
- 24 13.9 "66.9 | 23,0 7.9 (2.1

As-was expected, the radioactivity found in the adults of the two
species increased with the time of their feeding on the labelled plant
tissues and, as with the previous experiments, the overall quantities
of 32p absorbed by A.pisum were greater than that absorbed by A.fabae
at each time period.

A high portion of the quantity of 32P absorbed was still in the

¥
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adult's body at the end of the 24 hrs. period during which the insects
were feeding on untreated leaf discs. This portion ranged from 65 to
73% in A. pisum and 52 to 68. 6% in A.fabae.

The loss of the radiolabel from the adults during their 24 hrs.
feeding on clean leaf-discs was almost entirely through the honeydew
and larvae in both species. Insignificant traces were injected by the
labelled adults into the plant tissue. More 32P was excreted in the
honeydew in both species fed for up to 12 hrs. on labelled plants,
but after feeding for 24 hrs., loss through the larvae predominated,

especially in A. fabae. The loss of 3ZP in the larvae increased with

the time spent feeding on the labelled discs. Again the portion of the

32P loss in the 1arvae was higher in A.fabae than in A. plsurn, 5 1to

| 14 7% 1nA pisum and 11.4 to 23.0% in A.fabae of the total. consumed

Although the amount of radiolabel was higher per larva of A.pisum than
of A. gg_l_)_a_e_:(O. 43 and 0.24 nCif/larva respectively), A.fabae produced
more larvae than A.pisum adults in 24 hrs.

Discussion

The calculations were made on the assumptipn that 32P is uni-
formly distributed in the tissues of each leaf or leaf-disc and that it
is equally available to the aphids at all times. This is not necessarily
true but the aphids feed at similar sites in or close to the phloem. Thus,
the disparity between the two species' diets will probably be small and
as these experiments were conducted to investigate relative differences
in uptake rather than to evaluate an absolute feeding rate, any minor
variations must be accepted.

Differences in uptake between individuals have been found even
when they were fed on the same radioactive surfaces and for the same
time (Watson and Nixon, 1953) and these authors used groups of 8 to
1.0 aphids for each experiment. Similarly in these experiments indi-

vidual feeding rates were not considered but only mean rates of groups
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of 8 to 40 adults.

The levels of radioactivity were not the same in all the leaves or
leaf-discs of each experiment. A large difference appeared between
the leaves when the labelled phosphate was injected into the petiole
and there was often very much more radioactivity in one leaf than in
the other. This almost certainly arises from the position of the label
in the petiole after injection. The vascular tissue adjacent to the
label will remove greater quantities than those at a greater distance.
The leaf to which these vascular bundles run will then become labelled
to a greater extent. In the case of systemic application of the radio-~
active compound through the wicks, only slight differences between the
discs were observed Because of these dlfferences the relatlve rates
of 1ngest10n and excretlon of radioactive compound by the two spec:1es
were estimated after allowing the adults of each species to feed on
all the treated plant tissues.

The quantities of plant material ingested were estimated from
the radioactivity found in the adults and honeydew samples related to
the radioactivity levels in the leaves where the adults of each species
were confined. The radioactivity in the adults and honeydew of A. pisum
was higher than in A.fabae, indicating that the former species removed
more plant sap than the latter. If it is assumed that 32p distribution
is uniform, then the mean quantity of plant sap absorbed by fhe adults
of A.pisum was 0.66 mg per aphid per hour, corresponding to about
33% of the body weight, while that absorbed by A.fabae was 0.045 mg/
aphid/hr, which is equal to about 4.5% of the body weight. It must be
mentioned here that A.fabae adults were fed on tissue with a 32p con-
centration 5.8 times higher than that in the leaf on which A.pisum were
fed and it is not known if this high concentration of the radioisotope had
any influence on the feeding response of this species. Any radiation

effect is extremely unlikely however, as the dose rate from the small
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activities of isotope used were far below the levels at which radiation
syndromes begin to appear in insects. Both species excreted nearly
half of the ingested material through their honeydew. No loss of the
radioactive compound occurred in larvae, since only early adults were
used. Where a few last-instar nymphs were included a diminution of
feeding activity will have occurred at the moult but no activity was lost
with the excuviae, an observation also recorded by Auclair (1959).
Banks and Nixon (1959) found that the maximum rate of feeding for
A.fabae reared in an open air insectary without controlled environ-
mental conditions was 0.2 mg sapfaphid/hr. and Watson and Nixon
(1953) found the adults of M. persicae took 0.042 mg sap/aphid/hr.
Wthh is about equal to 10% of the body weight of this species.

' In expemments of relative uptake and excretlon of 32P by the .
two species, it was found that the adults of A.fabae ingested 16.5 to
41.5% less radioisotope than ingested by A.pisum. Of this quantity
A.fabae adults excrete more than A.pisum and retain in their body
7.3 t0 9.7% less than the A. pisum adults. Data on rates of sap in-
take for several aphid species are summarized by Auclair (1963).
These data show that differences of considerable magnitude (up to
almost 100 times) occur between aphids, differences which are also
reflected in the rates of excretion.

Both species lost most of the radioactivity with their honeydew.
A.fabae adults excreted more radioisotope in their larvae than A, pisum.
Though the larvae of A.fabae c;)ntained less label, possibly a reflection
on the lower rate of absorption by their mothers, the higher reproductive
rate, up to three times than of A. pisum, over the period of the experi-
ment, allowed a greater proportion of isotope to be excreted in the
larvae.

It is possible that part of the 32p in the young larvae was taken

directly from the labelled leaf surfaces on which they were born.
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However, it appears that 32p was taken up mostly from their mothers
body than from the labelled plant tissues. Thué, where larvae of
A.pisum were laid on labelled leaves or leaf-discs they contained

6.7 to 7.1% of the totally ingested S2P by the adults, and 13.8 to
21.8% was found in larvae of A.fabae. Where larvae of the two species
were laid by labelled adults on unlabelled leaf-discs, they contained in
A.pisum 14.7% and in A.fabae 23.0% of the total 32P ingested by the |
adults. The above data strongly indicate that the greater proportion
of the isotope found in the larvae. was taken, before birth, from the
mother and that insignificant feeding occurred over the period of the
experiment.

- The radioactivity found in the adults of both species in‘c/:rea‘s'ed; .
with the time spent on labelled leaf-discs. With 1_&_. A{f_‘g,_lza_;e_ this incréase
- started only after 8 hrs. feeding. Watson and Nixon (1953) also found
differences in fime, in the activity of adult M. persicae fed on radio-~
active turnip and sugar-beet plants: These authors found the mean
rate of uptake to be 10 pg of plant sap per hour in the first hour of
feeding, 40 pg/hr. between one and four hours feeding and 17 p_g/hr.
between 6 and 24 hrs. This decrease with the longe;' feeding times is
attributed, according to the above authors, to loss of 32p ip nymphs
born during the feeding period. Awuclair (1963) in his review on aphid
feeding, states that it took from 2 to 3 hours for the majority of aphids
(82 to 97%) to become radioactive, presuming that it took them this
time to reach the phloem.

After removing the aphids from the labelled leaf-discs the 32P
level in their bodies declined slowly. Even when labelling occurred
for only 4 hours considerable proportions of the 32P taken up was
still found in the adult body 24 hrs. later. The proportions in each
species were similar, A.pisum retaining 65.0 to 73.1% and A.fabae

52.0 to 68. 6% of the ingested quantity.
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During the 24 hrs. following the uptake of 32P, the distribution
of the label between the larvae and honeydew varies slightly between
the species. In A.pisum the levels of 32P in the honeydew declined
slightly with increased time spent feeding on the labelled plant, more
being passed out in the larvae. In A.fabae the loss via the larvae was
also increased from 11.4 to 23. 0% of the total absorbed with increasing
time spent feeding on the labelled plant. The increasing loss via the
larvae in A. pisum was mainly due to the increased number of larvae
produced by this species; whereas in A.fabae it was the result of in-
creasing quantities of 32P per larva. The pattern of gradual excretion of
32P by the two species via the honeydew and larvae is to be expected
with an element so active biologically as phosphorus,whlch takes part
in rnany reactlons espec1a11y those relating to energy transf.er procésses
These processes are in a state of dynamic balance, in which individual
ions are continually gained and lost. ILabelled mate.rial added to the
system will slowly be depleted as it is replaced by fresh unlabelled
material. One possible reason for the -rapid and extensive uptake of
32P by the embryos is that here in the developing tissues phosphorus
forms an essential part of the DNA molecule. Auclair (1958) found
that apterous adults of A.pisum fed on P. sativum excreted 1.21 P‘l
of honeydew per aphid per hour, while apterous reproducing adults
of the same species excreted 0. 81 pl/aphid/hr. In the case of the
reproducing aphids a part of the material which 'would otherwise have
been excreted was apparently aﬂbsorbed by the larvae.

The relative fecundity of the two species found in these experi-
ments did not agree with that found in the comparative iarviposition
experiments as has been referred above (p. 38), where during a
productive period of 20 days the number of larvae born to A. pisum

adults was greater than to A.fabae ones. The presence of the added

quantities of phosphate in the adults body could be a reason for the
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above difference. A more likely explanation however lies in the short
duration of the radiotracer experiments and that some of the adults
could have been at different stages of their larviposition period.

Relative retention of the label by the adults and its distribution
in developing larvae fall rather beyond the scope of this present study.
More detailed experiments could show if rates of incorporation of
3?‘P into the larvae varied with stage of developnent and also to what
extent incorporated label was lost by the larvae in the honeydew when
they commenced feeding.

A small portion of the 32P absorbed by the adults was re-
injected into clean leaf-discs, 0.5 to 2.6% in A.pisum and 0 to 8. 0%
in A.fabae. However part of this contamination of the clean leaf discs
could have been caused by honeydew which failed to fall onto the flltLI‘
paper cage lining, or occurred during aphid handling.

When a toxicant is distributed in the plant it ié unlikely that
the rates of uptake by the two species will be exactly similar to those
obtained in this study with 32P. However these results do provide
information on the initial ability of the two species to ingest plant
sap and of its subsequent distribution. The presence of a toxicant
is known to alter the feeding rates in M. persicae (Parry and Ford,
1967, 1969, 1971; Javadi, 1971). This effect found also to occur
in A.pisum and A.fabae, and is referred to later in this work, where
insecticides were offered to the aphids in artific'ial diets. The same
effect occurs when poisons are incorporated in plant tissue (Halimie
and Ford, 1972). »

It is not known whether an organophosphorus insecticide in the
aphid is distributed similarly to 32P—phosphate. However these results
do indicate the relative ease with which a phosphorus compound can be

distributed to the honeydew and larvae.
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'SECTION C. UPTAKE STUDIES ON ARTIFICIAL DIET.

Introduction

Artificial Feeding.

The main disadvantage in assessing aphid uptake from radio-
labelled plants is the uncertainty of the concentration of the label
at the feeding sites. Successful artificial feeding overcomes this
problem and also provides the means for numerous investigations
on the influence of nutritional and other factors on the physiology
of aphids.

The artificial feeding of aphids has progressed considerably
smce the flrst attempt by Hamilton (1935) to rear M pex_'__s_;_l_c_a_g art1- o
f1c1a11y for short perlods through the epidermis of cabbage 1eaves |
instead of the animal membranes used previously. Mittler and Dadd
in 1962 reported what appears to be the first limited but significant
success in the artificial feeding of an aphid (M. persicae) on a
chemically defined diet. The authors used a membrane of stretched
Parafilm " M" retaining an aqueous diet of 18% sucrose and small
amounts of vitamins, cholesterol, mineral salts and aminoacids and
amides. The rearing of a limited number of aphid species on arti-
ficial solutions has been attempted by many investigators with varying
degrees of success. However the maintenance of permanent cultures
of M. persicae and A.fabae on chemically defined diets now seems
possible (Dadd and Mittler, 1966, Dadd and Krieger, 1967).

Starile preparations of chemically defined diets have been
achieved by filtration, and membranes sterilized by U.V. irradiation
or ethanol washing (Auclair and Cartier, 1963; .Mittler and Dadd,
1964a; Auclair, 1965, 1967a).

Many of the special feeding requirements of the aphids have

been studied, especially the roles played by carbohydrates, amino-
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acids, vitamins, salts, trace metals, lipids and cholesterol, in
éurvival, growth, reproduction and behavioural responses (Mittler
and Dadd, 1962, 1965; Auclair and Cartier, 1963; Auclair, 1965;
Mittler, 1967a, 1967b, 1970; Danneel, 1969b; Srivastava, 1971).

Of the carbohydrates studied, sucrose seems to be an essential
nutrient as well as a phagostimulant (Srivastava, 1971la). Little
sucrose was excreted in the honeydew of aphids fed on diets containing
this sugar, thus aphids are able to efficiently absorb and metabolise
sucrose (Dadd and Mittler, 1965a, 1965b). Also in diets where
sucrose was replaced in part or totally by any one of the following

sugars; cellobiose, fructose, galactose, glucose, lactose, melezitose,

rafflnose, ribose, SOIbose or trehalose, the survlval Aphls gossypn
“Glover adults Was drastlcally reduced (Auclair, 196713) ' o

The sucrose requirement varies in the different species, whether
they are reared for several generations on more complex diets, or
for several days on a simple sucrose solution. Optimp.m sucrose
concentrations in complex diets we-re found to be between 10-20%
for M. persicae (Mittler and Dadd, 1962, 1965; Mittler, 1967a, 1967Db),
10-35% for A.pisum (Auclair and Cartier, 1963; Auclair, 1965;
Srivastava, 1971, 1971a),\ 10-15% for A.fabae (Dadd and Krieger,
1967; Emden, 1967), and 20-30% for A.gossypii (Auclair, 1967a,
1967b). In plain sucrose diets the optimum concentration for
M. persicae was still in the 10 to 20% range (Mittler and Dadd, 1962,
1965; Mittler and Pannell, 1964; Parry and Ford, 1967, 1969), where-
as with A.fabae stronger sucrose solutions up to 18% were better
(Danneel, 1969b).

Different factors producing optimum conditions for maximum food
uptake by aphids have also been studied.

The pH of the diet has been found to influence aphid growth,

reproduction and survival, as well as the selection of diets by
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aphids (Auclair, 1965, 1967a; Cartier, 1968). A.pisum, A.gossypii

and Macrosiphum euphorbiae (Thomas) performed better on slightly

alkaline diets (pH 7.3 to 7.6) and A. pisum does not accept diets with
pHs less than 7 or more than 8. A.gossypii appears to tolerate a
wider range of dietary pH than A.pisum, and will grow and reproduce
fairly well on diets of pH ranging from 6.5 to 8. 0.

It éppears that on chemically defined diets the quantity and
quality of light may influence the settling and feeding responses
of aphids aﬁd in turn the rates of growth and reproduction. Intense
white illumination of 600 foot candles deters feeding (Auclair, 1967b).
A.pisum and A.gossypii generally grew, survived and reproduced
better on diets receiving 90 to 330 ft-c. than on those; receiviﬂg 405
t0 900 ft—c. (Cartier, 1965). Very weak illumination or darkness
have little effect on feeding. A.gossypii preferentially settled on and
colonized diets recelving non or only a weak light o.f 5 to 50 ft-c.

(Auclair, 1967a, 1967b). A.pisum , A.gossypii and M. euphorbiae

preferred diets lit with orange or yellow light than diets lit with
white, red or blue or in darkness (Cartier, 1965, 1966; Auclair,
1967rb; Srivastava, 1971). The wavelengths 610 to 570 nm, the red
to yellow portion of the visible spectrum, apparently exerted a
definite attraction, whereas the blue to violet end, 485 to 420 nm
had a repellent effect. The intermediate green area of the spectral
range had little influence on the feeding behavioﬁr of aphids. Slight
variations from these preferences may occur among the three aphid
species or between biotypes within one species.

The relative humidity in which the cages with artificial diet were
kept is another factor which may influence the feeding behaviour of
aphids. The available data refer to a few aphid species fed artificially

in quite different relative humidity conditions. A.pisum has been fed

on full diets in "high" (possibly about 100%) r.h. (Auclair and Cartier
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1963; Auclair, 1965) and in about 50% (Srivastava, 1971). A.gossypii
was fed also in a r.h. about 50% (Auclair, 1967a), while A.fabae in
only 17 to 32% (Danneel, 1969a). M. persicae, mainly fed on a simple
sucrose solution (Javadi, 1971), was kept at about 100%, 50% or in
"very low' .relative humidity. No conclusive evidence of any effect
of relative humidity on feeding behaviour can be drawn from the
literature.

It has been postulated that the turgor pressure within plant
cells contributes significantly to the normal rate of sap intake by
aphids, since it was shown by Kennedy and Mittler (1953) that when
the stylets of feeding willow aphids, T.salignus, were severed, sap

exuded from the stylet stumps left in the plant. That aphlds however

can 1mb1be hqulds that are not under pressure has been amply demon-
strated during the past few years from studies on artificial feeding
(Auclair, 1969). However van Emden (1967) and Wearing (1968)
reported slight increases in the longevity of adults of A. fabae,

Brevicoryne brassicae(L) and M. persicae, when they were fed on

sucrose solutions at pressures of about 2 atm. And van Emden

(1967) suggested that the lack of pressure could limit the uptake .

by aphids even on nutritionally adequate diets and might explain why
some nutrients have to be incorporated into these diets at unexpectedly
high levels to sustain aphid growth. It is perhaps worth mentioning
here that in the present work during the process of sealing of the small
quantities of sucrose solutions between two sheets of parafilm merm -
brane, a substantial pressure was applied on the diet which permitted
the diet to exude frecly when tiny hoI\es were made in the membrane
even 24 hrs. later. No doubt, a pressure on the diet existed in arti-
ficial feeding experiments carried out by other workers and was applied
inevitably during the process of sealing the sachets and fixing them
on the feeding cages. This is an area in which further study could

clarify any beneficial influence that pressure may exert on feeding.
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Evaluation of Feeding tests.

The total quantity of any food taken up by aphids, whether plant
sap or artificial diet, is represented by a gain in weight, an amount
of honeydew excr eted, evaporation of water, production of young \
larvae in the case of repfoductive adults and excuviae during ecdysis
in the case of nymphs. All these fractions must be measured
quantitatively in order to obtain true values of the amount of food:
taken in.

Different methods have been used so far to estimate the feeding
rate and excretion of aphids fed on artificial diets. Dyes or radio-
tracers have been incorporated into diets as indicators of feeding.

. For example, neutral red dye (0. 1%) has been used and after feedlng
each aphid subsequently examined under a blnocular mlcroscope |
Each was allocated a colour grade of 0, 1,1, 2 or 3 and colour scores
and percentage inhibition values were calculated (Mittler, 1964b;
Parry and Ford, 1967, 1969). The dye used however, was insufficient
to show small differences in feeding, also it had an adverse effect on
liquid uptake by M. persicae (Mittler and Dadd, 1963b; Parry and Ford,
1967, 1969).

Radioactive isotopes have also been used as an accurate method
to measure the quantity of artificial diet taken up. Hamilton (1935)
\x}orked with polonium in an attempt to show that M. persicae was
capable of tfansmitting virus particles from plant to plant. In more
recent studies (Parry and Ford, 1967, 1969, 1971; Danneel, 1969a,
1969b; Javadi, 1971) compounds containing a radioisotope of phosphorus
were usc;,d as indicators. Known amounts of 32'P-phospha.te weré
incorporated into artificial diets and aft er different feeding times
samples of adults, honeydew and larvae were counted to find the
quantities taken in and excreted and thus the correéponding volume of

the artificial diet consumed. The use of radiotracers is of great
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value,when quantitative estimations on the movement of the diet is '
attempted within short periods of time.

Since honeydew production is correlated with the feeding rate
of aphids, the number of droplets (frequency) or the volume (rate
of excretion) of the honeydew produced by a known number of aphids
in a certain period of time may be used to measure, though not very
accurately the rate of feeding. In some cases, samples of honeydew
haﬁre been analysed to determine the constituents remaining, which
from a knowledge of the levels present in the diet has provided
information on the utilization of different compounds incorporated
in the diet (Maltais, 1957; Auclair and Cartier, 1963; Auclair.1967a).

When an artificial feeding experiment has lasted: several days, . .
periodical v&eighing of adults and/or progeny, individually or in gro‘ups
has been carried out to estimate the rate of feeding by differences in
weight (Auclair, 1967a, 1967b; Srivastava, 1971).

In long term experiments or in experiments x-x/ith insecticidal
diets, the mortality or longevity of adulfs was assesséd (Mittler and
Pannell, 1964; Parry and Ford, 1969; Srivastava 1971; Javadi, 1971).

A rather indirect method was the weighing of sachets with arti-
ficial diet immediately before and after a known number of aphids had
fed on them for a known period of time. Differences in weight gave
the amount of diet ingested (Auclair, 1965; Mittler, 1970; Srivastava,
1971a).

Effect of insecticides on the feeding behaviour of aphids.

Treatment of plants with insecticides can change the plant-insect
relationship by the interaction of a number of different factors such as
various sublethal e:ffects, change in food acceptability and changes in
the physical properties of the treated area. " Similarly the behaviour
of different insect species to the plant changes. In the case of aphids
a number of characteristic examples have been reported. A repellent

action of BHC to M. p_ersicae has been observed which could affect
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virus spread by this species (Chang, 1949). An increase in the
incidence of potato virus Y in potato fields sprayed with insecticide
has been reported by Chapman (1951), McEwen (1953) and Roland
(1953), and was presumed to be due to both increased wandering and
frequency of probing by aphids. The introduction of systemic in-
secticides has in many cases failed to prevent the spread of certain
viruses which may even increase after spraying with schradan and
with the contract insecticide parathion (Miinster and Murbach, 1952).
Very little is known about the effects of systemic insecticides
on aphid feeding behaviour and a great deal of clarification is
necessary. Many of the variables difficult to quantify in plants can
be standardised to a large extent with thg artificial feeding techniqu,et
A ’\;ariety of studies have been carried out on the ;aff.ects~ vof'divffere'n’t |
non nutrient additives present in artificial diets. For example, 0.1%
neutral red in the diet has been found to influence fhe feeding behaviour
of M.persicae with varying degrees of repellence or toxicity to different
strains of this species (Mittler and Dadd, 1963a, 1963b; Parry and
Ford, 1967, 1969). In the preser&eof phosphamidon, the number of
salivary plugs produced on membranes is significantly higher than
that for diets without insecticide, showing that more probing has
beeﬁ carried out by the aphids on those membranes containing toxic
diet (Mittler and Pannell, 1964; Parry and Ford, 1967, 1969, 1971).
Thus, artific;,ial feeding techniques make it possible to study the effect
on aphids of toxic m‘.aterial ingested in known form and quantity.
Although there are many reports of work on the nutrition of aphids,
particula'trly of the two species M. persicrae and A.pisum using artificial
feeding techniques, there are only a few using these techniques to
study the influence of systemic insecticides on feeding behaviour. The
investigations reported so far refer to M.persicae and the influence of

phosphamidon or dimethoate on fhe feeding behaviour of this species
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on artificial diets (Mittler and Pannell, 1964; Parry and Ford, 1967,
1969, 1971; Javadi 1971).

In the present work simple artificial diets of different sucrose
solutions were tested on both species. Comparisons of these diets
were also carried out with a complex diet. Different experimental
conditions such as lighting and relative humidity, which can affect
the feeding behaviour of aphids on a sucrose solution were studied.

. Toxicological aspects of the effects of dimethoate and phorate
incorporated in the diet of the two aphid species were also investi-
gated.

In these studies the longevity of the insects was considered and
_uptake of sucrosé golution with or without dimethoate was gssessed. .

radiometrically.

Materials and Methods

The Artificial membrane. Parafilm "M'' membrane was used first

by Mittler and Dadd (1962) for the artificial feeding of aphids and has
since been adopted by many other workers. A commercially available
parafilm membrane "M'" in sheets made by '""Marathon"” American Can
Co. (Menasha, Wisconsin), consisting of an homogeneous blend of
rubber and wax, was also used in this work. Small squares, 5 x 5 cm,
of this membrane were stretched by hand in two directions at right
angles to each other, but not up to their breaking point. In this stage,
the membrane was stable for long periods and not permeable to water.
In experiments where the influence of stretched and unstretched mem-
branes was examined, unstretched ones were also used. The mem-
brane, because of its structure, does not allow the feeding liquid to
come out on withdrawal of the stylets by the aphids and it is self-
sealing on to perspex or stainless steel feeding cages. It appears to

be a fair substitute for the plant epidermis and there are no indications
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so far of any interference with the feeding response of the aphids.

Feeding Solutions. The objective of this work was to find a simple

but adequate artificial diet. A series of sucrose solutions were

tested, diluted in boiled deionized distilled water. A complex diet,

as described by Dadd and Mittler (1966), was also tested. These
authors used this diet to rear aphid of M. persicae for 30 successive
generations. The same diet was also used by Dadd and Krieger (1967) .
for the reéring of A.fabae for 25 generations. It consisted of 20
aminoacids, 15% sucrose, vitamins, mineral salts and the whole

diet was adjusted to pH7. A 15% W/V sucrose solution was finally
chosen as a feeding liquid for both species. This solution was kept

in the deep freeze and was renewed every 10 days. A v‘o.lu.rr}e_ of 0.2 ml
V\'r’as employed Pér feeding sachet. “ | - B

Feeding cages. Stainless steel or perspex rings 2.5 cm diam. x 1 cm

long were used as feeding cages. A stretched sheet of parafilm mem-
brane was attached to the ring by pressing gently with the fingers and
0.2 ml of the diet delivered from a disposable syringe in the centre.
The drop was covered by a second membrane and a mouth operated
suction device used to lower the level of the first membrane and drop,
thus avoiding leakz;xge of the liquid while the second membrane vs;és
fixed in place. In early experiments a wire thread was placed by the
droplet to allow the egress of air from the space between the two
films, while the covering membrane was fixed over the drop (Fosbroo]:'{(';;t\{l1
1971, personal communication). The use of the wire thread was
omitted in later experiments, since the air could be removed easily
by keeping the upper sheet in a horizontal position and gradually
Pressing onto the drop of diet while reducing thé pPressure below,
followed by gentle release of the reduced pressure to exclude all

the air between the two sheets whereupon the uppex: film was fixed

by pressing the edges of the parafilm on the walls of the ring (Fig. 1. 8).
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Insect material. Apterous adult virginoparae of the same age were

used in these experiments. No starvation or anaesthetization of the
adults preceded their caging under the feeding sachets and depending
on the objective of each experiment, the adults of each species were
caged separately, or with both species in the same feeding cage.

2 to 6 replicates and 5 to 15 adults per replicate (cage) were used

in the different experiments.

Insecticides. A series of concentrations of the systemic insecticides

dimethoate and phorate were prepared usually immediately before‘
they were offered to the aphids. Stock solutions of 0.02% of dime-
thoate or phorate in deionized distilled water or 2-ethoxyethanol
respectwely were used. Small volumes of these solutlons were added
from a HamlltOn rnlcrosyrlnge to 2 ml 15% w/v sucrose d1et to make v-
in a series of concentrations up to 16 ppm with dimethoate and up to

8 ppm with phorate. Additional quantities of solvent (distilled water
or Z—ethoxgyéthanol) were added to each insecticide dilution and to the
control, so that the amount of solvent present was the same in each
treatmenf:.

Radioactive solutions. For an accurate estimation of the amount of

diet taken up, a 32p _sodium phosphate solution (1 mCi/ml, with

3. mg PO4/rnl) supplied by the Radiochemical Centre, Amersham,
U.K. (PBS 1.), was incorpoi’ated in the liquid fed to the aphids.

1 or 5 pl of the radioactive compound was added by a Drummond
Micro/gap capillary (Shandon Co.) to the 0.2 ml drop of the poisoned
or insec?icide—free surcrose solutions, before the upper sheet of

the artificial membrane was fixed in place..

Experimental conditions. All these experiments were carried out

in tfle same conditions in which the aphid cultures were kept except

where the influences of lighting and humidity were being studied.
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Results

1. Comparison of different artificial diets.

Sucrose solutions up to 40% w/v and the complex diet were

offered to the adults of the two species. Ten adults were caged
separately by species in two replicates for each diet. The
acceptability of the different solutions by the two species was studied
in terms of longevity of the adults. The living adults were counted
daily for 5 days. As theFig.1.9 shows, of all the liquids offered those
least acceptable to the aphids were deionized distilled water and 5%
sucrose. In these tests the complex diet was no better than the su-
crose 10-40% solutions. The longevity of A. B’}_g_t_l_{p__adults was higher
1n 10% and 20% éuc'rose and for A.fabae adults '];O%.and 40% sucrose,
while this species also accepted sufficient of the 20% sucrose con-.
centration. Adults of A.pisum failed to survive for more than 2 days
on the high sucrose concentration of 40%. With the exception of
A.fabae feeding on distilled water all the solutions tested succeeded
in keeping a high number of both species of adults alive for 24 hrs.
Observations indicated that all the liquids tested were more acceptable
to A.fabae than to A. pisum.

| When 10, 15 and 20% sucrose solutions were offered to the
adults in preliminary exper;ments both species survived better on
the 15% solution. In a comparison of the acceptability of a 15% sucrose
and the complex diet, the adults of both species survived longer on

the sucrose solution (Fig.1.10).

From the series of experiments with 15% sucrose solution
in which 32P_-phospha.‘ce was incorporated, it may be seen firom Fig.1.11
that the quantity of the diet taken up differed in the two species.
A.fabae took more.than:l_\_. pisum. Already within the 1st 12 hours

of feeding the ingested quantity of the diet in the former species
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Fig.1.8 Cross sectional diagrams showing (a) the preparation
of a feeding cage and (b) a cage during feeding.
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Fig.1.9 Longevity of adults of the two species fed with different
artificial diets, through parafilm membrane (see Appendix 8).
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Fig.1.10, Longev1ty of adults of the two species fed on 15% sucrose
" ‘solution or with the complex diet through parafilm me mbrane (see -
Appendix 9)
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Fig.1.1l. Quantity of 15% sucrose solution taken up at different
times by the adults of the two species feeding through parafilm
membrane (see Appendix 13)

12 hr. £ 18 hr. 24 hr. feeding.
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was 0.220 pl per adult and this quantity remained at the same level
when adults were checked after 18 and 24 hrs feeding. A.pisum took
very little, 0.04 pl per adult, in the first 12 hours, which increased
only to 0.074 P,lladult in 18 hrs and after 24 hrs feeding the ingested
quantity of diet per adult was 0. 187 pl.

The time during which sucrose solutions have been kept in
the sachets before being offered to the adults also seems to be im-
portant for A.pisum. The quantity of sucrose solution taken up was
measured radiometrically and it was found that when the diet was
fresh and after it was kept for 24 hrs ‘in the sachets, the ingested
quantity per adult' in 24 hours was respectively:
_1n A plsum 0.420 pl and 0.040 pl (mean of 10 and 20 adults)
‘- in A.fabae 0.216 pl and 0.154 pl {mean of 20 and 22 adults)

2. Some factors affecting the feeding response of the two species.

The thickness of the parafilm membrane, relative humidity
and lighting conditions were studied with respect to their influence
on the feeding behaviour of the two species. Throughout these ex-
periments 15% sucrose solution was used and the standard test
conditions as described above were esta‘t};lished. The acceptability
of the diet was estimated in terms of longevity of the adults.

Thickness of the feeding membrane. The diet was offered to the

adults through unstretched and stretched parafilm membranes. As
the Fig.1.12 shows, no difference in the feeding response of the
two species was observed.

Relative humidity. Three r.h. conditions were established:

One aboutl00%, one about 0% and an intermediafe value between

40 to 50% which was the uncontrolled r.h. of the insect-rearing room.
The dry test was carried out with the feeding cages and the adults

in a desiccator with silica gel and the humid tests in a wet desiccator.

The insects were removed from the extreme r. humidities for only
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Fig.1.12. Longevity of adults, fed on 15% sucrose solution through
stretched or unstretched membrane (see Appendix 10).
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Fig.1l.13. Longevity of adults, fed on 15% sucrose solution in
three different relative humidities (see Appendix 11)
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a few minutes every day, to count the living insects in each cage.
From the Fig-1.13 can be seen tﬁat the feeding behaviour of A.pisum
was similar under all three tested conditions, while there was rather
better acceptance of the diet by A.fabae at 0% and 40 to 50% relative

humidity.

Lighting conditions. The sachets with the feeding liquid were lit

for 16 hrs a day with white illumination about 125 ft-c, by a dir;nmed
light, or kept continuously in darkness. The Fig.l.14 shows that
there was no difference in the acceptability of the feeding solution

by the two species under these lighting conditions.

3. The effect of dimethoate on the feeding behaviour.

a. Adults of both épecies were caged on a range of dimethoate -
solutions in a 15% sucrose diet. Each sachet also contained 1 pCi
of 32P..phosphm:e. One batch of aphids were fed for 24 hrs.
immediately after the preparation of the sachets, after which fresh
insects were caged for a further 24 hrs. After each 24 hrs feeding

period the living adults were counted and the quantity of diet they

had taken up was calculated.
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Table 1.5. Quantities of sucrose solution, taken up per adult
in 24 hrs, containing different concentrations of
dimethoate (radiometric measurement in live

adults).
Dimetho- Freshly prepared Diet 24 hrs.old
Species ate diet
concentr. No. of pl/adult No. of p.l/adult
(ppm) adults adults
0 10 0.420 20 0. 040
1.0 8 0.102 20 0.028
. é_:_EiSum 2.0 10 0. 085 19 0. 024
4.0 9 0. 040 18 0.014
8.0 - - 20 0.008
0. 20 0.216 .22 . 0.154
0.5 17 0.142 17 - 0.128
A.fabae 1.0 17 0.116 10 0.114
2.0 6 0.112 12 0.102
4.0 5 0.070 5 .0.098
8.0 2 0.064 , - -

From the Table 1.5 it can be seen that the adults of both species
avoided poisoned diets even at the lowest concentrations used where
the mortality was also low. There was a proportional decrease of
the quantity of diet taken up with increasing concentrations of the
chemical. When adults of A.pisum were given poisoned or non-
poisoned diets which had been made up 24 hrs. previously, the rate
of feeding was much lower than when the diet was freshly prepared
in the sachet. The rate of feeding of A.fabae adults was nearly the
same on fresh or old diets. It seems therefore that A.plsum were
sensitive to some change that occurred in the diet once it was pre-
pared and they did not feed readily whether it was contaminated with

dimethoate or not.
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b. The lowest concentrations of dimethoate which gave about 100%
kill in 24 hrs, 16 ppm in A.pisum and 8 ppm in A.fabae, were incor-
porafed into the sucrose solution. 1 to 2.6 FCi of 32P-phosphate wa s
added per sachet and the adults of the two species were allowed to
feed for 12, 18 and 24 hours. Sachets without insecticide were also
set up as controls. Living and dead adults were counted and from
their radioactivity the pl of artificial diet ingested per adult were

calculated.

From the Fig.1.15 it can be seen that the taken up diet in the
untreated controls was more in the case of A.fabae adults than in
A . pisum as already has been described. When poisoned diet was
‘offered the quantity taken up by A.pisum within the Ist 12 hrs.-was .
the same as in the non poisoned diet (0. 041 pl/adult), whe‘reas
A.fabae adults preferred not to accept this diet (0.220 pl/adult and
0. 062 pl/adult in untreated and poisoned diets respectively). When
the feeding time increased to 18 hr‘s. both species accepted less of
the poisoned diet than the untreated one. When the quantity of the
poisoned diet taken up exceeded a certain threshold, mortality was
produced. This threshold quantity was nearly the same for each
species, whether it was taken up during 18 or 24 hrs. feeding
(0. 066 to 0.070 pl/adult in A. pisum and 0.076 to 0.091 pl/adult

in A. fabae).

4. Toxicity of poisoned sucrose solutions.

Dimethoate and phorate were incorporated separately into
sucrose solutions and bioassays were carried out on them. Dimethoate
concentrations ranged from 0.5 to 30.0 ppm and phorate from 0.5 to
8.0 ppm (see Appendices 14 & 15). With dimethoate it was found that
nearly 100% mortality was achieved in 24 hrs. at a concentration of

16 ppm in A.pisum and 8 ppm in A.fabae adults. Phorate was more
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thic and the lowest doses causing 100% mortality were 8 ppm for
A.pisum and 4 ppm for A.fabae. Since the presence of dimethoate

in the diet strongly inhibited uptake, there was little correlation
between the observed mortalities and the concentrations of the
chemical in the sucrose solution (Appendix 14). In experiments where
the sachets also contained 3213, the adults were collected and counted
with a Geiger-Miller counter at the end of each 24 hr. biocassay. From
the amount of radioactivity found the amount of dimethoate taken up
per adult was calculated. As the Fig.1.16 shows, there is positive
correlation between the quantity of dimethoate imbibed and the ob-
served mortalities especially with A.fabae. In the above experiments
__with‘ radiotracers, the live adults were also counted.at the ‘end\of each
bioassa.y. Differences in uptake were found in the iiving .insect.s si'nc':’ev
none had reached the mortality threshold and uptake was more closely

correlated with concentration.

Discussion

The 15% w/v sucrose solution used for the artificial feeding
of both species in these experiments was also foun& to be the optimum
for feeding M. persicae (Parry and Ford, 1967). Itis surprising that
this solution was also superior to the more complex diet tested in
these experiments. However the complete d:iet had been stored at
-15°C before use and it is possible that during storage some change
occurred which could be detected and deterred the aphids £rorr§ %ngcf‘ﬁ‘é'.967’
A complex diet is not necessary foi‘ short periods either with or with-
out insecticides and a simple sucrose solution may indeed be
preferable as has been pointed out by Danneel (1969a). In toxicity

studies, the use of a simple diet as a medium for the isecticide ensures

a minimum of interference with the properties of the poison. Some
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systemic insecticides are sparingly soluble in water; for example

a solubility in water of 15 ppm at 15°C and 19 Ppm at 26°C has been
quoted for phorate (Lord and Burt, 1964), and according to data
referred to by Martin (1971), the solubility of the same chemical at
room temperature is 50 ppm. Any increase in other solutes in the
diet will lower the insecticide solubility still further. The solubility
of other systemic insecticides is, however, higher. For menazon

a solubility of 240 ppm at 20 to 25°C is referred, and dimethoate is
as much as 2.5% soluble in water at 21°C (Martin, 1971).

An important aspect of any diet for short term feeding experi-
ments is that it should be taken readily by the insects and as the 15%
- sucrose solution proved satisfactory in this respect, it was.used as - . -
the vehicle in the toxicity and feeding studies. Even so the accepta-
bility by the two species of this solution followed quite different
patterns. Uptake of labelled diet by A.pisum adults increased with
time. Of the total quantity taken up in 24 hrs, only 22% was imbibed
in the first 12 hrs. and at 18 hrs. only 40% had been taken. This
increased uptake after some time, suggests that a threshold reaction
involving a '"hunger stimulus'' was necessary before the aphids began
taking large quantities of the diet (Parry and Fdrd, 1969). This
feeding reaction did not occur in é_l.t;g_p_a_._e and nearly the same quantity
of diet was taken up, whether the feeding time was 12, 18 or 24 hrs.
The rgadiness with which the aphids took diet also appeared to be a
function of the diets age. A.pisum was especialiy sensitive in this
respect and there were strong indications that this aphid fed less
readily on the artificial diets than A_L.'fab____gglthus supporting the findings
of Auclair (1965) who estimated that the feeding and excretion rates of
A.pisum on artificial diets were usually much lower than those recorded

on plants.



83

The different humidity and lighting conditions tested did not
materially affect the feeding behaviour of the two species in these
experiments and a relative humidity 40 to 50% and artificial light
for 16 hrs. with 8 hrs. darkness were maintained throughout sub-
sequent tests. The artificial light used here was far below the levels
which have been found to reduce feeding in some aphids. The thick-
ness of parafilm membrane did not exert any influence on the feeding
response of the t\;vo species. Awuclair (1965) also was unable to
demonstrate any significant effect of membrane thickness. Stretched
membranes were used in these experiments because they adhered to

~the cages better when the sachets were made up.

‘Different concentrations of dimethoate markedly inhibited C
feeding in the two species. As the concentration of insecticide in
the diet increased, the amount of liquid taken up decreased. This
inhibiting action of dimethoate was very strong even in the lowest
concentration tested which produc éd the minimum mortality. The
decrease in amounts of liquid taken up was not proportional to the
increasing concentration of the chemical. Inhibiting action to
_M_ persicae has been found also in diets containing phosphamidon
(Parry and Ford, 1967, 1969, 1971) and dimethoate (Javadi, 1971)
though Mittler and Pannell (1964) question this influence of phosphamidon

on this species.

One problem that arose in this work was the considerable
differences in feeding behaviour exhibited by the insects. Though
conside.rable care was taken to ensure that aphids of similar ages
not near the end of their life span were used and experimental con-
ditions reproduced as carefully as possible, fluctuations in feeding
rates were observed. These differences were more frequent in

A.pisum and may be due to different factors, one such factor being
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the possible deterioration with time of the feeding solutions in the

sachets.

The inhibition of feeding by dimethoate for periods shorter

than 24 hrs, was different in the two species. In the first 12 hrs.

a considerable reduction ofi the quantity of diet taken up by A.fabae
adults occurred. Thus, this species imbibed only 28% of the quantity
it had taken up in the same time from non poisoned diet and 16.2%

of the corresponding unpoisoﬁed diet after 18 hrs. feediing. A.pisum
adults had taken in nearly the same quantity from the poisoned diet
as in the control after 12 hrs, but after 18 hrs they had imbibed 19%
of the control. The increased inhibition of feeding in the two species
~after 18 hrs is possibly the result of some sublethal action-arising: -.
from the infake of small quantities of dimethoate and leading to a
reduction in the feeding rate in addition to any deterrent effect the
insecticide has already imposed. In the first 12 hrs the adults of
both species avoided accepting poisoned diet at the lethal level. But
as the time of feeding was increased, the influence of the "hunger
stimulus' caused them to take in more diet and sufficient dimethoate
to cause mortality after 18 and 24 hrs feeding. The striking feature
in these experiments was the similar quantities of diet found in the
dead insects irrespective of the duration of feeding. This suggests
that the insects have at this stage taken in lethal doses of poison which
Wére for A.pisum 1.06 to 1.12 ngladult and for A.fabae 0.61 to 0.73
ngladult.

In toxicity tests with the insecticides dimethoate and phorate
by the artificial feeding method no correlation was found between the
insecticide concentrations and mortality. This was especially so with
dimethoate. The two factors influencing the result are probably the
variability of the two species in feeding through parafilm membranes

and the strong inhibition of the feeding response by insecticide which
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increases, but not at a proportional rate with the concentration of
the chemical in the diet. Parry and Ford (1967) alao point out the
meaninglessness of any direct comparison of their LC50 values

for phosphamidon to three strains of _I\_/I_ persicae, owing to the
differences in uptake that occurred. To establish an actual dosage-
mortality relationship by this method it is necessary to obtain the
amounts of insecticide ingested by the aphids (Mittler and Pannell
1964). These amounts were estimated when a 32P-compound was
added into the sucrose solutions with dimethoate and so give a more

meaningful dose-response relationship (Fig.1.16). A point which

needs further study is whether there is any influence on mortality

.of the volume of diet from which the dimethoate is absorbed. Aphids

are capable of considerable throughput especially when attended by
ants (Herzig, 1937; Banks and Nixon, 1958). The modifications to
their gut which enable this to occur may well affect the degree of
absorption that occurs at different feeding rates and insecticide

concentrations.
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87

Introduction

The performance or activity of an insecticide depends upon
the interaction between the chemical and the organism. The result
of this interaction may be affected by many factors, including the

effect of different test methods.

There are many properties an insecticide must possess for it
to be effective when applied topically. The waxy layer of an insect's
epicuticle is the first barrier to entry, and in order that an insecti-
- ‘cide should penetrate it, it must be to some extent-lipopbilic.” Ina =~ - - -
second phase the insecticide has to penetrate the more aqueous
regions of the exo- and endo-cuticle, %or this, an oil-water partition
coefficient favouring more polar compounds is desirable (Olsoh and
O'Brien, 1963; Had away and Barlow, 1966). Treatments which tend
to destroy or disrupt the epicuticular layer accelerate penetration and
increase the emphasis on this second phase. The third Stage of pene-
tration involves transport to the site of action, which for the
organophosphorus insecticides is mainly the central nervous system.
It seems that the haemolymph has a major role in transport of insecti~
cides to the nervous system (Burt, 1970). However other routes of
entry have been postulated in which the insecticide, soluble in the
epicuticular wax moves by diffusion to the spiracles and then via the

rest of the respiratory system, into the nervous system (Gerolt, 1969).

During penetration different factors interfere which depend on the
chemical and the treated insect. Sorption of the insecticide at sites
in the insect's body other than the site of action is likely to result in

increased amount of the poison necessary to kill an insect (Lord,1967).



88

Metabolism of the chemical in the insect's body differen-
tiates the toxicity of the chemicals to different species (Matsumura
and Hogendijk, 1964; Nakatsugawa et al, 1969). Sanderson and Edson
(1964) after experiments with locusts poisoned with labelled dimethoate
conclude that variations in the rates of loss of active dimethoate
metabolites probably account for much of the selective toxicity to
these insects. Yang (1971) has emphasized that the relationship
between the rate éf detoxication and the rate of intoxication of diazinon,
determines the toxic effect to susceptible and resistant strains of
house flies. Enzymic detoxication of the toxicant prevents it reaching
a fatal concentration at the site of action (Oppenoorth and van Asperen,
1.961). - The two factors most frequently postulated to account fq_r“ ;
“\raria;bilities in the susceptibility of insects to insecticides aré '
differences in penetration and metabolism (Lord et al., 1963;
Farnham et al., 1965; U_chida, et al. 1965; Gwiazda and Lord, 1967;
Lewis and Lord, 1969; Nolan and O'Brien, 1970; Zahavi, 1970).

It is widely recognized that resistance ratios which may be
large with topical application may be very small with injected appli-
cations (Nolan and O'Brien 1970). However, when two phosphoro-

thioate insecticides (Ciba : C-9491 and C-8874) were applied topically

or by injection to two insect species [Boettcherisca peregrina

- (Robineau-Desvoidy) and Chrysomya megacephala (F. )],the toxicities

‘of the two compounds to the adults were similar; it appears therefore,
that the cuticle of both species is not an effective barrier in preventing
the penetration of these compounds (Chuo and Sherman, 1971).

Similar results were obtained by Metcalf and March (1949) with
parathion and paraoxon. Both were readily absorbed by the cuticle

of P.americana, resulting in almost identical LD50 values after

topical application or injection.
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Defferential responses of the same species to different chemicals
has been reported. For instance, malaoxon was 30 times more potent
to Medfly AChE than phosphamidon (Zahavi, 1970). Selection and
breeding from resistant individuals when malathion was applied to
larvae of two strains of A.aegypti resulted in a 5-fold increase of
tolerance in 5 generations; this tolerance was associated entirely
with a decrease in absorption of malathion by the larvae. Selection
with parathion however applied to 3 strains of this species, resulted
in a 2-to 3-fold increase in tolerance with no decrease in absoxrption

(Matsumura and Brown, 1963).

When several factors may be involved (activation, degradation,
- penetration), interactions make it very difficult te establish .the role- - -
of any one factor. Sometimes it is possible to eliminate some of these
factors, for example Nolan and Q'Brien (1970) in working on the ratio
of toxicities for susceptible and resistant strains of houseflies used
paraoxon, which requires no activation and injected it to avoid

differences in penetration.

With bioassays it is feasible to measure quite accurately the
potency of an insecticide and to a certain extent study some of the
factors involved. Bioassays have been criticised for variability,
though credited with greater sensitivity and specific response to the
actual toxicants than many chemical methods. However, careful
rearing technique, standardization of insect colonies and planned
test design have reduced much of the unreliability of the technique.
At the same time, modern physico-chemical analytical techniques,
such as gas liquid chromatography, have enormously increased the
sensitivity and precision of insecticidal aséay by other means. The
subject of pesticide assay has been reviewed by many authors, for

example, Sun (1957); Nagasawa (1959); Needham (1960); Hoskins and
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Craig (1962); Busvine (1971).

The technique of topical application in biological assay has
become quite popular. Reasonable precision can be achieved with
very simple apparatus and there are certain advantages in applying
a known dose to individual insects. Volumes much less than 1 pl
can be applied, if desired. Harrison (1961) describes a simple glass
capillary applicator which, calibrated radiometrically with an 18%
coefficient of error, can apply volumes down to a minimum of
0.00005 pl. In choosing the solvent for topical application, factors.
to be considered apart from the solubility of the insecticide, are the .
toxicity to the insect, effects on insecticide potency and general -

convenience for the application (Busvine, 1971).

When systemic insecticide is offered to aphid species through
“their food, whole plants, a single leaf or leaf-discs can be used (David
and Cardiner, 1951, 1953a, 1953b, 1955; Matteson et al., 1963;
Burt et al, 1965; Abdellatif et al., 1967; Galley, 1968). In this case
the insecticide is absorbed from the aphid gut after varying degrees

of alteration in the plant tissues.

In recent studies of the influence of the chemicals on the feeding
respmnse and mortality of aphids, bioassays with aphids have been
carried out with the systemic insecticide, phosphamidon or dimethoate,
incorporated in artificial diets (Mittler and Pannell, 1964; Parry and
Ford, 1967, 1969, 1971; Javadi 1971).

The effect of body weight, age, starvation and post-treatment
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temperature on the toxicity of organophosphates has been examined
in bioassays with aphids (Potter and Gillham, 1957; Murdie, 1965;
Ratanawaraha, 1968)

The object of the present work was to determine the relative
susceptibility of laboratory strains of A.pisum and A.fabae to phorate
dimethoate and menazon, when these compounds were applied topically
or systemically. Different methods were used to apply the chemicals
systemically through the leaf-tissue. The poisoning produced by the
three chemicals after the aphids had fed on treated leaf tissue is
demonstrated. Observed differences in the toxicity of each chemical

to the same species are discussed.

Materials and Methods

Insecticides. For topical or systemic application acetone solutions of

dimethoate and 2-ethoxyethanol solutions of phorate and menazon were
uéed. Immediately before they were applied, sé)lutions of the three
chemicals were prepared by dilution from stock solutions stored at
-15°C. In the topical applications 0. 08 to 5.5ng of the chemicals were
applied per adult in 6 doses per biocassay with usually 3 to 4 replicates
per dose. In systemic application, depending on the chemical and the
treatment method, the doses applied ranged from 0. 02 to 500 pg of the
chemical per leaf-disc, in 5 to 6 doses per biocassay with 3 to 4

replicates per dose.

Insects. Adult apterous virginoparae of the species A.pisum and

A.fabae were used. In each bioassay the adults of each species were
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of the same age and size. To facilitate handling, the aphids were
anaesthetized with carbon dioxide and in each bioassay 5 to 16

adults of both species were caged on the same leaf-discs.

The adults were kept for 24 hrs on inverted leaf-dists 2.5 cm
in diameter on perspex trays as described by Galley (1968), and
were caged under perspex or stainless steel rings topped with thin
muslin. . E‘arl-y experinients had soon shown that these aphids
especially A.fabae could climb from the cages when a polytetra-
fluorcethylene (PTFE) dispersion (Fluon II, I.C.I.) was used to
paint the inside of the rings to prevent the insects escape (Muir,

1958; Needham and Dunning, 1966; Galley, 1968).

'.I‘opic‘a'lvappli.cation. Solutions of the insecticides were applied to

the insects with glass microcapillaries constructed in a way similar
to that described by Hewlett and Lloyd (1960). Glass tubing of in-
ternal diameter about one-half the external one was drawn out after
heating. The long pieces of microcapillary formed were cut into
short lengths between 1.2 and 1.5 c¢m long. These short capillaries
were inserted into a rubber plug at the end of a glass holder, 0.5 cm

diam. x 8.0 cm long, with the aid of a hypodermic needle (Fig 2.1a).

Each microcapillary was calibrated before use, as the volumes
delivered cannot always be estimated from their length and internal
diameter since the bore may not be uniform. Calibration was carried
out colorimetrically using a nearly saturated solution of the dye Sudan
Black '"B" in acetone. 0.5g of the dye were added to 50 ml acetone
and 24 hrs later undissolved dye was removed by centrifuging at
about 2,500 g for 30 minutes. 45 ml of this solution was made up
to 50 ml with more solvent. This solution did not change its optical
density for at least 1 year when stored in darkness at -15°c. Two

series of dilutions in acetone were made from this original stock
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solution and the optical densities measured in a Beckman DB
spectrophotometer at a wavelength of 670 nm (see Appendix 17).
These values were plotted against fhe corresponding concentration
to provide a calibration curve for the dye. The volumes of micro-
capillaries were estimated by repeated deliveries of the stock dye
solution to 2 ml of acetone in 3 replicates, until sufficient color
was developed to be accurately measured in the spectrophotometer.
The ﬁean optical -density for the replicates of each capillary were
referred to the calibration curve to find the corresponding concen-
tration and from this and the number of deliveries, the volume of

each microcapillary was calculated.

. Microcapillaries of 0.05 and 0. 06 pl capacity were chosen to” ™
apply the insecticide solutions to the insects. These capillaries
were filled by dipping into the insecticide solution, care being taken
not to dip more deeply than nece ssary, thus preventing the retention
of excess liquid on the external surface. The liquid was expelled
from the capillary by pressure, applied by mouth, through a rubber
tube fitted onto the other end of the glass holder. Pressure was
I};laintained until after the tip of the capillary had been removed

from the insect's body.

Systemic application. A number of different assay techniques were

used to assess the relative systemic toxicity of the chemicals to aphids
on leaf-discs. In preliminary experiments dimethoate solutions

were applied to the upper surface of the leaf-discs with a 5 pl pipette
(”Drumr'nond Microcap', Shandon Co.). After treatment the leaf

discs were positioned upside down on the perspex tray and adult

aphids caged on the abaxial surface of the leaf-disc, now uppermost.
In alternative applications 5 pl aliquots of solutions of the chemicals

were applied to the cotton wicks close to the leaf-discs, after positioning
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on the perspex tray, or 1 pl of the chemical solution was injected
into the main vein of the leaf-disc (Fitton, 1972) with a microsyringe,
before the discs were set in position. Another technique to main-
taining leaf~disc turgidity was also developed. From pieces of
blotting paper 3.5 cm square, circles of 2.5 cm diameter were
removed with a sharp cork borer. The squares were then placed

in rows on a 20 x 20 cm glass plate and held in position with small
strips of masking tape. The blotting papers were connected by cotton
wicks to a water reservoir which maintained the turgidity of the leaf
discs which were placed upside down in the circular space within
each blotting paper. The insecticide was applied in 5 pl of solvent

. to the blotting paper in the space between the end of the cqj:tqn,wi_c_k,
and the edge of the leaf disc (see Fig 2.1 b J. The insects were
caged on the leaf-discs v;/ith stainless steel rings having muslin

tops. The cages were held in position by rubber bands passing

through a glass tube over the cages.

In this series of experiments the aphids were introduced to

the leaf-discs of V.faba 8 to 10 hours after the application of the

insecticides. It is probable that reasonable distribution of the insecti-
cides in the discs had occurred in this time. Labelled phorate was

well distributed within 12 hrs in brussels sprout leaves (Galley, 1968).

Evaluation of relative toxicity. Aphid response to the applied insecti-

cide was recorded after 24 hrs. Only aphids capable of normal walk-
ing were counted as alive; moribund aphids and those capable of

unco ~ordinated movement were counted as dead.

The data from each biocassay were analysed by the London
University CDC 6600 Computer, using a program for probit analysis
developed by the Canadian Department of Agriculture.
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Fig.2.1 (a) Microcapillary used for the topical application
(b) Diagram of the technique for systemic application
with blotting paper.

1. glass plate; 2. blotting paper; 3. masking tape;
4. cotton wick for water supply; 5. leaf-disc;
6. water reservoir; 7. stainless steel retaining
cage ; 8. rubber band to keep the cages in position.
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Results

Tests for parallelism were carried out in similar biocassays
and from these groups the toxicities for the chemicals and methods
of application evaluated for each species. A chi-squa_re test was
computed for heterogeneity. Since the regression coefficient (b)
from the joint analysis was significant, estimates of effective dose
for a 50% response level and the correspondingiconfidence limits
(95% level) were computed. For all the dosage levels tested, probit
~mortalities, after correcting for control deaths (Abbott, 1925), . -
were plotted against the log dose. The "'best fit" regression 1‘1nes'

were drawn using the data supplied by the computer.

1. Contact toxicity. The LD__ values of the topical applications

50
are given in Table 2.1 and the probit lines for each chemical are

illustrated in the Figs 2.2, 2.3 and 2.4. These results show that
dimethoate and menazon as contact poisons were about 4 times more
toxic to A.pisum than to A.fabae, whereas phorate was less toxic

to A.pisum than to A. fabae adults.

Table 2.1. Medium lethal doses of the three chemicals tested
by topical application to the two species (ng/adult)
(see Appendix 18) ‘

INSECTICIDE A.pisum | A.fabae | RELATIONSHIP.
Dimethoate 0.266 1.090 1:4.1
Phorate 0.972 0.431 1:0.44

Menazon ... ....| . .0.384 1.634 .o 1:4.2




97

7.0 L A.pisum (0)
y= 0.06+2.04 X

>

[

5 n

(4

[

o

O

2 5.0}

=

m

(@]

(i

o - A.fabae (@)
Yy=—~1.890+2.27x

3_0 1 1 i x

2.0 2.5 3.0 3.5
LOG DOSE (ng / aphid x 102)

Fig. 2. 2. Dose/response regression for the two species to the
contact action of dimethoate (see Appendix 18)
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Fig.2.3. Dose/response regression for the two species to the
contact action of menazon (see Appendix 18).
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Fig.2.4. Dose/response regression for the two species to the
contact action of phorate (see Appendix 18).
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Fig.2.5. Dosel/ response regression for A.pisum and A.fabae to
the systemic action of dimethoate (see Appendix 19).

Wick application a. A.pisum (0) b. A.fabae (e)
y = 0.92+1.46x y = 0.79+1.41x

Leaf surface appl.  c¢. A.pisum (A) d. A.fabae (4)
, v = 2.9940. 69 7 = 0.88+1.13 x
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a. A.fabae (@)
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LOG DOSE {pg /leaf disk x 10%)

Fig.2.6. Dose/response regression for the two species to the
. systemic action of menazon (see Appendix 19).
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l.o : 2.0 3.0 .
LoG DOSE (pg / leat disk x 10°)

Fig2.7. Dosel/response regression for A.pisum and A. fabae to
the systemic action of phorate (see Appendix 19)

A.pisum 1) A.fabae (2
wick application (— y=-9.30+4. 22 x y=-2.38+2. 62 x
injection (o = =) y=-0.88+1.79x y==2.18+2. 67 X

blotting paper appl. ———2 y= 0.79+1.41x y= 0.65+1.61 X
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2. Systemic toxicity. Dimethoate was 5 to 6 times more toxic to

A .pisum than to A.fabae, when it was applied on the upper surface

of the leaf-discs. The observed difference in susceptibility of the
two species was very small when this chemical was applied through

the wicks. In A.pisum the LD_ . dose of dimethoate was nearly the

50
same in both methods of systemic application, whereas quite differ-

ent doses were applied on the wicks and on the leaf-surface to
achieve 50% mortality in A.fabae, 0.973 and 4.306 pg/disc respectively
(Table 2.2 and Fig 2.5).

Table 2. 2 Medium lethal dose of the chemicals tested by different
systemic application methods (pg/disc) (see Appendix 19)

Way of R‘e lation- | ~

Insecticide application é Pisum _é_ fabae ship
Dimethoate " Wick appl. 0.613 0.973 1:1.6
Leaf-surface app. 0.793 4.306 1:5.4
Phorate Wick appl. 2.598 | 0.651 | 1:0.25
' : . Injection 1.962 0.492 1:0.25
. Blotting paper appl. | 0.952 0.502 1:0.52
Menazon Blotting paper appl. | 4.110 2. 548 1:0.62

With menazon and phorate the toxicities caused were nearly
the same in the two species when each of these chemicals was applied
on the blotting paper (see Table 2.2 and Figs 2.6 and 2.7). When
phorate was applied on the wicks or injected in the leaf-discs, the
relative toxicities were reversed when compared' to dimethoate.
A.fabae was nearly four times more susceptible to phorate than A.pisum
in the LDgg level {Fig.2.7). The quantity of phorate required to achieve
a 50% mortality in 24 hrs. in A.fabae was similar, 0.492 to 0. 651
pg/disc, when the chemical was applied in three different ways. In

A.pisum the LDggsof thig chemical were 0.95 pg/disc in the blotting
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paper application, 1.96 Pg/disc by injection and 2. 60 pg/disc when
-applied through the wicks.

Discussion

‘Considerable difficulty was experienced during many of the
bioassays with inéxplicable mortalities among the insects. One
possible reason was contamination of the perspex trays from previous
bioassays egpecially as many insecticides are soluble to differing
degrees in some plastic materials. This contamination was extremely

_variable and even though stringent precautions were taken, it was .
'neVei' completely eliminated. It was because of these difﬁculﬁes.
that the assay technique in which blotting paper was used to keep

the leaf-discs turgid,was developed. In this technique only the stain-
less steel cages and glass .plate were used repeatedly and these could
be more thoroughly cleaned than perspex. The blotting paper method
was used only as a replacement for the wick appliéation and to keep
insects after their topical treatment with insecticides (see page142).
The technique could also be used to maintain injected leaf-discs,

but would be unsuitable for surface treatments as the bmoisture in
contact with the glass enables potentially systemic deposits to pene-

trate the leaf tissue abnormally rapidly (Galley, 1968).

The quantities of the three insecticides required to achieve a
50% mortality after their topical application was different in each
spacies. This difference arises in the interaction of the many different
factors involved in the toxic action of the compounds. These factors
beinhg the ability of each chemical to penetrate the aphids’ cuticle,
the ability to reach the site of action (Winteringham, 1969) the rates

of activation and degradation and the differential ability of the compound
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and its toxic metabolites to inhibit cholinesterases. Which of these

factors is predominant at each stage in the process of intoxication
cannot be assessed on these results alone, though it is evident that
considerable differences exist between the species, since dimethoate
and menazon were 4 times more toxic to A. pisum than to A.fabae

whereas phorate was more toxic to A.fabae.

In the biocassays where the compounds act systemically, uptake
of the chemical is oral, thus the species selectivity of each toxicant
is likely to be influenced also by other factors which are related more
to the manner of application, the particular feeding site and the rates
of uptake and absorption by each species. An additional factor which
“influences the toxicity of the chemical is the extent to which activation "
or degradation occurs in the leaf tissue before itis removed by the

insects.

The relative toxicity of the insecticides to the two species aftexr
systemic application was different in the different methods of appli~
cation. A.pisum was 5 to 6 times more susceptible than A.fabae to
dimethoate when this chemical was applied'On the upper leaf surface
but slightly more susceptible when the application was to the wicks.
The toxic levels of each chemical applied by different routes to each
species are not absolutely comparable, owing to possible changes
occurring mainly in the biological material used (insect, plants).
However it is evident from the data obtained that the variability of the
LDy values of dimethoate in A. pisum was greater in leaf-surface
application than in wick application and in A.fabae this chemical was
much less toxic when applied on the leaf-surface. Elliott(1970) has
found that phorate, dimethoate and menazon killed over 50% of A.pisum
on bean leaves at 1.6 pg/crpz whether the aphids were on the treated

or untreated surfaces. However, the interference of the leaf-epidermis
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reduces the entry of the chemical into the leaf-tissue, as has been .
demonstrated by Galley (1968). This author working with the species
B.brassicae and M. persicae has found that insecticides applied to
the wick act much faster. After 48 hrs. the LDgy of dimethoate
applied to the leaf-surface was found to be thirty times greater than

when applied to the wick.

The relative toxicity of phorate and menazon was the same in
the two species when these chemicals were applied on the blotting
paper, but A.pisum adults proved 4 times more susceptible than
A.fabae to phorate when it was applied on the wicks or injected in the
leaf-disc. The quantity of phorate necessary to produce a 50%
mortality in the two species was different in the three different systemic
application methods. With A. pisum the LD, s were in the ratio

1:2.1:2.7 after application on the blotting paper, injection and on

the wicks respectively; but in A.fabae the LD_ values, in the ratio

50
1:0.98: 1.3, were achieved with more or less the same quantity

of phorate in the three ways of systemic application. This difference
between the two species may be a reflection of the different feeding
Eehaviour. Soon after wick application or injection of phorate, it is
likely that higher concentrations of the chemical appear first in the
largest veins before spreading out into the parenchyma. Thus, A.fabae
which prefers to feed on the largest veins of the leaf is feeding in

-areas where the concentration of insecticide is higher than in the
secondary veins and parenchyma, the areas preferred by A.pisum.
When the chemical is applied on the blotting papér it may be transferred
into the leaf-tissue through the edges of thé disc and be more uniformly
distributed between the larger veins and the small veins and parenchyma,
s0 a smaller dose will produce a 50% mortality to A.pisum and have

a similar effect on A.fabae.
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PART THREE

BIOCHEMICAL ASPECTS
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SECTION A. STUDY OF THE ESTERASES OF THE TWO SPECIES

A.l. ELECTROPHORETIC SEPARATION OF CHOLINESTERASES
AND CARBOXYLESTERASES ON POLYACRYLAMIDE GEL.

introduction

Although electrophoretic methods of protein separation lack the
pPrecise localization ability of cytochemical methods, they are capable

of isolating tissue components for further biochemical analysis.

The use of the electrophoretic techniques to study insect estera-

" ses was limited until a good starch gel supporting medium was deve-

loped by Smithies (1955). Although agar and starch gels have yielded
‘ good resolution of insect esterases, subsequent kinetic studies on the
separated components have been prevented by the low carrying capacity
of these gels and the difficulties encountered in recovering the enzymes.
A new synthetic medium, acrylamide, was introduced as a supporting
medium for zone electrophoresis by Raymond and Weintraube (1959)
and subsequently developed by Raymond in collaboration with others
(Raymond and Nacamuchi, 1962; Raymond, 1964; Raymond and Jordan,
1966). Polyacrylamide gels were found far superior to agar and starch
" gels because of the better resolution and definition that is often achieved.
They are easy to handle, being less fragile even in concentrations as
low as 3% and they provide a rather more uniform average pore size at
a given concentration. At a concentration of 7% fdr example, they
have an effective pore size of about 50 A (Ornstein, 1964). The pore
size is inversely proportional to the square root of the gel concentration
(Anohymous, 1967) and can be "tailored" to the dimensions of the
molecules to be separated, by varying the gel concentrations. In con-

trast to both starch and agar gél, polyacrylamide gel is relatively inert
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chemically,is non-ionic and does not react with colorimetric reagents.
Ornstein (1964) and Davies (1964) (after Williams and Riesfield, 1964)
further extended the use of this gel by developing disc electrophoresis

techniques.

Markert (1959), Augustinsson (1961), Echobichon and Israel
(1967) and Venkov et al. (1967), working on the electrophoretic separa-
tions of various esterases of vertebrates, laid the foundation of the
characterization of these enzyﬁes through the use of specific substrates
and inhibitors. In studies of insect esterases, the enzymes have also
been classified according to their reactions with certain carbamates
or organophosphorus inhibitors (Mounter and Whittaker, 1953; Salkeld,
1965; Eldefrawi, 1970). Cholinesterases (ChEs) are inhibited by both . -
carbamates énd O-P compounds, carboxylesterases (Car—Es) by O-P

compounds but not by carbamates and aromatic esterases by neither.

Enzyme electrophoresis patterns are remarkably species specific
and could possibly be considered as.an extension of the species speci-
ficity of protein electrophoresis patterns in the haemolymph of a
number of insects and 'spiders described by many workers (Whittaken
and West, 1962; Hubby and Throckmorton, 1965; Salkeld, 1969; Tre-
batoski and Haynes, 1969; Couch, 1971), although Whittaken and West
(1962) concluded that there is no such thing as a 'type' pattern for an
individual species, except under the experimentél conditions usually
common to the work of a single investigator. Gel comi)osition and
experimental procedure are factors that influence not only the rate,
but also the direction of esterase migration; for example, using the
same insect species (houseﬂy), substrate and pH, three studies have
yielded vastly different patterns: Mengel et al (1963) on starch gel,
in a potential gradient of 5.5 V/cm for 4 hrs found all esterases to
act as cations, Velthuis and van Asperen (1963) on agar gel at 30 V/iem
for 12 mins reported approximately equal proportions to act as cations

and anions, whereas Collins and Forgash (1968) on acrylamide gel at
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12 V/cm for 3.5 hrs have found all but one to act as anions.

Electrophoresis of insect esterases on polyacrylamide gel has
been relatively less widely used. Sims (1965) used it to study‘
esterases of 2 species of Drosophila. Price and Bosman (1966) emp-
loyed the medium to investigate non-esteratic proteins of the blowily,

Calliphora erythrocephala. Arurkar and Knowles (1967, 1968) con-

ducted a more extensive research on esterases using polyacrylamide
gel when they studied the enzyme s in homogenates of 7 insect species.
Ahmad (1968) and Collins and Forgash (1968) used polyacrylamide gel
and demonstrated carboxylesterases in susceptible and resistant

strains of houseflies.

- Studies on aphid esterase zymograms appears to be very

limited. Sudderuddin (1970, 1972) has worked on aphid zyfnograms

in the vetch aphid M. viciae and on susceptible and resistant strains

of the green peach aphid M. persicae. There are no reports of electro-
phoretic studies of A.pisum and_f‘_x_-f_ei__béh_é;_esterases. The present work
is therefore an attempt to study the pattern of the esterases, especially
~those involved in organophosphorus poisoning of these two species and
to contribute to the very limited work which has been done so far on

the esterases of aphids.

Materials and Methods

Electrophoretic apparatus. A disc electrophoresié apparatus was )
used (Davies, 1964) as modified by Sudderuddin (1971), holding eight
rectangular, perspex running‘tubes; 0.6 x 0.7 x 7.8 cm long, instead
of the‘cylindrical ones (0.5 ¢cm bore x 7.5 cm long) normally supplied.
Two buffer tanks, were connected with the vertical rumning columns.

The one above was made the cathode and the one below the anode.
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Buffer solutions. The following buffer solutions were used:

(a) Tris - EDTA - Borate buffer, recommended by Raymond (1964)
was made up with analytical grade materials to the following formula:
5.5 g trishydroxymethyl amino methane, 2.5 g boric acid, 1.0 g ethy -
lene diamine tetracetic acid (di~sodium salt), made up with deionized

distilled water to a volume of 1 litre. This solution had a pH of 8. 5%0. 05.

(b) Phosphate buffer, prepared in a way similar to that suggested by
Gomori (1955), was made up of 2. 678g of di-potassium hydrogen ortho-
phosphate and 1.31g of potassium dihydrogen phosphate each diluted

in 250 ml deionized distilled water to give 0.1 M solutions. 61.5 ml

of the former and 38.5 ml of the latter solution were mixed to make

' 100 m1 of 0.1 M phosphate buffer at pH 7.

" Preparation of gels. Since a uniform gel of 5% w/v failed to separate

the esterases, a variable system was employed consisting of an
initial portion of 4% and the main portion of 8% wlv of polyacrylamide.
The gels were prepared as described by Price (1968). 0.8gor 1.6 ¢
"Cyanogum 41" (BDH) were dissolved in 20 ml of Tris-EDTA -Borate
buffer to give the 4% and 8% gel concentratiéns. Two catalysts, 90
mg of ammonium persulphate and 0.1 ml of 2-dimethyl aminoethyl
cyanide were carefully placed separately on the bottom of a 200 ml

. beaker. The buffer containing the Cyanogum was then added while
rotating the beaker in order to rapidly mix all the contents. With the
bases of the running tubes sealed with plasticine the 8% gel mixture
was run in from a pipette to occupy the first 5. 6 cm of the tube. A
few drops of distilled water were added and drawn off with filter paper
just before the 4% gel was added. This procedure ensured a flat
meniscus and a smooth interface between the gels. Enough of the 4%
gel was added to occupy 1.2 cm of the tube above the main gel. A

length of about 1 cm was left to receive the sample. A small volume
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of distilled water was dropped onto the surface of the second gel and
was again removed before the sample was applied. In all these pro-
cedures care was taken to avoid the entrapment of any air bubbles.

The gels were allowed to polymerize for 2 hrs, before the plasticine
plugs were removed. The unit was then ready to receive the sample

for subsequent electrophoresis.

Inse ct homogenates. 230 mg of the adults of each species were homo-

genized in 3 ml of ice-cold deionized distilled water in a hand operated
glass homogenizer. Homogenates were centrifuged at 17,000 g for

30 min at 8°C- About 0.2 ml of the supernatant was put on the top of

each running tube and a small quantity of Tris-EDTA -Borate buffer was

. also added. Folded filter papers (3 x 0.7 cm) were used in the sample - ..

space to prevent the sample from flowing back into the reservoir.

Conditions of electrophoresis. The apparatus was moved into a cold

room (SOC) and the appropriate amount of Tris-EDTA -Borate buffer

was poured in the lower and upper buffer reservoirs, about 210 ml and
170 ml respectively. With the reservoirs connected to a Shandon

Vokam constant voltage/current DC power supply, the electrophoretic
seiaaration of the esterases was performed under constant current
conditions at 5 mA per column. During a run the potential rose from

110 to 200 volts. It took 1% hrs. for the électrophoresis to be com-

" pleted, after which the ge]:s were removed from the tubes by a rectangular
pérspex plunger, which closely fitted the tubes. The gels slide out

easily with gentle pressure on the plunger at the top end.

Esterase detection and identification. The detection of esterases was

based on enzymatic hydrolysis of o-naphthyl acetate to «-naphthol,
which was coupled to a diazodye to form a highly insoluble pigment,

« -naphthol diazoate.

The substrate solution was prepared at a concentration of 1.3 x
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1O-ZM by diluting 250 mg of a-naphthyl acetate in 100 ml of a

mixture of 25 to 30 ml acetone and 75 to 70 ml deionized distilled
water. To prepare the staining reagent 200 mg of Fast Blue RR salt
(Michrome No. 608, E.Gurr Ltd.) were dissolved in a mixture of

50 ml phosphate buffer (0.1M at pH 7) and 50 ml of deionized distilled

water.

After electrophoresis the gels were put in a glass staining dish
and the sides sprayed with the substrate solution . The gels were
then left at room temperaturre in the dark for 20 minutes. After this
incubation period the gels were washed with 3 changes of dist. water
to remove the substrate. Sufficient stain reagent was poured into the
- dish'to cover the gels and the dishes placed in an incubating bath at
37°C in dim light. The reaction starts immediately and therefore
after the first 5 min the gels must be checked for the degree of color-
ation in the bands. After about 20 min. the reaction was stopp.ed by
washing the gels in many changes of dist. water and clearing in a
7 to 10% acetic acid. They were then stored in a 7% acetic acid
solution. The positions on the gels where active esterase enzymes
occur, appear as dark bancis easily distinguishable against a rather

light background of the rest of the gel.

As a standard practice in each electrophoresis, samples of one
species were used at a time, and of the eight gels obtained after
electrophoresis, 4 controls were used to detect all the esterase bands,
2 were treated with eserine which inhibits cholinesterases and 2
treated with dichlorvos which inhibits cholinesterases and carboxyl-

esterases.

— . — ks ot ks ks T s St Ml bk ot ot Pt it et — e e e e

s -4 .
are inhibited at 10 "M eserine but carboxylesterases are not affected
at this concentration. The gel strips after electrophoresis were cov-

ered with a solution of 10"4M eserine sulphate and left for 20 min at
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o ' . . . .
20°C. The gels were then given a quick rinse and stained for esterases
as described above. Bands which appear on the controls but not in the

eserine treatments are cholinesterases.

Organophosphates inhibit cholinesterases and carboxylesterases at
dilute concentrations. This selective inhibition has been used so far
to distinguish these two groups of enzymes from other esterases like
arylesterases (formerly known as A-esterases) and acetyleresterases
(formerly known as C-esterases) which are not affected by O-P
compounds. 10-41\/1 dichlorvos was used for the treatment of gels
after electrophoresis in the same way as the eserine treatment. All

esterase bands appeatr except the cholinesterases and carboxylesterases.

Mobility measurements. Since the front was easily detected during and
after the electrophoresis no marker dye was added w1th each gample
before a run. The distance travelled by the central point of each band
was devided by the distance travelled by the front gave an Rf value

which is an indication of the average mobility of the individual esterases.

Resulits

A total of 5 esterases in A.pisum and 6 in A.fabae, all hydro-
lysing «-naphthyl acetate were,obtained in the variable 4% and 8%
polyacrylamide gel. In each species one of the bands was inhibited
by eserine and was thus categorized as cholinester\ase and a further

band inhibited by dichlorvos was a carboxylesterase (Fig.3.1) The

mobility of both ChEs and carboxylesterases in A.fabae, was higher

than in_A. E' isum. The average mobility valuels for ChE and
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Fig.3.1l. Diagrams of esterase patterns in the adults of A.pisum

and A.fabae obtained electrophoretically in a variable polyacrylamide
gel. . A P
C, untreated gels (controls); E, gels treated with eserine
sulphate (ChEs inhibited); D, gels treated with dichlorvos
(ChEs and Car-Es inhibited)- '

Table 3. 1. Average mobilities of esterase bands of the two species, separated
in a variable, polyacrylamide gel system (4% and 8%)

. A.pisum .| A.fabae
Esterase Distance (mm) Average ~ Distance (mm)
“Bands . from the origin | mobility ~ from the origin
’ Minimum | Maximum Minimum Maximum
By 1 - - - Jo.39 | 25.0 26.0
. Eg | 31.5 34.0 0.52 | 0.62 40.0 42.0
. E4 33.0 35'.0 0.53 | 0.66 43.0 44.0
Ej 44.0 44.0 0.69 | 0.77 50.0 52.0
E, "62.0 54.0 . 0.83 ] 0.89 57.0 60.0
- Ey . 59.0 62.0 0.95 | 0.96 62.0 65.0
Front 63.0 64.0 1.00 1 1.00 65.0 67.0
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carboxylesterase bands were in A.fabae 0.66 and 0.62 whereas in

A.pisum were 0.53 and 0.52 respectively (Table 3.1.)

Discussion

When polyacrylamide gel at a uniform concentration of 5% was
used, a single band was formed after electrophoresis of homogenates
of the two species. By using a variable gel concentration, the gradation
of gel pores provided a sharper resolution of the esterase bands. Thus,
.5 and 6 bands were separated in A.pisum and A.fabae respectively,

. staining as dark brown areas of varying intensities..

Of the esterases which hydrolysed w-naphthyl acetate and moved
to the anode under the experimental conditiqns used, one was identified
as cholinesterase and one as carboxylesterase in each species. The
bands due to the activity of theseles‘terases in both species partly
ovérlappedo The mobility of nearly all the esterases revealed in A.fabae

homogenates was higher than in A. pisum.

The possibility that some esterases moved to the cathode was
not ruled out. However previous tests in aphid esterases in the same
conditions used here showed that there were none that behaved as

. . Kl . .
cations (Sudderuddin,{;personal communication).

It has been shown, that enzymes other than ChEs and carboxyl-
esterases can also split x-naphthyl acetate. These enzymes may be
arylesterases (3.1.1.2) (Menzel et al., 1963), acid (3.1.3.2) or alka-
line (3. 1.3. 1) phosphatases(Cook and Forgash, 1965). According to
the classification of Oosterbaan and Jansz (1965), the dichlorvos-
insensitive enzymes must be labelled as C-type esterases (or aryleste-

rases) which neither hydrolise nor are inhibited by O-P compounds.
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Accordingly the bands E_, E2 and E E,, E, and

1 3 17 72 3
E6 in A.fabae are most possibly predominantly esterases of this

in_é, Bisum and E

group. ,

Apart from differences in mobility other qualitative differences
in the cholinesterases and carboxylesterases can be seen in the
zymograms obtained from the two species. The band due to cholines-
terase activity was much more strongly stained in the case of A.pisum
than in A.fabae. In the latter species however this esterase occupied
a larger area. In contrast, carboxylesterase activity in A.fabae
appears to be higher since the corresponding band is larger and more
darkly stained than in A.pisum. It is not known if the ChE and car-

. boxylesterase activities revealed in these experiments are due toa-. * - -
sin‘gle form of each esterase or not. Work on housefly brain ChE
" by Eldefrawi (1970) has proved the polymorphism of this group of

esterases.

Esterase patterns of two othe:‘r aphid species, studied also with
the use of polyacrylamide gel by Sudderuddin (1970, 1972), have shown
that of the esteratic zones from M. viciae, oﬁe was typified as a ChE
aﬁd two, one predominantly and one partly, as carboxylesterases. |
In organophosphorus-—suscéptible and -resistant strains of M. persicae
he also found that of a total of 6 esteratic bands of each strain one was
" due to ChEs, two to carboxylesterases and one exhibiting both
éarboxylesterase and arylesterase action. The remain,ing two esteratic
zones wetre formed because of arylesterase and possibly some cholines-
terase activity. Comparing the esterase profiles in all four "susceptible"
aphids it is evident that considerable variability exists in the different
genera. Ahmad (1968) and Collins and Forgash (1968) in studying the
carb'oxyleéferases of susceptible and resistant strains of houseflies
concluded that esterase patterns varied a lot between and within strains

-and "no clear-~-cut consistent differences were observed between the
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two strains''. However the last part of this statement contradicts

the conclusions of other workers and is referred to above (page1086)
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A.2. QUANTITATIVE MEASUREMENTS OF ESTERASE ACTIVITIES

A.2.1. TITRATION OF CHOLINESTERASES AND
CARBOXYLESTERASES.

tntroduction

The titrimetric method for measurement of esterases, relies

on the fact that when an enzyme acts upon an ester a carboxylic acid
is produced which is directly proportional quantitatively to the amount
of the ester (substrate) hydrolysed and can thus, under suitable experi-

x.nel_:nt\ali gonditions s givé an indication of the activity‘ of the e‘:ste.r.as.g. L
| This activity can be expressed as microlitres of alkali needed to
neutralize the acid produced or as  pM of substrate split by the
homogenate in a given period. For substrates like acetylcholine and
ethyl butyrate, this has the following relationship (Ahmad 1968) : 100 pl
of 0.05 M NaOH = 5 pM of substrate hydrolysed.

~ In the presen’; work the esterase a‘.CtiVitY was assayed following
the titrimetric method described by Glick (1937) and Alles and Hawes
(1940) and adopted by Shatoury (1963), Ahmad (1968) and Sudderuddin
(1972).

Materials and Methods . N

Insect homogenates. 145 mg of adult aphids of each species were homo-

genized with 3 ml deionized distilled water, as described in the previous
experiments. Vacuum assisted filtration through a muslin cloth followed

and the volume of the homogenate was made up to 4.5 ml
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Assay of esterase activity. Acetylcholine chloride was used as the

substrate for the ChEs and ethyl butyrate for carboxylesterases. In
‘both cases two electrolytes, MgCl2 and NaCl, were used as activators
of the enzymes (Shatoury, 1963). Reaction vessels of 15 ml capacity
were used and the total initial working volume per vessel was 12 ml
‘made up as follows:

2

Phosphate buffer (0.1M) 1.2ml , final conc. 10 "M

‘MgClL, (0.1M)  lL.2ml , L 107%Mm

NaCl (1.0M) 2.4ml , L 2. 0x10” %M

Acetylcholine chloride (0.15M) 1.2 ml , " 1.5x107 %M
or Ethyl butyrate (0.3 M) 1.2ml , " 3.0x10"“M

De-ionised, dist.water 4.0 ml ,

Insect homogenéte 1.0 ml , supernatant from 322 rx‘1g-

of insects

The homogenate was always added last and after mixing was incubated
initially for 5 minutes at 37°C in a water bath and then adjusted to

PH 7 by adding 0. 05 M NaOH. It was then incubated for 30 minutes
under continuous shaking at the same temperature and the released
acid titrated with 0.05 M NaOH solution, until pH 7 was reached.
The amount of alkali utilized per ml of homogenate was recorded as
an index of esterase hydrolysis. Two replicates of each estimation

were carried out.

Results

The results are presented in Tables 3.2 and 3.3. It is evident
that the amount of alkali needed to titrate the free acid derived from
the hydrolysis of acetylcholine chloride by the action of ChEs was
higher in A.pisum than in the A.fabae homogenates (relationship 1:0.57),
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whereas the activity of the carboxylesterases was nearly the same in

both species (relationship 1:1. 04).

The activity of the carboxylesterases

in splitting ethyl butyrate was much higher in comparison to the ChEs

activity in both species, covering 95.5% of the combined ChE and Car-E

activity in A. pisum and 97.5% in A. fabae.

Table 3.2 Cholinesterases, hydrolysing acetylcholinechloride, and
carboxylesterases, hydrolysing ethyl butyrate, in homo-
genates of the two species.

: }11 of 0. 05bM No OH Relation-
- Substrate ship
‘ A.pisum A . fabae
I II mean| I 11 mean

Ac etylcholine

chloride 30 | 40 35 20 20 20 1:0.57
Ethyl butyrate 830 }670 750 820 740 780 1:1.04
Relationship 1:21. 4 1:39.0

Table 3.3 Percentage of esterase activities in the two species.

Esterases A.pisum A.fabae -
Cholinesterases 4.5 2.5
Carboxylesterases 95.5 97.5
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A.2.2. COLORIMETRIC MEASUREMENT OF ESTERASE ACTIVITY

Introduction

The introduction of colorimetry to the study of esterases marks
an important advance in the refinement of enzyme classification, which
up till then had relied on titrimetric or gasometric methods. Sim-
plicity and sensitivity are the main advantages of colorimetric tech-
niques. Tmhe substrates used are either directly chromogenic nitro-
phenol esters, or the colour is developed in a second step by azo

coupling to phenolic and naphtholic substrates.

In 1949 the hydroxamic acid technique was published by Hestrin.-
This methoci is based on the discovery that hydroxylaminé at an alkali
PH in water rapidly converts acetylcholine stoichiometrically to
hydroxamic acid throughout a wide range of ester concentrations

according to the reaction: RCOOR + H_NOH— RCONHOH + R'OH
(acetylcholine) (hydroxylamine) (hydroxamic acid)

The hydroxamic acid produced is estimated colorimetrically. Although
the action of ChEs and Car-Es on specific substrates such as
acetylcholine chloride and ethyl butyrate can be studied by this direct
method, it is on the other hand less sensitive when hydrolysis rates

are low (Gomori, 1953).

In 1953, Gomori published a sensitive method for the quantita-
tive assay of esterases in mammalian material, based on the colori-
metric estimation of naphthol that is formed from the hydrolysis of
naphthylesters. Asperen (1962) using the same technique with sli.ght
modifications studied the hydrolysis of naphthyl esters by housefly
esterases and the interaction of these enzyrhes with some inhibitors.
- To study the esterase activity of S~ and R-strains of M. persicae

Needham and Sawicki (1971) and Sudderuddin (1972) also used this
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technique. In this study this colorimetric method was used for quan-

titative determinations of esterase activities in A.pisum and A.fabae

The chief factors which detei‘mine the initial velocity of a
particular reaction are enzyfne and substrate concentration, pH,
temperature and the presence of activators or inhibitors (Dixon and
Webb, 1964(). To find the optimum conditions for assessing the en-
zyme activities in the aphids used in this study, tests were carried
out in which the enzyme activities were measured when temperature,
enzyme and substrate concentration were varied. The effect on in-

hibition by eserine sulphate acting at different concentrations and

for varying times was also measured.

Materials and Methods

Enzyme preparations. The insect homogenates were prepare.d in

deionized distilled water and for the preliminary experiments on

the effect of homogenate concentration, were diluted to give con-
centrations ranging from 0.125 to 4. 0 mg of aphid fresh weight per
ml. In subsequent experiments dilutions of 2 mg A.pisum or 1 mg
A.fabae per ml were used. These quantities represent approximately

the body-weights of the adults.

Substrate solution. A series of «-naphthyl acetate concentrations

were tested to measure the hydrolytic activity of the esterases. As
a usual practice this substrate was used at the concentration of

~4 .
2x10 M. B -naphthyl acetate was also tested at the concentration

-4 . .
2x 100 "M. The above naphthyl esters were diluted in 1 ml acetone
and the volume was made up to 100 ml with 0.04 M phosphate buffer
at pH 7. The substrate solution was always freshly prepared before

each assay.
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fraction
Inhibitor. Eserine sulphate was used to inhibit the cholinesterase{

of the total esterase activity. Different concehtrations of this in~
hibitor in phosphate buffer and different preincubation times of the
enzymes with the inhibitor were tested. Following these preliminary
tests this inhibitor was used at 107°M and was allowed to react with

the enzymes for 5 min. before the substrate was added.

Experimental conditions. The quantities of the above constituents

which were added per test-tube were as follows:

Blank Control Inhibitor
Deionized distilled water 1 ml - : -
Insect-homogenate . . - lml - - 1‘-_.m1,-.-
Phosphate Buffer 1 ml 1 ml ' - .
Eserine solution : - - 1 ml
Substrate solution 4 ml - 4 ml , " 4 m]l

Total 6 ml 6 ml 6 ml

Deionized distilled water was added to the blank to replace the insect
homogenate. Phosphate buffer was added to the blank and control
tubes instead of the inhibitor solution,as preliminary experiments
showed that the blank withkor without ese rine solution gave the same
optical density. The incubation was carried out in a water bath at
370C under continuous shaking. ‘This temperature was found to be
within the optimum range for the hydrolytic activity of the esterases

of the two aphids on «- and p-naphthyl acetate. . The incubation of

the mixtures was carried out for 30 minutes.

Staining solution. At the end of the incubation time the reaction was

stopped by the addition of diazoblue-sodium lauryl sulphate solution
(DBLS). This solution consisted of 2 parts of 1% diazoblue B solution

(tetrazotized di-o anisidine, E.Gurr, London, Michrome No.250) and



122
5 parts of a 5% solution of Na-lauryl sulphate (pure, BDH). The
mixture was always freshly prepared and kgpt in the dark.
o« -naphthol gives an intense red colour with the DBLS solution which
quickly changes to a fairly stable blue one, whereas B-naphthol
gives a stable red colour. A "Unicam' SP1300, series 2 colori-
meter was used to measure the optical densities after the DBLS
solution was added. A spectrum red filter, transmission range
from 620 nm upwards (Ilford No. 608) was used for o«-naphthol and
a spectrum bright yellow filter having a transmission range 545 to

685 nm (Ilford No. 626) for p-naphthol was used.

Estimation of the esterase activity. The cholinesterase activity

-was. estimated by substraction of the activity found.in the sal_rnples '
treated with eserine from the overall esterase activity measured

in the controls. Since only comparative measurements are necessarys,
the readings of optical density derived from the «- or . ﬁ—na:phthol
produced, are taken as a measure of the reaction (Dixon and Webb,
1964). However the observed optical densities can be transformed

to pg of naphthol produced. A calibration curve for «-naphthol was
worked out plotted from the optical densities of a series of «-naphthol
dilutions in 6 ml of 1% acetone and 0. 04M phosphate buffer at pH 7 to
which 1 ml of DBLS solution was added. The line obtained proved

to be linear (Appendix 20). In these esterase assay experiments

there were two to three replicates for each estimation.
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Resulis

1. Eiffect of homogenate concentration. Homogenates containing

0.125, 0.25, 0.5, 1.0, 2.0 and 4. 0 mg of insect per ml were used.
The results are given in Fig.3.2. The increase in enzyme concent-
ration leads to an increase in the activity of carboxylesterases in
both species. Inﬁ.w the ChE activity was increased up to
2.0 mg of insect material per ml, while in A.fabae the activity of
these esterases was low and nearly the same at all the enzyme

concentrations tested.

. 2. Effect of incubation temperature. The ChE and Car-E acti=". ~ "

vities of both species towards 2 x 10_4M - or PB-naphthyl acetate
were studied at 22, 27, 32, 37 and 42°C incubation temperatures.
The hydrolytic activity of these two groups of enzymes in both species
on the two substrates tested was in general increased up to
temperatures of 32 or 37°C. The ChE activity on o-naphthyl ace-
tate in both species was higher at 32 to 37OC, and at 42°C was sig-
ﬁificantly reduced. The Car-E activity, especially in A.pisum in-
creased steadily with increasing temperature (Fig.3.3). The ChEs,
especially of é_ pisum, failed to hydrolyse [B-naphthyl acetate at

all the temperatures tested. In contrast the Car-E activity of both

. species on this substrate was higher than with «-naphthyl acetate.
The optimum temperature for Car-~E activity with p-naphthyl ace-
tate layed also between 32 and 37°%C (Fig.3.4). Accordingly,

« -naphthyl acetate was used as the substfate in subsequent experi-

ments and the incubation temperature maintained at 37°C.

3. Effect of a-naphthyl acetate concentrations on the esterase

activity of the two species. The rate of hydrolysis of o«-naphthyl
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acetate by the ChEs and Car-Es was determined by incubating
homogenates of the two species with a series of substrate concen-
trations, 0.5, 1.0, 2.0, 4.0, 8.0 and 16.0 x 10"*M. The data
obtained and the respective substrate concentrations were trans-
formed to their reciprocals and plotted in a Lineweaver-Burk plot
as described by Dixon and Webb (1964). From these graphs
Michaelis-Menten constant (Km) for o-naphthyl acetate were ob-
tained for each eéterase type. The reciprocal O.D. values where

1/S8 = O correspond to the maximum velocity of the reaction in each

case. These values and the slope, Km/V, of each line were obtained.

According to the results the ChE and Car-E activities of the

two species towards «-naphthyl acetate increased as the substrdte

concentrations increased, approaching the asymptote with substrate
concentrations above than 4.0 x 10"4M (Fig.3.5.) The rates of
hydrolysis of «~naphthyl acetate by the ChEs of the two species
were very different and were higher in the case of A.fabae, whereas
the hydrolysis by the Car-Es of the two species took place at the
same rate (Fig.3.6.). The Km value for the above substrate for

the ChEs of A.pisum was 0.30 x 10—41\/[ and of A.fabae 0.83 x 10"41\/[

whereas for the Car-Es of both species Km was 0.48 x 10"4M.

4. Effect of eserine sulphate on the inhibition of esterase activity.

Two aspects of the inhibitory action of eserine sulphate were studied.
In one series of tests the influence of different concentrations of this
inhibitor on the esterases was examined. Concentrations ranging

9

from 16— to 10"5M eserine sulphate were used with a 5 minute
preincubation time. In the other series the importance of the pre-
incubatiqn time of the homogenate/inhibitor mixture was studied.
A single concentration 10_4M of eserine was allowed to react with

homogenates of the two species for different times up to 80 minutes



OPTICAL DENSITY

127

Cholinesterase Carboxylesterase
activity activity
0.8} ‘ ~[ 1
0.6
-
0.4} et
—-'_1—1 e
-
0.2~
1]2131415|6f - 112]3]4|516] - 1{213}4|5]6 11213]4|5{6
0.0
A.pisum A.fabae A. pisum A.fabae

Fig.3.5. The influence of substrate concentration on the
esterase activities in A. pisum and A.fabae (see Appendix 23)

5 x 1074M
.0 x 10-4Mm
.0 x 10~4M

.a~paphthyl acetate 1: 0
2 1
3: 2
4: 4.0x10"%Mm
5: 8
6: 16

concentrations

.0 x 10~ %M

.0x 107%M



128

141

124

10

“1/v (Optical density-1)
0
1

s -.--""o
/ v - -
/ s "9”4_
/s Pt
v o =
v 2k _’_—__A__—-———"’” —
1 /s g A T
“Km 7 s

m
Ve

/ i ] [ ] 1 1 1

~12 -8 -4 0 4 8 12 16 20

1/S (mm=1)

1 1
Fig. 3. 6. Double reciprocal plot, ~ /v vs. /S, for the reactions
catalysed by the esterases of A.pisum and A.fabae (substrate
«-naphthyl acetate; incubation at 37°C for 30 mins; see Appendix 23)

Km __, vV Slope (Km/V)
ChEs: A,pisum(e—%) 0.30x10 M  0.35 0.084
A fabac (o—%) 0.83x10 M  0.18 0.440
Car-Es A.pisum(9--&) 0.48x10 M  0.37 0.130
A.fabae (a--4) 0.48x10° M  0.77 0.062
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at room temperature, before the substrate was added. Incubation

: . . . o
to assess esterase activity was carried out for 30 min. at 37 C.

From Fig.3.7. it is evident that partial inhibition of the
esterase occurred in both species at concentrations above 10"8M
eserine. The maximum inhibition of activity was achieved at a
concentration 10—6M in A.pisum whereas in A.fabae the inhibition
continues to increase from 11.4% inhibition at 10_6M eserine to
20.9% at 10_51\/[. The time of preincubation with 10_6M eserine
solution did not appear to have any effect on the esterase activity

of A.fabae homogenates, as can be seen from Fig.3.8. Thus, the

hydrolytic activity of these homogenate_s on «-naphthyl acetate was

~decreased by the same small proportion, less than 10%, after pre-.: .-

incubation for different times up to 80 min. InA.pisum increased
preincubation times did affect the hydrolytié activity on «-naphthyl
aceta’cé. There was a 21% decrease of the activity when no preincu-
bation period was allowed and maximum inhibition about 46% was
reached after a 20 minutes preincubation. In subsequent experiments
10“6M eserine was used and the enzyme was preincubated for 5 min.

prior to the reaction with the substrate solution.

5. Progress of esterase activity with time. The hydrolysing activity

of ChEs and Cér -Es on a-naphthyl acetate was measured with time.
A number of reaction tubes were set up and the reaction was stopped
after 5, 10, 15, 20, 25 and 30 min. of incubation by the addition of

1 ml per tube of DBLS solﬁtion. The optical densities obtained were
transformed to pe of a-naphthol produced, following the calibration
curve of Appendix 20. The results are demonstrated in the Fig. 3.9.
The cholinesterase activity in A.pisum adults was higher than in

A .fabae. Thus after 30 minutes incubation the ChE activities in

A.pisum and A’ fabae were in the ratio 1:0.17 per adult or 1:0.34
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per mg of adult. The activity of these esterases (ChEs) in A. pisum

was increased 6.8 to 19.1% of the observed activity after 30 min.
incuba;tion, for every 5-minute increase of incubation time. In
A.fabae the low ChE activity was stable, after a small increase in

the first 10 minutes.

The level of carboxylesterase activity was the reverse in the
two species and higher in A.fabae than in A.pisum. After 30 min.
this activity in the two species was in the ratio A.pisum : A.fabae =
1:1.91 per adult and 1:3. 82 per mg of adult. The Car-E activity
increased with time in both species. For every 5-minute increase
of the reaction time the activity was increased from 7.1 to 22.5%

. ip A.pisum and from 8.4 to 16.7% in A.fabae.



133

Discussion

In both methods used for quantitative measurement of the
esterase activity, the cholinesterases in A.fabacec was found to
represent only a small fraction of the combined ChE and carbo-
xylesterase activity, 2.5% with the titrimetric procedure and 6.1
to 17.3% in the colorimetric method. The activity of these
esterases with the two methods of estimation also proved to be
lower in A. _f_g__b_eie_.than in A. pisum (relationship 1:0.55 by titration
and 1:0.13 to 1:0.31 by colorimetry). In contrast in A. pisum the
esterase activity was found to be quite different with the -two’ method_s;“
Thus, the ChEs represented only 4.5% by titration and aé much as
42.5 to 59.1% of the comblned ChE and Car-E activity in the
colorimetric method (see Table 3.4.)

Table 3. 4. R.elative‘ cholinesterase (ChE) and cé‘rboxylesterase
(Car-E) activities within the same species and between

the two species after incubation of the same weight of
insect material per assay, for 30 min. at 37 C.

Method - Esterase activities % . Relationship
of A pisum A.fabae A.pisum : A.fabae
Assay | CRE  Car-E | ChE Car-E ChE T Caxr-E
Titration, 4.5 95.5 2.5 97.5 1:0.55 1:1.02
Colori-~ )
metry|42.5 57.5 6.1 93.9 1:0.14 1:1.63
" 50.0 50.0 6.4 93.6 1:0.13 1:1.87
" 59.1 40.9 15.9 84.1 1:0.27 1:2.05
" 55.8 . 44.2 17.3 82.7 1:0.31 1:1.86
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The very high Car-E activity found with the titrimetric method
shows possibly that these esterases hydrolyse the specific substrate

ethyl butyrate more efficiently.

In both methods the incubation was carried out at the same
temperature and for the same time. The initial pH was also the
same in both techniques. However different substrates were used
in the two methods and as Dixon and Webb (1964) state, crude
preparations of enzymes from different sources show different
specific patterns and it is not clear whether this is to be inter-
preted as due to variants of the enzymes themselves, or to mix-
tures of different enzymes in various proportions. It is possible
“therefore, that in the homogenates of the two species there were .
different affinities of each type of esterase to the specific sub-

strates used in the titrimetric method.

In the coloimetric method the activity corresponding to ChEs
was the one which could be inhibited with eserine. The two types
of esterases therefore, both acting on w«-naphthyl acetate were
distinguished after treatment of the homogenate with 10~6M egerine.
The higher ChE activity measured with the colorimetric method in
both species, especially in A.pisum, is due possibly to an extended
inhibitory action of eserine to other esterases and not only ChEs.

It is unlikely however, that any inhibitory action of eserine to
esterases other than ChEs could be found to occur at the concentra-
tion of the inhibitor used here. This inhibitor has been used
extensively by many workers for the selective iniaibition of ChE
activity and in addition the most c':lear-cut and distinctive feature
between ChEs and Car-Es is the markedly different sensitivity of
these esférases to eserine and similar alkaloids (Mendel and
Rudney, 1943; Gomori, 1953), to which ChEs are about a thousand

times more sensitive than Car-Es. Also Easson and Stedman (1937)
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and Richter and Croft (1942) in their conclusions on the effect of
eserine sulphate on esterases hydrolysing «-naphthyl acetate,

noted that Car-Es were very little influenced even by 10—3M eserine, -
whereas according to van Asperen (1959) concentrations of eserine
sulphate up to 10...5 do not affect Car~E activity. In the present
work it was found also that eserine sulphate added to A.pisum
homogenate at a concentration 10_5M failed to increase the

proportion of inhibited esterases above that found at 10_6M. This

last point will be discussed again later. However Sudderuddin

(1972) found that 10—7M eserine sulphate more or less completely
blocks ChE activity of susceptible and resistant strains of M. persicae
and c_o_nclude‘:sv that higher concentrations of this viz:f_hi.bitor must also

inhibit carboxylesterases.

In connection with these it is perhaps worth noting here that
the rough quantitative picture of the two groups of esterases obtained
in the electrophoresis zymograms of the two species was in closer
agreement with the results of the colorimetric method, where
A.pisum was found to have a much higher ChE activity and lowex
Car-E acétivity than A.fabae . |

In studying the hydrolytic activity of increasing concentrations
of esterases on «-naphthyl acetate it was found that the'Car-Es of
both aphids showed substantially increased activity while of the
ChEs, only th'ose of A.pisum increased in activity with increasing
concentrations and even then only slightly. For any enzyme there is
an optimum concentration at which maximum activity occurs on a
certain substrate under a given temperature and other experimental
conditions. It seems that the optimum concentrations of ChEs for

the hydrolysis of a-naphthyl acetate is not the same in the two aphid

species.
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The optimum temperature in enzyme reactions is determined
by the balance between the effe_ct of temperature on the rate of the
enzyme reaction and its effect on the stability of the enzyme. The
rate of Car-E activity of the two species on «-~naphthyl acetate was
increased with the increase of temperature, whereas the activity
of these esterases on B-naphthyl acetate was quite different in the
two species. In A.pisum Car-E activity remained at the same level
at all the tested temperatures, but in A.fabae it was reduced in high
temperature (4200). The ChE activity of both species to ’o: -naphthyl
acetate was reduced at temperatures higher than 32° to 37OC, where-
as the hydrolytic activity of these esterases towards g-naphthyl
acetate rema,lned low in both species and nearly at the same level

‘at a11 the tested temperatures-

Differences in the Car-E activity in organophosphorus-
susceptible and ~resistant strains of houseflies to different substrates
were found also by van Asperen (1962). Thus, the activities to
o« -naphthyl acetate were much higher for O-P-susceptible than
for O-P-resistant flies (relationship 1:7), but no such difference
was found if B -naphthyl acetate or indophenyl acetate were used as
substrates. Also in O-P-suéceptible a,'nd ~-resistant strains of
M. persicae differences in Car-E activity existed only when «-naphthyl
acetate was used as substrate. There was no appreciable difference
in the Car-E activity of the two strains towards f-naphthyl acetate
(Sudderuddin 1972)'. Because the esterase activity revealed is
dependant upon the substrate involved, Augustinsson (1968) expressed
the view that all work on esterases must involve at least two

substrates.

Substrate concentration is one of the most important factors
which determine the velocity of enzyme reactions. The theory

developed by Michaelis and Menten in 1913, and referred to by
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Dixon and Webb (1964), adopts the suggestion that the enzyme first
forms a complex with its substrate and this subsequently breaks

down giving the free enzyme and the products of the reaction:

Enzyme (E) + Substrate (S) =—= ES

ES (+ any second reactant) —» E + products.
Although the level of ChEs activity in A.fabae was found to be lower
than in A.pisum, the rate of hydrolysis of «-naphthyl acetate by
the former is much higher, the corresponding Km values were
0.83 x 10-41\/[ and 0.30 x 10—4M respectively. This is a strong
indication that in addition to the quantitative differences already found,
gualitative differences also exist between the ChEs of the two species.
“Thus, much lower concentrations of A.fabae ChEs hydrolysed iri-
creasing quantities of the substrate o -naphthyl acetate more rapidly
than higher concentrations of A.pisum cholinesterases. In contrast,
the differences in the carboxylesterases of both species, which have

the same Km values (0.48 x 10~4M) were only quantitative.

Studies of the effect of the carbamate inhibitor eserine sulphate
on the esteratic activity of the two species, give further indications
of qualitative differences existing between the ChEs of these aphids.
Thus, while the inhibitory action of this compound on A.pisum
esterases was complete at 10—6M eserine,in the case of A.fabae est-
erase inhibition was still increasing with concentration at 107°M
eserine. 1f we assume that ChEs are mostly inhibited by eserine
up to concentrations of the order of IO—SM, then the ChEs of
A.fabae are more insensitive to the inhibitor than the ChEs of
A.pisum and higher concentration of the inhibitor (1 O—SM) can only
improve the inhibitory action. Furthermore, when preincubation
time of homogenates with the inhibitor was increased from 0 to
80 min, no increased inhibition was observed in A.fabae, while in

A.pisum esterases were more liable to be inhibited with increased

Preincubation time.
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SECTION B. INTERACTION BETWEEN INSECT MATERIAL AND
ORGANOPHOSPHORUS INSECTICIDES

Introduction

The whole aspect of the toxic action of many insecticides has
been thrown open to discussion recently by the worksof O'Brien
(1970), Casida and Maddrell (1971), Maddrell and Casida (1971).
However the toxic effect of organophosphorus compounds to both
vertebrates and invertebrates generally is considered to be due to

thelr ability to inhibit cholinesterases with subs equent disruption

" of nervous act1v1ty caused by the accurnmulation of acetylchohne C

at the nerve endings. The role of carboxylesterases also seems to
be very important in the intoxication mechanism and differences
of this type of esterase were demonstrated in susceptible and

resistant strains of many insect species.

In order to demonstrate the enzyme inhibition aspects of the
toxic effect of a compound it is necessary to show that the compound
has a strong inhibitory action on the enzyme in vitro and that this

enzyme in the living insect is actually inhibited at the time that

‘symptoms of intoxication appear (Asperen, 1958a).

If an O-P compound is added to an enzyme homogenate it will
compete with ranging degrees of success for the esterases present.
Consequently the inhibition which any particular esterase undergoes
will not only depend on the characteristics of its own reaction with
the O-P compound, but also on the presence of other esterases and
phosphatases in the homogenates. In crude homogenates of O-P -

susceptible and -resistant houseflies, several components reacting



139

with O-P compounds have been found: A ChE, splitting. acetylcholine,
a Car-E, splitting methyl and phenyl butyrate, a phosphatase,
splitting diazoxon and paraoxon, and other compounds most probably

proteins (Asperen and Oppencorth, 1960).

Esterases react with O-P compounds in a mole to mole reaction,
resulting in both inactivation of th\e enzymes and elimination of the
O-I_S compounds. 'Although this reaction is complex, it may be dep-
icted simply as occurring in two steps: 1) phosphorylation of the
enzyme and 2) hydrolysis of the phosphorylated enzyme. In many
cases the latter reaction is extremely slow and the enzyme is very

slowly regenerated, thus the O-P compounds are considered as

inhibitors (Dixon and Webb, 1964).

In in vitro reactions an additional substance besides the enzyme
and substrate is required in many cases in order that the reaction may
proceed. Such '"cofactors' are found unchanged at the end oi\ the
reaction and may therefore be regafded as an essential part of the
catalytic mechanism. The majority of enzyme cofactors may be
broadly divided into two classes: a)‘ specific coenzymes, organic
rather complicated molecules such as Nicotinamide adenine dinu-
cleotide (NAD), Nicotinamide adenine 'dinu'cleotide phosphate (NADP),
which act by undergoing reduction and oxidation, etc. and b) activators,
‘frequently of a very simple nature, e.g. inorgarﬁc ions, which in
various ways bring the enzyme itself into a catalytically active state
(Dixon and Webb, 1964). A mixture of cofactors was used in the study
of oxydative metabolism of malathion by Matsumura and Brown (1961b),
and reduced NADP and/or reduced glutathione (GSH) were used by
Yang (1971) as cofactors in the in vitro metabolism of diazinon and
diazoxon in O-P-susceptible and ~resistant houseflies. When diazoxon

was assayed enzymically by Gwiazda and Lord (1967) in susceptible
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and resistant strains of houseflies, no cofactors were used.

O-P esters have been shown to be inhibitors of ChEs and also a
number of other esterases, lipases, and proteolytic enzymes (O'Brien,
1960, 1961a, 1961b). Most of the strong selective organophosphorﬁs
insecticides are phosphorothionates {i. e. containing P=S group) and

are relatively poor inhibitors of cholinesterases. However, _1_g vivo

they undergo enzymatic oxidation to the more potent anticholinesterases
phosphate (P=0) analogu?§ in several tissues of insects. The presence
of an O-P compound in the insect tissue can therefore result in both

the inhibition of insect esterases and the enzymatic degradation of the
compound. The unchanged compound or the esterase activity in the

system can express.the rate of the reaction. T

In many insect species this interaction has been studied after
application of O-P compounds in vivo and in_vitro. ' For exambple,
the insecticidal activity of 2 halogenated dialky phosphorothioateé

applied topically and by iﬁjection to B. pelegrina and C.megacephala

were related to inhibition of fly-head ChEs in vivo and in vitro.
(Chuo and Sherman, 1971). A direct correlation was found between
insecticidal toxicity and head ChE inhibition in vitro but not in vivo.
In all cases, maximum inhibition was somewhat higher in dead flies,

than in surviving flies. When susceptible strains of D. melanogaster

were poisoned with the O-P insecticides parathion and mintacol,

their ChE activity declined very quickly; In resistant strains on the
other hand, the activity of ChEs decreased only slowly. If however,
ChE preparations from these different strains were incubated with
the insecticides, no differences in inhibitionvrates were found between

susceptible and resistant strains (Rusmuson and Holmstedt, 1958)

Although oxidation of O-P insecticides to the more potent anti-

cholinesterase oxygen analogues usually is expected when the insecti-
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cide is applied to the living insect, studies in different species have
shown that the insecticidal toxicity is not always correlated to the
reduction of the ChE activityigm This possibly indicates different
rates of oxidation between the s.pecies and differences in enzyme molecules
which determine differential affinity for O-P compounds. In insect
homogenates the tissue structure is destroyed and possibly when
organophosphorus insecticides are applied to an ggv_l__trg_ homogenate
oxidation in the mitochondria may not occur. It is quite likely there-
fore that the oxygen analogues of the O-P compounds cannot be formed
in vitro to inhibit the esterase activity. However in some cases when
O-P compounds were applied in homogenates they did produce .re-
duction of esterases activity. This possibly indicates the variation. .. ..

of oxidative mechanism between the species.

In this study, the inhibition of esterase activity by O-P insecti-
cides was examined after they were applied to living insects. The
inhibitory action in vivo was related to the mortality produced by these
compounds. Solutions of insecticides were also added to homogenates
of the two species and the resulting inhibition of the ChE and Car-E

activity was studied with time.
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INHIBITORS ON CHOLINESTERASES AND CARBOXYLESTERASES.

Materials and Methods

Insecticidal treatment. Apterous adults of the two species were used

in these experiments. Dimethoate in acetone and phorate or menazon

in 2-ethoxyethanol were applied in volumes of 0. 05 pl/aphid or 5 Pl/disc.
The insects to which insecticide had been applied topically were caged

on leaf-discs kept moist with blotting paper (see page 94). Where the
chemicals were applied systemically, the aphids were put on the discs =~

8 hrs. after the application of the insecticides to the blotting paper.

The doses of dimethoate applied topically were 0.375 ng/adult
A.pisum and 1.50 ng/adult A.fabae. Samples of live and dead treated
and untreated insects were collected 24 hrs. after application for esterase
assay. Adults of A.pisum were treated also with 0.19 ng dimethoate
per adult and samples of alive insects were taken immediately after

application and then after 2, 4, 6, 18 and 24 hrs.

Phorate was applied to the two species both topically in doses
ranging from 0.16 to 5.12 ng/insect and systemically ranging from
0. 02 to 4. 86 }ig per leaf disc. Samples of live and dead insects were

collected 24 hrs. after their exposure to the chemical.

Menazon solutions were applied systemically to both species in

treatments ranging from 0.06 to 1.62 pg/disc. The LD, dose, 4.86 Fg/;

50
disc in A. pisum and 1. 62 pgl/disc in A.fabae, was also applied. Samples
of treated and untreated live and dead insects of both species were

collected 24 hrs. after their exposure to insecticide.
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Esterase assay. The insect samples were homogenized in a hand

operated glass homogenizer in sufficient ice-cold deionized distilled
water, to give 2 mg of A.pisum or 1 mg of A.fabae per ml of homo-
genate. Measurement of the esterase activity was performed by the
- colorimetric method as described in page 120, in which 2 x 10-4M

« -naphthyl acetate was used as substrate, 10*6M eserine sulphate

as inhibitor and the mixtures incubated at 37OC for 30 minutes.

Results

From preliminary experiments it was found that no‘signifiéan't.- s
reduction of the .ChE and Car-E activity occurred in dead untreated |
insects of both species within 24 hrs. It is safe, therefore, to con-
sider the reduction of the activity found in samples of dead insécts
after treatment with insecticide as being cgused by these chemicals.
This is further supported by the higher esterase activity found in
untreated dead insects compared to dead treated ones. The results

obtained are given in Figs.3.10, 3.11, 3.12, 3.13, 3.14 and 3.15.

1. Treatment with dimethoate. The topically applied doses of dime-

thoate caused 48% mortality in A.pisum and 75% in A.fabae. The
esterase activities were reduced almost equally in samples of live
and dead insects 24 hrs. after their treatment in comparison to un-
treated ones. The reduction in activity of both esterases was greater
in A.pisum than in A.fabae (Fig. 3.10). At different time intervals
after topical application of a sublethal dose of the above chemical to
A.pisum a reduction only of the ChE activity was observed in the
living insects. The Car-E activity remained the same in treated and

untreated insects for the whole 24 hr. period (Fig.3.11.).
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2. Treatment with phorate. The ChE and Car-E activities of treated

insects of both species, still living 24 hrs. after their exposure to a
series of doses, were similar to the control insects, whether the com-~
pound was applied topically or systemically. However, reduction in
activities of these enzymes occurred in samples of dead insects and

the reduction was in general related to the dose applied (Figs.3.12 &
3.13). Thus, a rapid decrease of ChEs was observed in samples of
A.pisum which died of higher concentrations of phorate, whichever way
the chemical was applied. In A.fabae, the ChE activity, already very
low, was not so rapidly reduced at the higher phorate doses. In dead
insects of this species however, the Car-E activity was reduced quick =~

.1y and proportionally to the increase in dose.

3. Treatment with menazon. The cholinesterase activity in live

treated adults of both species 24 hrs. after systemic application was
slightly reduced, as fhe applied doses of menazon were increased
(Fig.3.14). When the LD50 dose was applied systemically to both
species, no difference in the ChE and Car-E activities of A. pisum
was observed in live or dead insects between treated and untreated

adults. In A.fabae, the ChE activity was reduced considerably
(Fig.3.15).
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Fig.3.10. Esterase activities in live and dead aphids 24
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B.2. EFFECT OF ORGANOPHOSPHORUS INSECTICIDE INHIBITORS
ON CHOLINESTERASES AND CARBOXYLESTERASES OF THE
TWO SPECIES IN VITRO.

Materials and Methods

Insect homogenates. Adults of each species were homogenized in

ice-cold 0.05 M Tris (hydroxymethyl) aminomethane (Tris) buffer,
pH 7 (Gwiazda and Lord, 1967), in a glass homogenizer. The buffer
solution was prepared in a way similar to that described by Gomori

(1955) as follows:
(a) 24.2 g of Tris (hydroxymethyl) aminomethane in 1000 ml (0.2 M) ;

"(b) 0.1 M HC1

6. 25 ml of the solution (a) + 11.5 ml of (b) made up to 200 ml gave

a 0.05 M buffer solution of pH 7. Deionized distilled water was used
throughout. Homogenized samples were centrifuged at 30, 000 g for
30 min at 0°C. The supernatant was decanted and made up with cold
buffer to give 110 mg of insect per ml of extract. Each homogenate
wasg divided into two parts of 2.25 ml each, one was treated with

insecticide solution, the other was used as a control.

" Insecticidal t¥eatment. 0.02% solutions of dimethoate in deionized

distilled water and menazon, phorate or phoratoxon in 2-ethoxyethanol
were used. 1.25 ml of each of the above solutions were made up to

5 ml with'deionized distilled water and of these solutions 0.25 ml
containing 12.5 pg of insecticide were added‘to each 2.25 ml sample

of insect homogenate. FEach treated sample contained therefore 5 pg
insec‘ticide"per ml and the relationship of insecticide to insect material
was 50 ppm (Gwiazda and Lord, 1967). In the control samples 0.25 ml

distilled water or distilled water + 2-ethoxyethanol, prepared in the
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same way, were added to make a total volume of 2.5 ml per case.
Treated and untreated samples were kept in a water bath at 27OC for

a total period of 5 days.

Sampling. Immediately after the preparation of the above mixtures
and then every 24 hrs. samples of 0.2 ml from the A.pisum and 0.1 ml
from the A.fabae incubations were taken for esterase assay. These
‘aliquots were made up to 5 ml and 10 ml respectively, with det+dist.
water, and thus contained 4 mg of A.pisum or 1 mg of A.fabae per

ml and the enzyme activities were estimated as before.

Results

In untreated homogenates (controls), the cholinesterase activity
of A.pisum was reduced steadily during the 5 day period. In &féfii
the activity of these esterases stayed at nearly the same level through-
out. A rapid decrease of the carboxylesterase activity occurred \Vlith—
in the first 1 or 2 days in A.pisum following by a slow decline over the
rest of the period. In é_._f_gl)_ai_g samples a steady decrease of the Car-E

activity occurred (Figs.3.16, 3.17, 3.18 & 3.19).

In insecticide~treated homogenates the esterase activities found

are compared to those in the corresponding controls.

1. Treatment with dimethoate or phorate. The decrease of ChE and

Car-E activities in both species treated with these chemicals was very

similar to the controls, throughout the 5 day period (Figs.3.16 & 3.17).

2. Treatment with menazon. A strong reduction of the cholinesterases

appeared in the homogenates of A_.'pisum within the first day, and after
48 hrs. the activity of these esterases was reduced to zero. In con-

trast, no reduction of the ChEs in_}_x_.fabae or of the Car-Es iﬁ either



151

species was observed (Fig.3.18).

3. Treatment with phoratoxon. In A.pisum there was a rapid reduction

of the cholinesterase activity immediately after the addition of the
chemical to the homogenates, detectable within 15 to 20 min, and
within the lst day all ChE activity had disappeared. In A.fabae where
the ChE activity is normally low, the reduction was not so marked but

the activity had also disappeared after 1 day.

The carboxylesterases activity was also highly reduced in both
species. In A.pisum most of the inhibition occurred immediately after
the addition of the chemical, whereas in A. fabae the reduction of
Car- Es occurred within the 1st day. The activities of Car Es in both
spec1es remalned at the depressed level for the rest of the 5 da,ys

period (Fig. 3.19).
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Fig.3.17. Esterase activities at different times, in homogenates
of the two species untreated or treated with phorate solution
(Final gonc. of phorate, 5 ppm; substrate, a-naphthyl acetate
2x 107 "M; see Appendix 33)
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Discussion

Dimethoate solutions applied topically to the adults caused
inhibition of a significant part of the ChE activity which was of s'imilar
extent in both species, 33% and 31% in live and dead insects of A.pisum
and 40% in live or dead é_.‘f_é_lg_af_ when compared to the controls. How-
ever the mortality caused cannot be related to any measurable difference
in the activity of this group of esterases .within the treated insects since

the iphibition of ChEs was about the same in both dead and live insects.
"Also the reduction of the ChE activity, up to 24. 5% in A.pisum by the

same insecticide in vivo, was not correlated with any mortality. The
Car-Es of both species were much less sensitive to dimethoate. In
A.fabae these esterases in samples of live or dead insects were 7%
inhibited and also do not seem to be related to the mortality produced.
There are strong indications however, that in the case of_é.__. pisum the
inhibition of these esterases may be closely correlated with mortality,
since in samples of dead insects the Car-E activity was reduced to as
much as 26%, whereas there was only an 8% reduction in samples of

living insects.

The reduction of ChE activity with menazon did not appear to
contribute to the observed mortality, since the inhibition of these
esterases was nearly of the same level in live and dead samples of
treated insects. It is worth noting that the ChEs of A.fabae were far
more sensitive to this chemical than the ChEs of A.pisum. The acti-
vity of these esterases in the former species was reduced by 74% and
67%, in living and dead insects, while in the latter species only 5%

and 8% reduction respectively was found.
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Both topical and systemic applications of phorate caused morta-
lity that could be related to the reduction of ChEs and Car-Es. The
degree of inhibition of the two groups of esterases in samples of dead
insects was increased as the doses of the chemical to which the insects
were exposed were increased. In samples of live insects the esterase
activity in general was not reduced, and over the dose range over which
they survived remained at the same level as in the control. This could
indicate that until the inhibition of these enzymes reaches a fatal level,
the insect is able to reverse the enzyme inhibition. This recovery ac~

tion may possibly be different at different concentrations of the chemical.

O'Brien (1956) has shown that cockroaches poisoned by malathion
. show 1ittle 151_\[_}1'_9 reduction of ChEs and similar results have been‘ob:.-» .
tained by Asperen (1958a) when 0, 0-dimethyl-0-2, 2-dichlorovinyl phos-
" phate was applied on house flies. Many workers using different methods
for the estimation of the ChE activity in house flies, have also found
that O-P compounds acting 31_1_\5_1}19 do not completely inhibit ChEs.
Furthermore no correlation has been found between insecticidal

toxicity and enzyme inhibition in vivo (Lord and Potter, 1954b ;

Asperen, 1958b; O'Brien, 1960; Chuo and Sherman, 1971).

In the in vitro over extended time intervals experiments, the
esterases in untreated homogenates of A.pisum appeared more un-
" stable than those of A.fabae. This was especially so, with the carbox-

vlesterases.

Treatment of homogenates of the two species with dimethoate or
Phorate did not reduce‘_the esterase activities compared with the controls,
while treatment with menazon also had little effect when compared with

the controls, except to reduce considerably the ChE activity in A. pisum.

When homogenates were treated with phoratoxon, the oxygen

analogue of phorate, the reduction in the esterase activities, especially
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the ChEs rapidly followed and within the first 15 to 20 min. the ChE
activity in A.pisum was reduced by 62% and in A.fabae by 33% when
comi)ared to the controls. The carboxylesterase activity in A. pisum
was reduced also immediately after application with phoratoxon by
71%, while in A.fabae a strong reduction (93%) appeared within the

first day.

The high degree of esterases inhibition by oxygen analogues of
O-P compounds has been confirmed by Matsumura and Brown (1961b).
They found that the ChEs of malathion-susceptible and -resistant

strains of Culex tarsalis larvae, were 2, 000 times as sensitive to

malaoxon as to malathion both in vivo and in vitro. Oppenoorth and
~Asperen (1961) proposed that the mechanismsfor. elimination of O-P . .
compounds which are present both in susceptible and resistaﬁt strains
of houseflies are not active in homogenates. Therefor;e, there is
little chance that the activities of ChEs or Car-Es will be reduéed_i&
vitro. It has been concluded that highly toxic O-P insecticides were
not always the most effective in vitro ChE inhibitors (Fukuto, 1957;
Lovell,1963; Dauterman and O'Brien, 1964; Bigley, 1966; Morallo and
Sherman, 1967). Any one O-P compound on the other hand exhibits a
considerable range of potencies and will inhibit enzymes from many
species to different extents. Chuo and Sherman (1971), as mentioned
above, did find a correlation between toxicity and in vitro head ChE
inhibition with two phosphorothiocates applied to _@;Eeregrina and

C.megacephala, and in A.melifera and M.domestica a similar corre-

lation has also been found (Metcalf and March 1950)
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GENERAL DISCUSSION AND CONC LUSIONS.

The outcome of the application of an insecticide to an insect
is dependent on those many physiological processes that are at all
related to the movement of the compound to its site of action or to the
detoxication or elimination of the poison from the system. The rate
of these processes in each species whether metabolic (uptake, ex-
cretion) or reprodﬁctive, could be important in explaining the
susceptibility of the insects. The comparative rate of plant sap uptake
in A.pisum and A.fabae indicates their initial ability to feed on broad
bean plants. This feeding ability can also be related to the rate that
the imbibed ‘food is converted to aphid tissue in the adult or to the , . .
prodﬁction of larvae and a picture of the intensity of these physiolc;gical
processes is given by the honeydew production. The feeding rate will
greatly influence the mbrtality which is directly dependent on the
quantity of any toxic compound taken in with the plant sap. On the
other hand the potential of each species to excrete part of the ingested
material in the larvae or with the honeydew provides a route by which
the aphid may excrete the assimilated toxicant or its metabolic
products.

The weights of the growing instars of A.pisum and A.fabae in-
creased at the same relative rate, but since the weight per individual
is higher in A.pisum than in A.fabae, the quantity of plant material
a;bsorbed per aphid was higher in the former than in the latter species.
The weight of developing aphids increased upto the time that larvi-
position started. There was however a continued increase in biomass
which can be derived from the weight of larvae produced. In compara-
tive. tests with 3213 it was found that A.fabae ingested 16.5 to 41.5%
of the amounts of 32P ingested by A.pisum. Also with the use of 321:’_-

phosphate it was found that in 24 hrs. feeding, A.pisum absorbed plant
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material equivalent to 33% of their body weight whereas in A.fabae
only 4.5% of their body weight per hour was absorbed. The quantity
of the plant material taken in by A.pisum was therefore many times
that taken in by A.fabae and does not correspond to the difference of
the body weights of the two species. The radioactivity found in the
adults of both species increased with the time spent on labelled leaf-
discs. A continuous absorption therefore of plant material and con-
version to aphid tissue either in the adult or in the developing embryos

occurred.

The two species excreted different quantities of honeydew and
produced, per adult, different numbers of larvae. A part of the
. -ingested material therefore, passed to the larvae and the quantity ' - -
depends on the number of larvae produced. During a reproductive
period of 20 days more larvae were produced by A.pisum than by
A.fabae. However larviposition seems to be related to the stége
of the adults and occasionally in feeding experiments lasting 1 or
2 days a higher number of larvae were produced by A.fabae. It has
been said (Banks and Macaulay, 1965) that larvae use the materials
previously ingested by their mdthérs. Here it was found also that
when the time of feeding of the aphids on 32p-labelled plants was
increased, the quantity of 32p found was higher not only in the adults
body but also in the larvae. This increase of 32P in the larvae of
A.pisum was due to the increased number of larvae produced,vxhereas
in A.fabac there was an increased quantity of the label per larva.
In contrast the quantity of 32p that was excreted with the honeydew did
not increase with the time of labelling;insteé.d the majority of this was
found to be transferred to the larvae. The possible importance of the
larvae produced by poisoned insects as routes for elimination was shown
by Irving (1968) where reproductive females of the fly G. pallidi es

withstood higher quantities of chlorinated hydrocarbons than virgin
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females and this ability increased with the number of in utero larvae.

A.pisum produced more honeydew than A.fabae. Of the plant
"sap taken up a quantity corresponding to 15% of the body weight was
excreted with the honeydew in A.pisum, but in A.fabae only an equi-
valent of 2.2% of the body weight was excreted. A significant part of
the material ingested is excreted with the honeydew and in comparative
tests, after 24 hrs. feeding of the two species on 32P labelled leaf-
tissue, it was found that most of the radioactivity taken from the plant
was lost with the honeydew.

Insecticides may not and almost certainly do not behave in the
same way as orthophosphate either in the plant or in the insect.
Further investigation is required in this field for which radioisotope -~
labelled material would be required. With autoradiographic tech-
niques it should be poséible to follow the passage of an insecticide into
the insect and to determine the extent to which the larvae prox}ide a
sink for sublethal doses and the extent to which the aphid is able to

excrete insecticide in the honeydew.

The greater absorption of the food material in A. pisum than
in A.fabae possibly contributes to the higher susceptibility of A.pisum
towards some of the tested insecticides. However these results show
that the feeding activity in each speciles was par‘tly dependent on the
food offered to them and on other factors, as for example the presence
of other compounds in the diet. When artificial diet was offered to
the two species through mrafilln membranes the relative feeding
rates were reversed and A.pisum accepted the sucrose solution less
readily than A.fabae did and they were also more easily influenced
by a stale diet, possibly responding to some deleterious change in
the components of the diet. This response of_j_k_:. pisum is supported

by Auclair (1965) who found that the feeding and excretion rates of
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this species on artificial diets were usually much lower than those

he recorded on plants.

The presence of dimethoate in the diet‘ resulted in a considerable
reduction of feeding activity in both species. In A.pisum the feeding
inhibition appeared to be mainly a result of some sublethal poisoning
by this chemical, whereas in A.fabae it was caused predominantly by
a repellent action of dimethoate. The repellent action of dimethoate
to A.fabae possibly occurs also when the chemical is incorporated in
the plant tissue and the reduction of feeding could be partly responsible
for the higher tolerance shown by this species towards dimethoate.

The inhibitory action of dimethoate in the two species although higher
‘at higher concentrations of the chemical was not proportional to the - i
concentration, Thus, in bioassays with the artificial feeding technique
it was not possible to correlate the mortality caused to the concentra-
tions of dimethoate. With 32}? label incorporated into the diet; the
exact amount of insecticide imbibed from different concentrations was
estimated. The mortality caused can be then compared to the actual
quantity of dimethoate ingested, and the greater sensitivity of A.pisum

to dimethoate established here (Fig.1.16) is in agreement with the

relative toxicity of this chemical towards the two species found in
bioassays with plants. The mortality caused by phorate incorporated
in the artificial diet was in both species proportional to the concentr-
ation of the chemical. This indicates that either no inhibitory action
‘was exercised by this chemical or this action if it occurred, was

similar in all the tested concentrations.

The initial ability of the aphids to feed from a certain medium
can change with the mere presence of a chemical in it. This change
was established in the present work with the technique of artificial

feeding and was more apparent in A.pisum. The same inhibitory
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effect has been shown also to occur in the case of M. persicae fed
artificially on phosphamidon~poisoned (Parry and Ford, 1967,

1969) or dimethoate-poisoned diet (Javadi 1971). Halimie and Ford
(1972) have described the inhibitory action of phosphamidon incor -
porated in radish plants, on the feeding of two strains of M. persicae.
This action was related to the concentration of insecticide applied

to the plant in both strains but not at the same level in thé two strains.
The reduction of feeding could be caused according to these authors
by sublethal toxic effects or alternatively the insecticide could be
repellent. The latter effect might even be progressively reduced if
increasing hunger subsequently counteracted the repellency.

‘ -The:téﬁiéolo.gﬁéal results obtained in this studjr couici ’be 1elated
not only to feeding differences. Lowe (1969) has reported that there is
no simple relationship between the feeding behaviour of A. Eisﬁm
and A.fabae fed on V.faba and their susceptibility to systemic insecti-
cides vamidothion and schradan. Some properties of the applied
insecticides may also be responsible for the poisoning of the aphids.
The physical and chemical properties of the insecticides used are
important factors not only because they determine the eﬁtry of the
poison into the plant tissue or insect body and the movement in these
media, but also because they govern the changes the original form of
each insecticide may undergo. The toxicity aft;ar topical application
‘was partly related to the rate of cuticular penetration, though movement
to the site of action is also a limiting step as is the rate of oxidation,
to the more toxic phosphate and the stability of this analoguxeonce formed.
When the systemically applied compound is lipophilic it may not disperse
so readily through the leaf discs and thus aphids could avoid it by
feeding at sites less contaminated by insecticide. Little is known however

of the microdistribution and movement of pesticides in plants.
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Many thio and dithio phosphate compounds are thought to exert
their toxic action after oxidation to phosphates. Certainly the oxygen
analogfsare more potent inhibitors of esteratic enzymes than the
parent thio-phosphates. This clearly was shown in the_in vitro studies
of the esterase inhibition by insec\ticides in this work. Phorate did
not show any inhibitory action on the esterases when it was incubated
over a period of 5 days with homogenates of the two species. However
its oxygen analogu&)horatoxon'reacted rapidly with the cholinesterases
and carboxylesterases of the two species and entirely eliminated an
activity in these esterases within the first day. With phoratoxon,
oxidation of the sidechain sulphur also confers a greater toxicity to
the molec_ul_e‘.u If Q:_ci_dation in the plant occurred at a different rate
than in ﬂle insect then systemic application might be expé’cted to
give results differing qﬁé.litatively and quantitativély from topical

appligations .

When phorate was applied topically to Blatella germanica L.

O.fasciatus and Rhodnius bugs, analyses showed the presence of

phorate sulphoxide and/or sulfone; but there was no evidence for the
"oxon' pathway in these insects (Menn, 1962). According to many
investigations referred to by Menzie (1969) the total anti-ChE activity
of the highly lipophilic phorate was increased for several days, after
it was applied to plants and there was an increase in the amount of

material that is more polar in its solubility properties.

The highly water soluble dimethoate, although possessing negli~
gible lipophilic properties, was rapidly absorbed when applied to plants.
According to many works referred to by Menzie (1969), this chemi-
cal decomposed both on the surface and within the plant by hydrolysis
and oxydation. On the plant surface dimethoate underwent non-
enzymatic oxidation to the oxygen analoéjfand hydrolysis to water soluble

derivatives. Within the plant, all derivatives were also found. The
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desmethyl analogfwas predominant inside the plant, whereas on the
surface the oxycarboxy compound predominated. When bollworms,

Heliothis zea, were treated by injection with labelled dimethoate,

the highly toxic oxygen analoguﬁvas found in highest concentration
(Sanderson and Edson, 1964). A series of derivatives and among

them the oxygen a.naloguxeware also found after application of dimethoate

to Prodenia litura F. (Zayed et al, 1968), P.americana, B. germanica

The ease with which an insecticide can enter the plant or insect.
body and the nature of the derived compounds after its decomposition
is of vital importance in the interaction between these compounds and
. the insect enzymes which are involved in the organophosphorus pois~-

oning.

Sublethal differences may be expected also in investigation 6n
the progress of intoxication with menazon, to which aphids a.re much
more susceptible. Here again oxidation is important in the poisoning
process. Whether oxidation occurs more readily in aphids than in
other insects or whether the plant is more important is open to

conjecture.

The toxicological results depend however not only on the anti-
ChE properties of the toxic compound but also on the quantity and
quality of the esterases the insect possesses. In the study of the
esterases of A. Biéum and _é_Lf_z_t_I_:_gL_c_é_quantative differences were
established between the two species. In A.pisum the activities of
ChEs and Car-Es remained nearly in the same level with only a -
slightly higher Car-E activity. The variability of the ChE activity

found in this species with titration and colorimetry was due possibly
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a differential reaction towards the different substrates used. In
A.fabae the Car-E activity predominated, whereas the ChE acti-
vity 6.1 to 17.3% of the combined esterase activities of this species,

was only a fraction of the ChE activity measured in A. pisum.

The esterases of the two species did not differ only quantita-
tively. Differences in quality were also established. In the electro-
phoretic separation although in the two species one band was identified
as ChE and one as Car-E, the area occupied by e‘ach type of esterases
and the colour density were different. Also, the mobility of both
esterases through the polyacrylamide gel was greated in A.fabae
than in A. p1sum The ChE activity 1n& fabae although much lower
~ than in A.pisum hydrolysed x-naphthyl acetaté rore :rapldly L
however, than the ChEs of the latter species. The difference in the
Car-E activities between the two species seems to be only
quantitative, as far as their reaction with o-naphthyl acetate is
concerned. The overall esterase activities in homogenates of the
two species responded differently in the presence of the ChE inhibitor
_eserine sulphate. The esterases of &f&:x_g_proved to be more in-

sensitive to eserine than those of A. pisum.

The above mentioned quantitative an& qualitative differences
in the two types of esterases between the two species c;annot however
predetermine the toxic effect of a particular compound. The toxic
effect seems to be a complex phenomenon in which the affinity
of the compound and its derivatives to the esterases, and the importance
of the elimination of a particular esterase in a particular site of the
insect body, are both fac tors of some importance. These statements
are borne out by the various degrees of inhibition and activity of the
esterases and the corresponding mortalities from the three insecti-

cides used in these experiments.
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When dimethoate was given systemically to the two species by
wick application it was nearly equally toxic to the two species. The
high solubility of this compound in water and the possible absence of
any strong lipophilic property has possibly some connection with the
different contact toxicity of dimethoate to the two species and the
different systemic toxicity, when the chemical was applied on the
upper surface of the leaf-discs. Dimethoate was 4 times less toxic
~ to A.fabae when it was applied dorsally, probably because of
differences in penetrating the cuticles of the two species. The plant
epidermis could also constitute a serious barrier to the entry of
this chemical into the mesophyll and onjly a small fraction of the

applied quantity may have entered the plant. However the high__er_ rate
of ‘:Eeec.iing'by A.pisum on plants resulted in greatér quaﬁtitiesvof e
poisoned plant sap being ingested by this species than by A.fabae and
a higher mortality in'gx_.' Mn in the 24 hrs. exposure period. The
similar inhibition of ChEs of the two species by dimethoate in vivo
does not exclude however the exislﬁence of some difference in
susceptibility of the two aphids towards this chemical. Possibly
differences in ChE sensitivity to dimethoate exist in localized vital
sites of the insect bodies. However the lack of correlation between
ChE inhibition and mortality makes this possibility rather remote.
There was a difference in the reaction of dimethoate with the Car-Es
in the two species in vivo. In A.pisum these esterases were reduced
by 26% and the reduction was correlated to the observed mortality,
thus it is possible that these esterases are also responsible for the
higher susceptibility of this species to dimethoate. The inhibitory
action of dimethoate which has been demonstrated with the artificial
feeding technique to be higher in A.pisum than in A.fabae may occur
also when:the chemical is incorporated into the plant tissue, as has

been established in the case of M.persicae with phosphamidon
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(Halimie and Ford, 1972). If this is so, then this inhibitory action
constitutes one factor which protects the insect from taking large
quantities of poisoned plant sap as its greater feeding ability

declines.

The stronger lipophilic properties of phorate possibly aided

a more rapid penetration of the cuticle of the two species by this
chemical leading to a simiral contact toxicity to both species. The
LD50 values of this chemical were similar for the same body-weight
in the two species. The systemic toxicity of the compound to the

two species seems to be influenced by their differing feeding behaviour.
Phorate, as a chemical with very limited water solubility is less
readily moved from one part of the plant tissue to'neighbo_ ring areas;"
unless transformed to the toxic but more polar compound, phorate
sulphoxide. When appliedon the wicks or injected into the main

vein of the leaf-disc it probably occurred in higher concentrations

in the large and small veins. _&Mfeeding mainly at these sites
had the opportunity to imbibe plant sap with higher concentrations

of poison. A.pisum on the other hand fed preferentially on small
-veins and the mesophyll thus avoiding high concentrations of this
compound and as a result the mortality produced was 4 times lower
‘than that produced in A.fabae. When phorate was applied on the
blotting paper it was possibly distributed in a different pattern and
the median lethal dose of the chemical was proportional to the body
weight of the aphids. It was shown that both ChEs and Car-Es in

the two species were sensitive to phorate and they were strongly
inhibited in vivo after topical or systemicl application of the chemical.
Furthermore, the mortality caused was correlated to the 1._1‘_1_\[_:_’\_/_'_0_
inhibition of these esterases. The lack of in vitro inhibitory action
of phorate towards the two types of esterases in the two aphids,

indicates the importancé of the structural form of the living insect.
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The observed in vivo inhibition of esterases occurred possibly
only after phorate was first oxidized to the stronger anti-ChE
phorate sulphoxide, which did not occur once the structure of the

living insect had been destroyed by maceration.

Menazon, intermediate in lipophilic properties showed
differences in contact toxicity. It was, like dimethoate, as a
contact poison, less toxic to A.fabae than to A.pisum. This possibly
~occurred because of an inherent difficulty in penetrating the cuticle
of A.fabae. Although it was shown that the ChEs in A.fabae were more
sensitive to menazon, the ChE inhibition in both species in vivo was
not correlated to the mortality. In contrast, in vitro this chemical
" was able fo inhibit the ChE activity only in A: pisum. However mehazon
is a specific aphicide being many times less toxic to other insects

and until the nature of this specificity has been clarified one cannot

justifiably make general comparisons with other compounds.

It was not known to which extent the topically or systemically
applied insecticides had metabolized in the V.fabae tissue or within
the insects to other compounds with lower or higher anti-esterase
properties. This has been shown to occur in some cases by many
workers as has been mentioned above. However the extent to which
this occurred in these experiments is ndt known and the investigation
of this aspect, beyond the scope of this study, would be an attractive

topic for further research.
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SUMMARY

PART ONE

Studies on the growth and reproductive ability of A.pisum

and A.fabae were carried out.

The weigh of developing aphids in both species increased up
to the time the larviposition commenced. There was however a contin-
uing increase in biomass, because of the produced larvae. During a
reproductive period of 20 days adults of A. pisum produced more larvae
than those of A, @,_hé_t_é. The difference was 3.8 to 6.3 larvae in each 5-
~day period. .'Ifhve_ honeydew produced by the two species,. indi_c‘ati\\re, of
‘the fee‘dinf.g r‘ate,"was collected and measured in its ox;iginal'~£orm.‘ It -
was found that A.pisum produced 0. 046 pl/aphid/hr whereas A.fabac
produced 0. 0077 pl/aphid/hr. The, specific gravity of the honeydew
measured with a simple technique was found to be 1.04 in A.pisum

and 1. 08 in_.é__. fabae.

The feeding behaviour of the two species was studied in broad
bean plants and on artificial diet. These studies were facilitated with
the use of 32P—]phos]phad:e incorporated into the plant tissue and in the

artificial diet.

The studies with plants showed that the.average feeding rate
over a 24 hrs feeding period was 0.66 mg of plant sap per A.pisum adult
per hr and 0.045 mg per A.fabae adult per hr. In both species nearly
half of the absorbed 32P was found in the honeydew produced during the
24 hrs of feeding.

to 41.5% less 32p than A.pisum and retained in their body 7.3 to 9. 7%
less than A.pisumThough most of the radioactivity was lost in the honey-
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. . 2 .
dew in both species more 3 P was found in the larvae of A.fabae than
in the larvae of A.pisum. This difference was a result of a 3-fold
Larva '

e
number of [ produced by A.fabae during the short period of these

experiments, as compared to A. pisum.

When adults of the two species were fed for a series of different
times up to 24 hrs on 32P-Iabelled leaf-tissue it was found that in both
species the 32P' taken in increased with the time of feeding. The
distribution of the 32p absorbed during the differential labelling was
examined in the two species 24 hrs after the labelling, in the adults
and the larvae and honeydew. The 3'ZP level in the adults declined
slowly and after 24 hrs 65.0 to 73. 1% of the total absorbed initially
. by A.pisum and 52,0 to 68.6% in A.fabae was still present in.the -
adult bodies. fn both species the loss via the honeydew decreased
slightly as the labelling period was increased. In contrast the loss

of 3ZP in the larvae produced increased with the labelling time.

A series of surcrose solutions and a complex diet were tested
for artificially feeding the two species through parafilm membrane.
For a few days maintainance of the adults a 15% sucrose solution was
proved more satisfactory and in addition this simple diet ensured a
minimum of interference with the properties of the poisons administered

in the diet.

A.pisum adults accepted the 15% sucrose solution less readily
than A.fabae and a hunger stimulus was necessary before the aphids
began taking large quantities. The same species was also especially

sensitive to diets which were not freshly prepared.

Dimethoate incorporated in the feeding solution markedly inhibited
feeding in both species. The inhibition was higher with higher con-
centrations of dimethoate, though it was not proportional to the

concentrations of this chemical. No evidence was obtained that phorate
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inhibited the artificial feeding. Th‘e inhibitory action caused by
dimethoate was examined at different times and was found in A.fabae_
to be due possibly to a repellent action whereas in A.pisum it appeared
to be due more to some sublethal effect with alternatively a repellent
effect. Mortality was produced in both species when under the in-
fluence of a hunger stimulus they took in more poisoned diet thus
absorbing a lethal quantity. At this stage in the dead insects of each
species similar quantities of poisoned diet were found, irrespective

of the duration of feeding. The dimethoate in these quantities was
between 1.06 and 1.12 ng per aphid in A.pisum and 0.61 to 0.73 ng
per aphid in A.fabae. Because of the repellent and sublethal effect

of dimethoate there was no correlation between the observed mp(r_tali.t'yw
and the concentrations of the chemical. A dose-mortality. 'correlati.ori
could only be established >when the actual amounts of the insecticide

ingested were obtained.

PART TWO

The relative contact and systemic toxicities of the insecticides

dimethoate, menazon and phorate to the two species were examined.

After topical application to the dorsum dimethoate and menazon
were 4 times more toxic to A.pisum than to A. fabae, whereas phorate

was twice as toxic to_A.fabae than to A.pisum.

Different methods were used for the systemic application of the
insecticidal solutions. They were applied on the upper surface of leaf-
discs, on the wicks, or on the wet blotting paper maintaining leaf disc
turgidity or they were injected into the main vein of the leaf discs.

The mortalities produced by each chemical were uéually different
for each method of systemic application. Dimethoate was 5 to 6 times

more toxic to A.pisum than to A.fabae when it was applied to the leaf-
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surface, but nearly of the same toxicity to the two species when it
was given through the wicks. Each one of the chemicals phorate and
menazon exerted almost the same toxicity to the two species, when
they Weré applied on the blotting paper. However phorate in the wick
application or by disc injection was nearly 4 times more toxic to

A.fabae than to .fx_:_}gisum..

PART THREE

Zymograms of the two species were obtained by electrophoretic
separation of aphid homogenates on polyacrylamide gel of variable
concentration. In each species one of the bands was identified as
cholinesterase and one as carboxylesterase. The r'emair}in,g bands, = .
3 in A.pisum and 4 in A.fabae, were éos sibly predominantly aryleétér—
ases. The mobility of ChE and Car-E bands was found to be higher

in__.fx_'. fabae than in A. p_isil."m.'

The esterase activities were measured with a titrimetric and a
colorimetric method. With the two methods the ChE activity in
A.fabae represented a small fraction of the combined esterase activity,
2.5% by titrimetry and 6.1 to 17.3% by colorimetry, and was much
lower than the ChE activity in A,pisum. In A.pisum the ChE activity
was found to be different with the two methods. With the titrimetric
method the ChE activity was found to represént only 4.5% of the
combined esterase activities, whereas with colorimetric method it
was 42.5 to 59.1%. This difference was probably due to the different
substrates used with the two methods and their correspondingly
differe;nt affinities for the enzymes. Most ‘of the esterase activity in
A.fabae was due to Car-Es, while in A.pisum with the colorimetric

technique the Car-E activity was found to be similar to the ChEs.

Different experimental parameters that could affect the esterase
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activities were studied using the colorimetric technique. Differing
homogenate and substrate concentrations, incubation time and tempera~
ture and the influence of the ChE inhibitor eserine sulphate were
studied. From the study of these variables it was established that
apart from the quantitative differences between the two types of
esterases in the two species, qualitative differences also existed.
Thus, much lower concentrations of ChEs in A.fabae hydrolysed

« -naphthyl acetate more rapidly than the much higher concentrations
of these esterases in A.pisum. In contrast, the differences in Car-Es
between the two species were only quantitative. The ChEs in A.fabae
proved to be legs sensitive than the ChEs in é:}gisum to increasing
.concentrations of eserine or to increasing preincubation time with. .
this inhibitor.

The three gystemic insecticides were applied i:opicaliy or systemi-~

cally to A.pisum and A.fabae and the mortality produced after 24 hrs
was examined in relation to the esterase activities. The esteraseswere

assayed colorimetrically.

Dimethoate applied topicaly inhibited the ChE activity in the two
species similarly. However the mortality caused could not be related
to the ChE inhibition. The Car-Es in A.fabae were shown to be more
sensitive to this chemical than the Car-Es of A.pisum and in this latter
species the reduction of activity of these esterases was correlated with

mortality.

The ChEs in A.fabae were far more sensitive to menazon 24 hrs
after systemic application than in_ﬁ_x_.pisum'." However the reduction of

ChE activity in both species could not be related to mortality.

Phorate applied topically or systemically caused mortality in the
two species which was related to the reduction of ChE and Car-E

activities. These reductions increased as the concentrations of the
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‘chemical and the mortality increased.

Homogenates of the two species after their treatment with these
three inéecticides and with phoratoxon, were kept over a period of
5 days at 27°%C. The esterase activities were estimated colorimetrically
at daily intervals, in comparison to untreated homogenates (controls).
The esterases in the controls were in general more unstable in A.pisum
than in_l_{__; fabae. ‘Treatment with dimethoate or phorate did not reduce
the esterase activities more than in the co\ntrols, though treatment with
menazon caused considerable reduction of the ChE activity in A . pisum.
After treatment with phoratoxon the ChE activity in A.pisum was
reduced dramatically and in A. fabae very strongly within the first
15 to 20 minutes. The Car-E activity in A. M'Qas also reduced
strongly in the same time, whereas in__A_._f_a_E_aEE a very strong reduction

of these esterases occurred within the 1st day.



176

ACKNOWLEDGEMENTS

I am indebted to Professor T.R.E. Southwood for per-
mission to work at the Field Station of Imperial College and for

the facilities provided.

I am extremely grateful to my supervisor Dr.D.J. Galley
for suggesting the problem and for his kindness, help and advice,
" and to Dr.C.T. Lewis for his constant help and e'riéoura'g‘é'meht:. |
I wish to acknowledge Dr.G. Murdie for allowing me to use

his computer program for the probit analyses.

My thanks are also due to Dr. P.S.Orphanidis of the Benaki..

Plant Pathology Institute, Athens, for his moral encouragement.

This work was carried out with the financial support of the.
Greek State Scholarships Foundation (I.K. Y. ) to which I am

grateful.



177

BIBLIOGRAPHY

Abbott, W.S. (1925). A method of computing the effectiveness of
insecticides. J. econ.Ent. 18 : 265-267

Abdellatif, M.A., Hermanson, H.P. and Reynolds, H.T.(1967).
Effect of soil clay and organic matter content upon

systemic efficacy of two carbamate insecticides.
J‘ eCOIl. Enta ég_: 1445—14:500

Ahmad, S. (1968). Studies concerning esterase enzymes and organo-
phosphate insecticide resistance in Musca domestica L.
Ph.D. thesis, Univ. of London, 216 pp.

Alles, G.A. and Hawes, R.C. (1940). Cholinesterase in the blood
of man. J.biol. Chem. 133 : 375-390

Andres, L.A.,Burton, V.E,Smith, R.F. and Swift, J.E. (1955).
DDT tolerance by lygus Bugs of Seed alfalfa. J. econ. Ent.
48 : 509-513 ' T

Anonymous (1967). Cyanogum 41, a gelling agent. BDH Publication.

Arurkar, S.K. and Knowles, C.0.(1967). Electrophoretic separation
of soluble esterases from the blister beetle, Epicauta
lemniscata (Fabricious), and their inhibition by certain
organophosphates and carbamates. Proc.N.C. Br. ent.
Soc.Am. 22 : 134-137

Arurkar, S.K. and Knowles, C.O. {1968). Electrophoretic studies of
insect esterases. Ann.ent. Soc. Am. 61 : 686-690.

Asperen, K. van (1958a). Mode of action of organophosphorus insecti-
cides. Nature, Lond. 181 : 355-356.

A‘speren, K. van (1958b). The mode of action of an organophosphorus
insecticide (DDVP). Some experiments and a theoretical
discussion. Entomologia exp. appl. 1: 130-137.

. i

Asperen, K. van (1959). Distribution and substrate spe{ficity of
esterases in the housefly (Musca domestica L.)
J.Insect Physiol. 3 : 306-322

Aspereny; K. van (1960a). Mode of action and metabolism of some
organic phosphorus insecticides in houseflies. Proc.IVth
Int. Congr.Crop Prot. 2 : 1173-1176.

Asperen, K. van (1960b). Toxic action of organophosphorus compounds
and esterase inhibition in houseflies. Biochem. Pharmac.




178

Asperen, K. van (1962). A study of housefly esterases by means of a
sensitive colorimetric method. J.Insect Physiol. 8 :
401-416.

Asperen, K. van and Oppenoorth, F.J. (1959). Organophosphate
resistance and esterase activity in houseflies.
Entomologia exp.appl. 2 : 48-57.

!

Asperen, K. van and Oppenoorth, F.J. (1960). The interaction between
organophosphorus ingecticides and esterases in homo-
genates of organophosphate susceptible and resistant
houseflies. Entomologia exp. appl. 3 : 68-83.

Auclair, J.L. (1958). Honeydew excretion in the pea aphid,
Acyrthosiphon pisum (Harr. ) (Homoptera : Aphididae).
J.Insect Physiol. 2 : 330-337.

Auclair, J. L.(1959). Feeding and excretion of the pea aphid,
Acyrthosiphon pisum (Harr.) (Homoptera : Aphididae),
- reared on different varieties of peas.. Entomologia exp.. .
" appl. 2 :279-286. B

Auclair, J. L. (1963). Aphid feeding and nutrition. A.Rev.Ent. 8 :
439-.490. -

Auclair, J.L. (1965). Feeding and nutrition of the pea aphid,
Acyrthosiphon pisum (Homoptera : Aphididae), on
chemically defined diets of various pH and nutrient
levels. Ann.ent. Soc.Am. 58 : 855-875.

Auclair, J. L. (1967a). Effects of pH and sucrose on rearing the
cotton aphid, Aphis gossypii, on a germ-~free and
holidic diet. J.Insect Physiol. 13 : 431-446.

Auclair, J. L. (1967b). Effects of light and sugars on rearing the
cotton aphid, Aphis gossypii, on a germ-free and
holidic diet. J.Insect Physiol. 13- 1247-1268.

Aﬁclair, J. L. (1969). Nutrition of plant-sucking insects on chemically
defined diets. Entomologia exp. appl. 12 : 623-641.

Auclair, J. L. and Cartier, J.J. (1963). Pea aphid: Rearing on a
chemically defined diet. Science, N.Y. 142 : 1068-1069.

Auclair, J. L. and Maltais, J.B.(1961) . The nitrogen economy of
the pea aphid, Acyrthosiphon pisum (Harr.), on sus-
ceptible and resistant varieties of peas, Pisum sativum
L. Proc.int.congr. Entomol., 11lth, Vienna 1960, 1 :
740-743. '




179

Augustinsson, K.B. (1961). Multiple forms of esterases in vertebrate
blood plasma. Ann. N.Y. Acad.Sci. 94, Art.3 : 844-860

Augustinsson, K.B. (1968). The use of naphthyl esters as substrates
in esterase determinations. Biochim.biophys.Acta.
159 : 197-200,

Banks, C.J. (1958). Effects of the ant, Lasius niger (L.), on the
behaviour and reproduction of the black bean aphid,
Aphis fabae Scop. Bull. ent. Res. 49 : 701-714.

Banks, C.J. and Macaulay, E.D.M. (1965). The ingestion of nitrogen
and solid matter from Vicia faba by Aphis fabae Scop.
Ann.appl. Biol. 55 : 207-218.

Banks C.J. and Nixon H. L. (1958). Effects of the ant, Lasms niger L.,
on the feeding and excretion of the bean aphid, Bhls
fabae Scop. J.exp. Biol. 35 : 703-711.

‘Banks; C.J: and Nixon, H. L. (1959). The feeding and excretion rates-
" of Aphis fabae Scop. on Vicia faba L. Entomologia exp.

apple 2 : 77 -81.

Bennett, S.H. (1957). The behaviour of systemic insecticides applied
to plants. A.Rev.Ent. 2 : 279-296. '

Bigley, W.S. (1966). Exhibition of cholinesterase and ali-esterase in
parathion and paraoxon poisoning in the Housefly. J.econ.
Ent. 59 : 60-65.

‘Bigley, W.S. and Plapp, F.W. (1960). Cholinesterase and aliesterase
activity in organophosphorus~susceptible and -resistant
houseflies. Ann.ent.Soc. Am. 53 : 360-364.

Booth, G.M. and Metcalf, R. L. (1970). Histochemical evidence
for localized inhibition of cholinesterase in the housefly.
Ann. ent. Soc.Am. 63 : 197-204.

Brown, A.W.A. (1961). Protective mechanisms against nerve polsons
in insects. Trans. R. Soc.Can. wvol. LV : 85-98.

Brown, A.W.A. (1964). Animals in toxic environments: Resistance
of insects to insecticides. pp. 773-793 in "Handbook,
of Physiology and Environment'. Am. Physml Soc.
Washington, D.C.

Brown, A.W.A.(1968). Insecticide resistance comes of age. Bull. ent.
Soc.Am. 14 :3-9.

Burt, P.E. (1970). Biophysical aspects of nervous activity in relation
to studies on the mode of action of insecticides. Pestic.
" Sci. 1 : 88-92.



180

Burt, P.E., Bardner, R. and Etherbridge, P. (1965). The influence
of volatility and water solubility of systemic insecticides
on their movement through soil and absorption by plant
roots. Ann. appl. Biol. 56 : 411-418.

Burt, P.E., Gregory, G.E. and Molloy, F.M. (1966). A histochemical
and electrophysiological study of the action of diazoxon
on cholinesterase activity and nerve conduction in ganglia
of the cockroach Periplaneta americana L. Ann. appl,
Biol. 58 : 341-354.

Burt, P.E. and Lord, K.A. (1968). The influeice of penetration,
distribution, sorption and decomposition on the poisoning
of the cockroach E__._americana treated topically with
diazoxon. Entomologia exp.appl. 11 : 55-67.

Busvine, J.R. (1971). A critical review of the techniques for testing

insecticides. Commonwealth Inst. of Entomology, ILondon,
o 345 pp. » , ‘
‘Cartier, J.J. (1965). Action des radiations orangéés sur le puceron
du pois, Acyrthosiphon pisum (Harr.), et sur le puceron
de la pomme de terre, Macrosiphum euphorbiae (Thos.)
en élevage sur diete synthétique. Phytoprotection 46 :
65-73.

Cartier, J.J. (1966). Aphid responses to colors in artificial rearings.
Bull. ent. Soc. Am. 12 : 378-380.

Cartier, J.J. (1968). Factors of hostplant specificity and artificial
diets. Bull. ent. Soc. Am. 14 : 18-21.

Casida, J.E. and Maddrell, S.H.P. (1971). Diuretic hormone release
on poisoning Rhodnius with insecticide chemicals. Pestic.
Biochem. Physiol. 1 : 71-83.

' Chadwick, L.E. (1963). Actions on insects and other invertebrates.

' pp. 741798 in "Handbuch der Experimentellen Pharma-
kologie', Erginzungswerk, vol. 15, ed. Koelle, G. B.
Springer, Berlin.

Chang, J.T. (1949). Studies on the residual killing potency of gamme-
xane. Peking nat. Hist. Bull. 17 : 109-114.

Chapman, R.K. (1951). Control of aphids affecting potato crops.
Proc.N.Cent.States Br. Amer.Ass, econ. Ent. 6 : 15-16.

Chuo, S.K. and Sherman, M. (1971). Toxicity and anticholinesterase
activity of two halogenated phosphorothioates to
Boettcherisca peregrina and Chrysomya megacephala.
J.econ.Ent. 64 : 5656-571.




181

Colhoun, E.H. (1963). The physiological significance of acetylcholine
. in insects and observations upon other pharmacclogically
active substances. pp. 1-46 in "Advances in Insect
Physiology'', vol.I, eds. Beament, J. W. L., Treherne,
J.E. and Wigglesworth, V.B. Academic Press, Lond,
and N. York.

Collins, W.J. and Forgash, A.J. (1968). Acrylamide gel electro-
phoresis of housefly esterases. J.Insect Physiol. 14 :
1515-1523.

Cook, B.J. and Forgash, A.J. (1965). The identification and distri-
bution of the carboxylic esterases in the American cock-
roach, Periplaneta americana. J.Insect Physiol. 11 :
237-250. :

Couch, T.L. (1971). Comparison of gut and hemolymph enzymes
' and proteins of several species of spiders. Ann. ent.
‘Soc.Am. 64 : 409-413. —

Dadd, R.H. and Krieger, D.L. (1967). Continuous rearing of aphids
of the A.fabae complex on sterile synthetic diet. J.econ.
Ent. 60 :1512-1514.

Dadd, R.H., Krieger D.L. and Mittler, T.E. (1967). Studies on the
artificial feeding of the aphid Myzus persicae (Sulzer).
IV. Requirement for water soluble vitamins and ascorbic
acid. J.Insect Physiol. 13 : 249-272.

Dadd, R.H. and Mittler, T.E. (1965a). Nutritional requirements of the
aphid, Myzus persicae (Sulz.) in relation to the suita-
bility of hostplants. Proc.int. Congr.Ent., 12th, London,
p. 542.

Dadd, R.H. and Mittler, T.E. (1965b). Studies on the artificial feeding
of the aphid Myzus persicae (Sulzer). IIl. Some major
nutritional requirements. J.Insect Physiol. 11 : 717-743.

Dadd, R.H. and Mittler, T.E. (1966). Permanent culture of an aphid
on a totally synthetic diet. Experientia 22 : 832-833.

Danneel, I. (1969a). Untersuchungen zur Nahrungsaufnahme und Phos-
phatausscheidung durch Aphis fabae Scop. (Insecta,
Homoptera, Aphididae) mit Hilfe der Tracer-Methode.I.
Untersuchungen liber die Factoren, die die Nahrungsau-
fnahme von Aphis fabae Scop. bei Kiunstlicher Fiitterung
durch Membranen beeinflussen. Z.angew. Zool., 56 :

229-251.




182

Danneel, I. (1969b). Untersuchungen zur Nahrungsaufnahme und
Phosphatausscheidung durch Aphis fabae Scop. (Insecta,
Homoptera, Aphididae) mit Hilfe der Tracer-Methode.
II. Untersuchungen zur Aufnahme and Ausscheidung von
Radiophosphat durch Aphis fabae Scop. verbunden mit
einer Berechnung der Strahlenbelastung. Z.angew.Zool.
56 : 465-488.

Darrow, D.I. and Plapp, F.W. (1960). Studies on resistance to
malathion in the mosquito Culex tarsalis. J. econ.Ent.
53 : 777-781.

Dauterman, W.C. and O'Brien, R.D. (1964). Cholinesterase variation
as a factor in organophosphate selectivity in insects.
J.Agr.Fd Chem. 12 : 318-319.

David, W.A.L. and Gardiner, B.0.C.(1951). Investigation on the
systemic insecticidal action of sodium fluoroacetate

~.and of three phosphorus compounds on Aphls fabae Scop )
Ann. appl _Biol. 38 : 91-110. :

David, W.A.L. and Gardiner, B.0.C. (1953a). Systemic insecticidal
action of nicotine and certain other organic bases.
Ann.appl. Biol. 40 : 91-105.

David, W.A.L. and Gardiner, B.0.C.(1953b). The systemic
insecticidal action of sodium fluoroacetate and of

three phosphorus compounds on the eggs and larvae
of Pieris brassicae L. Ann.appl. Biol. 40 : 403-417.

David, W.A.L. and Gardiner, B.0.C.(1955). The aphicidal action
of some systemic insecticides applied to seeds. Ann.
appl. Biol. 43 : 594-614

Davies; B.J. (1964). Disc electrophoresis. II - Method and application

to human serum proteins. Ann.N.Y.Acad.Sci.Art. 2 :
404-427.

Day, M.F. and Irzykiewicz, H. (1953). Feeding behaviour of the aphids
Myzus persicae and Brevicoryne brassicae, studied with
radiophosphorus. Aust.J.biol.Sci. 6 : 98-108.

Day, M.F. and Irzykiewicz, H. (1954). On the mechanism of trahs -
mission of non-persistent phytogenic viruses by Aphids.
Aust. J. biol. Sci. 7: 251-273.

Dixon, M. and Webb, E.C. (1964). "Enzymes". 2nd edition, Longmans
Green and Co. Ltd. London, 950 pp.

Easson, L.H. and Stedman, E. (1937). The specificity of cholinesterase.
Biochem.J. :_S_L(].O) 1 1723-1729



183

Echobichon, D.J. and Israel, Y. (1967). Characterization of
esterases from electric tissue of electrophorus by
starch gel electrophoresis. Can. J. Biochem. 45 :
1099-1105.

Eldefrawi, M.E., Tripathi, R.K. and O'Brien, R.D. (1970).
Acetylcholinesterase isozymes from the housefly brain.
Biochim. biophys. Acta 212 : 308-314.

Elliott, W.M. (1970). The action of some systemic‘aphicides on the
'nymphs of Anthocoris nemorum (L.) and A.confusus
Reut. Ann.appl. Biol. 66 : 313-321.

Emden, H.F. van (1967). An increase in the longevity of adult Aphis
fabae fed artificially through parafilm membranes on

liquids under pressure. Entomologia exp.appl. 10 : 166-17C

Farnham, A.W., Lord, K.A. and Sawicki, R.M. (1965). Study of some
of the mechanlsms connected with resistance to diazinon
' “and diazoxon in a diazinon resistant: strain. of houseﬂles

J.Insect Physiol. 11 : 1475-1488.

Fitton, J.A. (1972). The effect of systemic insecticides on aphids.
M. Phil. Thesis. University of London, 71 pp.

Forgash, A.J., Cook, B.J. and Riley, R.C. (1962). Mechanisms of
registance in diazinon-selected multi-resistant Musca
domestica. J. econ.Ent. 55 : 544-551.

Fukuto, T.R. (1957). The Chemistry and action of organic phosphorus
insecticides, p.181 in "Advances in Pest Control
Research' vol.1l, ed. Metcalf R. L., Interscience, New
York~TLondon.

Galley, D.J. (1968). A biological assay technique for the assessment
and comparison of systemic insecticide residues. Ann.

appl. Biol. 61 : 457-466 .

Gerolt, P. (1969). Mode of entry of contact insecticides. J.insect.
Physiol. 15 : 563-580.

Gibbs, A.J. (1969). Plant virus classification. Adv.Virus Res. 14:
. 263-328.

Glick, D. (1937). Properties of cholinesterase in human serum.
Biochem. J. 31 : 521-525.

Gomori, G. (1953). Human esterases. J. Lab.clin. Med. 42 : 445-453.

Gomori, G.(1955). Preparation of buffers for use in enzyme studies.
p- 138-146 in "Methods in Enzymology' vol.I, eds.
Colowick, S.P. and Kaplan, N.O.Academic Press, N.Y.



184

Gordon, H.T. (1961). Nutritional factors in insect resistance to
chemicals. A.Rev.Ent. 6: 27-54.

Gwiazda, Maria and Lord, K.A. (1967). Factors affecting the
toxicity of diazinon to Musca domestica L. Ann.appl.
Biol. 59 : 221-232.

Hadaway, A.B. and Barlow, F. (1966). Relationships between some
physical properties of insecticides and their intrinsic
and conta ct toxicities to adult mosquitds (Anopheles
stephensi List.) Bull.ent.Res. 56 : 569-579.

Halimie, M.A. and Ford, J.B. (1972). Feeding and the uptake of
phosphamidon by two strains of Myzus persicae (Sulz.)
on radish plants. Ann. appl. Biol. 70 : 169-174.

Hamilton, M.A. (1935). Further experiments on the artificial feeding
of Myzus persicae (Sulz.). Ann.appl. Biol. 22 : 243-258.

.Harrlson, R. A. (1961) Topical application of 1nsec1:1c1des _solutions
to mites and small insects. N.Z. J1Sci. 4 534 539

Herzig, J. (1937). Ameisen und Blattliuse. (Ein Beitrage zur Okologie
aphidophiler Ameisen) Z. angew. Ent. 24 : 367-435.

Hestrin, S. (1949). The reaction ofmAcetylcholine and other ca-rboxylic
acid derivatives with hydroxylamine, and its analytical
-application. J.biol.Chem. 180: 249-261.

Hewlett, P.S. and Lloyd, C.J. (1960). Topical application of mobile
liquids to insects by means of micro-capillary tubes.
Ann. appl. Biol. 48 : 125-133.

Hope, H.S. and Ordish, G. (1961). Selectivity of organophosphorus
insecticides. Rep. Progr.appl. Chem. 46 : 442-459.

"Hopf, H.S. (1952). Studies in the mode of action of insecticides. I.
Injection experiments on the role of cholinesterase
inhibition. Ann. appl. Biol. 39 : 193-202.

Hopf, H.S. (1954). Studies in the mode of action of insecticides. II.
Inhibition of the acetylesterases of the locust nerve cord

by some organic phosphoric esters. Ann.appl. Biol. 41 :
248-260.

Hopf, H.S. and Taylor, R.T. (1958). Role of cholinesterase in insecti-
cidal action. Nature, Lond. 182 : 1381-1382.

Hoskins, W.M. and Craig, R. (1962). Uses of bioassay in entomology.
A.Rev.Ent. 7: 437-464.



185

Hoskins, W.M. and Gordon, H.T. (1956). Arthropod resistance
to chemicals. A.Rev.Ent. 1 : 89-122.

Hubby, J. L. and Throckmorton, L.H. (1965). Protein differences
» in Drosophila. II. Comparative species genetics and
evolutionary problems. Genetics 52 : 203-215.

Irving, N.S. (1968). The absorption and storage of insecticide by
~ the in utero larva of the tsetse fly Glossina pallidipes
Aust. Bull. ent.Res. 58 : 221-226.

Javadi, I. (1971). Radiotracer studies on the artificial feeding of
Myzus persicae {Sulz). Homoptera:Aphididae) with
special reference to the uptake of the systemic insecti-
cide dimethoate. M.Sc. Thesis, University of London,
94 pp- '

Kennedy, J.S. and Mittler, T.E. (1953). A method of obtaining
phloem sap via the mouthparts of aphids. Nature,
- Lond: - 171 :528. S s

Kerr, T.W. and Olney, C.E. (1959). Laboratory studies of the
seasonal tolerance of the potato flea beetle to DDT.
J. econ.Ent. 52 : 519-521.

Kojima, K.,Ishizuka, T. and Kitikata, S. (1963). Mechanism of
resistance to malathion in the green rice leaf hopper,
N.cincticeps. Botyu Kagaku 28 : 17-25.

Krueger, H.R., O'Brien, R.D. and Dauterman, W.C.(1960).
Relationship between metabolism and differential
toxicity in insects and mice of diazinon, dimethoate,

~ '~ parathion and acethion. J.econ.Ent. 53 : 25-31.

Lewis, J.B. and Lord, K.A. (1969). Metabolism of some organo-
phosphorus insecticides by strains of housefly. Proc.
5th Br. Insectic. Fungic. Conf. : 465-471.

Lord, K.A. (1'967). Studies on the penetration and sorption of insecti-
cides in insects. (Physico-chemical and Biophysical
factors affecting the activity of Pesticides. Monograph 29).

Lord, K.A. and Burt, P.E. (1964). Effect of Temperature on water
solubility of phorate and disulfoton. Chemy Ind. 42 :
1262-1263.

Lord, K.A., Molloy, F.M. and Potter, C. (1963). Penetration of ’
diazoxon and acetyl choline into the thoracic ganglia in
susceptible and resistant houseflies and the effects of
fixatives. Bull., ent. Res. 54 : 189-198.




186

Lord, K.A. and Potter, C. (1950). Mechanism of action of organo-~
phosphorus compounds as insecticides. Nature, Lond.

166 : 893.

Lord, K.A. and Potter, C. (1951). Studies on the mechanism of
insecticidal action of organophosphorus compounds with

particular reference to their anti-esterase activity.
Ann.appl. Biol. 38 : 495-507.

Lord, K.A. and Potter, C. (1954a). Differences in esterases from
insect species: Toxicity of organo-phosphorus compounds
and in vitro anti-esterase activity. J.Sci.Fd Agric. 5
490-498.

Lord, K.A. and Potter, C. (1954b). Insecticidal and antiesterase
activity of organophosphorus compounds. Chemy Ind.
32 :1214-1217.

Lovell J B. (1963). The relationship of anticholinesterase act1v1ty,

' : ‘penetration, and insect and mammalian toxlclty of
certain organophosphorus insecticides. J.econ. Ent.
56 : 310-317.

Lowe, H.J.B. (1965). Studies on spatial distribution in aphid colonies.
Ph.D. Thesis. University of London.

Lowe, H.J.B. (1967a). Interspecific differences in the biology of
aphids (Homoptera:Aphididae) on leaves of Vicia faba.
I. Feeding behaviour. Entomologia exp.appl. 10 :
347-357.

Lowe, H.J.B. (1967b). Interspecific differences in the biology of
aphids (Homoptera:Aphididae) on leaves of Vicia faba.
II Growth and excretlon Entomologia exp. appl 10
413-420.

Lowe, H.J.B. (1969). Susceptibility of aphids fo vamidothion, a
' systemic insecticide, in relation to their feeding
behaviour on broad beans. Bull. ent.Res. 58 : 829-831.

Maddrell, S.H.P. (1972). Insecticide action and hormone release.
Trans.R. ent.Soc.Lond., 124 (in the press)

Maddrell, S.H.P. and Casida, J.E.(1971). Mechanism of 1nsect101de-
induced diuresis in Rhodnius prolixus Stal. Nature, Lond.

231 : 55-56.

Maltais, J.B. (1957). Factors in resistance of peas to the pea aphid,
Acyrthosiphon pisum. I. Sugar-nitrogen ratio. Can.Ent.
LXXXIX, 8, 365-370.




187

March, R.B. (1959). Resistance to organophosphorus insecticides.
Misc. Publ. ent. Soc. Amer. 1:13-19.

Markert, C.T. (1959). Multiple forms of enzymes. Tissue ontogenetic
and species specific patterns. Proc.natn.Acad. Sci.
U.S.A. 45 : 753-763.

Martin, H.(1971). Pesticide Manual. Brit. Crop Prot. Counc. 495 pp.

Massonie, G. (1971). L'é¢levage des aphides sur milieu synthétique.
Ann. Zool.Ecol.anim. 3 : 103-123.

Matsumura, F. and Brown A. W.A.(196la). Biochemical study of a
malathion~tolerantstrain of Aedes aegypti. Mosquito

News 21 : 192-194.
Matsumura, F. and Brown A.W.A.(1961b). Biochemistry of

malathion resistance in Culex tarsalis. J. econ. Ent.

54 : 1176-1185. ~

‘Matsumura; F. and Brown, A.W.A.(1963). Studies ‘on organophos= e
" phorus-tolerance in Aedes aegypti . Mosquito News
23 : 26-31.

Matsumura, F. and Hogendijk, C.J. (1964). The enzymatic degradation
of parathion in organophosphate susceptible and resistant
houseflies. J.Agr.Fd Chem. 12 : 447-453.

Matteson, J. W., Taft, H. M. and Rainwater, C.F.(1963). Chemically
induced resistance in the cotton plant to attack by Boll

" Weevil. J. econ. Ent. 56 : 189-192.

McEwen, F.L.(1953). Potato insect control in relation to the trans-
mission of potato virus Y. Ph.D. thesis, Univ.Wis.,

Madison. 161 pp.

Mehrotra, K.N. and Smallman, B.N. (1957). Ovicidal action of
organophosphorus insecticides. Nature, Lond. 180 :

97-98.

Mendel, B and Rudney, H. (1943). Studies on Cholinesterase. 1.
cholinesterase and pseudocholinesterase. Biochem.J.

37 : 59-66.

Mengle,D.C. and Casida, J.E. (1960). Insect resistance to insecticides;
biochemical factors in the acquired resistance of house-
flies to organophosphorus insecticides. J.Agr.Fd Chem.

8 : 431-437.

Menn, J.J. (1962). The metabolism of phorate, an organophosphorus
insecticide, in three insect species. J. econ.Ent. 55 :

. 90-96.




188

Menzel, D.G.Craig, R.and Hoskins, W.M.(1963). Electrophoretic
. properties of esterases from susceptible and resistant

strains of the housefly Musca domestica L. J.Ingsect
Physiol. 9 : 479-493.

Menzie, C.M. (1969). Metabolism of pesticides. Special Sci.Report,
" Wildlife No.127, pp.487. U.S.Deptm. of the Interior,
Wash. D.C.

Metcalf, R.L. (1955). Organic insecticides, their chemistry and
mode of action. Interscience Publs Inc., N.York
& London, 392 pp.

Metcalf, R.L. (1964). Selective toxicity of insecticides. W _1d Rev.
Pest Contr. 3 : 28-43.
Metcalf, R.L., and March, R.B. (1949). Studies on mode of action

of parathion and its derivatives and their toxicity to
1nsects. J.econ.Ent. 42 : 721-728.

Méfcélf, R.L. and March, R.B. (1950). Propertles of acetylcholme o
esterase from the bee, the fly, and the mouse and their
relation to insecticidal action. Ibid. 43 : 670-677.

Metcalf, R.L. and March, R.B.(1969). Studies of the mode of action
of parathion and its derivatives and their toxicity to
insects. J.econ.Ent. 42 : 721-728.

Mittler, T.E. (1958a). Studies on the feeding and nutrition of
Tuberolachnus salignus (Gmelin)(Homoptera : Aphididae).
III nitrogen economy . J.exp.Biol. 35 : 626-638.

Mittler, T.E.(1958b). The excretion of honeydew by Tuberolachnus
salignus (Gmelin) (Homoptera : Aphididae). Proc.R. ent.
Soc. Lond.(A) 33 : 49-55.

Mittler, T.E. (1967a). Effect of aminoacid and sugar concentrations
on the food uptake of the aphid Myzus persicae (Sulzer).
Entomologia exp. appl. 10 : 39-51.

Mittler, T.E.(1967b). Gustation of dietary amino acids by the aphid
Myzus persicae (Sulzer). Entomologia exp.appl. 10 : 87-96.

Mittler, T.E. (@970). Effects of dietary amino acids on the feeding rate
of the aphid Myzus persicae. Entomologia exp.app. 13 :
432-437.

Mittler, T. E. and Dadd, R.H.(1962}. Artificial feeding and réaring of
the aphid Myzus persicae (Sulzer) on a completely defined

synthetic diet. Nature, Lond. 195 : 404.




189

Mittler, T.E. and Dadd, R.H. (1963a}). Studies on the artificial
feeding of the aphid Myzus persicae. I. Relative uptake
of water and sucrose solutions. J.Insect Physiol. 9 :

623-646.

Mittler, T.E. and Dadd, R.H. (1963b). Studies on the artificial
feeding of the aphid Myzus persicae. II. Relative
survival, development and larviposition on different
diets. J.Insect Physiol. 9 : 741-758.

Mittler, T.E. and Dadd, R.H. (1964a). An improved method for
feeding aphids on artificial diets. Ann. ent.Soc.Am. 57:
139-140.

Mittler, T.E. and Dadd, R.H. (1964b). Gustatory discrimination
between liquids by the aphid Myzus persicae (Sulzer).
Entomologia exp.appl. 7 :315-328.

Mittler, T. E. & Dadd, R.H. (1965). Differences in the probing

S - -responses of Myzus persicae elicited by different. =~
feeding solutions behind a parafilm membrane.
Entomologia exp.appl. 8 : 107-122.

Mittler, T.E. and Pennell, J.T. (1964). Simple screening test
for systemic aphicides. J.econ.Ent. 57 : 302-303.

Molloy, F.M. (1961). The histochemistry of the cholinesterases in
the central nervous system of susceptible and resistant
strains of the house fly, Musca domestica L., in relation
to diazinon poisoning. Bull.ent. Res. 52 : 667-671.

Morallo, B.D. and Sherman, M. (1967). Toxicity and anticholinesterase
activity of four organophosphorus insecticides to four
species of flies. Ibid. 60 : 509-515.

Morikawa, O. and Saito, T. (1966). Degradation of vamidothion and
dimethoate in plants, insects and mammals. Botyu
Kagaku 31 : 130-135.

Mounter, L.A. and Whittaker, V.P. (1953). The hydrolysis of esters
of phenol by cholinesterases and other esterases.
Biochem. J. 54 : 511-559.

Muir, R.C. (1958). On the application of the capture-recapture method
to an orchard population of Blepharidopterus angulatus
(Fall.) (Hemiptera-Heteroptera, Miridae). 45th Rep. E.
Malling Res.Sta., 140-147.

Minster,J. and Murbach,R.(1952). L'application d'insecticides contre
les pucerons vecteurs des viroses de la pomme de terre
. peut-elle garantir la production de plants de qualite. Rev.
Romande agr., viticult. et arboricult. 8 : 41-43.




190

Mufdie, G. (1965). Studies on the causes and consequence of intra-
specific variation on size of aphids. Ph.D. Thesis,
University of London, 209 pp.

Nagasawa, S. (1959). Biological assay of insecticide residues.
A.Rev. Ent. 4: 319-342

Nakatsugawa, T., Tolman, N.M. and Dahm, P.A. (1969). Metabolism
of 358 -Parathion in the housefly. J.econ.Ent. 62 : 409.

Needham, P.H. (1960). Investigation into the use of bio-assay for
pesticide residues in foodstuffs. Analyst 85 : 792.

Needham, P.H. and Dunning, R.A.(1965). A preliminary survey of
variation in susceptibility of Myzus pergicae, associated
with sugar beet, to organophosphorus insecticides.
Proc. 3rd Brit.Insecticide Fungic. Conf. 46-51.

Needham, P.H. and Sawicki, R. M. (1971). Diagnosis of resistance
to organophosphorus insecticides in Myzus persicae (Sulz )
Nature, Lond. 230 : 125-126.

Nolan, J. and O'Brien R.D. (1970). Biochemistry of resistance to
paraoxon in strains of houseflies. J.Agr.Fd Chem.18 :
802-808.

O'Brien, R.D. (1956). The inhibition of cholinesterase and succinoxidase
by malathion and its isomer. Ibid. 49 : 484-490.

O'Brien, R.D.(1960). Toxic phosphorus esters. Academic Press. 434 pp

O'Brien, R.D.(1961la). Esterase inhibition in organophosphorus
poisoning of house flies. J. econ.Ent. 54 : 1161-1164.

O'Brien, R.D.(1961b). Selective toxicity of insecticidés pp- 75-116
'}_rl,_'”Advances in Pest Control Research', vol. 4. ed.
Metcalf, R. L. Interscience, New York-London.

°

O'Brien, R.D.(1966). Mode of action of insecticides. A.Rev.Ent. 1l1:
369-402. -

O-Brien, R.D.(1967). Insecticides: Action and metabolism.
Academic Press, Lond. & N. York. 332 pp. -

o' Br1en, R.D. (1970). The properties of acetylcholine receptor in vitro
from Torpedo electroplax, housefly head and rat brain.
pp. 1-11 in "Biochemical Toxicology of Insecticides"

(Proc.5th U.S. - Japan Coop. Sci. Program, Tokyo 1969).
Academic Press.



191

O'Brien, R.D. and Wolfe, L.S. (1964). Radiation, Radioactivity,
and Insects. Academic Press, 221 pp.

Ogita, Z. (1961). Genetical relationship between ali-esterase activity
and insecticide-resistance in Drosophila melanogaster.
Botyu-Kagaku 26 : 93-97.

Olson, W.P. and O'Brien, R.D. {1963). The relation between physical
_ properties and penetration of solutes into the cockroach
- cuticle. J.Insect Physiol. 9 : 777-786.

Oosterbaan, R.A. and Jansz, H.S. (1965). Cholinesterases, esterases
and lipases. In "Comprehensive Biochemistry -
Nomenclature of enzymes and co-enzymes'' vol.13. eds.
Florkin, M. and Stotz, E.H., Elsevier Publ.Co.

Oppenoorth, F.J. (1958). A mechanism of resistance to parathion in
Musca domestica L. Nature, Lond. 181 : 425-426.

. Oppenoorth, F.J. and Asperen, K. van (1960). Allelic genes in the
’ : ’ housefly producing modified enzymes that cause organo-
phosphate resistance. Science, N. Y. 132 : 298-299.

Oppenoorth, F.J. and Asperen, K. van (1961). The detoxification
enzymes causing organophosphate resistance in the
housefly; properties, inhibition and the action of
inhibitors as synergists. Entomologia exp.appl. 4 : 311-333

Ornstein, L. (1964). Disc electrophoresis. I - Background and theory.
Ann. N.Y. Acad., Sci. 121 : Art.2. : 321-349.

Ozaki, K. (1969). The resistance to organophosphorus insecticides
of the green rice hopper, Nephotettix cincticeps. Uhler,
and the small brown plant hopper, Laodelphax striatellus
Fallen. Rev. Plant Prot. Res. 2 : 1-15.

Parry, W.H. and Ford, J.B. (1967). The artificial feeding of phos~
phamidon to Myzus persicae I. Intraspecific differences
exhibited bythis aphid on feeding through a parafilm
membrane. Entomologia exp.appl. 10 : 437-452.

Parry, W.H. and Ford, J.B. (1969). The artificial feeding of
‘ phosphamidon to Myzus persicae II. the effects of
phosphamidon on liquid uptake through a parafilm
membrane. Entomologia exp.appl. 12 : 1-18.

Parry, W.H. and Ford, J.B. (1971). The artificial feeding of
phosphamidon to Myzus pexrsicae III. Effects of phos-
"~ phamidon on the longevity, fecundity and 11qu1d uptake.
Entomologia exp.appl. 14 : 389-398.




192

Perry, A.S. and Buckner, A.J. (1959). The metabolic fate of prolan
‘ in a dilan-resistant strain of house flies. J.econ. Ent.
_53: 997-1002.

Plapp, F.W. and Bigley W.S. (1961). Inhibition of housefly aliesterase -
and cholinesterase under in vivo conditions by parathion
and malathion. J.econ.Ent. 54 103-108.

Potter, C. and Gillham, E. M. (1957). Effect of host-plant on the
resistance of Acyrthosiphon pisum (Harris) to
insecticides. Bull. ent. Res. 48 : 317-322.

Potter, C.,Lord, K.A., Kenten, J., Salkeld, E.H. and Holbrook, D.V.
(1957). Embryonic development and esterase activity
of eggs of Pieris brassicae in relation to TEPP poisoning.
Ann. appl. Biol. 45 : 361-375.

Price, G.M. (1968). An apparatus for the electrophoresis of proteins
on polyacrylamlde gel. Lab.Pract. 17 : 467- 470

Price, G. M. and Bosman, T. (1966). The electrophoretlc separatlon o
of protems 1solated from the larva of the blowfly

Pringle, J.W.S. (1940). The reflex mechanism of the insect leg.
J. exp. Biol. 17 : 8-17.

Ratanawaraha, C. (1968). The study of some factors affecting the
resistance of Acyrthosiphon pisum (Harrls) the pea
Aphid to dimethoate as a contact insecticide. M. Sc.
Thesis. University of London, 55 pp.

Raymond, S. (1964). Acrylamide gel electrophoresis. Ann.N.Y.
Acad.Sci. 121, Art.2 : 350-365.

Raymond, S. and Jordan, L.M. (1966). Separation and recovery of
proteins by elution convection. J. Separation Sci.l :
95-111.

Raymond, S. and Nacamuchi, M. (1962). Electrophoresis in synthetic
gels. I - Relation of gel structure to resolution. Analyt.
Biochem. 3 :23-30.

Raymond, S. and Weintraub, L. (1959). Acrylamide gel as a supporting
medium for zone electrophoresis. Science, N.Y. 130: 711.

Report of the Commission on Enzymes of the International Union of
Biochemistry (1961). Pergamon Press, Oxford.

Richardson, H.H. and Casanges, A.H. (1942). Studies of nicotine
as an insect fumigant. J. econ.Ent. 35 : 242-246.




193

Richter, D. and Croft, P.G. (1942). Blood esterases. Biochem. 7J.
36 (10,11 & 12): 746-757.

Ripper; W.E., Greenslade, R.M. and Lickerish,L.A. (1949).
Combined chemical and biological control of insects

by means of a systemic insecticide. Nature, Lond.,
163 : 787-789. '

Roeder, K.D. (1953). Insect Physiology. New York, Wiley; London,
Chapman & Hall. 1100 pp.

Roland, G. (1953). Sur un essai de lutte contre les puceron en vue
de limiter la propagation des virus attaquant la pomme
de terre. Parasitica 9 : 6-10.

Rusmuson, B. and Holmstedt, B. (1958). Toxicity and anti-
cholinesterase activity of two organophosphorus
insecticides to strains of Drosophila melanogaster

 Meigen. Kungl. Lantbr. hogsk. ann., 24 : 98.

Salkeld, E.H. (1965). Electrophoretic separation and identification
of esterases in eggs and young nymphs of the large
Milkweed Bug, Oncopeltus fasciatus (Dall). Can.J.Zool
43 593-602.

Salkeld, E.H. (1969). Electrophoretic patterns of eggs proteins
from several insect taxa. Can.Ent. 101 : 1256-1265.

Sanderson, D.M. and Edson, E.F. (1964). Toxicological properties
of the organophosphorus insecticide dimethoate.
Br. J. ind. Med. 21 : 52-64. '

Sawicki, R.M. and Lord, K.A (1970). Some properties of a mechanism
delaying penetration of insecticides into houseflies.
Pestic. Sci. 1:213-217.

Schaefer, C.W. (1938). Physiological conditions which produce wing
development in the pea aphid. J.agric.Res. 57 : 825-841.

Schuntner, C.A. and Roulston, W.J. (1968). A resistance mechanism
in organophosphorus-resistant strains of sheep blowfly
(Lucillia cuprina). Aust.J.biol. Sci. 21 : 173

Shatoury, H.H. (1963). Effect of N- Butanol on esterase activity
in the housefly (Musca domestica L.) J.Insect Physiol.
9 :165- 176.

Sims, M. (1965). Methods for detection of enzymatic activity after

electrophoresis on polyacrylamide gel in Drosthlla
species. Nature, Lond., 207 : 757-758.




194

Smallman, B.N. (1958). The physiological basis for the mode of
action of organophosphorus insecticides. Proc. 10th
Int. Congr. Entomol. (Montreal): 5-12.

Smallman, B.N. (1969). The cholinergic system in insect
development. A.Rev.Ent. 14 : 387-408.
©

Smallman, B.N. and Fisher, R.W.(1958). Effect of anticholinesterases
- on acetylcholine levels in insects. Can.J. Biochem. 36 :
575-586.

Smissaert, H.R. (1964). Cholinesterase inhibition in spider mites
susceptlble and resistant to organophosphate. Sc1ence,
N.Y. 143 : 129 131.

Smith, E.H. and Salkeld, E.H. (1965), The role of esterases in
parathion poisoning of eggs of the Large Milkweed
Bug. J.econ.Ent. 58 : 188-195.

- Smithies, O. (1955). Zone electrophoresis in starch gel. Group
‘ variations in the serum proteins of normal human
adults. Biochem. J. 61 : 629-641.

Spencer, E.Y. and O'Brien, R.D. (1957). Chemistry and mode of
action of organophosphorus insecticides. A.Rev. Ent.
2 :261-278.

Srivastava, P.N. (1971). Influence of sucrose concentration on diet
uptake and performance by the pea aphid, Acyrthosiphon
pisum. Ann. ent.Soc.Am. 64 : 739-743.

‘Srivastava, P.N. and Auclair, J.1.(1971). an improved chemically
defined diet for the pea aphid, Acyrthosiphon pisum.
Ann. ent. Soc.Am. 64 : 474-478.

‘Stegwee, D. (i960). The role of esterase inhibition in tetraethyl-
pyrophosphate poisoning in the housefly, Musca
domestica L. Can.J.Biochem. 38 : 1417-1430.

Sudderuddin, K.I. (1970). Electrophoretic studies of some B-
esterases of an aphid (Megoura viciae). Post HNC
Course thesis in Biochemistry, 21 pp, Slough Coll.
of Technology, U. K.

Sudderuddin, K.I. (1971). Simple modifications of the standard
disc electrophoresis apparatus. lab.Pract. 20 : 809.

dederuadin, K.I. (1972).- Some biochemical and toxicological studies
" of organ ophosphate resistance in Myzus persicae (Sulzer)
Ph.D. thesis, Univ. of London, 184 pp.




195

Sun, Y.P. (1957). Bioassay of pesticide residues. pp.449-496 in
"Advances in Pest Control Research', vol.1l. ed.
Metcalf, R. L. Interscience, New York -~ London.

Trebatoski, A. M. and Haymes, J.F. (1969). Comparison of enzymes
of twelve species of mosquitoes. Ann.ent.Soc.Am.
62 : 327-335.

Treherne, J.E. (1966). The neurochemistry of arthropods. Cambridge
Univ. Press, Cambridge.

Uchida, T., Rahmati, H.S. and O'Brien, R.D.(1965). The penetration
and metabohsm of H3 -dimethoate in insects. J econ.
Ent. §§_ 831 -835.

Velthuis, H.H. W. and Asperen, K.van (1963). Occurrence and
inheritance of esterases in Musca domestica. Entomologia
exp. appl. 6 : 79-87.

. Venkov, M., Eskenazi, F. and Gulubov, G. (1967) Zymograms of the
ali-esterase and of the cholinesterase of the soluble T
proteins from the spinal cord of rabbits. _(;_ R. Ac_g;_i__
Bulg. Sci. 20 (5) : 497-500.

Watson, M.A. and Nixon, H.L. (1953). Studies on the feeding of
Myzus persicae (Sulz.) on radioactive plants. Ann.
! appl. Biol. 40 : 537-545.

Watson, M.A. and Plumb, R.T. 1972. Transmission of plant-
pathogenic viruses by Aphids. A.Rev.Ent. 17 : 425-452.

Wearing, C.H.(1968). Responses of aphids to pressure applied
to liquid diet behind parafilm membrane. Longevity
and larviposition of Myzus persicae (Sulzer) and
Brevicoryne brassicae (L.) (Homoptera : Aphididae)
feeding on sucrose and sinigrin solutions. N.Z.J1 Sci.
11 :105-121.

Weiden, M.H.J. (1968). Insecticide carbamoyloximes. J.Sci.Fd
Agric. Supplement : 19-23.

Whittaken, J.R. and West, A.S. {1962). A starch gel electrophoretic
study of insect haemolymph proteins. Can.J. Zool. 40 :
655-.671.

Williams, D.E. and Riesfield, R.A.(1964). Disc electrophoresis in
polyacrylamide gels. Extension to new conditions of pH
and buffer. Ann.N.Y.Acad.Sci.. 121 : 373-381.

Winteringham, F.P.W. (1969). Mechanisms of selective insecti-
cidal action. A.Rev.Ent. 14 : 409-442.




196

Yang, R.S.H., Hodgson, E. and Dauterman, W.C. (1971).
Metabolism in vitro of diazinon and diazoxon in
susceptible and resistant houseflies. J.Agr.Fd
Chem. 19 :14-19.

Zabhavi, M. and Tahori, A.S.(1970). Differences in acetylcholin-
esterase-sensitivity to phosphamidon in Mediterranean
Fruit Fly sthins. Israel J.Ent. V : 185-191.

Zayed, S.M.A.D.,Hassan ,A. and Fakhr, I.M.I. (1968).
Metabolism of organophosphorus insecticides -
X. Distribution, excretion and metabolism of
dimethoate in Prodenia litura F. Biochem. Pharmac.
17 :1339-1347.




197

Appendix 1. (Fig.1.2)
Mean weight of aphids according to age and larvae produced
per adult. (A.pisum larva = 0.142 mg, A.fabae larva = 0.052 mg)

Age Number| Mean weight | Mean Weight Weight
of aphids of (mg) no. of of of adult
(days) aphids + 5. E. larvae | larvae | + larvae

| (mg) | (mg)
' A. pisum

0 30 0.14240. 053

2 . 30 0.391+0. 145

4 30 0.896+0. 035

6 30 1.835+0.063

8 30 3.004+0. 109

10 - 30 3. 008%0. 060 9.2 1.3 4.308
12 ~ 30 ]2.851+0. 042 10.1 1.4.) . 4.251 .
14 7 1 30 2.96420.069 13.9 2.1 | '.5.064
16 30 2.941+0. 066 11.5 1.6 4.541
18 - 30 3.003+0. 075 "11.5 1.6 4.603

A. fabae

0 30 0.052+0. 019

2 - 30 0.174+0. 065

4 30 0.407+0. 009

6 30 0. 875+0. 023

8 - 30 1. 065+0. 028 4.2 0.22 1.285
10 30 1.147+0. 050 10.4 0. 54 1.687
12 16 1.072+0. 052 11.4 0.59 1.662
14 13 1.147+0. 055 13.1 0.68 1.827
16 12 0.967+0. 049 13.0 0.68 1.647
18 6 0.968+0.117 7-9 0.41 1.378




pendlx 2.
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(Fig.1.3)

Mean number of nymphs produced per adult during the first 20 days
of the reproductive period.

Larvi- 'Mean number Larvi- Mean number
position of nymphs position of nymphs
day A.pisum | A.fabae | day A.pisum | A.fabae
1 4.2 4.4 11 3.7 4.7
2 5.0 5.3 12 3.6 3.3
'3 5.4 4.1 13 3.2 1.7
4 4.7 4.8 14 2.7 1.5
5 6.6 3.5 15 5.3 0.0
Sum 25.9 22.1 Sum 17.5 11.2
6 7.3 4.0 16 1.0 0.0
7 5.8 4.8 17 2.3 1.5
8 5.7 7.3 18 2.3 0.0
9 7.3 5.3 19 2.0 1.0
10 4.2 3.3 20 0.0 1.0
Bum 30.3 | 24.7 ‘Sum 7.6 3.5




Appendix 3 (Table 1.1)

1959

Number of aphids and time during which honeydew was produced.

" A. pisum A. fabae

No. of Hours Aphids - \No. of Hours Aphids-
aphids hrs. aphids hrs

Experiment 1.

22 1.0- 22.0 10 1.0 10.0
23 1.5 34.5 5 1.5 7.5
23 1.0 23.0 6 1.0 6.0
24 1.0 24.0 13 1.0 13.0
23 1.0 23.0 10 1.0 10.0
24 1.0 24.0 10 1.0 10.0
24 1.0 24.0 9 1.0 9.0
27 - ) 1-0 : . 27-0 7 - .]-V.O 710
28 14.0 . 392.0 16 14.0 84.0
28 1.5 42.0 635.5] 6 1.5 _9.,0165,51
_ Experiment 2.
19 0.5 9.5
21 17.0 357.0 ‘
20 6.0 120. 0 486.5

Experiment 3.
6 1.0 6.0 31 1.0 31.0
10 1.33 13.3 28 1.33 37.3
‘14 1.5 21.0 27 , 1.50 40.5
14 1.-08 15.2 25 1.08 27.1
25 17.17 429.2 18 17.17 309.0
25 " 1.25 31.2 515.9}18 1.25 22.5 467.4




Appendix 4. (Fig.1.5)
Distribution of ingested plant material, after 24 hrs feed1ng, per adult (Activity of

compound 15.9%; efficiency of scint. counter 88.3%; mean weight per leaf-disc of 2.5 cm
diam., 160 mg). :

32p

2P‘ in the leaf disc extracts Distributioﬁ of 32P Correspond -
leaf c.p.m.| nCi nCi Species . | Sample |c.p.m. nCi] nCi lriinl;:ngeif
: : per mg per gdult ?
of leaf- adult ’
disc '
Adults- {13372.8 }42.9| 8.6+2.93 7.2
a | 62,280 199.8 |l.2+1.12 | A, isum | Honey- [16141.2 [51.8} 10.3+3.22 8.6
dew
Total 29514.0 194.7|18.9%4.35 15.8
: _ Adults 4236.0 [13.6| 4.542.13 0.6
b [350,928 (1125.9 {7.0%2.65 | A.fabae Honey-~ | 3442.8 [11.0{ 3.7%1.92 0.5
: ' _ dew ;
Total 7678.8 |24.6| 8.2+2.86 1.1

00%g



Appendix 5. (Table 1.3 and Fig.1.6)

Radioactivity found in the adults and their excretion products during 24 hrs feeding on 32E>—~lza’taezllez<i.
leaves {Activity of the 32p compound 61.6%; efficiency of the G-M counter 6.5%) '

) M
Species | Samples lst day . 2nd day : eaandg?tr
No. cpm nCi No. cpm nCi
of per per of per per nCi | nCi
in- | P | aquit adult in~ | S P adunt adult %
sects sects
leaf a | leaf b leaves atb/2
adults 6 14129.4 | 2354.9 | 26.5+5.15 7 6946. 8 992.4 {11.2+3.34 ] 18.8 57.3
&Eisum‘larvae 26 1958.4 326.4 | -3.7x1.92 15 458.1 65. 4 0. 7x0. 86 2.2 6.7
honeydew 7250.4 ] 1208.4 | 13. 63.69 6308, 4 g01.2 §10.1%£3.18{11.8 36,0
Total 3883.7 | 43.8 1959.0 (22.0 32.8]100.0
leaf b leaf a ’ leaves btal2
adults 6 | 2599.8] 433.3| 4.9x2.21 6 |7194.0 {1199.0 |13.523.67 | 9.2| 47.8
A . fabae |larvae ' 67 2074.8 345.8 3.9%1.97 40 2392.8 398.8 4.5+£2.12 4.2 21.8
honeydew 1168.5 194.7 2.2+1.48 . 5049. 6 841.6 9.5%3. 08 5.8 30.4
Total 973.8 ll.Q - . 2439.4 |27.5 19.21 100.0

109G



Appendix 6. (Table 1.3 and Fig.1.6)
Radioactivity found in the adults and their excretion products dﬁring their feeding for 24 hrs. on 32P
labelled leaf discs. (Activity of the 2‘.'F'-compouncl 71.2%; efficiency of G-M counter 6.5%)
' M r
Species | Samples lst day 2nd day ezzu]i:
No. cpm nCi No. cpm nCi
of c.p.m.| per per of c.p.m. | per per nCi |nCi
in- adult adult in- adult adult %
sects sects
leaf-discs a, by c. leaf-discs d, e, f. leaf-discs
atof/2
adults 21 75522.6{3596.3 35.0+5.92 21 36770.111750.9 | 17.0+4.131 26.0} 43.7
A.pisum | larvae 72 | 12713.1| 605.4 5.9%2. 43 59 5676, 0 270.3| 2.6x1.62| 4.2| 7.1
honevydew 68120.1|3243.8 31. 6%5. 62 57923. 7] 2758.3| 26.8+5.18| 29.2] 49.1
Total 7445.5 72.5 4779.5] 46.4 59.41 99.9
leaf-discs d, e, f. leaf-discs a, b, c. leaf-discs
a to /2
adults 21 51063.0|2431.6 23. 7+4. 86 19 31073.4]1635.4 15.9%3.99| 19.8| 39.8
A.fabae |larvae 145 16106.7{ 767.0 7.5+2.73 93 12165.0] 640.3 6.2+2.50| 6.8]|13.8
honeydew 43192.512056.8 20.0+4. 47 : 51014.1{2684.9 | 26.1+5.11] 23.0| 46.4
Total 5255.4 51.2 4960.6 ] 48.2 49.6100.0

20¢%




Appendix 7. (Table 1.4 and Fig 1.7)

Distribution of the

32

During the 24 hours the aphids fed on unlabelled discs (Act1v1ty of the
31%; efficiency of G-M counter 6.5%)

P 24 hours after feeding on labelled discs for different times.

P compound

A.pisum A.fabae
Sample -
No. cpm nCil/adult .| No. cpm nCi/ adult
of c.p.m per of o p. m per
in- ’ adult {absoclute %o in- | "f" 77l adult {absolute %
sects . sects|’
4 hrs feeding
Adults 8 920.7 115.1 2.6x1.6 66.7] 7 767.4 109.6 2.4+1.6 68.6
Larvae 10 76.2 9.5 0. z 0.5 5.1} 31 ‘134.7 19.2 0.4+£0.6 11.4
Honeydew 364.5 45.6 1.0+1.0 25.6 ‘157.2  22.4 0.5+0.7 14.3
Leaf-disc 25.8 3.2 0. 1 +0.3 2.6 54.0 7.7 0.2+0.4 5.7
Total 173.4 3.9 100.0 158.9 3.5 100.0
8§ hrs feedln_g_
Adults 8 1850.2 231.3 5.242.3 65.0{ 8 470.4 58.8 1.3x1.1 52.0
Larvae 6 142.8 17.8 0.4x0.6 5.0 52 149.7 18.7 0.4+0.6 16.0
Honeydew 838.2 104.8 2.3x1.5 28.7 " 236.1  29.5 0.6x£0.8 24.0
Leaf-disc 39.0 4.9 0.120.3 1.2 72.0 9.0 0.220.4 8.0
Total 358.8 8.0 99.9 116.0 2.5 100.0
12_hrs feedin
Adults 8 2759.1 344.9 "7.722.8 71.3] 8 1634.1 204.3 4.6+2.1 52.3
Larvae |24 473.1 59.1 1.3zxl.2 12.0| 55 682..8 85.3 1.9x1.4 21.6
Honeydew 615.0 76.9 1.7+£1.3 15.7 :825.9 103.2 2.3x1.5 26.1
Leaf-disc - 38.4 4.8 0.12£0.3 0.9 L0 0 0 0
Total 485.7 10.8 99.9 392.8 8.8 100.0
‘ 24 _hrs feedin
Adults 8 4971.6 621.4 13.9x3.7 73.1] 8 3318.9 414.9 9.323.0 66.9
Larvae |27 1011.0 126.4 2.8%1.7 14.7| 47 1151.1 143.9 3.241.8 23.0
Honeydew. 785.1 98.1 2.2z1.5 11.6 406.8 50.8 1.1%1.1 7.9
Leaf-disc 19.8 2.5 0.1x0.2 0.5 . 117 6 14.7 0.3%0. 6 2.1
Total 848.4 19.0 99.9 624.3  13.9 99.9

£0%Q



Appendix 8. (Fig.1.9)
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Longevity of adults fed with different artificial diets through
parafilm membrane.

Repli- Days of feedling
cates lLive A.pisum Live A.fabae
0 1 2 3 4 5 0 1 2 3 4 5
deionized distilled water
I 10 9 O 0.0 O 10 6 1 0 0 0
II 10 8 0o 0 0 O 10 7T 2 0 0 0
Total | 20 17 0 0 O 0 20 13 3 0 0 0
| 5% sucrose solution
I 9 9 3 0O 0 0 12 10 5 3 3 -2
Im 10 7 1 0 0 0 9 9 5 2 1 0
‘Total |'19 160 4 0 0 0 21 19 10 5 4 2
~ 10% sucrose solution
I 16 9 7 3 2 1 10 8 8 7 5 4
11 10 8 5 4 0 0 10 9 9 8 7 .4
Total | 20 17 12 7 2 1 20 17 17 15 12 8
20% sucrose solution
I 10 9 5 4 0 O 10 7T 5 5 4 4
I [0 7 6 6 2 0 10 9 7 7 4 3
Total | 20 16 11 10 2 0O 20 16 12 12 8 7
40% sucrose solution
I 10 5 2 0 0 0 10 9 8 6 6 6
II 10 10 5 0 o0 .0 10 10 10 9 T 7
Total | 20 16 7 0 0 0 20 19 18 15 13 13
Complex diet
I 10 9 7 7 0 0 10 8 6 1 0 0
II 10 9 4 0 ¢ 0 10 9 9 8 1 0
Total | 20 18 11 7 0 O 20 17 15 9 1 0




Appendix 9 (Fig.1.10)

Longevity of aphids fed on 15% sucrose solution or with the

205

complex diet through parafilm me mbrane.

Live A. pPisum Live A.fabae
days ' '
of
feeding I I III IV mean I II III IV mean
15% sucrose solution
0 10 10 10 10 10.0x0 10 10 10 10 10.0+0
1 10 10 10 10 10.0x0 9 10 10 10 9.75%0.26
2 9 9 10 8 9.0+0.41 7 10 10 8  8.7%0.76
3 9 6 10 5 7.541.2 6 9 10 8 8.2+0.86
4 7.0 10 0 4.242.53 4 .9 .8 -8 - T.2xl 11
5 0 0 10 0 2.5%2.50 2 2 7 1 3.0%1.36
complex diet
0 10 10 10 10 10.0+0 10 10 10 10 10.0%0
1 10 10 9 9 9.5%0.28 9 10 9 10 9.5x0.29
2 7 4 3 7 5.2%1.04 8 8 8 7 7.7x0.26
3 0 0 0 4 1.0£1.0 6 6 6 0 4.5%1.5
4 0 0 0 0 0.0 1 0 0 O 0.25%0.25
5 0 0 0 0 0.0 0O 0 0 0 0.0
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Appendix 10 (Fig.1.12)

Longevity of adults, fed on 15% sucrose solution through stretched
or unstretched membrane.

Feeding|] ' Live A.pisum Live A.fabae
time N
(days) I II III IV mean I I I IV mean
stretched membrane | \
0 10 10 10 10 10.040 10 10 10 10 10.0%0
1 9 10 9 9 9.2540.25) 10 10 .9 10  9.75%0.26
2 9 9 9 9 9. 0%0.0 9 10 9 10  9.5+0.28
3 6 7 9 6 7.040.71 8 9 8 6  7.75+0.63
4 1 0 9 1 27522100 8 7 6 1 5.5&l1. 55
5 0 0 9 0 2.25#22.25| 5 6 2 O .3.25%l1.38
...+ ... . ‘unstretched membrane .. - .. . . - .
0 10 ©10 10 10 10.0%0 10 9 10 10 9.75+0.26
1 8 7 9 .8 8.040.41 {10 8 9 9  9,040.41
2 7 7 8 8 7.5%0.29 9 8 -8 8  8.25%0.25
3 5 6 T 7 6.25%0.48{ 8 6 6 6  6.5%0.50
4 1 6 7 6 5.0%l.35 6 3 4 4  4.25%0.63
5 0 4 7 3 3.5+1.44 5 1 0 3 2.25%1.48
Appendix 11 (Fig.1.13)

Longevity of adults, fed on 15% sucrose solution in three different
relative humidities. )

Feeding Relative humidity
time )
(days) 100% © 40-50% about 0% 100% . 40-50% about 0%
live A.pisum live A.fabae

0 11 10 10 11 10 10

1 8 6 9 8 9 9

2 2 2 3 7 8 8

3 2 2 1 5 6 6
| 4 2 1 0 3 5 6

5 1 1 0 0 4 4




Appendix 12. (Fig.1.14)
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Longevity of adults fed artificially on 15% sucrose solution, under
three different lighting conditions. '

Feeding - Live A.pisum - Live A.fabae
time
(days) I I III IV mean I II Wl IV mean
Full artificial light
0 10 10 10 10 10,0«0 10 10 10 10 10.0x0
1 10 10 10 9 9. 7520. 26 10 9 10 9 9.5+0. 28
2 ‘5 10 9 8 8.0+1.08 10 8 9 8 8. 75%0. 48
-3 -0 0 6 0 1.5%1.5 4 3 8 5 5.0+1.08
4 0 0 0 0 0 0 1 2 0 - 0.75+0.48
5 0 0 0 0 0 6 0o .0 0 o0
| | Dimmed light |
0 10 10 10. 10 10.0x0 10 10 9 10 9. 75+0. 26
1 10 10 10 10 10.Qi0 9 9 8 10 9. 0+0.41
2 9 g9 10 10 9.5x+0.28 9 8 8 9 - 8.5%0.29
3 5 4 0 1 2.5%1.19 9 7 6 2 6.01.47
4 0 0 0 0 0 6 4 2 0 3.0£1.29
5 0 0 0 0 0 4 0 2 0 1.540.96
Darkness
0 10 10 g 10 9.75+0. 26 10 8 9 .10 9.2520. 46
1 9 10 9 10 9.5+0. 28 10 4 9 10 8.25+1.44
2 8 10 9 9 9. 0+0.41 10 4 8 10 8.0x1.41
3 4 3 7 2 4.0+1.08 6 2 2 4 3.5x0.96 |
4 0 0 6 1 1.75+1. 44 2 1 0 2 1.25+0.48
5 0 0 4 0 1.0%1.0 0 0 0 0 0




Appendix 13.

Quantity of 15% sucrose solution found per adult after different
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(Figs.1.11 & 1.15)

times of feeding on unpoisoned and dimethoate-poisoned diet
(16 ppm dimethoate in A.pisum, 8 ppm in A.fabae)

Time A.pisum A.fabae
‘of - . -
feeding Live- Dead Live Dead
(hrs.) |
No.off pl per | No.of | pl per| No.of |pl per|No. of pl per
in- adult in- adult in- adult | in- adult
sects sects sects Isects
Unpoisoned diet
12 8 [0.041 B} } 8 {0.220] - B
18 12 0. 074 - - 12 0.215 - -
24 ¥ 0. 187 12 0.060 % 0.180 2 0.076
Poisoned diets
‘12 8 0. 044 - - 8 0.062 - -
18 9 D. 014 20 0. 066 8 0.035] 63 0.076
24 - - 64 0.070 - - 94 0.091

(* means from a number of experiments)



Appendix 14
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Mortality of adults, caused by dimethoate taken in through parafilm membranes
from different concentrations in 15% sucrose solutions.

Dime- Experiments
thoate - = o 5 B
conc. :
Treated Mort.| Treated Mort. | Treated Mort.| Treated Mort] Treated Moz
(ppm) linsects % insects % insects % insects % linsects %
A.pisum
0 37 14 30 23 20 20 20 0
1.0 - - - - - - 20 5
2.0 - - - - - - 20 5
2.5 - - - - 20 85 - -
4.0 - - 30 10 - - 20 10
5.0 | 35 37 - - 20 100 .=
8.0 [~ - - 30 37 - - 20 0
10.0 | 36 53 - - - - - -
16.0 - - 30 53 - - 20 10
20.0 | 36 64 - - - - - -
30.0 |36 64 - - - - - -
A.fabae
0 36 19 30 7 17 12 22 9 22 0
0.5 - - - - - - 20 20 20 15
1.0 - - - - - - 20 15 23 43
2.0 - - 31 71 - - 15 60 22 41
2.5 - - - - 20 40 - - - -
4.0 - - 29 93 - - 20 75 20 95
5.0 |37 95 - - 20 70 - - - -
8.0 - - 30 - 93 - - 27 93 22 100
10.0 |36 100 - - 19 95 - - - -
20.0 32 94 - - 22 100 - - - -
30.0 39 95 - - - - - - - -

Appendix 15.

Mortality of adults, caused by phorate taken in through parafilm membranes from
different concentrations in 15% sucrose solutions.

Phorate concentrations (ppm)
case - 0 0.5 1.0 2.0 4.0 8.0
.f;_._pisum Treated 20 20 20 20 20 20
Mort. % 10 i0 15 20 70 85
A.fabae Treated 20 20 20 20 20 20
Mort. % 10 5 10 20 90 . 100
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Appendix 16. (Fig 1.16)

Imbibed quantities of dimethoate with 15% sucrose solutions by the adults and
caused mortality %. The quantity of dimethoate into live insects was measured,
after 24 hrs. feeding on poisoned diet, radiometrically (Two replicates per
concentration were used).

A.pisum » A.fabae
Dimeth-~| Morta~| Ingested per adult Dimeth- | Morta-| Ingested per adult
oate con; lity pl of ng oate con.| lity pl of ng
(ppm) % diet | dimethoate {(ppm) % diet |dimethoate
1.0 5.0 0.028 0.028 1.0 15.0 0.116 0.116
2.0 5.0 0. 024 0.048 6.5 15.0 0.108 0. 054
4.0 10.0 0.014 0. 056 0.5 -20.0 0.142 0.070
1.0 95. 0 0.100 0.100 2.0 41.0 0.102 0.204
1.0 43.5 0.124 0.124
2.0 60.0 - | 0.112° }-.0.224"
4.0 75.0 0.070 0.280
- 8.0 92.6 0. 064 0.512
4.0 95.0 0.198 0.792

Appendix 17.

Optical densities of different dilutions of the stock solution of Sudan Black "B"
dye in acetone. '

Light absorption .Concentrations % in stock solution

(nm) 10.0 5.0 2.5 1.25 0.625 0.312
1 1.450 0.750 0.385 0.212 | 0.105 0. 050

11 ‘ 1.450 0. 750 0.378 0.212 0.110 0. 060
mean 1.450 0. 750 0.382 0.212 | 0.108. | 0.055




Appendix 18 (Table 2.1; Figs 2.2, 2.3 & 2.4)

Probit analyses data for the topically applied insecticides.

ILD_ . *ts.e.

Parameters . 95% confidence
of Probit lines Heterogeneity . 50 limits of LD

Insecticides Species (ng/aphid) 50
a |bEs.e. Xz(d.f.) P ' Lower Upper
Dimethoat A.pisum | 0.06}2.04x0.33 | 0.42(1)}| 0.52 | 0.266+0.069 0.186 0.361
methoate | A fabae |-1.89|2.27£0.63| 11.04(4)| 0.03 | 1.090£0.110 0.481 4.771
Bhorat A.pisum |-1.20{3.1120.53 | 1.26(1)]0.26 | 0.972%0.052 0.739 1.221
rate A.fabae |-0.24|3.21%0.52 | 0.15(1){0.70 | 0.431%0.049 0.333 0.535
Menazon A.pisum | 1.38]2.28%0.28 | 5.36(5)| 0.38 | 0.384%0.049 10.298 0.471
enaz A.fabae | 2.04|1.33+0.30 |20.24(8)] 0.01 | 1.634%0.111 0.953 3.916

118



Appendix 19 (Table 2.2; Figs. 2.5, 2.6 & 2. 7)

Probit analyses data for the systemically applied insecticides ( * regression not significant)

Insecticides Parameters Heterogeneity LD5O:1: S. @ 95% confidence
& Species of Probit lines YT limits of LD
Applications 2, (pg/dlsc ) 20
a b+s. e. x(d.£.)] P Lower Upper
" Dimethoate :
Wick appl. A.pisum 0.92]1.46+0.30 0.43(3) | 0.93 0.613+0.121 0.310 1.030
A.fabae | 0.79]1.4120.29 | 0.73(1) |0.41 | 0.9730.121 0.504 1. 676
Leaf-surface] A.pisum 2.991 0, 69+0.20 0.70(2) {0. 71 0.793x0.220 0.144 1.879
app. A.fabae 0.88]1.13x0.23 1.72(1) |0.18 | 4.306+0.129 2.453 8.791
Phorate N
Wick appl. A.pisum | -9.30|4.22+0.60 | 6.49(4) |0.17 | 2.598+0. 033 2.236 3.036
A.fabae -2.38]2.62+0. 39 2.52.(2.) 0.28 0.651+0. 054 0.498 0. 831
Injection A.pisum | -0.88]1.79+0.31 0.82(3) | 0.84 1.962+0.070 1.445 2.848
A.fabae -2.18]2.67+£0.43 0.46(1) | 0.50 0.49240. 060 0.359 0.637
Blofting A.pisum 0.7911.41+0.27 1.35(2) | 0.52 0.95240.104 0.588 1.621
paper appl. | A.fabae | 0.65|1.61£0.85 | 12.88(1) | * 0.5020. 080 - -
"Menazon ‘ '
Blotting A.pisum 2.3410.73+£0.09 7.82(15) 0.93 4.110+0.106 2.676 7.246
paper appl. A.fabae 1.4511.0440.14 6.53(8) | 0.58 2. 548+0.092 1.721 4.077 .

31¢
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Appendix 20

Standard curve for the determination of «-naphthol (Each value
is a mean of two replicates).

pg of e-naphthol 0.937 1.875 3.75 7.5 15.0 30.0 60.0
optical densities 0.025 .0.042 0.067 0.1100.185 0.367 0.675
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Appendix 21 (Fig. 3. 2)

The influence of homogena’ce concentration on the esterase activity

of A.pisum and A.fabae to a-naphthyl acetate 2 x 10-4M

(Opt1ca1 density)

‘Esterases Species Insect material (mg/tube)

: .125 .25 .5 1.0 2.0 4.0
Cholin- A, pisum | 017 }.024 |.064 ]| .137 |.237 | .242
esterases A.fabae .010 ].020 |. 026 .035 |.013].005
Carboxyl- A. pisum | . 007 1.022 |.0601 .138 |.286 ! .533
esterases A.fabae L066 |.120 ].271 1 .509 [.740 ] .835

Appendix 22 (Figs.3.3 & 3.4)

Effect of incubation temperature on the este4rase activity of the two
species to o~ or B-naphthyl acetate 2 x 107 M. (Optical density)

Esterases

Incubation temperature ( C)

Species ~
‘ 22 27 . 32 37 42
_ &~ naphthyl acetate
Cholinest-~ _é__ Eisum 272 . 322 . 354 .319 . 223
erases - A.fabae | . 082 . 068 .160 .132| .058
Carboxyl- A.pisum] .110| .154 189 .220; .225
esterases A.fabae | -426 | .552 .660 ] .698] .592
. _B-naphthyl acetate
Cholinest-~ {k_._pisum .125 . 035 . 005 . 005 .018
erases A.fabae | .180} .180 .030] .046 ] .134 .
‘Carboxyl- | A.pisumil.025|1.055 1.085{1.085(1.085
‘esterases A.fabae [1.430 1.546 1.900 {1.850{1.262
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Appendix 23. (Figs.3.5 & 3. 6)

Data for the double reciprocal plot of 1/v vs 1/S for the hydrolysis
of o-naphthyl acetate Ig'y cholinesterases and carboxylesterases of
the two species, at 37 C.

ChEs ' " Car-Es
Species mM/L| 1 | Optical| 1 [ Optical 1
(s) . S | density| v [density v
- ) | W
0.05 |20.00 0.228 |4.39 | 0.202 |4.95
0.10 }10.00 0.278 |3.60 | 0.238 |4.20
A.pisum | 0.20 5. 00 0.320 [3.12 | 0.292 |3.42
0.40 2.50 0.338 (2.96 | 0.328 |3.05
' 0.80 | 1.25 0.345 12.90 | 0.368" {2.72
1.60 |.0.62 0.340 [2.94 | 0.398 |2.51
0.05 |20.00 0.070 I'4.29 | 0.432 |2.31
0.10 |10.00 0.102 [9.80 | 0.540 |[1.85
0.20 | 5.00 0.132 {7.58 | 0.630 {1.59
A.fabae | 0.40 2.50 0.158 16.33 | 0.712 |1.40
' 0.80 1.25 0.168 |5.95 | 0.792 |1.26
1.60 {.0.62 0.168 {5.95 | 0.812 |1.23




Appendix 24. (Fig.3.7)
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Esterase activity (optical density) and inhibition after treatment
of homogenates of the two species with different concentrations
of eserine sulphate.

Eserine _@_-Pisum : _j}’_.‘ig,_}z_a_,g_‘
concentra- Activity Inhibition | Activity Inhibition
tions(M/ L) % %

0 0.595 0 0.594 0

10-9 0.595 0 0.590 0

10-8 0.578 2.8 0.590 0

10-7 0.493 17.1 0.560 5.7

10-6 0. 345 42.0 0.526 11.4

10-5 0.339 43.0 0. 470 20.9

" Appendix 25. (Fig.3.8)

Inhibition of esterase activity (optical density) by 10—6M eserine
at different preincubation times.

Preincu- A.pisum A.fabae
?atimn) fime T e all [Inhihited |Inhibi- |Overall | Inhibited ] Inhibi
Amins) activity| action -|{tion % |activity| action [tion %
0 0.517) 0.108 |20.9 0.607 | 0.037 l6.1
5 0.560] 0.190 [33.9 0.648 | 0.021 |3.2
10 0.561] 0.223 |39.7 0.650 | 0.029 |4.5
20 0.561| 0.258 |46.0 0.652 | 0.047 |7.2
40 0.600] 0.278 |46.3 0.690 | 0.055 |8.0
80 0.568] 0.274 |48.2 0.631 | 0.039 |6.2
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Appendix 26 (Fig 3.9.)

Esterase activity for different incubation times, studied with4
the colorimetric method (substr. a-naphthyl acetate 2 x 10 "M).

Incuba- - A.pisum A.fabae
tion time - - - -
(mins) Optlcfal pg of .A..Ctl— Optu?al pg of A_ct1-
density| a-naphfvity % | density | a-naph-|vity %
: | thol . thol ‘
Cholinesterases
5 <121 9.2 41.8 | .032 1.0 27.0
10 .159 12.5 56.8 . 057 3.5 94. 6
. 15 . 204 16.7 75.9 . 062 3.7 100.0. -
. 20 .230 19.0 86.4 . 060 3.6 97.3
25 . +|-.249 |20.5 |93.2 . 061 3.6 97103 ~ "
30 .265 22.0 100 . 062 3.7 100
‘ Carboxylesterases
.5 2142 |11.0 |37.0 | .247 20.4 35.8
10 .169 }13.5 [45.4 . 351 29.7 52. 1
15 .216 17.7 59.6 . 457 39.2 | 68.8
- 20 .291 24.4 82.1 . 545 47.0 82.4
25 | -314 |26.5 |89.2 . 604 52.2 91. 6
30 .352 29.17 100 . 655 57.0 100
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Appendix 27 (Fig.3.10)

Esterase activities in live and dead aphids of the two species 24 hrs.
after topical application with dimethoate (Doses applied and mortali-
ties: in A.pisum 0.37 ng/aphid, mort.48%; in A.fabae 1.50 ng/aphid,

mort. 75%)
s' ccies Btate Repli- 'Optlcal density
P : cates g(?tﬁr‘l/?%?ed Carn-Es ChEs
Control | Dimeth- | Control{Dime-~| Control |Dime-
oate "~ lthoate. ’ thoate
1 . 600 475 .330 .310
1_}_._pi$um Live] 'II . 565 .470 . 335 . 305
(11T . 580 L4713 . 330 .300
M .582 ._473 .332 .305 .250 .168
41 -].658 . 480 .379- {.280
A.pisum|Dead| II . 662 . 465 .381 . 280 ‘
M . 660 .473 .380 .280 . 280 . 193
| 1 . 630 . 560 .560 |.520
é_._‘fabé.é Live 11 .625 . 560 .560 .520
III .625 . 560 .560 . 520 :
M . 627 . 560 . 560 . 520 . 067 . 040
, , I .600 |.525 .518 {.490 |
é_:_fabae Dead II .600 .540 . 523 . 480
: ) M . 600 .533 .520 |. 485 . 080 . 048

Appendix 28. (Fig.3.11)

Esterase activities in adults of A.pisum still living at different time .
intervals after topical application with dimethoate. (dose applied,
0.19 ng/aphid; each estimation is a mean of two replicates).

Time Optical density
after ChEs Car-Es
a.pphca— . Control Dimethoate Control Dimethoate
tion(hrs) : .
0 .210 .230 .370 . 298
2 . 266 .238 274 . 292
4 .271 . 252 . 284 .278
6 . 295 . 230 . 265 . 255
18 . 347 . 267 . 293 .283
24 . 335 . 253 . 330 .315
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Appendix 29 (Fig. 3: 12)

Mortality and esterase activities in live and dead aphids 24 hrs. after
topical application with phorate.

Dose A. pisum A. fabae

of State e .

phorate of Mortal. | Optical dengities  Mortal. | Qptical densities

(ng/aphid)| aphids % ChEs | Car-Es|{ % " ChEs | Car-Es
0 1.0 .203 .315 0 . 030 . 600
0.16 . 6 . 242 .278 14 . 047 .568
0.32 live 10 .243 . 225 38 .. 031 .542
0. 64 125 .262 . 258 71 . 030 . 630
1.28 : 77 .182 .208 - . -

0. 64 25 .234 . 216 71 .. 025 . 425
1.28 - 77 .121 .182 96 .. 012 .348
©2.56 . ldead 88 . 087 .143 {100 - | -.006 | .370 -
5.12 ‘ 100 . 085 . 121 100 . 012 . 252

Appendix 30 (Fig.3.13)

Mortality and esterase activities in live and dead aphids 24 hrs. after
exposure to phomte, applied systemically.

Dose of [State : A. pisum - - - -A. fabae

phorate of e e

(pg/disc) aphids Mortal. | Optical densities |Mortal. | Optical densities

: , : 1 % . ChEs |Car-Es %o ChEs | Car.Es
0 : .0 .218 .351 0 .. 030 .538
0.02 ; o2 . 272 . 250 7 . 000 . 540
0. 06 live 12 | .237 .208 21 . 003 .570
0.18 : 20 . 239 . 231 16 . 000 . 560
0.54 30 .230 . 235 25 .010 . 560
1.62 ' 48 .245 . 220 Co- - -
0. 06 12 .288 .232 - - -
0.18 20 . 295 .190 - - -
0.54 dead 30 . 252 .183 25 . 005 .500
1.62 48 .162 .120 93 . 007 .416

4. 86 4 . | 1ro0 . 039 .069 | 100 . 000 .133
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Appendix 31 (Fig.3.14)

Mortality and esterase activities in live adults of the two species 24 hrs.
after exposure to menazon, applied systemically (Each estimation is
a mean of two replicates).

Dose of Logdose | " A. pisum - A. fabae

mena?on (p.gxlO ) Morta- | Optical densities | Morta-~ | Optical densities

(pg/disc) 2 P

re s lity % ChEs '| Car-Es | lity % ChEs Car-Es
0 0 » 0 . 295 .280 0 . 100 .520
0.06 0.778 4 - . 267 .313 3 . 065 . 520
0.18 1.255 ° 7 . 225 .335 4 . 063 .537
0. 54 1.732 25 . 225 .335 26 . 045 . 600

1. 62 2.209. 43 . 220 .335 46 . 058 .582

Appendix 32 (Fig. 3.15)

* " Esterase activities in live and dead adults of the two species, 24 hrs.: -~
after exposure.to menazon applied systemically (doses applied and
mortalities: in A. pisum 4. 86 pg/disc, mort. 51%; in A.fabae 1. 62 pe/disc,
mort. 53%) ‘

_ Optical densities
Species {State Repli- Con_ab.lned Car-Es ChEs .
: . cates activity
Control|Menazon [Controll Menazon ControliMenazo:
A. pisumf|live I .500 . 505 . 245 . 260
II . 490 . 490 . 250 .265
M . 495 .498 .248 263 | .247 . 235
A.pisumldead | I | :408 | .415 |.202 | .222
“II '.412. . 410 .199 . 215
M .410 .413 .200 .219 .210 . 194
A.fabae |live I ;610 | .560 |.540 | .540
II . 610 . 560 .525 . 540
M . 610 . 560 .533 . 540 . 077 . 020
A.fabae |{dead | I ~ | .600 | .540 |.502 | .510
II . 596 . 540 .502 .505 )
M. .598 . 540 . 502 . 508 . 096 . 032
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Appendix 33. (Figs.3.16, 3.17, 3.18 & 3.19)

Esterase activities at different times, in homogenates of the two
species untreated (controls) or treated with insecticide solutions
(Each estimation is a mean of two replicates)

Optical densities

Time A.pisum A.fabae

(days) ChEs Car-Es .ChEs Car-Es

ControllTreated Control|Treated|Control]Treated|Control]Treated

Treatment with dimethoate

—r St iy ot S T vy e T PR b ) A WAt St S e e b et o, b e et oy

0 .102 .113 .518 . 505 . 050 . 040 . 640 . 650
1 .169 .178| .336 .332 . 030 . 028 .580 . 605
2 .112 2117 . 073 . 092 . 023 .015 .575 . 600
3 . 076 . 063 . 088 . 091 007 . 013 .543 .470
4 . 011 . 007 . 083 . 082 . 005 .010 .408 . 350
5 .009.  .007| .068 .065 . 012 .008 | ..202. - .151
Treatment with menazon o
0 . 155 .145 ¢ .470 . 465 . 020 . 035 .670 . 660
1 .104 .021| .063 .108 . 015 012 .505 . 500
2 . 100 . 004 . 045 . 046 .010 . 003 . 495 .490
3 . 070 .000| .034 .036 006 . 005 .424 . 418
4 . 066 .000| .036 .033 . 022 . 000 .375 .374
5 . 071 .000 ) .062 .040 . 024 . 004 . 350 . 345
' Ireatment with phorate
0 .155°  .133; .388 .390 . 037 .023 | .628 . 615
1 .103 .083 1 .065 .075 . 040 .012 .520 ..513
2 . 067 . 041 . 036 . 039 .028 .030 - .480 . 450
3 067 .039 | .032 034 039 . 033 .398 . 422
4 . 042 . 030 . 029 . 042 . 011 .018 . 351 . 391
5 . 045 .023 | .043 .059 .016 . .016 . 302 . 345
Treatment with phoratoxon
0 .164 . 063 . 409 . 117 . 045 . 030 . 645 .570
1 . 098 .000 . 059 . 025 . 020 . 000 .503 . 035
2 . 069 .000 | .036 .023 .015 . 000 . 440 . 034
3 . 060 .000 034 . 022 . 022 . 000 .423 . .038§
4 . 037 .000 | .033 .023 .016 . 000 . 357 . 036
5 . 037 .000 | .044 .027 .015  .000 .326 . 025




