GENETICS OF RESISTANCE TO INSECTICIDES

Y
IN A PYRETHRIN RESISTANT STRAIN OF HOUSEFE%—ES

by.
Andrew Warner Farnham

A thesis submitted to the University of London
for the degree of Doctor of Philosophy

June 197%. Rothamsted Experimental Station,
Harpenden.



u | 4
d | |
—+ ﬂ S
; MElaat
0 T b 1§ x
2 T |
2 < !
‘ SARED.
ESiReE
I .
JRERERT
_ |
[ . [
T, ] |
ST
Y B4 |
| |
| /
e | \ﬁ [
|
4
/
T 7
| |
mam
/ i
| =
! I
7/ AR |
Y
|
|
- BN
, _




= |
O\ \{ < ]
oS >
| N [\
&H - L
N
rl'\
[
AT
dind |
|- 110\., — A %, L
=N f = T
VT, N\ |
// _ / / |
\ \ Xl \
N\ I\
N '\
\ \
\ \ _
,_ I\ AL
\ NEA
\ \
, Y
N
f“_C » VL § A_
\| N \
\) \\ N \
L // // //
£ \ N
\ N\
\ NN\
N
=
| _







TaBLa OF CONTENTS

ABSTRACT
INPRODUCTION
1. History and development of field resistance
2. Pyrethroid resistance in the field
3. Pyrethroid insecticides
a. Chemistry and structure of pyrethroids used
b. Pyrethroid toxicity
c. Synergists
d. Commercial uses
e. Sdynthetic pyrethroids

4. Pactors affecting lavoratory studies of resist-
ance

5. Development of resigtance in the laboratory
a. Rate of development of resistance
b. Xffect on cross resistance spectrum
6. OCther techniques for the study of resistance
a. Structure toxicity tests
b. Use of additives
c. BSiochemical approaches
d. Biochenistry of oyrethroids
e. Genetical approach
(i) without the use of marxer mutants
(i1i) with the use of genetic markers
(iii) with use of multimarker strains
7. Objects of this work
MATERIALS
1. Housefly strains
a. Higtory and development of strains

(i) Resistant strains

S W W o Oy NN

——

11

12
12
13
15
16
17
19
20
22
22
22

26

27
27
27



(ii) OQuadruple marker strain 28

2. Insecticides 30
MSTHODS
1. Rearing technique for mass cultures 33

2. Rearing technique for single pairs and their progenles 34

3. Test and selection techniques 35
a. Pretreatment procedure 35
b. Bioassay procedure 35
c. Selection procedure 37
4. Isolation of individual autosomes from strain HER 37
5. Statistical treatment of bioassay results %9
6. Isolation of chromosomes from NEPR 41
a. Chromosome I : LD
b. Chromogome 1T 42
c. Chromosome IIL 46
d. Chromogsome V 52

3TOASSAY RESULTS

1. Response of the four standard strains to insecticides 57

2. Results for (608) x IPR) F1 61
a. Pyrethroids 61
b. Ofther compounds 61
c. Conclusions 62
5. Results for testcross F, 62
a. Yyrethroids 74
b. ther compounds 75
c. Summary 75

4. Changes in response to insecticides during the isolation of
the factors on chromosome III 80

a. Response to DDT, 24 hours after treatment 80



b. Regponse to TBTA 82

c. Response to pyrethroids 82
d. Resistance of bwb DDT uns to DDT 86
5. Results for isolated strains 86
a. Results for 420 (¥PR's chromosome I) 88
b. Results for %8l (WPR's chromosome II) a8
¢c. Results for 200 (NPR's chromosome III) 95
d. Results for 348 (NPR's chromosome III) 95
e. Results for %314 (NPR's chromosome III) - 99
f. Results for 331 (NPR's chromosome III) 103
g. Results for 2130 (NPR's chromosome IV) 103
h. Results for 213Q (NPR's chromosome IV) 107
i. Results for 85 (NPR's chromogome V) 107
j. Results for 389 (NPR's chromosome V) 110
k. Conclusions 110
DISCUSSION
1. Introduction 119
2. Genetical 120
3. Structure toxicity of vpyrethroid insccticides 124
4. DDT resistance 131
5. Dieldrin resistance 132
6. Zectran resistance 133
7. Pyrethroid resistance 134
a. Factor kdr-NPR 135
b. TFactor py-—-ses 135
c. Pactor R381 136
d. Factor Pen 137
e. Interactions 137

(1) Interactions involving Pen 138



(ii) Interactions between other pyrethroid resistance

factors 139
(iii) 1Interaction between other resistance factors from
NPR 140
CONCLUSLIONS 140

ACLNOJLEDGEMENTS
REFERENCES
APPENDIX



ABSTRACT

Genetical analysis of pyrethroid resistance in strain ND3,

the natural pyrethrins selected strain of houseflies lMusca domestica

L. revealed multiplicate resistance. Four major factors contri-
buted to the partial immunity of PR to the selecting agent (80%

survived 50 pg/Q).  The factors which were isoclated gemetically

were characterised by their cross-resistance spectra, were

1. kdr-NPR on chromosomeTlI, the most important factor
which provided resistance to all pyrethroids and cross-resistance
to DDT and also delsyed the knock-down effect of these insecticides.

2. DPen also on chromosomejil which delayed cuticular pene—
tration, providing very small registance to all insecticides and
also delayed knock-down.

3. Dpy-ges on chromogome V which gave resistance only to
pyrethrolone esters which could be suppressed by the synergist
sesamex

and 4. 3381 on chromogsome LI which gave small resistance to
all vyrethroids but stronger resistance to synergised pyrethrolone
esters.

No one factor singly gave more than four-fold resgsistance to
natural vyrethrins suggesting strong interaction between themn.

Besides this multiplicate resistance, LZR also exhibited
multiple resistance to other insecticides. There was triplicate

resistance to DDT through factors Pen and kdr-IPR on chromosome III

and r-ILI-DDT on chromogsome II; duplicate resistance to zectran on
chromosomes II and II1I and resistance to dieldrin on chromosome IV.
Apart from Pen and kdr-NPR these factors were quite distinct from

those providing pyrethroid resistance.



INTRODUCTICON

1. History and Development of Iield Resistance

According to the WAO definition, registance is the ability of
. a species, normally susceptible to a given insecticide, to withgtand
control by that insecticide (Brown and Pal, 1971). It may be
thought of as an example of very rapid evolution in response to a
change in the environment (Crow, 1960).

Georghiou (1965) stressed the importance of the study of
resistance in relation to vector control and eradication programmes
of public health agenciles. Its history in insects and ticks was
reviewed by Brown (1961) who listed thirteen cases of field resist-
ance between 1908 and 1945. The most important were to hydrogen

cyanide in three species of scale ingsect Saissetisa olege, Aonidiells

aurantil and Coccus pseudomagnoliarum on citrus in California, and

t0 arsenicals in the codling moth Carpocapsa pomonella, the peach

twig borer Anarsia lineabella and two species of cattle tick

Boophilus microplug in Australia and B. decoloratus in South Africa.

However the problems of resistance really date from the introduction
of widespread chemical control of pests with organic compounds of
high insecticidal activity.

Resistance to DDT was first noted in the housefly, Musca
domestica, in Sweden {Weissmann, 1947) and Italy (Saccd, 1947).
Soon DDT resistant houseflies were found in most Danish pigfarms
where ¥-BHC was introduced as a substitute, but failed as little
as three months after introduction. By 1951 strains of flies
multi-resistant to all chlorinated hydrocarbons were widegpread
(Keiding, 1953). Use of these compounds for housefly control in
Illinois led to similar resistance (Decker and Bruce, 1952) but in
Southern California DDT resistant flies were controlled more

successfully with BHC (March and Metcalf, 1949).



When Bruce and Decker (1950) and Decker and Bruce (1952)
studied the rate of development of resigtance to organochlorine
compounds in houseflies on farms ia Illinois, they found that
within six years of introduction of DDT a2ll farms had DDT resistant
hougeflies. Significant resistance toox six to twenty generations
to appear, but after that the level of resistance increased very
rapidly to 100 to 1000 fold over the next six to twenty generations.
Xelding (1967) monitored resistance levels over a number of years
on farmg in Denmark, and found in practice that each new insecti-
cide, initially successful, had an effective period after which
satisfactory control failed, necessitating its replacement.

Tigure I on page 3A shows his data in graphical form.

Organochlorine resistance also developed in other pegts, for

example to DDT in Culex piviens in Italy (ilosna, 1948) vhere chlor-

dane control was effective for about two years before failure
resulted in populations which resisted all organochlorine insecti-
cides (Mosna, 1954), and a similar sequence of development of
registance occurred in other mosquitoes (Gjullin and Peters, 1952;
Lividas, 1955; Pampana, 1953).

In Iouth Africa, the vopilation of 3Scopnilus decoloretus

which resisted arsenicals in 1940 developed resistance to BHC
within two years of its introduction whilst retaining its previous
resistance to arsenicals, {J/histnall and Bradford, 1249), and six
years later to the substituted DDT (Whitehead, 1958). ¥-3iIC
registance also arose in a sodium arsenite-susceptible population
which retained this susceptibility (Bekker, 1953).

Blattella germanica in Texas could not be controlled with

chlordane after some years of continuous treatment, and cross-—
tolerance to ¥-3HC and DDT occurred (Head et al., 1953).

After 1951 and following the development of resigtance {o

Ui
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organochlorine compounds in Denmaric, organophosphorus compounds
such as diazinon and parathion were used for housefly control
(X{eiding, 1967) but resistance to them arose and imparted cross-
resistance to other chemically related and unrelated comnpounds.

For example, flies slightly resistant to paréthion on a farm where
it had been used for control were very resistant to coumavhos which

had never been used in that area (Xeiding, 19556).

Other early cases of organophosphorus resistance included

that of the European Red Mite Paratetraqychus;nilosus to paratnion,
associated with resistance to malathion, but not to ZPN (O-ethyl
O-p-nitrophenylphosphonothioate) or demeton (Lienk et al., 1952).
Alternatives for organochlorine and organophosphorus compounds
have been used, but resistance to them has arisen. Por example

Boophilus microplus in Queensland resisted organophosphorus control

and one vopulation showed high crogs-resistance to carbamates when
they were tried as substitutes (Shaw et al., 1968). Wharton and
Roulston (1970), in a review on tick control, described the devel-
opment of resistance due to respectively organochlorine, organo-
thogphorus and carbamate compounds in strains from three areas in
tustralia, Ridgelands, Biarra and Illackey where tick control is
proving excevtionally difficult.

However, the introduction of chemical control of z pest is not

autongtically followed by resistance. Ornithodorus mouvata was

controlled Tor twenty years in Bast Africa with lindane (Msangi,
1968) whilst Brown (1967) cited examvles of control of the corn

borer, Pyrausta mubilalis and apple magzot Rhegoletis pomonella in

North America with DD, and also of Stomoxys calcitrans which

registed DDT in Scandinavia, Germany and Italy but not ian North

America.

Once established, resistance may persist when insecticidal



pregsure 1is removed. In one instance malalhion resistant house-
flies werc effectively controlled for five years wita dimethoate
while resistance to malathion was monitored. The level fell
slovly during the first four years but increaged during the fifth
vear (Xeiding, 1968).

3

2. Pyrethroid resistance in the field

Pyrethroids have sometimes been used as substitute pesticides
where other control agents have failed, but because of their cost,
rapid break-down in daylight and lack of systemic effects, they
have not been widely used. This could exolain why the number of
revorts of resistance due to their use is small. Even where they
have been used for many years such as for housefly control, devel-
opment of resistance is rare (Potter et zl., 1956; Keiding, 1972).

Up to 1971, the only report of resistance in houseflies to
pyrethroids in the field came from a pigfarm in Sweden where,
following the failure of DDT, synergised ngtural pyrethrins were
used. Resistance developed to x 15 within three months (Davies
et al., 1958). This strain, 213%ab, was the parent Irom which the
flies used in this work were derived.

In 1971, a nmixture of natural pyrethrins and piperonyl
butoxide (1:5) was used as a space spray to control dimethoate
resistant houseflies in Denmark. Resistance to the mixture
developed on two farms in less than a year, and these flies were
found also %0 resist bioresmethrin (Keiding, 1972).

Following the development of resistance to pyrethroids in

the mushroom phorid Megzselia halterata on a farm in Southern

T

England, insects were controlled with DDVF. No other ingsecticide
had been used previously and after natural dilution of the popu-

lation it could be controlled again with pyrethroids, although they



were not used (Hussey, 1965).
Synergised natural pyrethrins were used to control DDT

T

resistant roaches, 3lattella germanica in HMIS Bonaventure and

within four months of its use a two-fold tolerance had developed
(Wambera et al., 1955).

Other reports of naturally ocecurring resistance to pyrethroids
are in fact instances of crogs-resistance in which the pest toler-
ated pyrethroids, althougn another insecticide had been used.

Tine (196%) cited three such insbances: in Blattella germanica

in Texas where chlordane, lindane or dieldrin had been the control

agent (Keller et al., 1965); in Cimex hemipterus in Xenya

(Busvine,1958) and Boophilug decoloratus in South Africa (Whitehead

1959) wvhere in both cases DDT resistance had developed.
Similarly in houseflies in Russia and ZEgypt where DDT

resistance had developed, sample populations also resisted pyre-

thring (Misnik, 1956; Toppozada et al., 1965). Other instances

include Pediculus humanug in Marseilles (Nicoll and Sautet, 1955;

Seutet et al., 1959).

%. Zyrethroid insecticides

The naturally occurring pyretiaroids, known as natural pyreth-
ring are extractaed from the flower head of the pyrethrum plant,

Chrysanthemun cinerariaefoliun. The plants require temperate

conditions including a cold wintry pveriod, and are groun in uplands
near the equator such as are found in IZcuador and Kenya, where
manual labour for picking and drying the flower heads is cheap.

a. Chemistry and structure of pyrethroidg used

The six active ingredients in pyrethrum extract are esters
of two acids, pyrethric and (+) trans-chrysanthemic, with three
alochols, pyrethrolone, cinerolone and jasmololone, and Table I (p.7

shows the approximate proportion of each ester in the extract

(G)Y



Table L % Active ingredients in pyrethrum extract (H1lioitt 1967)

Alcoholg Acids
(+) trans-cheysanthemic pyIrechric
pyrethrolone 35 32
sinerolone 10 14
jasmololone 5 4

Besides the nmixture of natural pyrethring two of the isolated
naturally occurring esters, pyrethrin I and pyrethrin 11 rere used,
as well ag five gynthetic pyretaroids. Of these eight iusecti-
cides six are esters of two alcohols and three aclds, as shown in

Table I1I below.

Table 11 Names of individual pyrethroid ester

Acid Alcohol

(+) pyrethrolone 5-benzyl-3-furyl-
methyl alcohol

(+) trans CﬂfYSaﬁbhemlC

acid , vyrethrin 1 bioresmethrin
pyrethric acid pyrethrin IL pyresn.tirin
2 s 2 ? 3 s G- Uutlﬂ"’rﬁ\’f%’q—}rl*
eyclopropane carvoir- (pyret rolone
ylic acid tetranate) 200 108
The pyrethroid resmethrin is thae reoccenmic mixtu of all

geometric and optically active isomers of 5-benzyl-3-furylmethyl
chrysarthenate.

In all the isolated compounds, the ester linkege is attached
directly to the cyclopropane ring (for structural diagrams, Fig
III see page 31A).

The differences betyeen the acids occur on the substituent

attached to the cyclopropane ring at the 3-position which are



;CP~3LG2,H in chrysanthemic acid

~CH=C{C00Ie)H¥e,H in pyrethric acid or

;ﬂ;% in 2,2,3%,3~tetranethylcyclopropane carboxylic acid.

On the alcohol part, a side chain is held in the correct

atearic relationshiv to the groups of the acid dy a "specing® unit
separating the side-chain from the ester linkage. In pyreth-
rolone egters this isgs unit A and in 5-benzyl-3-Turylmethyl esters
it is unit B.

Me E EE

AN /
C—CH CH—C—CfA,

- H |

5 oA 2

In both cases, the bonds through which these units are con-
nected vo the ester linkage, E, and the side-chain, 3, are at

similar angles to0 each other, so that the synthetic unit, B,

k3

succegsfully imitates the natural unit A. he gide chain, S, in

> s TCV’ - b ~ L4 fong o, =
vrethrolemegters is ~CH..CHECH.C-=CI, and in 5-benzyl-F-furylmethy
v 2 2
egsterg is ~CHQ.Ph. Thus in each alochol a centre of unsaturation

is held near the ring by a methylene group.

b. Pyrethroid toxicity

Associated with great toxicity to many insect species (Busvine
and Hash, 1953%) natural pyrethrins have extremely low mammalian
toxicity by dermal application (idalone and Browm, 1958).  The
extract may have a dermatitic effect on a small proportion of the
population (Rickett et al., 1972) but this is due to non-insecti-
cidal constituents which can be removed without affecting insecti-

cidal activity (Lord and Johnson, 1947).



With some insects, particularly Diptera, natural vyrethrins
have an extremely rapid initial effect known as knock-down which
may be followed by recovery. Ten times the dose applied topic-
ally reguired to give knock-down against houseflies was needed
to have a kill effect (Sawicki et zl., 1962; Sawickl and Thain,
1062).

c. Svnergists

Whilst worizing on methods for reducing the high cost of
natural pyrethrins Pearson (1935) found that pine o0il increased
the efficiency of cattle sprays. Weed (1938) also found that the
addition of ten times by weight of H-isobutyl undecyleneamide
increased their effect against houseflies by up to 100-fold
although the additive alone had extremely low insecticidal
activity and did not potentiate pyrethring against mammals.

Tater sesamin (Haller et al., 1942) and piperonyl butoxide (Wachs,
1947) were found to be even more effective additives. These
synergists do not potentiate pyrethrins against all insects, for

example mosquitoes (Hadaway et al., 1963) and Pierig brassicae

(Yule, 1946). Various other additives have been tried such as
tropital (Hopkins and Maciver, 1965) and drugs extenders like

SIF 5254 (Bates et al., 1965) but none has been as commercially
successful in terms of votentiation and cost as piperonyl butoxide.

d. Commercial uses

Synergised pyrethrins are mainly used for domestic housefly
control but have recently been used for housefly control in farms
in Denmark (Keiding, 1972). They have been used for cockroaches
and other household pests (Goodwin-Bailey, 1956) but this and the
use in widescale control of adult mosguitoes is restricted not
only by their high cost but also by their rapid photodegradation
(Chen and Casida, 1969). However, moderately successful trials

have been made in Tanzania for control of Glossina pallipedes and

!




G. swyanertoni by low volume aerial spraying (Irving et al., 1969;

Tarimo et gl., 1971).

As pyrethring are rore stable in the darx, and have low
mammalian toxicity they have been used for controlling stored
producys' vests (Potter, 1935) but this protection is increasingly
provided by organophosphorus compounds such as malathion (Papworth,
1661) or by fumization (Bhambhani, 1964; Thompson, 1966). ther

useg include clearing water mains of Asellus aguaticus (Schwarz

et al., 1968) and disinfestation of aircraft (Busvine, 1952).

Smoke from burning powdered pyrethrum repels mosquitoes and
was used in sleeping quarters (Howard, 1911) as the vapour contains
a repellent ag efficient as dimethyl phthallate (Wright and Burton,
1969). This vapour also has knock-down properties but mosguitoes
later recover (Fales et al., 1969). The repellency is not syner-
gised by additives.

e. Synthetic pyrethroids

Becaugse of their desirable vroperties but high cost, various
workers have investigated the possibility of using synthetic
pyrethroids, as replacements Tor natural pyrevhrins. The history
of these compounds has been reviewed by Zlliott (1967).  The
first commercially successful compound was allethrin (schechter
et al., 1949), which was slightly less toxic than natural
pyrethrins to many pests (Busvine and Hash, 1953) although retain-
ing knock-down and some ability to be synergised (Gersdorff et al.,
1951). Other compounds were also commexcially available such as
barthrin and furethrin. Elliott et al. (1967) produced resmethrin
which was much more toxic than pyrethrins to a wide range of
arthropods (Brooks et al., 1969) and still retained low mammalian
toxicity (Miyamoto et al., 1971), but was less effective as a

ran—

knock-down agent (Brooks et al., 1969) and could not be much

10



synergised (Elliott et al., 1967).

4, Pactors affecting laboralbtory studieg of

resigtance
Busvine (1971a) stressed the significance of cross-

resistance studies in the laboratory in order to find an alter-
native control agent. He defined cross-resistance as "the
existence of one defence mecranism which can give rise %o a
gpecific resistance gpectrum. The form of the spectrum depends
on the mechanism and should be independent of which member of the
group was used for selection. Double resistance is due to the

simultaneous presence in the same organism of two distinct

>
res%&ance mechanisms which give protection to different types of

poison. By extension one may have triple or even multiple
resistance. Duplicate (triplicate or multiplicate) resistance
ig the situation where two (three or more) mechanisms exist in
the same organism to protect it from the poison'.

Busvine (1971b) stressed the importance of sound ssandardised
methods for measuring resistance. yith the appearance of field
resistance in many arthropod pests, WHC and FAO devised standard
test methods for detecting and monitoring levels and spread of
resistance, which are gsimvle and reliable and can be used in the
field (Busvine, 1950). However, laboratory techniques do differ
and make the comparison of results for different workers diffi-
cult. Tor example the solvent may greatly affect results with
DDT against houseflies (Busvine, 1951 and 1968) whilst both
carrier and droplet size affected the acsolute LD50 values for
diazinon with susceptible or resistant flies (Farnham, 1965).
Tests done against mixed sexes of many vests may give difrerent

results to those done against the separated sexes as males are

1"



nuch more susceptible than femzles (Hoskins snd Gordon, 1956).
It is equally imvortant to use homogeneous populations vhenever
possible (Busvine, 1971Db).

Application technigue can also affect comparisons between
author's results. Sawicki et al. (1962) suggested that topical
application of pyrethrin I and pyrethrin IT to susceptible house-
flies may give different results to thé spray nmethods used by
Gersdorff (1S47) and Incho and Gresnberg (1952). Differencés'in
results between Sawicki and Lord (1970) and those of Hoyer and
Plapp (1968) using parathion against genétically reconstituted
housefly strains apparently bearing the same resistance factors
could be caused by the difference between topical applieation'and
film techniques.

Many authors guote only 24 hour mortalities, but kill end
point, i.e. the point beyond which no change in kill due to the
insecticide can be deteéted, may take longer. For example

resistant Sitophilus granarius treated wi DDT took up to 8 or 9

th

weeks to reach kill end point (Lloyd, 1969). yith resistant
houseflies, dieldrin tock up to 96 hours to reéch ¥i11 end point
and a dose that gave no kill after 2. hours finally gave 100%
mortality (Sawicki and Farnham, 19682a). Hith‘susceptible flies
kill end point is much faster whicn could explain the very high
levels of resisvance to dieldrin quoted by some aunthors {Decker
and Bruce, 1952; March,1959). Failure to use kill end point as

the criterion of comparison between compounds and/or.strains of

ingect can therefore invalidate results.

5. Development of regigvance in the laboratory

a. Rate of development of resistarce : ,

The rate of development of resistance and the effect of a

selecting agent on the cross-resistance pattern have been studied

12



in the laboratory by treating strains of insects and breeding from

survivors. Often, selection pressure has been designed vo kKill
about 70> of the population. The rate of develcvment depends not

only on the initial tolerance of the povulation, but also on thé
selecting agent and the pressure applied.

By starting with susceptlble houseflies, resistance developed
more quickly under organochlorine, e.g. DDT, pregsure than vhen
paraoxon or pyrenone (a pyrethrins/piveronyl cyclonene mixture)
were used (Bruce, 1950; Dekker and Bruce, 1952).

-

Then DDT registant flies collected from Hew Yor! tate were

(2]

laboratory selected, resistance agein increased more gulickly under
DDT than under parathion pressure. However, ooth rates were
faster than when the starting strain was susceptible (Pimental

et al., 1953).

Farnham (1971) selected the pyrethrins resistant houseflies
of Davies et al. (1958) (strain 213ab) with pyrethrins (NER) and
with resmethrin (104). The level of resistance to pyrethrins in
PR rose slowly until the -Oth generation, when it saddenly Jumped
to a level vhere most of the strain were immune to 50 npg, but the
level of resistance to resmethrin remained approximately the sanme
at a very high level. In strain 104, resistance to resmethrin
also remained unaltered throuzh more than 60 generations of
selection, but to pyrethrins, it fell slightly.

b. Effect on cross-resistance spectrum

The effect of the selecting agent on the ultimate cross—
resistance spectrum is rarely predictable. Hougeflies éelected
with various organochlorine compounds showed that whilst DDT
selection could impart resistance to methoxychlor, the contrary
was not true. The DDT resistance factor(s) were separate from

the factors for cyclodiene resistance (Bruce, 1950; Decker and

13



Bruce, 1952; Busvine, 1953).

Dinquist and Wilson (1948) selected susceptible houseflies
with DDT for fourteen generations and they tolerated pyrenone (a |
mixture of pyrethrins and piperonyl cyclonene) (Wilson and Gahan,
1948). This cross~resistance betweén DDT and pyrethrins occurred
not only in hougeflies (Harrison, 1950; Busvine, 1951;
Winteringham, 1964) but also in cockroaches (Keller et al., 1956)
body lice {Nicoli and Sautet, 1955) bed bugs (Busvine, 1958) grain
weevils (Parkin and Lloyd, 1960; Lloyd and Parkin, 1963; Lloyd,
1969) and blue ticks (Whitehead, 1959). Although mostpopulations
selected with pyrethrins resisted DDT, not all DDT resistant'
insects tolerated pyre-thfins (Winteringham, 1964). '

The level of resistance in pyrethrins selected susceptible

Pediculus humanus reached a maximum at the 10th generation and

remained unaltered through 46 more generations of selection. ‘
Surprisingly cross~resistance to DDT developed more slowly so that
by the ninth generation it was five-fold, by the 19th 200~fold,

by the 38th 300-fold and at the 50th generation, 10% DDT gave

only 12% kill (Cole and Clark, 1961). |

Resistance to the knock-down énd kill effects of DDT in
houseflies were separately controlled (Harrison, 1951) and there was
a connection between the resistance to knock-down and to pyrethrins
(Busvine, 1953).

Selection with organophosphorus compounds can give various
results, but generally selection with one leads to resistance to
another, and to DDT, but not to pyrethroids or cyclo&ienes. In
one of the earliest examples of laboratbry selecfion.Garman (1950)

studied resistance to the red spider, Tetranychus bimaculastus

which resisted parathion, but not tetraethylpyrophosphate..

The diazinon selected strain of houseflies, SKA, resisted

14




’diethoxymorganophosphorus more than the equivalent dimethoxy-
compounds . It was only slightly resisbant t0 malathion, but
very resistant to chlorthion and its ethyl homologue (Bl Baghir,-
1971). This strain strongly resisted DDT (EB1 Bashir, 1967).
By detailed examination of the cross-registance patterns of four
organophosphorus resigtant strains of housefly from various
sources with fourteen insecticides, Busvine (1959) concluded that
organophogsphorus resistance was no simple phenomenon, but that two
separate mechanigms were involved.

Seléction with pyrethriﬁs besides imparting DDT resistance
as described earlier, usually gives\resistance to other pyrethroids
For example the pyrethrins resistant housefly strain Z21l3ab also re-
sisted allethrin, furethrin and resmethrin (Davies et Q;.,>l958;
Fine, 1G61; Farnham, 1971). Resistance to allethrin was increased
by selection with natural pyrgthrins but not with resmethrin
(Farnham, 1971). Pyrethrin resistant grain weevils toierated
allethrin (Iloyd and Parkin, 1963) as did resistant body lice
(Cole and Clark, 1961). One exception was a housefly strain
derived from the HAIDM susceptible strain by selection with
pyrenone (resistance factor 20) wolch was only two-times
resistant to DDT (Decker and Bruce, 1852).

By accumulating these and other data from various sources
pesticides can be grouped according to the effect of the selecting
agent on cross-resistance spectra, and this is shown in Table

ITI, on page 16.

6. Other Technigues for the Study of Resistance

Apart from the simple studies of broad cross-—resistance
spectra to insecticides of different groups, various methods have

been used to study factors affecting resistance and the mode of
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action of poisons.

Table III Groups of insecticides and their effect on

crogg~redgdstance

Group Selecting Agent Induced cross-resistance

I DDT : Related compounds, e.g. methoxy-
chlor, TDE

Iz ¥ -BHC and cyclodienes Other cyclodienes, e.g. dieldrin,
aldrin, heptachlor

11X Organophosphates Other organophosphates and insec
cides of group 1

Iv Carbamates Other carbamates and often insect’
cides of group 1

v Pyrethroids ther pyrethroids and ingecticid
of group I

VI Miscellaneous e.g. arsenicals, tin compounds

a. Structure toxicity studies

A more refined technigue of cross-—tolerance observations
involves the relationship between the chemical structures of a
closely related series of compounds and their toxicities to
resistant and/or susceptible insects. For exampnle, an organo-
rhogphorus serieg (Ludvik and Decker, 1951) a carbamate geries
(1letcalf et al.,1%0)and an organotin series (Blum and Pratt, 1960)
have been tested against susceptible houseflies to deduce molecula
configurations necessary for potency.

Hennessey et al. (1961) made a series of analogues by halo-
gen substitution in the ortho and para positions on' one benzene
ring of DDT and biocassayed them against DDIT-resistant and
susceptible houseflies. The derivative orthochloro-DDT reduced
the high level of resistance (x 400) to two-fold, because tﬂe
enzyme system DDT-dehydrochlorinase (Sternberg et al., 1950) could

not act on the modified DDT to produce non-toxic metabolites
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(Hennessey, 1360).

A more detailled study was made on 211 possible iéomers
of allethrin against susceptible and pyrethrins' selected houge-
flies. The selected flies were most resistant to those lgomers
least toxic to the susceptible flies. Toxicity involwved both
optical and geometrical specificity with the asymmetric carbon
atoms on the chrysanthemate apparently dominant (Barker and
Edmunds, 1963%).

Other synthetic pyrethroids have been used in structure/
toxicity studies to investigate their mode of action against
susceptible houseflies (Viel and Chancogne, 1956; KXatsuda and
Ogami, 1966; Xatsuda et al., 1966; Berteau ef al., 1968). But
as Barthel (1961) wrote "perhaps the mosﬁ noticeable and yet
discouraging aspects of synthetic pyrethroids have been the lack
of correlation between structure and activity".

The history of synthetic pyrethroids as reviewed by Elliott
(1867) who later pointed out that the problem of predicting a
probable conformation at the site of action may be formidable
(Blliott, 1959). It is against this background that the work of
Schechter et al. (1949) in synthesising allethrin and Elliott et
al. (1967) in producing resmethrin, two highly toxic commercially
available syntheftic pyrethroids must be viewed.

b. Use of additives

Another approach to resistance and mode of action studies
involves the use of non-toxic additives with the insecticide which
either enhance (synergist) or reduce (antagonist) the potency.

As seen above, synergists may be used for reasons of-economy, but
in the laboratory they can be usé@‘as specific inhibitors of
individual resistant detoxification mechanisus. In houseflies,

the mechanism DDT dehydrochlorinase (Sterrberg et al., 195C) may
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be blocked by P-DMC (bis-(p-chlorophenyl)-trifluromethyl carbinol)
(Conen and Tahori, 1957). Thus by toxicological studies alone,
thigs ftechnique can refeal the presence of a second or third
mechanigm in a polyfactorial resistance system which may be diffi-
cult to identify when masked by the presence of the inhibitable
factor. |

A second DDT resistance factor was characteriged by its
property of being inhibited by sesamex (Oppencorth, 1965).
Diazinon selected SK4 flies strongly resisted DDT (E1 Bashir, 1967)
A fraction of the population was susceptible to a mixture of DDT
and FDMC and part was susceptible to a nmixture of DDT and sesamex
indicating the presence of two resistance factors (Sawicki and
Farnhsm, 1967a). Resistance to DDT in the pyrethrins selected
NPR strain was not affected by sesaméx or FDMC alone or in combin-
ation indicating that neither mechanism present in SKA was a major
factor in the high level of resistance in NPR (Farnham, 1971).

However many avallable data are difficult to compare, again
due to variation in treaitment techniques. Often the commercial
practige of using a constant ratio of additive to ingecticide is
applied such that at the lowest concentrations of the combination,
the effect of the additive is far less than at the higher levels.
For this reason in laboratory practise Sawicki and Farnham (13968b)
and Parnham (1971) treated houseflies with a constant amount of
additive and only varied the dose of applied insecticide.

Resistance to pyrethrins alone in Sitophilus granariusg vas

almost completely lost when piperonyl butoxide was added to the
ingecticide (Lloyd and Parkin, 1963). With houseflies, the
pyrethrins selected NPR strain was greatly affected by pre-treatmen
wifh 2 pg/fly sesamex, but there was still stroﬁg residual resist-
aﬁce at about the same level as in the resmethrin selected 104

strain. From these data and from the cross-resistance spectra,
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Farnham (1971) concluded that two major factors were responsible
for the very high level of resistance in strain XPR.  One was
due to attack on the alcohol part of the ester which could be
affected by sesamex. The other was acid moiety attack, unaf-
fected by sesamex but also present in strain 104. This latter
defense mechanism was responsible for registance to the new
synthetic esters in both selected strains.

c._Biochemieal approaches

A more direct method for determining the effect of
detoxifying mechanisms by an insect is to identify metabolites
produced at various times after treatment usinzg either whole
insécts or homogeniged extracts. Although the technique can be
successTul with susceptible insects, it is much more suited to
resistant species as larger quantities of insecticide can be
applied without mortality and hence more metabolites produced
making identification easier. Thus the nature of the breakdown
of DDT to non~toxic DDE in DDT resistant houseflies by the enzyme
DDT-dehydrechlorinase was characterised (Sternberg et al., 1950)
and isolated (Sternberg et al., 1953).

500 g of adult pyrethrins-selected Sitophilus granarius,

cross resistant to DDT were kept for eight weeks on -3 kg wheat
impregnated with 1000 ppm DDT interspersed with a further 7 g DDT.
Axtraction vielded eight compounds of which dicofol was the “agor
product with quantities of the lesser metabolites TDE and FH152
(1,1 di-p-chlorophenyl-2,2-dichloroethanol) and smaller amounts of
DDE and DDA. Further metabolites present in relatively large
amounts suggested that detoxification was via dicofol and nét DDE
as in the resistant houseflies (Rowlands and Lloyd, 1869).

There was no difference in cholinesterase activity between

susceptible and organophosphorus resistant houseflies by in vitro
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biochemical techniques, but the resistant flies had low ali-
esterase activity. This was physiologically connected with
resigtance o organophosphorus compounds (van Asperen and
Oppenoorth, 1959).

In vivo and in vitro tests showed that resistant Culex
tarsalis could detoxify malathion by a carboxyesterase systenm
(Matgsumura and Brown, 1961).

Penetration of insecticide through the insect cuticle has
also been invegtigated. Diazinon, diazoxon and DDT penetrated

ones
more slowly into diaginon selected S{A flies than into susceptible /
(Farnham et al., 1965; ®1 Bashir, 1957). Abrading the cuticle
of SKA flies then treating with diazinon showed that outer cuticula
layers iﬂcluded an important protective mechanism (Sawigki and
Farnham, 1965).

d. Biochemistrv of pyrethroids

Very little work has been done on the blochemistry of
pyrethroids in insects, but techniques for separation and identi-
fication of metabolites have improved with the use of thin layer
and gas licuid chromatography, and by the use of radio tracers
for studies with mammelian metabolism of pyrethroids (Casida, et
al., 1971; liiyamoto et al., 1971). By using nmoleculeg labelled
at different sites, both gquantitative and gualitative data on
metaboliftes can be deduced.

Biochemical studies of pyrethroids have been done on
susceptible insects and early workx on houseflies (Chamberlain,
1950) and cockroaches (Zeid et 21., 1953) had suggested hydrolysis
of the ester linkage. This conclusion was challenged by Chang
and Kearng (1964) who interpreted their results on the bagis that
most metabolism was on the alcohol moiety. Yamamoto and Casida

(1966) claimed that the major metabolic products in houseflies were
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the result of the oxidative metabolism of the terminal méthyl group
on the isobutenyl side‘chain9 i.e. on the acid moiety. The mainr
part of this study was done in vitro although they asserted that the
system also occurred in vivo, and suggested how sesamex could
affect this systen. However this system could not be a najor
metabolic pathway in NPR the pyrethrins reslstant flies as it did
not correspond with toxicological data (Farnham, 1971).

Miyamoto and Suzuki (1972) have reported that the synthetic
pyrethroid tetramethrin (= neopynanin) can be degraded by suscept-
ible houseflies by cleavage of the ester linkage to give N-hydroxy-
methyl-%,4,5,5~tetrahydrophthalimide and (i)~g;§wtrans chrysanthemi
acid. This system ig 1little affected by/sesamex but can be
inhibited by the organophosphorus synergist WIA 16388Q In biloass:
with susceptible flies, NIA 16388 was more effective than sesamex
with bioneopynamin (= (+) trans-tetramethrin) (Synergistic |
Factors 236, 135 respectively) but not so effective with either
S-biocallethrin (SFs 61, 89) or natural pyrethrins (SFs 110, 165)
(Farnham unpublished data). This suggests that in suscepbible
flies ester cleavage of pyrethring and allethrin is‘nOt'so
important as oxidative metabolism, but that it may occur. This
is contrary to earlier theories (Chang and Kearns, 1964, Yamanmoto
and Casida, 1966).

Reduced penetration of raodio~labelled pyrethrin I was also
a feature of strain 213ab, a pyrethring resistant housefly strain,
(Fine et al., 1967). Reduced penetration from a parathion regist-
ant strain of houseflies (Hoyer and Plapp, 1968) was associated
with resistance to organotin compounds (Plapp and Hoyer, 1968) so
that the presence of this mechanism can be detected by bloassay
rather than by the more laborious washing experiments previously

used to determine its presence.
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e. Genetical approach

(i) Wwithout the use of marker mutants

The possibility of a multifactorial resistance system was
recognised by Busvine (1951) who observed the marked difference
in rates of knock-down in two DDT-resigtant gtrains of housefly
which had different cross-registance spectra. These strains.
were crogsed with a susceptible strain and the progenieg from
sib-matings and back crosses tested. DDT knock-down resisténce
7as due to a single recessive sene allele (Harrison, 1951) and
was inherited in a different way from kill-resistance {Harrison,
1953).  Busvine (1953) obtained similar results with both house-
flies and body lice.

Two registance mechanisms were separated from a diazinon
selected strain of flies by using the cross backcross technigque to
a susceptible gtrain. These factors were low aliegsterase mentioned
earlier as being associated with organophosphorus resistance and
a second unnamed factor. Only the latter could be isolated from
a malathion selected strain (Oppenoorth; 1959).

By using a similar cross backerossg nethod, MNzuy and Busvine
(1960) indicated that resistance +9o parachion and malathion in‘
two strains were each inherited through a single d minant gene
pair, and suggested that the two genes were either alleles or
closely linked.

(ii) ¥ith the use of single markers

The above exanmples rely on examination and accuréte assess—
ment of toxicological data. Tsukamoto (1963) described how these
data could be treated to deduce the number of factors involved in
a resistance system by examination of log dose-probability (;Q:E)
lines and without the use of markers. But with the discovery of

visible mutants not only in the housefly (Milani, 1954; Sullivan
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and Hiroyoshi, 1960; Hiroyoshi, 1960; Tsukamoto et al., 1961)

but also in Culex pipiens (Laven, 1955) and Blattella germanica
(Ross and Cochran, 1961), methods of genetical crossing were
nodified to examine polyfactorial resistance systems (Tsukamoto,
1964) and to draw up linkage maps (Hiroyoshi, 1961). '

Linkage group numbering in the housefly, initially confused
by conflicting chromosome numbering systems (Milani, 1954; Hiroyst
1961) was clarified by Wagoner (1967) who associated various link-
age groups with individual chromosomes.

By using single markers Milani (1954) showed that DDT
resigtance in the housefly was controlled by a single factor kdr
(on chromosome III) which was later linked to the brown body
marker bwb (Milani and Travaglino, 1957).

By crosses between three strains of housefiy which resisted
parathion, malathion, isolan and DDT, and the éusceptible single
marker strain bearing stubby wings, stw, (Chr. II), Hoyer et al.
(1965) showed that organophosphorus resistance due to low agli-
esterase was on chromogsome 1I and was linked to a DDT resistance
mechanism.

Non-recessive resistance factors were located from the
diazinon selected SKA& strain on chromosomes II and V by using
four susceptible strains each bearing one marker for each of four
autosomes (Sawicki et al., 1966). |

Hoyer and Plavp (1965) crossed the Grothe and Orlando-DDT

strains with stw (chr. II) and 4ot vein, dov {chr. TIII). DDT

resistance was found on both chromosomes in the Orlando-DDT
strain, but only on chromogome Il in the Grothe strain. This
latter common factor was DDT dehydrochlorinase, Deh, (previously
located by Lichtwardt, 1964) and was susceptible to g-chloro-DDT.

The other factor on chromosome III gave DDT knock-down resistance
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‘and registance to Oo-chloro-DDT. The factor had been isolated
and identified by Milani (1950). It was apparently non-allelic
with kdr and was called kdr-0.

(1ii) wWith use of multimarker strains

By using multimarker sugceptible stocks in which esach
mutant marks one chromosome more detailed analyses are possible,
using the technique described by Sawicki and Farnham (1967p).

DDT resistance was located on chromosome II in two DDT
resistant strains of housefly crossed with a triple marked suscépfw
ible strain with mutants for chromosomes I, II and III. . Extra
resistance to DDT present in one of the parent strains was not
agsocliated with any one of these three chromosoOmes ( Oppenocorth,
1965).

DDT resistance from fly strains JIR and DMC-R was located on
chromosomes Il and 1II by crosses with a susceptible strain with
mar<ers on four aubosomes. The factor on chromosome II was DDT
dehydrochlorinase (Tsukamoto and Suzuki, 1964). The factor on
chromosome LII controlled resistance to DDT knock-down by reducing

nerve scngitivity, but wvas not identified as either wdr or kdr-0
b

.

(Tsukamoto et al., 1965). Since DIT knock-down rasistance and
resistance to pyrethrins seem intimately linked (Busvine, 195%),

it is possivle that reduced nerve gsensitivity is the comnon factor
involved.

By using single or muliimarizer susceptible flies crossed
with resistant strains, resistance nechaunisms have been isolated.
These include (i) reduced venetration, rPen (Hoyer and Plapp, 1968);
(ii) DDT dehydrochlorinase, Deh (Lichtwardt, 1964); (iii) low
aliesterase, gene a (Franco and Oppencorth 1962); (iv) a Tlactor
for DDT and diazinon inhibited by sesamex, ses {Sawvicki and

Farnham, 19567a); and (v) a dieldrin resistance factor Dld
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(Sawicki and Farnham, 1968z). A multimarker susceptible strain
was used Lo isolate thesgse factors from SXA diazinon selected

hougeflies. Zach individual factor was examined by bloassay

with meny compounds both without and with additives (Sawicki and
Farnham, 1968b). The low levels of resigtance of the lsolated
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factors did not add up to the very high levels of The varsnt
strain, probably because of interaction between factors {8awicki
and Farnham, 1969). This theory was confirmed by Hoyer and
Plapp (1968) who resynthesised a parathion resistant strain
bearing isolated factors on chromosomeg II and III. This strain
was much more resistant to parathion (100 x) than expected from
the resistance levels of the separated factors (gene z 30 x,

Pen 1 x)-

The effect of interaction between Pen and gene g was
examined in a strain reconstituted from the individual factors,
and bioassayAresults compared with those for gene g alone. Re~-
sistance to all organophosphorus compounds was more than for gene

-

a alone, and was increagsed to thiocnates more than to the corres-
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lished data quoted in Tsuiamoto, 196%) have genetically analysed

the pyrethrins resigtent strain 213%ab The order of conbtribution
of autosomes to the tobal %ill resigtance vo pyretirinsg in the

homozygous state was I1I> 11> V>1IV, Dominant resistance was
only associated with V. In the same anslysis for pyretirins
plus piveronyl butoxide a remarkable decrease was noted in the
)

effect of the factor on chromosome V, vhilst no significant

decrease was noted with the other svtosomes..



7« Objects of this work

The programme of situdy followed gimilar lines to those
degcribed. The object was to

(2) IBxpand knowledge of the cross—-resistance spectrum
of the nyrethring selected MPR strain of hougeflies, derived
from 213ab  (Farnham, 1971).

(b} ®Explain the toxicological differences previously
noted between strains NPR and the resmethrin selected 104
(Farnham, 1971).

(c) Obtain data on the relasionship between chemical
structure and toxicity of chogen pyrethroids to individual
registance factors and the importance of each on the total
resistance.

(d) Examine any other factor that contributed to the cross-
resistance spectrum of NPR.

The work was divided into three sections:

(1) Preliminary work to extend the cross-tolerance exam-—
ination of strains PR and 104 vhose history has been described
(Farnham, 1971), and to prepare a suscevtible quadruple marker
strain bearing one marker on each of four of the five autosomes.

{2) The genetical crossings to locate then isolate the
various resistance factors Irom HEPR.

(%) ‘The detailed examination of the cross-tolerance of the
isolated mechanisms in an attempt to explain the cross-resistance
spectrum of HER and to suggest how it differs from 104.  Tor this
last part, the synergist sesamex was used, as well as various

other compounds which NPR resisted.
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MATERIALS

1. Houseflv strains

A1l strains of hnouseflies (Musca domestica Li.) used in this

work were derived from four standard strains:-
(a) NPR, a wild type resistant strain selected with
natural pyrethrins.
(b) 104, a wild type resistant strain selected with 5B3FC
(c) Cooper, a wild type susceptible strain obtained from
the Cooper Technical Bureau, Berkhamsted, Herts. and bred free
from insecticidal selection.
(d) 2345 SRS, a quadruple marker strain bearing four visible
recessive markers: N
ali curva, ac, marking chromosome 1
aristapaedia, ar, marking chromosome 11,
brown body, bwb, marking chromoscme I, and
ochre eye colour; ocra, marking chromosome V.
These markers were combined in one gtrain at Rothamsted Experiment
Station from the single marker strains inbred into the WHO SRS‘
strain and obtained from ifilani. 2345 SRS was susceptible to
organOphosphorus insecticides, DDT and dieldrin bﬁt part of the
population resisted the carbamate Zectran and the knock-down
effect of pyrethroids.

a. History and develooment of strains

(1) Resistant strains
Both NPR and 104 originated from strain 213%ab, which had
developed 1l4-fold resistance to a 1:8 mixture of natural pyretvhrins
and piperonyl butoxide in the field.
NPR was selected for 45 generations with natural pyrethrins

alone after which 50 pg/g fly killed only 20% of the population.
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"~ 104 was gelected with 5B3FC over the same period during
wnich its resistance to the selecting agent fell from 125 to
52-fold. '

PR resisted 5B3FC (x 140) but 104 was weakly resistant to
natural pyrethrins (x 4). Both strains strongly resisted
synergised natural pyrethrins (~ x {100) and DDT (°°), as well és
3TA (~ x 20) (Farnham, 1971).

(1ii) Quadruple marker strain

The guadruple marker gtrain 2%45 SRS used in previous work
(Sawicki and Farnham, 1968b) was derived from single marker strains
outcrossed by Milani to the WHO SRS strain. However this out-
crossing did not result in full susceptibility, as the SRS strain
glightly resists some carbamates (carbaryl,\XIB, isolan, x 2)
and natural pyrethrins (x 2.5) (Plapp and Hoyer, 1967). 2345 SRS
registed Zectran and knock-down by natural pyrethring (Farnham,
ﬁnpublished data) and was unsuitable for work on the genetics of
fesistance to pyrethroids.

To eliminate this resistance, the cross-intercross system
(Jright and Pal, 1967) was used {see Fig. II on page 29).
Quadruple marked flieg, initially 2%45 SRS, were crossed to the
Cooper strain. The ¥, wild type flies were inbred and at F,,
only quadruple marked adults were kept. This was one complete
cycle. |

After five cycles the guadruple marker flies were bred for
six generations, and were then crossed again with Cooper, and one
cycle repeated. Approximately 20% of the resulting population
slightly resisted Zectran. To eliminate resistance completely,
adults were sexed on emergence and selected for increased suscept-
ibility to kxnock-down by natural pyrethring when three days old,

taking advantage of the negative temperature coefficient for
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knock~down with natursl pyrethrins (Lindquist et al., 1945).

Py

N

The procedure was as follows. A small dogse of natural pyrethrins

+

(0. 05 ug/Q;O«OQS p?/@) was applied topically at 20 Z1%. The

S
insects first affected, i.e. the most susceptible, were transferred
%o +the breeding room at 28 = lOC where they recovered. Single
pairs were set up from these flies (for method, see page 34).

From 16 pailrs only the progeny of the two most fertile, igg-and
590 were kept. Both strains howevér sti1ll included individuvals
%hat registed Zectran. Strain 584 was discarded after four
geﬂefations because 1t was lessfertile than 590.

590 was then reselected for rapid knock-down as described
above, and another 27 single pairs were set up from the mqst
susceptible individuals. Three pairs yielded fertile progeny:
two were discarded, and one, 608 was kept ag was the parent 590.

The fertility of 608 F, was sO poor that the cross intercross
with Cooper was repeated, but this failed to improve fertility.
Five generations later the cycle was again repeated. The
resultant nultimarker progeny, called 5083 proved to be both

fertile and fully susceptible, so 550 was discarded.
y P 27Y

2. Insecticides

The compounds used are listed in Table 1V, on page 31.
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Table IV

British Standaxrd

or

Manufacturer'!s Hane

1.

9.

1C.

1.

12.

15.

Pyrethrum extract

pyrethrin 1

pyrethrin II

-

regmethrin

bioresmethrin

vyresmethrin

NRDC 108

DDT

HEOD
tributyltin
acetate

Zectran

sesalex

- Name used

in text

natural
pyrethrins

py L

Tist of names of compounds used

Cheﬁical

name

pyrethrolone (+)-trans—

chrysanthenate

py LII
py TMCEC

pyrethrolone pyrethrate

pmwﬂmdmm§2ﬁ;ﬁ34ame~

methyleyclopropanecarboxylate

5B3FC

5-venzyl-3-furylmethyl (%)-
cis~trans~chrysanthemate

-SBBF(+) trans
C

5-benzyl-3-furylmethyl (+)-

trans~chrysanthemate

5B3FP

5B3FTHMCPC

DDT

dieldrin

TRTA

Zectran

5-benzyl-3-furylmethyl
pyrethrate

5-benzyl-3~furylmethyl 2,2,3%,3-
tetramethylcyclopropanecar-
boxylate

1,1,1—trichloro—2,2~di(4—
chlorophenyl )ethane

1,2,3,4,10,10-hexachloro-
6,7-epoxy-1,4,42,5,6,7,8,8a~
octahydro-exo-1,4~endo~5,8~
dimethanonaphthalene

tri~-n-butyltin acetate

4-dimethylamino-3,5-dimethyl-

rhenyl methylcarbamate

sesanex

2-(3,4-methylenedioxyvhenoxy )~

3,0 ,9=trioxaundecane

The structuresof compounds 2;3,4,6,?,8,9,10,11,12 and 13 are

shown in Figs III and IV on pages 31A and 3%1B.

Technical Bureau, Berkhamgted.

Pyrethrum extract (25% oleoresin) was given by the Cooper

The
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repared in this department by Drs i Blliott and ¥ F Janes and.

e}
i
o

their colleagues. DDT was re-crystallised from a techniéal sample
~iven by J R Geizy S A; Bagsle, Switzerliand. Dieldrin was given
by Shell Chemicals, UX; Zectran by Dow Oheﬁioal International,
tlew York; IBTA by Pure Chemicals Lid, Livervool and sesamex by
Shulton Inc, New York. |

A1l compounds except natural pyrethrings were checked for
gstructure and purity using nuclear magnetic resonance speciros-

cov and were better than 90 pure.
iy s
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METHODS

1. Rearing technigue for mass cultures

A1l stages of the flies were reared at 28 & 1%. The adults
(2000~3000) were kept in aluminium cages 0.3 m x 0.3 m x 0.3 nm
with two open sideg covered with polythene netting, and ahole in
one side, 0.15 m x 0.15 m, to which a terylene netting sleeve was
attached. Smaller cultures (up to 1000 adults) were kept in
aluminivm cages 0.3 m x 0.15 m x 0.15 m with open ends (0.15 m x
0.15 n), one covered with polythene‘netting and the other vith a
terylene sleeve.

Adults of wild type Strains not requiring phenotypic checks,
sexing on emergence or selection, and mutant strains for test were
allowed to emerge in numbers appropriate to the gize of the cage.
Mutant strains for breeding were obtained from pupae put into a
150 ml polystyrene container in a tray (0.2 m diameter, 80 mm high)
covered with polythene netting. Adults emerged and were checked
phenotypically within 24 hours before they were put into a breeding
cage. -

For the first day after the start of emergence, flies were
fed on water from saturated cotton wool and lump sugar only. In
addition, milk fountains (Fig V page %6) were given from the
second day. Strains to be tested had a fresh milk fountain each
day. On the third day an egg-laying dish consisting of about 15
40 mm absorbent cotton wool rolls soaked in milk and held verticall
in a 30 ml polystyrene container was put into the cages of strains
néeded for breeding. The egg-dish was rewetted with tap water bn
the fourth day and a fresh egg-dish was added. These dishes had

sufficient eggs on them by the fifth day to 'seed' approximately
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0.75 kg of larvel medium which was made of dried milk, dried flake

veast, nacerated “hatman No 1 filter paper clippings and water in

a ratio of 2:2:%:7 by weight. A further C.25 kg of mediun was
added two days after seeding. The larvae pupated in the uvper

layers of the medium a week after inoculation. The puvae were
collected by flotation (Basden, 19456), and cleaned by washing in
a stream of water over a 10-mesh sieve. After drying, they were
transferred to emergence trays or cages, and the adults started to

emerge on the ninth day after the inoculation.

2. Rearing technigues for single pairs and

their progenies

Small cages for single pair matings were made by pinching a
25 mm diameter hole in a 150 ml polystyrene container .- Gauze was
glued over the hole, and the top closed with a gauze 1id (Fig Vi'
on page 3% ). A three day old virgin female and a ﬁale fly were
introduced into the container which in turn was put into a similar
complete pot. A 50 mm diameter polythene tray with three 40 T
long absorbent cotton wool rolls soaked in milk was vut on the
bottom of the outer pot. The flies could feed on the milk and
the femaie'lay eggs onto the rolls. Bach day, the tray was checked
for eggs and a fresh tray put in without disturbing the adults.
Bggs, rolls and polythene sray were put onto 50 gms of larval
mediuwm in a 150 ml polystyrene container and covered with a paper
1lid to avoid contaminafion. After two days, the tréy was removed
and a further 50 gms of larval medium added. The parents were
kept until the female had layed four egg batches or until she died.
The larvae pupated after a week and the pots were transferred to
trays 50 mm deep and 0.2 m diameter covered with polythene netting.

After emergence the adults were checked for phenotype and transfer-

red to cages for breeding, if reguired.
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Generally there were few adults from a single pair, so they
were bred in cages similar to those for single pairs, but using
pots 80 mm high, thevsystem being otherwise identical. A% F2
there were generally enough adults for breeding in a small metal

cage, but if not, the larger polystyrene cages were agaln used.

3. Tegt and selection technigues

a. Pretreatment procedure

For selection, flies were gexed within 24 hour of emergence,
kept in separate cages, and fed on milk, lump sugar and water until
Hmywme}ittd%mcﬂ&

For bioassays, the adults were sexed when 3 A 1 days o0ld, and
tested 24 hours later. Usually only females were bioassayed,*but
when numbers were small, males were algo tested.

Flies for selection or biocassay were lightly anaesthetised
with diethyl ether and groups of 15 were put into 150 ml poly-
styrene containers covered with terylene gauze. The flies todk
about 15 mins to recover completely from anaegthesis, and from each
dish dead or dying flies were removed before treatment. The flies
were fed from a cotton wool roll spaked in 27 sugar solution put
on top of the gauze lid.

b. Bioassay procedure

Bioassays followed the general design of probit analysis
(Finney, 1971) using a topical application technique described
previously (Sawicki et al., 1966).  All solutions in acetone
were prepared on the day of the test from stock solutions kept
in a refrigerator. The doses were spread regularly on a logar-
ithmic scale over the kill range, and where possible, six concen-
trations with two replicates of 15 flies were used at'each‘dose.

For heterogeneous populations up to twelve concentrations were
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V. Diagram of milk-fountain

polystyrene
container

milk

cotton wool

/polythzne tray
///////f////

‘VI.Diagram of single pair cagé
gdauze top

(. ——————————— -7 om— ::’ H
& Ft;_‘__,__,___._-——— elastic band
,_r_“__,___._..._.——-— inner cage

’ é‘_______,_,__————- outer container

/gauze bottom
. cotton wool rolis
/ soaked with milk

Y ———polythene tray
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used to cover the full kill range and detect inflections in the

1d-p line {(log-dose probit regression line).

®lieg lightly anaesthetised with diethyl ether were treated
vith 1 nl of the insecticide solution on the thorax, using a micro-
applicator (Arnold, 1967). In some tests, the flies were pre-
treated with 2 ng sesamex on the abdomen 1-~3 hours before the
application of the insecticide. The tests were done at room
temperature and the post-~treatment temperature was 20 1%, The
flies were fed with 2% sugar solution and checked for kill at
24 hour intervals after treatment until there was no further change
in recorded death. Ld-p lines were drawn by eye and LDS5Os
calculated by the Rothamgted Computer.

c. Selection procedure

Virgin fiies of the stock strainsg were selected by topical
application (Farnham, 1971). The survivors were mated either 24
hours after treatment with 5B3FC (strain 104) or 48 hours after
treatuent with natural pyrethring (strain NPR). With some strains,
each fly was btreated whilst held with forceps to ensure that they

-
v

each received the wvhole dose. vrethrin I and sesamex were

applied together when used as a selecting agent.

4. TIgolation of individual auntosomes from strain HNPR

Figure VII on page 38 outlines the ideal method for isolating
individual chromosomes by substitution from Fr: into 6083. For -
clarity, the progeny of the testcross (as defined by Bridges, 1934)
has been called testcross F, (T.C-F1) rather than F,.

Adult HPR and 608Q flies were sexed within 16 hours o emerg-

e

ence and mated in reciprocal crosses when three days old. The F1
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wig VII

Diagram of scheme for the isolation of chromosomes from NPR
Parental cross FR Q
Testcross £080 x Fy,
Testcross F1 aribwhiocra ac:bwhiocra ag:arecra ac:ar:bwb Quadruple All other
’ markers phenotypes
discarded
Testcross Fp arpwbocra Quadple  actwbocra  Quadruple . acariocera Quadriple  acartwb ‘Quadruple  Cuadruple
markers markers markers markers ‘ markers
! discarded l discarded l ‘discarded l discarced ! I
! Single l Single [ Single l Single [ dieidrin l
| pairs | pairs ] palrs | pairs | selection {
| ! | | ! |
Single pair F, | Progenies | Progenies | Progenes | erogenies | Progey |
* homozygous  for » homozygous  for : homozygous  for ' homozygous for © homozygous  for
l fack of 26 l lack of ar l lack of bwh l lack of Qora !dclfiﬂn reslstancz!
[ | l l | l
Isolated \
Chromosome Chromosorme Chromosome Chromosome Chromosome
chromosome
i ] i \Y v
from NPR
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adults were gexed on.emé?geﬂce and the males used for the test-
crogsg o virgin 608 ~females in mass culture. ﬁéking the test-
crogs in this direction reduced the chances of crossinzg over
between the marker and registance factor at the Ft gstage
(Airoyoshi, 1960).

The four triple and guadruple marker flieg of the tesicross
progeny (TJM1) were kept and separately inbred (i.e. according
to Dhénotype). The triple marked TUFZ Jere gexed within 15 héurs
of emerownce, and 40 gingle pairs of each vhenotype set up three
days later (for method, see vage 34). . Pair progenies breeding
true for locl £ the fourth narker were kept and biloassayed.
The phenotypic purity of substrains for the relevant visible
narkers wag usually established by single malr r3

Quadruple markers of the testcross progeny were bred by
mass culture, called strain 213Q.

Variatvions on this method were used to obtain horozygous
stocks wvhen (i) this method failed to produce a stock homozygous

.

for the relevent marier, (ii) the resulting strain was heterozygous
for the separated resistance factor, or {(iii) two factors were
linked on the same chromosone.

The resvlis of bioassays atb 1u1° T”EZ stase on trivle maried
flies indicated the ynrescence of resistance factors on all H’R's
autbsomes excenpt +; 80, vhere necessary, flies could be selected
with an insecticide approprizte to the chromogomre concerned.

“Therever possible a non-oyrethroid was used to reduce the chances

of selecting for a second pyrethroid factor (e.g. Zectran for

chromogome II).

5. Statistical treatmnent of biloassay resulis

4s all tests, except those for TCFz were repeated, each

D50 (see.Table X X on page 117 ) is the weishted mean value

39



obtained from the formula

. £ (Log 1050 x !/loz SE°)
MEAN LD50 = Antilog | < 1/log SE2 ,

and its standard error from the formula

—

Standard error = Mean ID50 j/ x 2.303.
2 (w2

1
1 1og 52
Resistance Ffactors (R7) were calculated by dividing the
Mean LD50 for any one strain by the Mean ID50 for that treatment
against 608Q, and any RF between 0.5 and 2 was considered not
significantly different from the standard.
Compounds were tested without and with sesamex in the same
experinments, and the synergistic factors calculated from the

formula

£ (log a - log_b)(1/log SE(a}2 + 1/log SE(b%E)

Mean SF = Antilog.

where a = LD50 for unsynergised treatment

tment

o
i

LD50 for synergised treatmen

L

1‘(a)
“(1)

Li-0 lines of heterogeneous populations were plotted on

LS A

I

Standard error for a

2 192

e
|

3 = Standard error for b

log-provability paper. The lines for 6085 are included. For

clarity, points on these graphs are omitted in this thesis. |
By observing vlateaus on 1d-p lines,.theﬁproportion of

resisﬁant, heterozygous and susceptible flies in a populaﬁion'may

be calculated (Tsukamoto, 1S63) and where practical, this was

done. However, the various triple mariker vhenotypes of the

TCF2 differed too little in their response to insecticides for

accurate analysis.



Table V Strains derived from the cross HPR x 6083

Strain  Phenotype HP's ﬂ Notes
Ho. chromosomal
ngterial
420 ac/+;arsbwbsocra I - Mo measurable resistance
381 acsibwbsocra It Heterozygous for resisianc

to synergised pyrethrolons
esters, and o0 unsynergis
and synergised Zectran

200 acsars;ocra I:TI Homozygous for TBTA resis-
' tance. Hetnrozygous for
DDT resigtance

|

314 ac;ar;kwb;ocra IIT Homozygous for TBTA
resistance

348 ac;ar;birbjocra It Homozygous for DDT
resistance

331 acsar;bwb;ocra I1iT Homozygous for DDT and
TBTA resistance

2130 acsar;bwb;ocra iv Heterozygous for dleldrln
resistance

2130 D2 acsar;bwbjocra v Homozygous for dieldrin
resistance

85 aciar;bwbd v Hoaozygous for natural
pyrethring resistance

389 aciar;bub Vv Homozygors for natural

pyretinrins r631vuqace

6. Isolation of cqromosome from NPQ

—-— e o cw

Mgure VIII, page 41A illustrates the methods used to
obtain the individual stroins, and Table V, above, lists the
derived strains with their phenotyves and the chromogomal material
from I2R. The results can be grouped accérding t0o the chromo-

gome from NPR under examination.



vill, Diagram of origin of substrains derived from cross NPR x 608Q

Farental cross NPR x 6080

Testcross - ) @gl_x_rl
{ [ [ ~ ! 1
Testcross Fy ababrocry achwirocra ac:arocra ac:ar:bwh Quadruple
I , ‘ markers  phenotypes
selection ‘
.. |
Testcross F,  antwibocra arkers 222002 actwbrocra BCRNQCra . acarbwh pakie]
discarded discarded ) discarded discarded discarded

! ! Zzctran l | DILT : TBITA l natural pyretheing I dieddrin I

} ! szluition selection sekection seikction I seiections
; 80 ' 25 | | & 30 L !
! Single | Sige Single | singe DOTse, bwtOOTuns  TBTAsel fwbTBTAwns | Single Singe | 2008 |
. pars pairs , pairs aciarocra gearpwhiocra acariocra  gcariwbioerg | paks pairs . .
| | N e I I |
i | || sdecion scion  seucton | | |
| &7 2 | 4 2381 !agg DOTsgl DOTuns SN mmzelsm.!g 29 I l

pairs

Imgogps e | e | | | !
Q! l slLtren Z%:axm:,“ I bioassay  bloassay 1 I l
| | & | 5 b L
! Single , 7 8 ! Singe POTuns 348 331  ginge Single ] ] ,
i palrs hsterf;rozygous I palrs  discarded palrs pairs I . .
l ar R * 1
. i discarded . . bloassay “Lacl?m bbaisay . N
| | T " S
| Progenies ! | Prosenes 2oz wm l l
teterozygous discarded ’ . . .
| = | ! l I
: Dot . TBTA . .
: i [ ‘ selection selection l ]
y * l | !
! | 1 o oae | L
| | I poorly fertie l | |
: discarded ' .
, . | l l l |
Chrermosomal Chromo-
material Chromosome Chromosome Chromosome Chromosome :



a« Chronosome I

None of the 40 single pairs, +1-80, set up from the TCF,

adults yielded a ain pure only for arj;bubjocra (Table VI, p 43).
Prom the heterozygous strain, §7, which gave flies with ac at F2
70 single pairs (241-270, 271-310) were set up, but nons of the

prozenies was homozygous for lack of the g¢ marker, and all ~ere
discarded.

The original crogs was repeated and 40 more single pairs,
416-455 set up at the TCF2 stage but again none of the progenies
lacked gc. However, strain 420, heterozygous for ac was kept for
biocassay because biozssay of ar;bwbj;ocra flies at TCFZ had shown
that there was no detectable resistance associated with chromosome
I.

b. Chromogome II

None of the first 40 single pairs, 121-160, set up_at the
TCF2 stage yielded a strain pure only for ac;bwbjocra (Pable VII,
p 44). Strain 137 was kept because it was fertile although it gave
guadruple marker flies at FZ' Also it was hetergeneous in its
response to synergised pyrethrolcne esters and to synergised and
unsynu¢5lsed Zectran, so the strain was selected with Zectran on
five successive generations (see Table VIII p :5) using the Zectran
resistance as a "marker". This failed both to eliminate the ar
narger and to purify Zectran resistance, so 137 was discarded.

At the second attempt ac;bwbs;ocra flies were selected at
the TCF, and ICF, stages (see Table VIII, p 45). 25 single pairs
were set up from the survivors. Of five of their progenies that
lacked gr, the most fertile, 381, was kept. Bioassays later showed
that 381 was heterogemneous for the factor which confers resistance

to synergised pyrethrolone esters, and for this reason it was

selected three times with synergised py I (Table VILI P 45), bub



Pzir Nos

271-310

416-455

¥

Table VI Results

Number

. of
Pair Parents

(gz;bwb;ocra)2
from ICT, 40

(gg;bwb;ocra)2

rom 6 40

rom TCF2 4.0
TotalsihC

% 100

single
pairs

of sin

Number
sterile

22
15

Layed
sterile
eggs at

™

N

12

19
13

1
Quads

1

10

(@)

22
49

sterile
eggs at

N

sle pair matings to isolate chromosome I from PR

72
Quads

10

15

41

30

W

all discard

alldisca

all discax

420 kept
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Table VII Results of single pair matings to isolate chromogome II from NPR

Number Layed Gave Layed Quads Phenotypical :
. . of Number gterile too m sterile 2 at successful  Progenies
Pair Nos Pair Parents single sterile eggs at few Quads eggs at Quads later pair retained
valirs BN adults 2 gens progenies
121-160  (acibwb;ocra)® 40 1 > 1 21 1 13 1 0 None
~ from TCF2
361-385 (gg;bwb;gcra)z . 411 hetero
from TCF, 25 5 1 : 1 6 0 7 o 5 sygous for
after selection : resistance
with TCF, and factor -
0T, with 381 kept
Zec%ran '
Totals 65 6 3 2 27 1 20 1 5

% 100 9 5 3 42 2 31 2 7



Table VIIT Tist ol selections, dose rates and killg for isolation
of NPR's chromosome 1l

Pt

Selecting ™ Dose in

- (e 4 1 e . o Doge in ., K
Stage or Strain Yhenotype agent ne kill ¢ e kill
Testcross F1 ac;byb;ocrs Zectran 5 | 36 1.25 60

e acybwbsocra Zectran 40 63 20 88

137 7 acshub:ocra Zectran 1.0 80 0.5 73

F8 " n 10 59 2.5 60
79 " . 40 96 20 95
10 " " 10 66 2.5 93
P11 i o 4.0 56 1.0 A7
281 16 ' oy I +

2 18 sesamex 0. 006% %0 0.0016 78
7 " " 0.025 99 0.0031 96
721 " " 0. 04 96 0. 01 95
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remelned heterozensous. Howvever, it was kept for bioocssays.

NI 0aaansr ' oo sarcrocra Tlica ot the D00 ataoce indicated
Sloassay 0L ac;ars;ocra TAles av uviae Lol 5o BLaLe rnaicave
? - - 2

that there are two factors of resistance on IiXR's chromogone LII.
One gives registance to pyrsthroids and pdssibly 207 and the

o ther to TBTA. Thess factors were igolated singly and together
and for this reason this chromosome presented mosgt difficulties.

Table IX, p 47, lists the single pairs set up to isclate
the three strains. A1l the first 40 single oalr progenies 1-40
set up at the testcross F, stage had bwb and were discarded. The
method was repeated (161-200) yielding two pair progenies lacking
bwb. Of these, one, 180, was lost through infertility, and the
other, 200 proved heterogensous to DDT and dyretvhroids.

After these two failures, the original cross was repeated
and ac;ar;ocra flies at the TCF2 stage were divided into two parts.
One was selected with DDT to try to obtaian a population that
resisted pyrethroids and DDT, and the other with TBTA (sec Table
X, p 48). Survivors were bred geparately in mass culture, giving
two strains DDT sel and TBRTA sel. The number of adults of each
vhenotyve at the first generation for each strain is shown in
Table AT, § 49. The cloger a registance gene is to the nmariker

locus on the chromosome, the less 1t will be associated with it

in this generation. Thug the lor elimination of bwb in the
progeny of selected flies indicates weak linkage. Hence, Table X

shows that there was more crossing-over between byb and the DDT

resistance factor than between bwb and the TBTA resistvance factor.
bib Flies emerged earlier from DDT sel than from TRTA sel but why

this occurred is not knowmn.
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Table Ii Results of single pair matings to iso late factors on  N:ZR's chromosome III

iy
P

T o . '1")‘1,\ . —
umber Layed fave _ Layed wuads L Sy
5 of Number  gterile too 1 sterile F2 at 101ca1%y7 Progenies
3 Y P P R Yo oy e Y ~ -~ X ; aa il 5 e
Pgir Nos. Pair Farents single  sterile eggs at  few Quad egss ot Quads  later slﬂgfiiun~ Totained
valrs BN adults e gens. et

vrozenies

1-40 {2 Tor
5 40 9 6 2 11 0 9 3 0 None

161-200

( from
0T, : 0 7 13 1 9 1 7 0 2 200

201-220 (@Q;g;;ocra)z from ,
, DDE sel 20 2 4 0 2 0 2 0 10 None

221-240 (“c arsocra) from

AT ; 20 5 0 2 0 0 C 9 ione
311=%%0 ”io;gﬁw@)g fron

20 7 2 0 - 2 ~ - 9 314

25 1=360 (ac;a:gb b;OC?ﬁ)z Trom

bib DOT uns 50 5 3 0 - 2 - - 20 %31, 348

s
’.""J



Table X Digt of gelectiony, cose rates and kills uged durin: igolatior of
J

X
factors on HDit's chromogome LIXL

7
E
o . 0 C
: : ™ PR Selecting -
Stage or strain Phenotyne mont D N Doz
d,;‘)@l’lh 03¢ o Wzil] ose o k:i—‘~]
- — / s - L3 P / L4 VP NS S O
1n pg i pg
Testecross F2 ac;ar;ocrn Dot 1.0 78 1.0 85
' 3 H 2.0 65 2.0 a7
Testecross F2 agi;ar;ocra TRDA 2.0 89 1.0 G4
w5 " i 4.0 65 2.0 34
i aciar;bubsocra " 1.0 55 0.5 273
314 6 ac;ar;owoocrs - IBTA F.C 80 1.5 74
] " b 3.0 73 1.5 71
Fz21 n n Z.0 70 1.5 65
331 76 ac;ar;oibocry THTA 5.0 80 1.5 9%

48 .
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Table XI Phenotypic segregation of DDT sel‘Fl and TBTA sel Fl

Females Males Total
Straln  acjarj;ocra acsjaribwbs;ocra  acjars;ocra acs;ar;bwbjocra  acsar;ocra  ac;ar;bub;ocra

ot Ao A

DT sel 1624 117 1628 113 3252 230

TBTA sel 558 8 546 10 1104 18



’ {
To further vurify these strains and to compare the Iwo
methods of selection, the triple marters from esach strain were
subdivided further into two of which one was sclected as before

(Table X, p 48). ass cultures of these four stocks gave strains

£

3T

[
®

S

¥

that, for the author's convenience, were called DDT sel and

selected twice with their respective ﬂbvnts and DDT uns and T3TA un
selected once only. The nurbers of the pl enotynes of the progenie
of these stocks are shown in Table Xlifénd indicate that there was
a small proportion of bwb resistant flies after the second selectio.
Lfter bioassay, 20 single pairs 201-220 (Table !X , p 47)
were set up from DDT gel to obtain a strain homozygous for both
DT ahd TBTA resistanée. A1l pair prbgenies that lacked bwb
later proved heterogeneous for DDT and/or TBTA resistance and
were discarded.
20 nore single pairs, 221-240, Were set up from the TBTA sel
(Table IK p 47) to obtain a strain homozygous 1or TBTA resistance

only, but again all pair progenies that lacked bwb were heterogene-

}ﬁ

ous for one or other of the factors, but the progeny of pair 231
was kept because it was homogeneous for T3TA resistance but hetero—
geneous for DOIT. It was later S»Tectéd with DDT dbut discarded
becauvse survivors bred so voorly that in 30 generations there

were never enough for bicassay.

Because the methods used had failed to isolate strains homo-
zygous for either resistance factor alone or in combination, the
method was repeated, but crossing over was allowed between JHwb
and the resistance factors.

Quadruple narker flies bred from survivors of the gelections

with DDT or TBTA of the acjar;ocra flies at the 'OFZ stage were

zept and bred in mass cultures, giving two substrains called
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Table XII

Strain

DDT sel
TBTA sel
DDT uns

TBTA uns

Phenotypic segregation of DDT sel F,, IBTA sel Fo,

1476

1353

Fenales

acs;ar;bwb;ocra

17
18
51
24

agciar;ocra ac;ar;byd;ocra  ac;ar;oc

924
1217
1551
1300

12
64
42

DDT uns F1,.and TBTA uns F1




bwb DDT uns and bwb TBTA uns. At F3; bwb TBTA uns was selected

with T8BTA (Table X, p 48) and from the strain renamed bwb TETA sel,

20 single pairs 311-330 (Table IX, p 47) were set up at Fo.
Nine pair progenies were fertile and after bioassay one, 314, was
kept because it resisted TBTA but not DDT, and even later selection
with TBTA at Ty, (Table X, p 48) failed to change its resistance’
level.

30 more single pairs, %331-360 were set up (fable IX, p 47)

from bwb DDT uns. The fertile progenies were bloassayed and two

strains kept: 348 which resisted DDT but not TBTA and 331 which
also resisted DDT but was hetérogeneous in its response to TBTA.
331 was later selected with TBTA (Table X, p 48) to give a strain
homogeneous for resistance to both. Thus these three strains
with materiai from NPR's chromosome IiI were guadruple markers:
314 had TBTA resistance, 348 had DDT resistance and 331 had both.

d. Chromosome V

40 single pairs (81-120) were set up at the ICF, stage and
of five progenies lacking ocra one, 85, was kept after biocassay
with pyrethrum extract (Table XIII, p 53). Strair 85 was slightly
less resistant to natural pyrethrins than anticipated from the
bioassay on aciar;bwb flies at the ICF, (see page 74), so a
second attempt was made to isolate this chfomosome after selecting
the acjar;bwb flies at the TCF, with natural pyrethrins (Table XIV
p 54). TFrom %0 single pairs, 3%86-415 four progenies lacked ocra
and the most fertile, 389, was kept.

e. Chromogome 1V

Bioassay of the ICF, (see page 75) flies showed that
dieldrin resistance was probably associated with this unmarked

chromosome. Quadruple marker fliegs of the TCF2 were kept and
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Pair Ho.

81-120
386~415

Table XTIX Regults of

(ﬁg;gg;*wb)a from ICF,
(acsarihub)® from TCF,
s

clected with natural
oyroethring

single

vair matings to isolate Ffactor(s) on Pi's

Number
of

pairs

40

Number
asterile

=N

Layed
aterile
egas at

F1

10
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the strein called 2130. It was heterogeneous in its response
to dieldrin, and was selected with dieldrin (see Table XV, p 56)
and on four other occasions until homogeneous. The strain was

renamed 2130 DXI.
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BIOASSAY RESULTS

1. Response of the four standard strains to insecticides

A1l stendard strains, i.e. PR, 104, Cooper and 608Q were

tegted with thé listed pyrethroids and Zectran without and with
pretreatnent with sesamex and algso with DDT, dieldrin and TBTA.
Results obtained with strain 6087, the susceptible strain used
for genetical crosses, were taken as standard throughout the
work, and are shown in Table XIX on page 116. Histograns of -
pyrethroid results for other strains (Histograms I-III, pages
58, 59, 60) show the factors of resistance in the absence or
presence of the synergist and the factors of'synergism for each
insecticide. A1l bpioasgsay results are shown on Tables X{ on
pages 117, 118 and in the Appendix.v

Cooper differed little from 508Q (Histogram I on page 58)
in its response to all insecticides. Interstrain differences
were less than two-fold and not statistically significant.

‘Results for the two resistant strains (Histograms II and

1

III on pages 59 and 60) with natural pyrethrins, py I, py II,
C

8

B3R? have been reported before

7,
U1

g\‘)

e S

R A

533¥C, SB3F(+) trans
( Tsble IX (on page 117 ) along

ir

O
&)
i1

3 A
1soed

}._1

Faynham 1971) and are
with results for the two additicnal pyretihroids, py THCPC anad
BB3FT.ICPC.

Y

Strains 104 and P2 did not differ as much in their respons

t

to py THCPC as they did to other pyrethrolone esters, ife.

natural dyrethrins, vy L and py IiI. Hone of the PR was immune,
and the resistance factor (RF) of 89 was only three times that

for 104 (RF 34). This was because py THCPC was the pyrethrolone
ester that 104 resisted most.. Howe#er as with other pyrethrolone
esters, pretreatment with sesamex affected NER more than 104 so
that the interstrain difference was much reduced (3Fs HPR 63,

104 48).  Also 104 was much more resistant to synergised pyT.iCPC
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Il Histograms for Strain NPR
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than to the compound alone.  Altho

o
Ly

NP2 was about five times

\‘

BERNT mnore re

(RF's P2 240, 104 46).  This

tha’

than b obtained with other esters

alcchol (5B3FA),

segamex to RI''s 40 and 59 regpectively.

Both strains strongly resisted DDT

the population immune to 50 pg/g fly. Both

ugh both strains resis

but was a2zain reduced by pretreatment

with more

sistant than 104

interstrain difference was greater

of 5-benzyl-3-furylmethyl

)
WALTL

70% of

than

straing were hetero-

geneous in their response to both unsynergised and synergised

Zectran, 707 of the population was immune to

5

alone, but after pretreatment with

segamex,
affected by 1 pg of Zectran.

Strain 104 had lost its resisftance to
but in MPR only

laboratory selection period,

50 ng/fly of Zectran

only 10% were not

dieldrin during the

20% of the population

showed zny resistance and only 3% were fully homozygous for the
resigtance mechanism (Farnham, 1971).
2. - ;
2. Results for (6083 x ﬂPﬂ)ET
111 sreatments trere made asainst (6081 x P2F

(histograns IV on p 63) and the resistence 1

equivalent 53374 esters in PR disapp

(S7) were similar to

ay nevween 4

pyretnrolone esters and

then strain i

""O“ﬁ

maried

o
1tas

“cto“o of synergism

b. Other compounds
The very greabt resistance to DDT in HPR was reduced to

x 4 in F, and the 1ld-p lire was straight (see gravh I on page 64).
The 1d-p line for dieldrin (see graph IL on vage 65)

showed heterogeneity. About 20% of the flies were heberoszygous

ror dieldrin resisitance whilst the remainder

of the population was



suscephidble. D100 for the heterozygotes (0.8 pu/Q) was six

. i - PRI - ' By I's P . " . - ey -
times less than LD100 for the nomozygotes.

The 1d-n line L.oht and parallel to thogme

AP e T e + oyt e S S N - LGN S I

Tor both parents. Reglstance was internediate.
11 iy I . b JR R I pAl e 7 i ey b gy
the respongs of yad 1ts B, to Zectran was hetero-

platean (see graph II1 on

page H5). The response of the F1 after pretreatment with
sesamex (see gravh IV on page 67) =ras steep and gtralght, ond

ID50 was clogse to the suscentivle level. Segamex also reduced

c. Conclusions

Thege results showed that there was no najor doninant

DDT resistaonce was

resistance factor to dyrethrolids
also controlled by mainly recessive factors. Zectran resistance
was probably controlled by two factors, one of which was possibly
dominant (shich would explain the plateau in. the 1d-p line of
the F1). This factor gould be suppressed by sesamex, to give

. GRS T 3 - = P 15 N owayn - LN - 1
the straight line ragdongs. Dieldrin resigbonce ras semi-

dominant.

3 | SR A PR, S T S s e e S ey AT .
Secanse there were no doninrant major 2yretiy

factors no bioasgavs were cone ot the TUT1 stage, i.e. the next
N . 1 : E . | NP -y - - 3 - = -
genergihion, since each resistant chrososome would nave oveen 1In

4. Results for Tegbcrogs F2
The triple marker progenies of the testcross @C)F1 flies
were bioassayed to determine ~hich of .PR's chromosomes hore

resistance factors. TCF1 tripvle marked flies had the three



IV Histograms for £ of (608Q x NPR)

Insecticide ‘ Factor of resistance
10 10 100 000

Naturd pyrethrins | [
Pyrethrin | 1

Pyrethrin 1l ]

PyTMCPC > |

5B3FC ]

5B3F ()transC J

5B3FP |

BB3FTMCPC ]

Insecticide + sesamex

Natural pyrethrins |

Pyrethrin | ]

Pyrethrin i 1

PYTMCPC ]
5BIFC ]

BE83F{(Jtrans C 1

5B3FP ]

S5B3FTMCPC ’

Foctor of synergism
10 10 190 1000

Natural  pyrethrins

Pyrethrin |
Pyrethrin 1l

PyTMCPC

5B83FC : 1

5B3F (ItransC i

5B3FP

5B3FTMCPC




NPR
| ODT against parent
resistant and susceptible
strains and their El
Dose in ug per fly
o005 O 05 10 50 10 50

| i A i i




99

95

20

80

60

ko

20

10

T

v

=TT 177

Il. Dieldrin  against parert resistant
and susceptible strains and

their F1

\1”T“"“ T

1

Dose in ug per fly
00 005 01

e - em i mm ————p




99

95

90

80

60

4o

20

10

'_I

S W e

M I

1

% Kill

o8Q

NPR

strains

and their

ll. Zectran against parent
resistant and susoeptible

F

N
;
!
! / 1
[
}—/f
|
il'
Dose in ug per fly
05 10 5.0 10

66



99

95

90

80

60

ko

20

10

T

|

| A B

10
Q
o
'”W.EP
T

NPR

% Kill

IV Zectran plus Sesamex against
parent resistant and susceptible

strains and their ﬁ

Dose in ug per fly
001 005  Of 05 10

]



labelled chromosomes from the susceptible 6080 parent. Chromo~-

some 1V originally unlabelled in 6080 could be derived from

o

gither parent, i.c. it was in an unknown state, whilst the other
unmarked chromosome vas in the heterozygous state. By inbreeding'
triple marier TCF1’flies the progeny, TCFz, consisted theoretically
of individuals which were homozygous susceptible, heterozygous and
homozygous resistant for each ummarked chromosome from HPR in a
ratio 1:2:1 respectively. The quadruple marked homozygous
susceptible flies were discarded leaving heterdzygotes and haﬁo~
sygotes for resistance in a ratid 2:1. Therefore if the parent
HPR strain was homoiygoms for its resistance factors a dominant
factor should result in a straight 1ld-p line with a LD50’greater
than the 608Q value, but a recessive factor should give a tfiple(
‘marked population at TCF, in which one third resists the insecti-
cide so that there would be a plateau on the 1d-p line at 67% |
“kill. If the factor was very wealk, the tolerance of the popu-
lation would barely rise above the susceptible level and a

change in LD100 would indicate such weakness.

Not all the listed insecticides were tested against the
four tripls maried phenotypes of the TCFg because only limited'
information was expected from the results and because many ingects
were needed to cover the full kill range. The results are given
as 1d-p lines, which have beern joined between points instead of
constraining the points to linearity. For clarity symbols for
the points have been omitted. BEach phgnotype was-allogated a

colour to make comparisons between graphs essier and the 1ld-p

line for 608Q was included. This accounts for the difference

between its 1ld-p line and that of the most susceptible TCFz phenao-

type. Also the TCF, flies were tested once only, whereas the

2
6083 line is a mean of a number of tests.
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a. Pyrethroids

Bioagsay of the TCF2 triple marxer flies with natural
pyrethrins (Graph V on page 69) showed that only those with IPat's
chromogome III (i.e. aciar;ocra phenotype) resulted in the ;gig
line having a plateau. The most susceptible phénotype was

zr;bubj;ocra (NE2's chromosome I1). The 1ld-p lineg for the other

ety

two phenotypes (XPR's chromosomes II and V) deviated from that for
gg;bﬂh;gggg; showing a slight increase in LD100.

Sesamex synergised natural pyrethrins against all thev
phenotypes but altered the overall response (Graph VI on page 70).
The phenotypes with NPR's chromosomes I and V (i.e. ar;bwb;ocra
and gg;gg;ggg) were most susceptible. There was some indication
of resistance on chromosome II (ac;bwbj;ocra) whilst fhe ac;ar;ocra
phenotype (NER's chromosome IIT) was again the only one to give
a plateau on the ld-p line. | |

Treatment with 5B3FC (graph VII on page 71) resulted in a
similar pattern in the relative positions of 1ld-p lines to that
obtained with synergised natural pyrethrins. Again, the
ac;ar;ocra (NPR's chromosome III) phenotype included the most
registant insects and the ac;ar;bwb (V) and the ar;bwbsocra (i).,

phenotypes were equally susceptible. Some acji;bubjocra (IL)

differed in tolerance at LD100 from the two susceptible phenotypes.
The other pyrethroid tested against TCF2 flies was

py THMOPEC.  The pattern of 1d-p lines (graph VIII on page 72)

was similar to that obtained with natural pyrethrins alone, not

to that with 533FC. The most suséeptible phenétype was again

ar;bubj;ocra (M¥PR's chromosome 1). The other phenotypes

included individuals that resisted py TMCPC with the most

resistant in the acjarjocrs flies (NPR's chromosome III).



T

Sesanex synergised py THMCPC against all phenotypes and

E

-

again affected the relationship between the resulting 1ld-p
lines (graph IX on page 73%) in a similar way to those for
synergised natural pyrethrins. Two phenotypes acs;ar;hbwb and

ar;bwb;ocra (MPR's chromogsomes V and 1) were susceptible whilst

the other two included fiies that resisted the trestaent,
with ac;ars;ocra (NER's III) possibly having the most resistant
flies although owing to lack of numbers, LD100 was not obbtained

with the ac;bwbj;ocra phenotype (IPR's II).

b. Other compounds

Four compounds other than pyrethroids were tested against
TCF2 flies.

Yith DDT (graph X on page 76) the most resistant flies had
naterial from NPR's chromosome IIL (aciar;ocra phenotype),
although some of the ac;bwb;ocra phenotype (NPR's II) were also
.resistant. The other two phenotypes (MNER's I and V) were
susceptible.

Only flies with I°2's chromosome III (ac;ar;ocra) resisted

TBTA (graph XI on page 77)-. 411 four phenotvves had some
individuals that resisted dieldrin (graph XIL on page 78).
Zectran resistance wvasg locéted (graph XIII on page T9) on XPR's
chromosome IT (ac;bwbjocra) and III (ac;ar;ocra) with the former

phenotype including individuals that were immune to 50 pg.

c. Summary
The results of biocassay of TCF2 flies may be summarised,
. fp80) i} : »
and Table XVI/shows with which of HPR's chromosomes resistance

igs assoclated.
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Table XVI ghowing which of IPR's chromosomes bore resistance,
based on results of biloassay of triple and quadruvle

marker flies from the TCFZ.

Chronosome from NPR
I It IIT Iv Vv

natural pyrethrins s + +
natural pyrethrins + sesamex + +
py THCEC | + +
py THMCPC + sesamex + +

' 5B3RC " n
DDT + +
TBTA +
dieldrin ?

Zectran ' 4 +

4. Changes in response t0 insecticides during the igolation of

the factors on chromogome 111

During the isolation of chromosome. LIT from HPR and the
separation of its two registance mechaﬁisms, the strains (sece
genetical section, paged6 et seq.) were bioassayed before and
after selecting with DDT and T3TA to demonstrate the effect of
selection on the cross-tolerance t0 natural pyrethring, S5BIRC
and to the selecting agents. The four strains used were called
TBT4 uns (selected once with TBTA), TBTA sel (selected twice with
‘TBTA), DDT uns (selected once with DDT) and DDT sel (selected

twice with DDT).

a. Response to DDT, 24 hourgs after treatment

The response of T3TA uns to DDT was heterogeneous (graph

ZIV page 81).  About 30% of the population was fully susceptible.
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Kill increased gradually with increased dose, but 25% survived
5 pg. The second'seleotion with T8TA, regulting in strain
IBTA sel, almost fully eliminated the susceptible part of the
population, but it remained heterogeneous, with almost 407
surviving 15 ung DDT.

Less than 5% of the DDT ung flies were susceptible or
slightly resigtant to DDT. The remainder of the population
was very resistant. Selection with DOT (to produce strain
DDT sel) eliminated the less resistant individuals and over 70%

survived 15 pg DDT.

b. Response to TBTA

When strain TBTA uns, heterogenoug for reslstance to TBTA,

3

was selected with TBTA, the 1d-p line of its progeny (IBTA gel)

(graph XV on page 83) was steeper and straighter, and lay close

to that for NPR, indicating that the selection had killed almost
‘all the heterozygotes.

The large portion of DDT ung susceptible to TBTA was
eliminated by selecting with DDT, and the strain DDT sel was as
resistant to TBTA as TBTA sel and HPH.

Thege results imply that resistance to T3TA was controlled
by a factor that may be selected for with elther T3TA or DDT,
‘but that the major DDT resistance mechanisn mey be selected for

only with DD7T.

c. Responsgse to pyrethroids

Selection with either DﬁT or TRDPA failed to suppress the
heterogeneity of response to matural pyrethrins (graph XVI on
page 84) or to 5B3FC (graph XVII on pége 85) in the four strains,
but selection with DDT elimineted more susceptible or hetero-

zygous insects than selection with TBTA. As a result, HOT
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selected strains vere more registant against the two compounds.

Thege results confirm that resistance to pyrethroids on
PR's chromosome LIT is linked with resistance to DDT and to
TBTA, and suggest that it 1s rore likely to be elther close to
the DDT resistance factor or to be one and the sane fac%or
becéuse, like the DDT resistance factor, it is selected fdy more
by DDT than by TBTA.

Because both selected popilations were heterogeneous in
their response to all treatments, except IBTA, further genetical

manipulation was necessary to isolate the two mechanisms and this

is described elsewhere (pagedb6 et geq.).

d. Registance of bwb DDT ung to DHDT

The bwb DDT ung population was tested at F4 with DDT and

kill was assessed 24 hours after treatment and at 24 héur
intervals for four days after which no further kxill other than
.control mortality was observed. Xill increased with time
(graph XVIII on-page 87), and this increase can be compared with
later results for the isolated resistance mechanisms of CMromo-

-

some II in strains 348 (graph ZXIV on page 100) and 31 4 (graph
XXV on page 102 ) aad w1tp the combination in strain 331 &* a0
7¥VI on page 105).

o part of the bwb DDT ung was fully susceptible to bDT,

but the strain was not homogeneous in its response to DIT.
There was a great change during the first 48 hours after tregt-
ment, after which the change was much smaller as gill end-point

was approached.

5. Results for igolated straing

The strains that were isolated by genetical techniques

from the cross 6087 x NPR were bioassayed with all insecticides
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to obtain data on the resistance spectrum of cach factor in

turn. Detailed TDEO velues, factors of aynergism and resistance
are given in Table XX on paze 117). Results for pyrethroids

" 4. ¢ o o . -
are also exvpressed graprnically and/or as higtozramg. Detailed

pyrethroid results for 6080 are ajdo listed separately on the
fold~out Table XIX mpage 116 for eage of comparison with the

various histograms.

O

a. Results Tor 420 (NPR's chromosome 1 = Higtogram V oxn vase 89)

420 was homozygzous for markers ar;bwbji;ocra butbt heterozygous
for ac and hence for chromosome 1 from HE2. The 1ld-p lines were
steep and étraight for =211 insecticides, and the strain was as
suscepvible as, and had SFs sgimilar to, those of 608Q.

The knock-down effect of naturasl pyrethrins similar to

6080 was observed but not measured.

b. Results for 381 (NPR's chromosome TI - Histogram VI on page 90

indie-

L

pros-Geal

381 wa.s homozygous for ac;buwb;ocra and for lack of z:
cating that the substitution of chromosome II from NPR into 6089
hed heen successful. However, bloassay resulis showed that 381

was heterogeneous in its response to synergised natural vyrethrins

{gravn XIY on page 91) and +to synergised pyrethrolone esters,

e o P - 5\ . N B "
grayhs XL, XLI, LIT on vazes 92, 93, 94;. This wasg shown by .
the 1d-p lines not beirg straight. ven when they were con-
e et it () P of

atrained to linearity as they were for egtimating RFs and SFs for

the nistogcrams {see page 90) registance to these synergised
<3 = Rand (o]

L]

yrethroids was nuch more than when unsynergised. Por exanple,
the RF for py 1I vas 3.4 and for synergi sod vy ITI was 14. Thé
knock-~down effect of natural pyrethrins was observed but aot
measured.

381 was susceptible to TBTA and dieldrin, was homogeneous

n its response to DOHT which it resisted (nF 2.0) but was hetero-

Jte
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V| Histograms for Strain 420
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VI Histograms for Strain 381
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S

geneous to Zectran, with 20% of the vpopulation resistant

(graph XXIIT on page a6 ). Sesamex synergised Zectran, but

2

again the response was heterogeneous, and the vopulation ghill

f]

resisted the ingecticide.

c. Results for 200 (WPl's chromosome III - Higtogram VIL on p 97)

200 was homozygous for acjsar;ocra and for lack of byb indi-
cating the succegsful subgstitution from PR of chromogsome ILI,

1

but failed to show the resistance to pyrethroids or DDT which had
been demonstrated in tests on TCF, acjar;ocra flies. RFs of
legs than two for all pyrethroids without or with the synergist
indicated that the strain was susceptible. 3Fs were as for
6030. The knock-down effect of natural pyrethrins was slower
than for 608Q.

The 1d-p lines were steep and straight for all other compounds;
except Zectran.  Although the majority of the flies were suscept- :
ible to0 Zectran, 20% survived 40 pg/g. Pretreatment with sesamex
eliminated resistance'completely and the ld-p line of 200 was then
very close to that for 6083 (RF 1.2).

200 resisted TBTA (3F 6) strongly, as did 2z (RF 17) but

was susceptible to dieldrin.

d. Results for 348 (NP2's chromosome IIL - IHHistogram VIII, p 98)

548 was homozygous Tor acsar;bwbs;ocra, but in the genevical

igolation of %hig strain (pacge 46), some chromosonal materiasl

=)

rom ¥Pl's chromosome IIT wag linked to the bwb marier by crossing}

OvVer. The strain was homogeneous in its regsponge 1o all ingecti-

cides at kill end-point. 1t resisted pyrethroids without or
with sesamex, but was more resistant to synthetic esters (including
A

py THCPZ) than to py I, py II or natural pyrethrins. For example

the 27 for py I was 1.9 and for bioresmethrin was 17. Although
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Vil Histograms for Strain 200

Insecticide Factor of msistanccz
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VIll. Histograms for Stran 348
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not measured, the observed knock~down effect of natur&l'pyrethrins
was very much delayed in comparison with 608Q.

%48 gtrongly resisted DoOT at kill end-point (RF 17) but the

time taken to reach this point was about 96 hours. This is
shown in graph X4IV on page 100. This slow response may be

compared with the result for DDT against bwb DDT uns (graph

XVIII page 87). Unlike %48, bwb DDT uns was not homogeneous in

its response to DDT. It was homozygbus for the mechanism of
resistance that was isolated in 348, so LDO was the same for both
strains. However it was also heterozygous for pen, isolated .
in 314, anrd this enhanced resistance to DDT in part of the

bwb DDT ung population, so that the LD100s for the two strains

were not the sanmee.
348 was suscepbtible to the other insecticides tested,

including Zectran.

e. Results for 314 ({PR's chromosome I(I - Histogram IX, p 101)

314 was homozygous for ac;ar;bwbjocra but like 348 had
material from NPR's chromosome III linked to bwb. The strain
was homozygous in its response and susceptivle to all pyrethroids,
but vas slightly resistant after pretreatment with sesamex, and
 SFs were smaller than for 6083.  The observed knocx-down of
susceptible to kill with pyrethroids.

esponse to DDT was homogeneous. The final LD50, slightly
greater than that for 5089 (RF 2.%), occurred only 48-72 nours
after treatment whereas xill end-point for DDT against 6083 was
reached within 24 hours. The increased kill between 24 hours
and 72 hours was little (graph XXV on page 102).
314 strongly resisted TBTA (RF 9.2), »ut was susceptible to

dieldrin (RPF 1.3%), although the time taken to reach kill end-point
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o dStograms  Jor LJran o

Insecticide
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waé ightly delayed compered with 6083. With Zectran 9%% of
Q 314 flies were killed by 40 pg, but most of the vopulation was
as susceptible as 6083. This resistance was sunpressed by
pretreatment with sesamei and the resulting ;Q:Q line lay close

to that for 6083 (RF 1.3), as in strain 200 and (5087 x HPR}F1.

A dominant factor for resistance to Zectran affected by seseamex

was probably present in the heterozygous condition in 200, 514

bt

T
.01 e

a4

and

f£. Results for 331 (IPR's chromosome IIL - Histogram I on page 104

3%1 was homozygous for acj;ar;bwbjocra and was the third strain
isolated with chromosomal material from NPR's chromosome III
lirked to bub.

331 was the most resistant strain to pyrethroids and DDT.
The RFgs for all pyrethroids except py I (RF 4.3), either without
or with sesamex were 10 or more. The SFs like those for 314
were less than for 6083, but pyrethrolone esters were still‘strong_
synergised. The knock-down effect of natural pyrethrins was

greatly delayed.

/\

331 resisted DDT 40), %ill end-point occurred oanly 96

1

hours after treaitment (graph XLVI on page 105). Reslstance was

much greater than in 200, 314 or 348 which also had some of the

T

chromosome 1II material from HPI.

Tike 314 and 200, 331 resisted TBTA (RF 8.9) and was hetero-
geneous in its responge to Zectran (40 pg/g killlnr 97%).’ Pre-
treatment with sesamex eliminated this resistance completely.

The effects of dieldrin were delayed, but like 314, 331 was

eptible at kill end-point.

g. Results for 2130 (HPR's chromosome IV - Histogram XI on p 106)

2139 was homozygous for ac;ar;bwdi;ocra with the chromosomal
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- X Histograms for Strain 331
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ln%cﬁ;ide

Natural pyrethrins
Pyrethrin |
Pyrethrin i
PyTMCPC
5B3FC

5B3F (WtransC
8B3FP

BB3FTMCPC

Insecticide + sesamex

‘chtuml pyrethrins
Pyrethrin |
Pyrethrin 1l
PyTMCPC
B5B3FC

583F(—:~) trans C
5B3FP

5B3F TMCPC

Neral  pyretirins
Pyrethrin |
Pyrethrin |l
PyTMCPC
5B3FC

| 5B3F()transC
5B3FP

5B3FTMCPC

- AL Histograms for Jtran <. o

Factor of | resistonce
10 100 1000

uuuuuuuo

]
C

]

]

]

]

Factor of . synergism

1.E 10 100 ' 1000

[ esa

g 608Q

106



naterial from LV in the heterozygous gtate.

Egs) -

It was susceptible to 2all pyrethroids ther without or with
sesamex, although there was possibly sone resisiance o ov il

(RF 2.8). Synergism was as for the suscepbible strains, and the
knock-d o o;iacf o natural pyrethring vas not delayed.

2130 was also guscentible to all othor insecticides tested

except dieldrin to which it was heterogeneous.

h. Results for 2130DR (MP2'S chromogsome IV - Hisbogram ZII, p 108)

2130DR derived from 2133 by selection with dieldrin was homo-

geneoug at kill end ~p01nu for dieldrin resigtance (RF 750) G5 hours
after treatment.

It responded to all other insecticides like 608Q.

B

i. Results for 85 (NPR's chromosome V ~ Histogram XIII, p 109)

85 was homozygous for ac;ar;bwb; and for 1ack of ocra, indi-
cating that chromosome V from NPR had been successfullj substituted
into 608Q.

85 only resisted esters of pyrethrolone. Resistance was
small (RFs 2-5), but aftervnfetfeanment with sesamex resistance was
eliminated. SFs were very great (1750 for py I). This mechanism
did not arfect 5B3FA esters, nor was there greater gynergism of
them than rith 6033.

Although the knock-down effect of natural pyrethrins was
observed, the comparison between the smallest dose to cause the
effect in 608Q and §§lwas not made.

Because in preliminary tests bn 35, the resistaﬁce to natural
pyrethrins expected from bioassays of ”““2 acsar;bwb flies (page 74)

was thought to be missing, another attempt was made to isolate a

strain homozygous for lack of ocra (see genetical results, page 52 ).
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j« Results for 89 (NPk's chromosome V - Histogram XIV,

389 was homozygous for agcjar;bwb and for lack of ocra.
Like 85 it had chromosome V Trom NPR substituted into £083.

In spite of the selection procedure used during the
isolation of 389 (see page 52) it resembled 85 in its cross-
resistance spectrum, and resisted only esters of pyrethrolone.
This resisbtance could be completely suppressed by sesamex.
The observed rate of knock-down with natural pyrethrins was
similar to 85.

k. Conclusions

The results of biocassays on individual stralns are
summarized in Table XVII on page 114 , which shows which of HER's
chromosomes bear the isolated resistance factors. The results
confirm the predictions made from the results of the bicassays
of the TCF2 triple and quadruple marker flies which were given
.in Table XVI on page 80. The nameg given to the various‘factors
are listed in Table XVIII, p 115.

NPR's chromosome I had no major resistance mechanism
that could be detected at the TCF, stage where the gr;bwbj;ocra
_phenotype was the most susceptible to all pyrethroids. There
was slizht resistance in 420 to unsynergised and synergised
5B3FA esters (RF 2-4) which might have been due. t0 vigour ?f
tolerance, as HPR's chromosome I was never isolated in the homo-
zygous state. There was no resistance to any other insecticide.

HPR's chromosome II, isolated in 381, was not homogeneous
for pyrethroid or Zectran resistance. It bore strong resistance
~to synergised pyrethrolone esters and to synergised natural
pyrethrins, but less t@ synergised and unsynergised SBEFA esters

and small resistance to natural pyrethrins, py I, p»y II and
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py THCPC. With the latter four insecticides, SPs were much
smaller than those for 6083 but SFs were similar to those for

6089 for the 5B3FA esters. This factor was named R3gy

The resistance 1o Zectran on HPR's chromosome LI was also
not homogeneous. It was affected by sesamex but not completely
suppressed. It'is not known whether the pyrethroid and Zectran
resistance mechanisms on this chromosome are allélic or only
liniced. DDT resistance was also present on this chromosome,
“but in the homozygous state. Apart from noting its presence
no other attempts to identify it were made. |

Three resistance factors were located on HPR's chromosome
LIT. The major factor, called X r~H3§ gave registance tb‘all
- pyrethroids and to DDT. It delayed the onset of pqisoning
symptoms with pyrethroids and DDT but not with dieldrin.  SFs 4
were similar to 608Q indicating that the mechaniém was unaffected
- by sesamex.

The gsecond factor, Pen, gave resistance to TBTA, butb

none to pyrethroids at kill end-point. However there was small

resigtance (RF 2-4) to all synergised pyrethroids which was noted

in 314, but not in 200. Like kdr-IP, Pen delayed the onset of
symptons of noisoning to vyrethroids and DDT, but also to dieldrin

The third factor on chromosome II1 iz HPR waich gave
resistance to Zectran was notv isolsted in the homozygous state,
and was found only in +those strains with Pen, i.e. 200, 314 and
331, but not in 348. The resistance could be completely sup-
pressed by sesamex.

The two major pyrethroid resistance factors on HPR's
chromosome 1II together, as in 331 resulted in very strong

resistance t0 all pyrethroids (RFs >5) and to DDT (RF 40).

Although Pen gave no resistance to pyretnroids, the resistance

Y
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of kdr-NPR was increased by its presence, e.g. AP's for natural
pyrethrins for Pen 1.1, for kdr-IPR 3.5, for Pen and ldr-iPR
together 10.4. ﬁowever, as with Pen alone in 314, S¥Fs in 331
for all pyrethroids were lower than those for the isolated
kdr-N22.

NPR's chromosome IV has only dieldrin resistance which
gave very strong resistance when in the homozygous'state.

NPR's chromosome V has resistanqe to natural pyrethrins
and the pyrethrolone esters. This resistance could be

completely suppressed by sesamex, and the factor was called
?

Py—3€8.
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Table XVII Showing the resigstance associated with those strains isolated from
the cross (MPR x 608Q) and its extent :

Chromogome from LPR I 1T IIT III IIT II1I .1V Iv Vv v
Strain 420 381 200 314 3248 331 2132 2133DR 85 389

Pyrethrolone esters 0 + 0 0 + o+ 0 0 + {
+ gesamex 0 ++ 0 A+ e C G 0 0

5B3FA esters + + 0 @ 4+ A+ 0 0 0 0
4+ gesamex -4 + 0 + ++ +4 0 0 0 0

Zectran 0 H H H 0 H 0 0 0 0
+ sesamex 0 H 0 0 0 0 0 0 0 0

DDT 0+ 0 0F 44+ 44+ O 0 0 0
TBTA O 0 ++ o+ 0 ++- o O Q 0
Dieldrin 0 0 0 0 0 0 I oo 0 0
Penetration 0 0 + o+ 0 o+ 0 o 0 0

‘+++  greater than 15

++  5=15
+ 2-d
0

less than 2
o
19

H heterozygous
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" Table XIX. LD5Os for 6080

né

Insecticide

Natural pyrethrins

Pyrethrin |
Pyrethrin #
PYyTMCPC

5B3FC

- BR3F #transC

5B3FP

EB3FTMCRC

LD30 in pgfo

024 £ 0.01

1030+ 0:020

014 £ 0,009
0.038 £ 00017
0.0081 : 000028
00035 + 000018
0.019 '+ 0.0012

0-0046 :+ 0-00024

Insecticide + sesamex

Naturgl pyrethring  0.0023 : 0.00018

. Pyrethrin |

Pyrethrin

PyTMCPC,

5B3FC
583F () trans C

5B3FP

- BB3FTMCPC

0.00082 + 0000068
0.0023 + 000021
0.0011 + 0.000060
0.00030 + 0.000053
0.00034 + 0.000021
0.0013 + 0000081

0.00073.+ 0-000047



Table XX Table of Results for individual strains

Phenotype ac;arshwbiocra *itikiti CoksEiksAsE hhahdhdhd ' bt hdhdhthd ac/+;ar;bwb;+iocra  aciar;bwbi+jocra acsar;+itjocrs
Strain : 608Q Cooper NPR ‘ 104 - [ 608q x NPR}FL 420 381 200
INSECTICIDE LD50 SF LD50 SF RF LD50 SF RF  LD50 SF RF D50 SF RF  Lb50 SF RF  LD50 SF RF LD50 SF
Natural pyrethrins 0.2%4 0.19 0.79 o0 0.97 4.0 1.1 .6 0.30 1.3  0.59 . 2.5 0.37
+ sesamex 0.0023 165 0.0010 168 0.43 0,28 120 0.15 7.2 65 0.015 86 6.5 0.0046 63 2.0 0.0083" 61 4.0 0.0015 180
5B3F C ' 0. 0081 0.030 1.2 1.1 10  0.42 52 0.060 7.4 0.023 2.8  0.0426 5.2 0.01h

4 sesamex 0.00090 9.3 0.00079 9.9 0.88 0.08: 14 93 0.11 3,7 120 0.004k 1% 4.9 0,0019 13 2.1 0,00337 11 3.7 0.0016 8.1
Pyrethrin‘I 0.30 0.33 1.1 oo 0.52 1,7 1.7 5.7  0.39 1.3 0.52 1.73  0.18
+ sesamex 0.00081 389 0.0011 352 1.4 0.125 150 0.076. 8.7 9% 0.0053 320 6.5 0,0022 ‘191 2,7 0,0036% 102 4.k 0.00051 356
Pyrethrin II ' 0.14 0.21 1.5 (%) 2.5 18 1.4 10 0.37 2,6 0.47 3.4 .0.23
+ sesamex 0.0023 54 0.0043 50 1.9 0.48 210  0.52 7.1 230 0.035 75 15 0.012 35 5.2 0.03267 14 th.1 0.004%1 60
Py TMCPC 0.038 0.072 1.9 3k 89 1.3 3 0.4k 12 0.080 2.0 0.25 6.6 0.078
+ sesamex 0.0011 42 0.0008% 86 0.76 0,069 48 63 0,053 19 48 0.00:3 93 339 0.0016 50 1.5 0,012 20 11 0.0017 L8
5B3F (+) trans C 0.0035 0.005% 1.5 0.66 190 0.21 60 0.04k 13 0.010 2.9 0,0176 5.0 0.006%
+ sesamex 0.0003%4 10 0.00057 10 1.7 0.049 12 140 0.04% 4.6 130 0.0027 17 7.9 0.00096 9.2 2.7 0.00119 17 3.5 0.00056 9.3
5B3F P C 0.019 0.027 1.6 1.8 95 0,90 47 0,11 5.8  0.0:2 " 2.2 0.081 5.3 0.027
+ sesamex 0.0013 13 0.0011 25 0.85 0.26 7.7 200 0.18 3.9 140 0.0076 15 5.8 0.0027 16 2.1 0.0102 8 7.8 0.0013 20
5B3F TMCPC 0.0046 0.0063 1.4 1.1 2.0 0.21 46 0.043 9.%  0.020 £.3 0,017 3.7 0. 0079
+ sesamex 0.00073 6.2 0.00077 7.2 1,1 0.029 14 40  0.043 %.9 59 0.0021 23 2.9 0.0013 16 1.8 0,00091 18 1.2 0.0011 6.4
Zectran : 0.86 0.71 0.83 ©o 1.02 1.2 2,37 2.7 1.4 1.6 4.3: 5.0 2,2%
+ sesamex 0.019 52 6.011 77 0.60 0.019% 1.0 0.072 3.8 0,025 50 1.3 0.030 y7 1.6 0.1 L3 5.0 ©.023 100
TBTA 0.24 0.39 1.6 4,0 17 2.5 10 0.71 3.0 0.62 2,6 0.6 2.5 1.35
DpY 0,047 0.033 . 0,70 ©° - oo 0.15 3.2 0.035 0.7% 0.09% . 2.0 0,093
Dieldrin 0.0081 0.0083 1.0 0.08:* ' 2.5 0.012 1.5 0.010 - 1.4 0.011

10 0,032 3,9  0.020

All LD50 values are weighted means of two or more bioassays. The SFs are weighted mean values from tests in which both unsynergised and
synergised insecticide are included. This accounts for the apparent discrepancy between LD50s for unsynergised and synergised inmgecticide .
and their SF value. : .
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Phenotype aciar;bwbj+;ocra aesor;bwbs+socra ac;aribybsriocra ac;aribwb;Di/+iocra sg;ﬁg;bwbgbrdhr;ocra aciar;bwhi+i+

- Priviva il o R " s e ? o T

Strain ) 314 8 331 213Q . 2131 DR 85 389
INSECTICIDE . LD50 SP kg D50  SF RF ‘LD50 SF RP .' D30  SF RF © LD50  SF TF LD50 SF RF LD50 SF
Natural pyrethrins .27 © 1.1 0.8k © 3.5 2.5 10,4 0,30 1.3 0.17 0.71  0.51 2.1 0.70

+ scsamex ) 0,003k 80 1.5 0,0086 99 3.7 0.033 79 15 0,0019 .163  0.83 0,0015 140  0.65 0,001% 360 0.61 0.0025 320
5B3F C 0.0083 1.0 0.13 16 0.18 22 0,010 1,2 0.011 1.4 0,011 1.5 0.013

+ scsamex 0.00175 5.1 1.9 0.014 8.9 16 0,022 7.7 2% 0,0016 6,1 1.8 0,00087 10 0,97 0.00082 13 0.91  0.0012 i1
Pyrethrin I - .26 0.87 0.57 1.9 1.3 4.3 0.35 1,2 0.19 0.63 0.65 2,2 0.42

+ sesamex 0,0019 164 2.3 0.0043 131 5.3 0,015 87 19 ' 0,00081 &77 1.0 0,00056 520 O.44 0.00036 1750  0.4&  0.00049 830
Pyrethrin II ‘ 0,14 1.0 0.86 6.1 1.4 10 0.39 2.8 0.15 1.1 0.38 2.7 0. 50

+ sesamex 0.0075 21 5.3 0.008: 106 3.7 0,059 2% 26 0.0025 155 1.1 0,004k 32 1.9  0.0026 150 1.1 0.0025 210
Py TMCPC " 0.061 1.6 0,50 13 1.0k 27 0.073 1.9 0.07: 1.9  0.08% ° 2.2 0.10

+ seaomex 0.0027 21 2.5 0.04: 39 13 0,039 25 35 0.00072 107  0.65 0,001k 5& 1.3 0,00093 81 - 0.85 0.00099 102
5B5F (+) brens C 0.0071¢ 2,0 0,060 17 0.1 31 0.0049 ~ 1.4 0.0061 1.7 0.0035 1,0 0.0063

+ sesamex 0.00103 6.9 3.0 0.0073 8,9 21 0,013 8.2 38 -0,00079 6.3 2.3 0.00073 7.8 2.1 0.00036 9.9 1.1 0,00059 10.9
5B5F P 0,028 1.5 021 11 0.2% . 13 0.033 1.7 0.025 1.3 0.027 1.k 0,022 .
+ scsamex O 0.00hh 6,2 3.4 0.011 19 8.5 0.028 8.8 22 . 0,0016 21 1.2 0.00050 &7  0.38 0,0018 24 1.4 0.0010 23
SB3I* TMCEC 0,0056 1,2 0,061 13 0.1 24 0,0037 0.81 0.0033 0.72 0.005% 1.2 0.0040

+ sesamex 0.0012 5.0 1.6 0,012 5.8 16  0.017 6.7 23 0.0010 4.2 1.4 0.00045 7.1 0.62 0,00066 8.2  0.90 0,00072 LR
Zectran 0.9 * 1.1 1,06 ‘ 1.2 1.4% 1.6 0.6k 0575 0.80 0.93  0.55 0.6 0.59

+ scsamex 0.025 37 1.3 0.016 64 0.85 0,028 52 1.5 0.026 32 1.4 0.018 30 0.95 0.016 36
TBTA 2,21 , 9.2  0.49 2.0 2,13 8.9  0.47 2.0 0.40 ) 1.7 0.43 1.8 0.46

T 0.11 2,3  0.81 17.2 1.9 50.5 0,040 0.85 0.027 . 0.57 0.069 - 1.5 0.038
Dieldrin _ 0.015 1.9

0.012 1.4 0,013 1.6  0.040" 5.9 6.1 7500 0.0073 0.90  0.0079
*Strain heterogeneous in response

LD50s in yg/Q fly

‘.
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DISCUISION

1. Introduction

The relatively small number of studies of the genetics
of resistance to insecticides in strains with polyfactorial |
resistance (Tsukamoto and Suzuci, 1964, 1966; Sawicki and
Farnham, 1958b) has clearly shown that the problem is complex,
involving not only a seriés of factors or genes which confer .
'resistance to specific groups of insecticides, but also factors
conferring multiplicate resistance. =~ These have been reviewed
by Busvine (1970) Sawicki (1973) and Tsuxamoto (1969).  The
present worz shows that resistance in & natural pyrethrins_
selected strain of houseflies, NPR, is also polyfactorial and
very complex.

None of the four factors of résistance to pyrethroids
(see Tables ZVIT and XVIII on pages 114 and 115) was of
paramount imﬁortance, which suggests that there must be strong
interaction between some if not all mechanisms involved, i.e.
there is multiplicate resistance to pyrethroids. ‘At the same
time, there is multivle regsistance affording some protection

Tor IIPR against such diverse compounds as DDT, dieldrin and

Zectran.

However this type of pyrethroid resistahce has now been
supergeded by houseflies on Danish farms (Weiding, 1973) where
nuch stronger registance, varticularly to bioresmethrin and
synergised natural pyrethrins has occurred.(Farnhém,'to_be
published). This demonstrates that in spite of severe labor-
atory selection pressure, field resistance has overtaken labor-
atory resistance and implies that extrapolation of laboratory

results to Tield conditiong must be interpreted with caution.



2. Genetical
?redicting.the extremely complex genetical nature of
strainsg and thelr substrains is difficult from the study of the
very limited number of genes under consideration in this worke.

Several difficulties were encountered during genetical isolation

of the resistance factors from the pyrethrins selected IPR.

ety

Although HPR, like the susceptible gquadruple marker strain 6083,

was extremely fertile, the skewed segregation of the marker

and resistance factors in the testeross progeny, and poor
fertility in sub-strains from single pair matings of TCFZ flies
indicated that combinations of resistance factors and/or markers
greatly affected breeding and fertility.

*"Good" mutants are those which (a) do not overlap the
normal phenotype (i.e. good expressivify) (b) have good viability
and (c) generally conform to expectations in Mendelian segre-—
gation (i.e. good penetrance). Likely mutants to satisfy these
criteria are those that affect the colour of eyes and body, the
Torm of wings, enzyme abnormalities and insecticide resigtance
({dilani, 1967).  Fhe mutants under consideration in the present
work, i.e. visgible markers 2nd resistvance factors £it this
descriptioﬁ.

Inbreeding g population can regult in lowering the load
o i -]

By
of hidden heterczygosity (lidilani 1967). idorever, the populations
of 2?3 and 608) were selected for good fertility and presumably

Tor degiranle gualities which facilitated the task of maintaining
thenm, during normal laboratory rearing before the initial cross,
s ) L=l

wnilst in P, (MPR x 6082), heterosis reduced or nullified the

effects of parsntal inbreeding.

In spite of the uybrid vigour of this Fg and the fertility

13_

of the quadruple marked parent, the testeross progeny recombinants



(o)

080 x F1 (¥PR x 608Q) did not appear in the expected 1:1:1...:1

ratio (X %= 207 for 15 degrees of freedom) (see Table XXI,
pasge 12 2). Visible mutants were less freguent than their
normal phenotype. For practical reasons, the equivalent ratio
for resistant mutants could not be measured at this stage but
possibly each deviated from the expected 1:1 ratio also.

Hiroyoshi (1961) interpreted deviations from expected
ratios as belng due to reduction in the number of flieg of
particular mutant classes. Lanna and Franco (1961)‘also
observed that the number of mutants is always less thanrexpected
but that the proportiong differ significantiy betweeg cultureé,
i.e. each mutant can behave differently injdifferent crosses.
Milani (1967) suggested that this deficiency in mutants may be
caused by factors acting independgﬁtly, cunulatively or |
interacting in various ways. However, fitness of a genotype
in mixed culture is notb predictable from its fitness in pure
culture (Bhalla and Sokal, 1964). This makes comparison
between results cobtained in the present work and those of other
authors impossible and explanations of any such differences
meaningless. Even the genetical results of the analysis of the
diazinon selected strain $.4i (Sawicki and Farnham, 1968b) vhere
the guadruvle maried susceptible stocik, 2345833, was similar to
that used in this wori, cannot be compared.

Further difficulﬁies expressed as loss of fertility were
encountered in trying to breed strains from single pair matings.
Milani and Franco (1960) have shown that there is a reduction in
fertility in inbreeding experiments where there was no selection
for fertility. Sawicki (41970) met with similar problems when

trying to synthesise a strain with the resistance factors Pen and

gene a.
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Pable XXI Ligt of frequency of visible marker
recombinants at TCF1

Phenotype Numbers Tobal i;ﬁgil Es?é@iged*
9 o :
A 8% 102 185 1.0 1.0
ac i+ 4s 79 84 163 0.88 0.78
+3arsdit 70 79 149 0.81 0.71
+3+30wb;+ 64 75 139 0.75 0.68
345 +30cTre 59 75 134 0.72 0.71
ac;ar; 3+ 52 62 114 0.62 0.55
acs+shbub;+ 54 60 114 = 0.52 0.53
ac;+;+iocra 58 57 115 0.62 0.55
+sar;bwb;+ 41 51 .92 0.50 0.48
+3ars+;0cra 46 70 116 0.63% 0.50.
+3+3bwb; ocra 39 - 59 98 0.5% 0.48
acsar;bwb;+ 36 42 78 0.42 0.38
acsar;-+;ocra 34 35 69 0.37 0.39
ac;+sbubsocra 37 37 74 0.40 0.38
+3ar;bybsocra 39 35 T4 0.40 0.34
‘acjari;bubjocra 2% 16 39 0.21 0.27

cooulation
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P

NP2 and the vossibility that the factor is itself

Similar difficulties grose in this work. Substrains
with the triple marxer combination ar;bwp;ocrs designed %o
isolate MNPR's chromosome I never bred true for these visible
mutants (see Table VI on page 43). FProm 150 gingle pairs,
none yilelded a nure stock. The major cause was infertility
(%3:% lost) at the single pair stage or its S This was
obviously due to some deleterious factor associated with
chromosome I due to its incompatability with the genetic back-
ground of 608Q. Whether the cause was a lethal effect on

KPr's chromogome I or the removal of some "desirable quality*®

~from 6080 due to substitution of its chromosome I causing the

reduced fertility or the 1ncompatabll1tJ of NPR's chromosone I
with the 608Q background could not be decided without a more

detailed genetic investigation beyond the scope of this work.
The mutant combination zc;bwbj;ocra never bred true fof

resistance factors on NPR's chromosome II {see Table VII on

page 44) although 7% of the 65 single ?airs gave phenotypically

pure substrains. This was close to the expected éuccess rate

for single pairs (1 in 9 or 11%). Iack of homozygosity for

-l-b‘r

he factors in

[O)

resistance suggested possible heterozygosity of

recegsive

o

lethal or closely linked to one.

with the other mubtant combinaiions, segregations were more

rmal. Progenies of sinszle pairs (see nable XTTI on page 53)

rith the combination acsar;bwb with HPR's chromosome V remained
homozygous for both markers and the resistance factor py-ses

for at least 20 generations. The combination agcjars;ocra with

NPR's chromosome III which remained homozygous for the mariers

and for Pen lost kdr-HPR within six generations. The loss of
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kdr-NPR from this substrain was probably due to the helero-
sygosity of one of the parents at the single pair stage
indicating the possibility of heterozygosity of this factor in

the NPE

1

%. Structure toxicity of vyrethroid insecticides

In discussing the relationship between chemical structure
and ingecticidal activity in pyrethroids, Elliott (1969, 1970)
said that potent insecticides must combine approﬁriate physical
~and chemical properties to reach and be effective at the site
of action. This entails among others, the ability to regist
detoxification and the presence of certain features of the
pyrethroid molecule which enables it to adopt a conformation
that presenﬁs gpecific groups to the complementary substrate at
the site of action, thus making it toxic. These may be methyl
groups in the acid and the methylene group ian the alcohol side
chain arranged in a particular relation to one another.

The basic unit, present in all pyrethroids is the unit &
in Figure 1X, page 125. It can be sdbstiﬁuted in various ways
in the cyclovpropane ring by unit F. In the presenﬁ work, unit
T vas one of three substituents VIII, I.{ and i (Figure I%) to
give respectively chrysanthenic, pyrethric and 2,2,3,3-tetra-

methyleyclopropanecarboxylic acid. The struocture of group ¥

ié not critical for insect toxicity, but influences the react-

ivity and physical vproperties of the molecule, and partly

determines the ease with which compounds are detoxified in

insects and mammals (Casida et al., 1971; Yamamoto et al., 1969).
The units A, B, C and D determine the nature of the

alcohole. Geters of two alcohols were used in the present work,

namely pyrethrolone and 5-benzyl-3-furylmethyl alcohol (5B83FA).
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[IX. Structural requirements fob pyrethrin-like activity (after Elliott,1970) -

E
H
ATBTCTD oeXiirE
' i
O /C\_
Me Me
A B C D F
H\ A ,Me
Me H C=C chrysanthemic acid
H\ , /H (I%—'-' ' — (- C/ \Mcz
—_ | T e
pyr‘ethrolonz /C--C\ _C..CH, / H Vil
o T
“CH, o)
R If v H  £OOMe o
CH, o pyrethric acid
/ \
"'C.,H Me IX
— CH—C— -CH,~
RN T ;
5B3FA | CH C— C. _CH :
CH=Cj e 223 3-tetramethylcyclo-
, ‘f/ “Me propane carboxylic aci
\ Vi Vit ' X
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In pyrethrolone esters, the unit D (IV in Figure IX) is an
asymetric nethine group of the cycloventenolone ring, the rest
of which (III) becomes unit ¢ but in 583FA esters the O-acyl

.

link is to the CH, group (VIIL), so with this alcohol, there is

2
" no centre of assymetry. Unit ¢ is the furan (VI) in 5B3FA

TheO~acyl bond in the ester lintage between units ¥ and D
must adopt a position apvroximately parallel to the plane through
units 8, C and D for the molecule %o have insecticidal activity.

The unit B in both alecohols is a CH, group (I1) attached
to unit A, which is a centre of unsaturation that can adopt a
position skew to the plane defined by units B, C and D. In
pyrethrolone, unit A (I) is a conjugated system of double bonds
while in 5B3FA it is an aromatic ring (V).

Thus the six pure pyrethroids used in this work wvaried at
units A, C, D and F, with units B and E common (Figure Ii).

The number of variables in the nature of the groups was too
many terstablish a comprehensive account of the structure
toxicity relationships in susceviible and registant flies, but
some conclusions can be drawn. The raniting order {Table X{II
page 127) wvhich is the decreasing order of voliency of the
pyrethroids, for strain 6083 shows that BBBFi esters are nore
toxic than their pyrethrolone eguivalent, and the overall range
of toxicities is 85-fold between the most toxic (5B3F(+)trans C)
and the least toxic (py I).

Sesamex has comparatively little effect on the order
(Table XXIII on page 128), but the overall range is reduced)td
7-f0ld, because pyrethrolone esters are much more strongly
synergised than are 5B3FA esters (Tadle ZVIV on page 129).

The inference is that this must be due to differences on the



Table XTI Ranking order for pyrethroids alone against strains
6083, HPR and 104 listinz the compoundo in decreasing
order oFf pnotency

Ranlk Compound LD50 Compound LD50 Conmpound LD50
1 5B3F(+)trans C  0.00%5  5B3P(+)trans ¢ 0.66 5850 (+)irans ¢) 0.21
2 5B3IMHCPC 0. 0046 S5B3FIMCEYC 1e] HEBIMIC RS 3
3 5B3EP 0.019 S5B3FP 1.8 ny L 0.52
4 py THOPC 0.038 Py THOPC 3.4 53500 0.90
5 py II 0.14 vy I ) Dy USRS 1.5
5 py I C.30 py II ) v vy LI 2.5
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Table XXIV
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=
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O
Ut

1
240

W0
O

T\‘.L}t{
for their SPs
NPR
Compound
oy I )
] )
vy IT )

vy THCPRC
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150

200
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alcohol side and the synergist supdresses attack on pyretarolone
much more strongly than on HYB3FA.

For PR (Table XXLI, page 127) the ranking order is the same
as 608Q, with a wide range between the most and least toxic pyfe-
throid, but for 104 the list shows two differences. Py I is
almost as potent as 5B%F(+)trans C and the overall range is only
12~fold. All pyrethroids are more gtrongly resisted by HPR than
by 104 (Taple XXV, p %29) with immeasurable RFs for py I and py 11
which 104 regists weakly. The previously postulated "extra®

mechanism py b (= py-ses on chromosome V) in NPR (Farnham, 1971)

was little affected by py TMCPC which is not only the most toxic
pyrethrolone ester but also the pyrethroid that NER resists least.
Posgibly the inability of py b to degrade py THCPC as readily as
py I and py II was’influenced by the absence from the acidic part
of the molecule of a side—chain in group F. Elliott (1971) has
suggested that there is some "interaction" between properties of
-acid and alcocholic components of pyrethroids which determines the
susceptibility of the molecule to detoxification, i.e. that the
molecule should be viewed as a whole and not as two associated
entities.

After pretreatment with sesamex, the resistant strains
surprisingly gave identical ranking orders (Table XXIII, v 128) and
the maximum differences in Lo50s between the least and most toxic
compounds are small, (x 17 for N2R, x 12 for 104). This suggests
that HPR has the same factors of resistance as 104 plus the
factor py-ses which is fully inhibited by sesamex.

The results are difficult to interpreft in structure
toxicity terms because of the limited range of pyrethroids used in
this work. Also, active sites on the molecule egsential for
toxicity need not necessarily be the point of detoxificatfion.

Since the stereochemigtry is so important slight alterations may
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A

regult in an active gite nowr no longer correctly orientated at
the gite of action of the insect. A yider range of compounds
could elucidats further the essentisl nolecular feasures and

the nature of the relabtionship between structure and toxicity in

08

H

these stra

4. DDT resistaﬁce

.

Resistance to DDT in NPR was detected only on chromosomes

IT and IIX. Strain HPR lacked the factor called ges (Sawicki and
Farnham, 1968b) which is also called DDP-md (Ouoenoorth and Houx,
1968) which is the sesamex suppressible Ffactor on chromosome V,

ahd strong Deh, the DOT dehydrochlorinase factor on chromosone 1T,
because neither sesamex nor IDMC singly or together had any effect.

on the resistance of IIPR or 104 to DDT (Farnham, 1971).

Factor kxdr-NPR on chromogome III in NPR, the major
mechanism isolated, conferred only 17-fold re81stance to DDT.
Factor Pen, delayed penetration, which was also on chromosome III

conferred only 2-3-fold registance and an unidentified factor on

chromosone LI called r-11-307 conferred 4-fold resistance. ractor
kdr-iPR zave resigtance to DJT and pyrethroids, was completely

recegsive, and when hbmozy;oug sreatly deloyed Hoth the initial
trnocik~dovn and ths tims tallen to reach Xill end-point, 2oth with

DOT and nyrethrolds. is pane factor ey hove neen scelectel by
vovine (1953) who showed %hatb

with DDY could induce resistance Lo pyret rolds. devrever,

kdr-PR differed from other knock-down resistance factors in confer-
ring only relatively weak resistance to kill to DDT at kill end-
point, whereas other workers assumed that kanoci-down resistance

conferred virtuval inmmunity. nis agguwaption arose becauss MHilanl

(1954b) failed to exclude Deh From his strain bywb~kdr, aad Jeh was



e PG N B - T By o e P ~ A Ay vl <
later shoun to greatly decrease xill ond ltnock-~down when

ascocinted with kdr (Grigolo et al., 1955) . Plapp and Hover

- — y o . ) = TN > P [ PN ! o [
57Y examined the etfocta of kdr—~0 only for 24 hours, in a

i Ll

P
-2
O

: 3 TR, D T S U SN Ty $ e Tl o - y
gtrein that was not fully homozygous and may have included flies
)

wwith V-Lil. Thisg tranglocation wras the cause of the failure to

T

. 1 e Y [ LS \ S i AT
ne homozyzous state (Lilani, 1954b).

%

igolete kde-0 in %

e

Differsnces in svechnigue (tooical application in the vresent

3

work, contact with deposits in previous works) is also likely to

-

caugse differences in observed resistance levels. However, most
racent work (Farnham, to be oublished) has shown that kdr-lPR,

kdr and kdr-0 are most likely to be very close alleles and may
well be homoclogous with the factor responsible for decreased nerve
sensitivity to DDT (Tsukamoto et al., 1965), which also delays
J S i H
knock—-down and provides resisbance to DDT, and is also recessive.
The mechanism controlled by factor r-I11-DDT on chromogome

IT is not knowmn, but may be intermediate Deh which confers little

63) and which may have

o}

or no resistance to DDT (Oppenocorth, 1
been detected by Gil ot gi. (1968) in strain gg/sel, a strain

derived from 21%ab, the parent of P2 and 104.

5. Dieldrin resigitance
Dieldrin resistance in 22 was devected on chromosome LV
T P T : o 3. R 33 L T
only. The foctor nrovided 750-fold registance to dieldrin vuv

none t° any other insecticides used in the present work. PR

was heterozeneous for this incompletely dominant factor which was

ni

probably the same as DRy in S%4 (Sawiéki and Parnham, 19683)'13ter
called D1d (Sawicki and Farnham, 1968b).  Although factor Pen |
(chromosome III) greatly delaysd penetration of MrC—-dieldrin and
the onset of poisoning symptons, it did not avpreciably influence

ID50 at kill end-point (RF x 2).
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These results are remarkably sinilar to those for the

“iazinon selected stroin S84 vhere conparable technicues of

igolation and biozssay were uged 1o mensure resisiance. Strain
21%ab had probably been in contact with dieldrin at some stage in

the field. Dld has persisted at a lov frequency Tfor 15 years in
the absence of selection with a cyclodiene, and is an example of
an excellent mutant gene which could be used to label chromosome
Iv. This contrasts with strain 104 wvhere dieldrin resistance vas
lost. Tnis was probably due to reducing the population on

occasions to small numbers by shrong sclection with 53370, so that

g

survivors were no longer revdregentative of the {otal bhaclground

L

genetical material originally found in the parent 2132b strain.

6. Zectran resistance

Strain NPR was heterogeneous in its respcnse to Zectran with
approximately 20% of the population within the susceptible dose
range, but with 55% surviving 50 pg/g. 70 regsistance mechanismg
were detected, One each on cnromosones II'andvIII but neither was

solated in the honozygous siate. Carvamate rogisvance has been
detected in various strains of “lies on chromosomes Il and 11T
-jeorghiou and Garber, 19565; Hover et al., 1955; Hasai and Ozita,

<

on ¥ (Tsuzamoto et zl.,

W

o~ T . o ser
149653 Plavp and iloyer, 1967) as well

, and is very common inall resisiant Darish streins (feiding,

x 6080) indicated that:much of the

Bioagssay of the 7,

registance was dominant and could be guppressed by sesamex.

r;II—Zect on chromosome II which gave no complete kill at 50 pg/g
wags not suppressed by sesamex. It was probavly recessive because
P, (P2 x 608Q) gives comple+e %ill when the flies are synergised

1
with sesanex. r-I1I-Zect on chromosome iII which also gave very

e
W
AN



gstrong resistance to Zectran could be inhibited by sesamex.

7. ZfLyrethrold resistance
The natural snyrethrins-selected strain of housefliles IR
strongly resisted natural pyrethrins (807 survive 50 pg/g) end indi-
vidual pyrethrolone esters (Table XY on page 117). Thege were

well synergised by sesamex againgt both PR and susceptible flieg.

I3

Like NPR, the 5B3PC selected strain 104 resisted 5B3FA and synergised
pyrethrolone esters, but weakly resisted pyrethrolone esters alone.
From these resulis, Farnham (1971) concluded that resistance in

KPR was controlled by three factors, nv a, »v b and fen. Pen and

By &8 were comﬁon factors of reslistance for all pyrethroids, out py b
was sesamex inhibitable affecting esters of pyrethrolone and closely
related alcohols but not esters of 5B3RA. Farnham also postualted
that py_a which provided resisbtance to pyrethroids alone and strong
resistance to synergised pyrethrolone egters was similar to kdr
(Milani, 1954) or kdr-0 (Plapp and Hoyer, 1967) because of its cross-—

resigtance to DDT.

However, the present wori has shown thatv pyrethroid registance

is controlled by four mainly recesglve genes. The tolerance of 'E‘1
(Ii?2 x 6080) was anproximasely 8 x to all pyrethrolds. These Ffactors
are Ruzay (on chromosome TI), k' »w=i22 (ITI), Pen (ILII) 2nd py-ges (V).
kdr-IT¥2, Pen and py-ses were isolnted in the homozygous state but all

l

attemps to similarly isolate R.g, failed. Since this isolation
involved the replacement of individual chronogorzes of the multi-
marifer suecepiisle strain by resistant chromosomes from ¥P2, the
properties of resistance factors borne on each chromosome were super-
imposed on the back-ground of the gusceptible stréin. This parvic-
wlarly influenced the regults of tests for synergism where the effect

of sesamex or nee mechanisms was superimposed on the normal

;,.
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i hile deviaetion from sugceptible ST valuves was an indication

located on chromogome L1l provided registance to all

pyrethroids, was more effective againgst 5B3FA esters than their
pyrethrolone egquilvalents and was uwnaffected by sesamex. Ho work
was done on its mode of action but the delayed knock-down effects

7 pyrethrolds and cross-resistance to DT suggest that 1t is either

kdr (Milani, 1954) or kdr-0 (Plapp and Hoycr, 19567). Recent

et

T,

gtudies have shown that xdr, kdr-0 and Zdr-N22 give simllar cross=—

resistance patterns and are most proba olv sllelic (Farnham to bhe
published). It is also possible that kdr-NPR resembles the
mechanism of regisgtance to DDT through reduced nerve sensitivity
igolated on chromosome IXII from strain JIR by Tsukamoto et al. (1965)
Tts mode of action ig unknown but may be reduced penetration to the

primary sites of action, which Burt and Goodehild (1971), working

B
-
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fos
w

- - .o . . 5 ' - = . )
- -1 [ - N - oy PN e el e YL ey et ' P e Fodle: e
vith Ferivlanetsn anericans nave JUSsesTen are Wioaln sne ERinf

rather than perivheral nerve ong or connectlong of the central

3 TrAI1 M ST o o
NEXTrous Sys8wein.

hhigs redue netration nrohably deloys the tine

netween initial contzet of She inscctivicide and kill, enabling
degradatlion procesges to devoxify the poison, 24 tiis provides
resigiance. If the degradation process lu inhibitable by sesamex
the observed UrFs should be the some as for the suscepntidble strain,

Lo

as was rtound in this work.
b. PTactor py-ses

The mechanism vwy-scg on chromogsone ¥ afects only pyrethrolone

o)

eslers, giving aporoximately 4-fold resistance coaplevely gupdressed

"

A C s . = a
by sesamex gnd 1s similar to py b postulated rreviously \Farniam,

[®)



B D o 5 . K 2 KN T ey 3 - A o
Becauge the mechanign is gtronzly synergised and alfects

estvers of pyretnarolone only, 1t nmay invelve axn oxldative atback

on the vyrethrolone molety. Oxidative detoxificebion has been
suzgested by Chaneg and Hearns (1964), who nostulated thot the
segomex Inhibitable degradation of »y I snd cinerin I in sus-

ceptible houseflies was initiated on the keto-alcohol nmolety
without specifying the site involved. Mlammals detoxify py I
by oxidation of the terminal methyl group (311liott et al., 1972).
X in insecta. In 53304
esters 1n which thils side chain is reploced by a benzene ring

Oxidative metabolign by oy-ges may algo involve the terminal

methyl groun on the acid side of the esfer linkaze (Yamamoto

and Casida, 1965) but this is less 1ikely.because only bJ“mth
rolone esters are resisted and synergised by strains with py-ses.
c. Tactor 3581

The third factor, 3581 on chromogome LT gives some resisbance

to 21l oyrethroids, particularly 5375H: but strong resistar
to avnerglised vyrethrolone esters. Its nmote of asction is unknown

s - ERRE I £ P Ml iy 3 L a e R D A
in susceptible Tiieg, a mechanigr livtle affectied by .

segsames, but .yamotvo and Suzuki,

1972). it
degrad auiqn oceurs on the zslcoholic gide~chaln with little egster
cleavage, but when mfo (mixed function oxidase) me%abolism is
blocked by sesame%jester cleavage (i.e. 3381) beconmes important |\
and thig is why strains with this factor resist synergised py-
rethrolone esters. If factor 3381 1g the esterase that cleaves

the ester linkasge in pyrethroids it should be selected for ny bot

~CH Gy

(%

533FC which is cleaved more easily than pyrethrins (B1liott



crsonel coumunication) or by oyrethrins/piperonyl butoxide

- 4e3 - NI I SO . N . N I R, B 2 -
where the synergist blocks the mfo and thus be nresent in both
gtrai: 2t and 104.

d. Factor Pen
The fourth factor Pen on chromosome ILI gave only small

resigtance (approximately x 2) to =211 nyrethroids but slishitly

more after pretreatment with sesanex. It also delayed their
knock-down effects, and delayved penetration of 33~pyrethrin I

and 40-dieldrin (Parnham, 1973). A similar fac fron
various strains, e.g. from SKi (Sawicki and Tarnham, 1968h), and
Gal-Pa (Hoyer and 2lapp, 1957) delays venebration of many insecti
cides. Delayed penetration algo occurred for 14 Cwpyrethrin L

in strain Pogel, a substrain of 213ab b (Mine et al., 1963), the

varent gtrain of NER.

Desplte greatly delaying penetration of pyrethroids, FPen
gave surprisingly little registance The rate of logs of

5H~pyrethrin I from the cuticle suggests that the internal
build~up in susceptible flies must be ravid while strong
synergism sugzests rapid degradatiocn. & decrease in rate of

entry of the insecticide should therefore lead to a decrease in

guscentibility because of the greatver ovportunity to detoxify

the dncoming insectvicide. In swite of this, LD50s for flies
with Zen were remarkably sinilzar to those for sv scegt;ble flies,

i.e. cuticular penetration is not the rate determining step in
the poigoning process. 1f this is so, then the sesamex inhib-
itable metsbolic process in susceptible insects must become
exhausted and not regenerate itself.

e. Interactiong

Although 80 of Q LB} flies were immune to 50 pg/g natural

pyrethring, not one isolated factor pr rovided more than 4-fold



resligstance. Thig logs of tolerance om analysing resistance
sgstems by isoleting mechanisms occurred with other polygenic
svetens (Sawicki and Fernhan, 19680; Georghiou, 1959) and has
peen explained on the basis of interaction between individual
factors. It has been confirmed by resynthesising complex
systens from isolated factors (Hoyer and Plapp, 1968; Sawicki,
1970; Hoyer and Plapp, 1971; Georghiou, 1971). In this'work,on
HPR, several interactions were possible and some were observed.
(i) Interactions involving Pen.

Pen, which was isolated in this work, can asct as a modifier
by greatly enhancing the effect of other factors.. However, the

yffect of any combination is unpredictable, e.g. Pen, in compin-

©

-

tion <rith the Ffactors on chromosome 1I, gene g and gst, boogsted

@

resistance 1o chlorthion ethyl (from 40 to 1000) but had much
less effect on chloroxon ethyl {(from 12 to 28) probably due to
the latter's more rapid penetration (Sawicii, 1970) indicating

that Pen is not equally effective with all insecticides

Pen had 1little effect on the resistance of kxdr-lPR, e.g. it

increased resistance to py I1 from 5 to 10, and in general the
increase was legs than 2-Fold. mven resilgtance to DDT increased
only from 17 to 0. This contrasted with the resgults of Lioyer

and Plapo (1971) who synthesised 2 strain with 3in (= Pen) and

teast that the IGH0
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Hovever this result may have beexn inTluenced by the treatnent
technique and by measuring 24 hour mortaiity only. The residue
technique of bioassay relies on passive pick-up of insecticide
from glass onto the insect, and probably involves lateral flow

ground the cuticle, making actual rate of pick-up of poison much

slower than in the topical application technique, where the



ingecticide is actively applied directly to the cubicle. Irf
o Mr J

cubicular penebtration can be delayed by Pen, lateral spread maj

e
be likewise affected.  Also es thig work shows (zraphs LIV,
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LV, LXVI on pazes 100, 102 and
kill end-point with DDT can be extended when eithery@gﬁ or
kdr-[iPR are involved, makiny 24 hour mortality observatilons of
limited wvalue.

Cuticular penetration should not greatly affect resistance
1f kdpr-~lPR is not a detoxification éystem but insﬁead reduc
penetration into the nervous site of action and is the rate

debtermining stvep i

"

o
]

the poisgoninz process.

13

~

Pen may also delay penetration of sesamex which could lower
3PFg for all pyrethroids. Smaller S5Fs were found not only in
the strain with Egg only but also in the strain with Pen and
kdr-NPR, and both strains resisted all synergised pyrethroids
slishtly more gstrongly tdan the pyrethnroids alone.

(ii} Interactions between other bpyrethroid resistance factors

Although other combinations of homozysovs factors from HFR

4

were not synthesised, further corclugions on interac

C_

3
2
J

drawn by ccenparinT the response of sty

pyrethrinsg.

104 resisted natural pyrethrins only 4-fold, but 205 HEi
survived even 50 ngy/Q. warriham (1971) has suggested that the

major difference bvetween P2 and 104 is that the latter strain
lscks the factor he celled py b.  This factor, waich could be
inhibited by sesamex very greatly resembled factor py-ses.
However, singly, py—-ses gave only three-fold resistance to
natural pyrethrins, although the difference between ZP2 and 104
was very nuch larger. This infers that py-ses has a very much

greater effect when in combination with the other pyretaroid



registance factors than it doeg on ito owm.

[Sad

the major difference vebtween 422 and 104 was due to lack
of py=-ses in 104, 1ts major factors are Pen, kdr-iPR and 3381'

Pen and kdpr-Ira pr ovzde registance to all vyrethroids, but not to -
synervgised pyrethrolone esters tc the extent observed in 104, whiéh
infers the involvement of another factor. §381’ walch was not
fully characterised because it was not isolated in the homozysgous

state, gave reduced SFs, and so could be the third factor in 104.
bd > —r———

(iii) Interaction between other resistance factors from HNPR.

The very strong resistance of XPR to DDT also could notv be

accounted for on the basis of fen and kdr-NPR, which in combination
gave only 40-fold resistance. Parnham (1971) sugested that

strong DDT dehydrochlorinase (Deh) and gene ges were nob ma jor
factors in NP2, but the wealk factor on chromosome II called
r-II-DDT (RF 2) could be weak DDT-ase (Oppenoorth, 1965). Grigolo

et al., (1975) have shown that such a factor in combination with

kdr (= kir-NPR) could coafer very strong resistance to DDT, again
due ©o interaction. Such an interaction, coupled with Pen could

account for the partial immunity of 122 to 50 ng/Q DDT.
Thus there is probably sitrong interaction beitween the

various factors 1in HPA to account for its strong resistanc
oy (o )

Tig

6]
.

could be confirmed by synthesising strains from individual factors,
|

a2 scheme which has practical difficulties when applied to other

resistance systems (Sawicki, 1970, 197%b; Georghiou, 1971).

COMCLUSIONS
Resisbance to pyrethroids in houseflies is complex. It
involves a number of apparently unrelated mechanisms whose role had
to be assessed from the interpretation of thelr cross-~resistance

spectra becauvse their mode of action is still unknouwn. The

140



conclusions ag to how they confer resistance are therefore
tentative.
The four mechanisms of registonce individually confer

small or negligibvle resistance, and yet jolntly preveut the

ot

ingects from dyving of oyrethroid poisoning in the following wayf~

The penetration delaying necheanism, Pen, slows the entry of
pyrethroidg into the fly and this protects it from rapid knock-
dowri. If the penetrating pyrethroid is a pyrethrolone ester it
is atiacked by tLe system oontrolled by py-ses which probadly

. oxidises a susceptible site in the pyrethrolone molety, periraprs

the pentadienyl side chaine. Synthetic pyrethroids which lack
this grouvo are unaffected by py—sces. However both synthetic and

natural pyrethrolds may be cleave& by an esterase controlled by
3381’ wnich confers slight but measurable resistance. When the
remaining unmetabolised pyrethroid reaches the nervous systen
its entry may be delayed by kdr-NPR and thus may be attaocked
further while remaining outside the CHS. Thus although any one

resistance mechanism confers little resistance, the combined

effect is likely to be larse, and this agrees with experimensal
J [} fie:

mthetic pyrethroids or nixtures of pyrethring plus

Al o~ 395 A T~ r JR L. S T, N . 3 LSRN
meTay.Llene d_loa;‘[’l?i-eﬂ(yl I¥yNersisvs, sysiten Dy—-ses 15 eliner

inoperative or inhibited, and is thus ineffective and unselected.

selected wit» 533FF, and the

b
—
=

This ie probably.why straiz
parent field strain 213ab were not very resistant o unsynergised
pyrethrins.

This\tentative model fits the experimental date and suggests
why 123 flieg resist synthetic pyrethroids less. However lates
‘reborts show that this type of pyrethroid resgistance, originally

the major system has now been surpassed by more powerful mechanism

-

in the field. :
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0.010
0.00079

0.33
0.0011

0,005
0, 00057

0.027
0,0011

0.0063
0.00077

0.71
0,011
0.39
0.033

0.0083

Table of LD50 values with their standard errors for all strains

SE

0. 0050
0.000077

0.00024
0. 000043

0.0097
0.000064

0.0069
0,00033

0.0032
0.00012

0.00016
0.000030

0,0045
0. 000073

0. 0002k
0.000049

0,032
0,0006%
0.015

0.0012

0. 000042

SE

0,014
0.08%
0. 0045

0.0072

0.061

0.20
0.0070

0.035
0.003%

0.11
0.025

0.070
0.0019

0.0023
0.33

0.0071

SE

0.035
0,004k

0.015
0, 0046

0.076
0.0057

0.20
0.039

0.057
0.0039

0.0078
0.0026

0.039
0.0095

0.0090
0,0027

0.078
0. 0050

0.14

0.0012

LD50

1.1
0.015

0.060
0.0044

1.66
0.0053

1.4
0.035

0.435
0.0043

0.04%
0,0027

0.11
0.0076

0,043
0.0021

2.3
0.025
0,71

0.15
0,020

SE

0. 04l
0, 0011

0,002%
0.00025

0.091
0.,000k1
0.002%

0.021
0.00037

0.0026
0.00015

0.0052
0.00062

0.0021
0.00010

0.14
0.0023
0.038

0. 0064

0.0021

420
1D50

0.30
0.00%6

0,023
0.0019

0.39

'0.0022

0.37
0.012

0.066
0.0017

0,010
0.00096

0.0a2
0.0027

0.020
0.0013

1.k
0,030
0.62

0.035
0.012

SE

0,02
0.00036

0.0013
0.00017

0.030
0.00020

0.022
0.0019

6.0071
0.00017

0.00062
0.000069

0.0031
0.00023

0.0015
0.00008%

0.10
0.0025
0.031

0.0022

0.00062

381
LD50

0.59
0. 0083

0,043
0.003%

0.52
0. 00356

0.47
0.033

0.18
0.0082

0.018
0.0012

0.081
0.010

0.017
0.00091

5.0
0.10
0.72
0.092

0.0089 .

SE

0,020
0.00045

0,0022
0.00019

0.0206
0.000192

0.0183
0,0019

0.013
0. 00069

0,00089
0,00011

0.0055
0.00097

0.0010
0.000067

0.35
0.0078
0.067

0.004%
0.00066

200
LD50

0.57
0.0015

0.014
0.0016

S e
oW

0.
0.00051

153

3

0.
0.00%1

-

0.078
0.0017

0.0064
0.00056

0.027
0.00126

0.0079
0.0011

2.2
0.023
1.35
0.093

0,011

SE

0.015
0.00011

0.00089
0. 000099
0.012
0.000050
0.012 .
0.00032

0.0058
0.040081

-0.06035

0.00604%

0.0018
0.000095

0. 00048
0.00007%

0.26
0,0013
0.035
0.0074%

0.00057



Natural pyrethrins
+ sesamex

SB3F C
+ sesamex

Pyrethrin I

+ sesamex

Pyrethrin II
+ sesamex

Py TMCPC .
4+ sesamex

SB3F (+) trans C
4+ sezdamex

5853F P
+ sesamex

58 3F TMCPC
+ gesamex

Zectran
+ sesamex

TETA
DDT

Dieldrin

314
D50
0.27
0. 0034

0.0083
0.0018

0.26
0.0019

0,1%
0,0075

0.061
0,0027

0.0071
0,00103

0.028
0.004%

0. 0056
0,0012

0.9%
0,025

2,21

0,11

0.015

APPENDIX {contd)

Table of LD50 values with their standard errors for

8E

0.013
©.00022

0. 00050
0.00012

0.01%
0,00015

0.0091
0.00053

0.0037
0.00015

0, 00037
0, 000057

0.0016
0., 00032

0,00029
0.000073

0,072
0.0016

0.12
0.0064

0,00098

348
LD50

0.8%
0.0086

0.132
0. 014

0.57
0.0043

0.86
0.0084

0.50
0.01%

0.060
0, 0073

0.212
0.0109

0. 061
0.0115

1,06
0.016

0.49
0.81

0.012

SE

0.035
0.08052

0.0068
0.00079

0.033

0.00030
0.057
0. 00065

0.031
0. 00085

0.0034%
0. 00052

0.015
0.00073

0.0032
0. 00070

0.070
0.006085

0.029
0.042

0,00072

331
1D50

2,48
0.035

0.18
0.022

1.34

- 0,015

1.5h1
0.059

1.04
0.039

0.11
0.013

0.2%
0,028

0.11
0.017

'

SE

0.12
0, 0025

0,0097
0.0012

0.079
0.0011

0.10
0.00%1

0,053
0.091

0.0055
0.0007%

0.013

'0,0016

0.0061
0.00096

0.12
0.0020

0.15
0.12

0.00065

all strains

213
D50

0.30
0.0019

. 0.010

0,0016

0.35

-0, 00081

0,39
0,0025

0,072
0,00072

0,0049
0, 00079

0.033
0.0016

0,0037
0.0010

0.6%

0.47
0,040
0,040

. SE

0,014
0,00020

0.00036
0.000087

0.021
0.000053

0.022
0.00029

0.0076
0. 000049

0,00028
0. 000046

0.0023
0.00012

0.00026 .
0. 000050

0.041

0.037
0.0021

0.0027

2130 DR
LD50

0.17
0,0015

0,011
0. 00087

0.19
0.00036

0.15
0,004

0,074
0.001%

0.0061
0, 00073

0,025
0. 00050

0.0033
0. 00045

0-80
0;026

0.40
0.027
6.1

SE

0.0091
0,000037

0. 00067
0. 000070

0,012
0. 000031

0,0079
3.00039

0,0059
6.000087

0.00061
0,0000%47

0.0017
0, 00004

0,00020
0.000028

0.055
0.0019

0,024
0,0021

0.56

85
LD50
0.52
0.0014%

0.011
0.00082

0.65
0.00036

0.38
0,0026

0. 08k

0.00093

0.0035
0.00036

0.027
0.0018

0.0056
0. 00066

0.55
0.018

0.43
0.069

0.0073

SE

0.022
0.00013

0.0058
0, 000057

0. 045
0,000029

0.023
0.0002%

0. 0067
0.000052

0.00022
0.000022

0.0031
0,00020

0, 060041
0.000036

0.040
0.001%

0,022
0.0039

0.000%6

389
D50

0.70
0,0025

0,0125
0.0012

0,42
0.00049

0.10
0.00099

0.0063
0. 00059

0.022
0.00610

0. 0040
0.00072

0.5%
0.016

0.46
0.038

0.0079

0. 00064

0.0073
0. 000076

0,00032
0.000040

0.0017
0. 000083

0.00021
0.000046

0.035
0, 0008H

0.02%
0.0023

0.00055



