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ABSTRACT

This thesis describes the identification of a sex pheromone

of the grass grub bectle, Costeiytra zealandica, and the attempts

to use the sex pheromone directly to control gracs grub infestations.
The partial identification ¢f a sex pheromone of the commen armyworm

moth, Pseud=sletia serarate, is also described.

The larval stages of the greses grub bestle cauvse extansive
damgge to pasture during the avtumn-winter pericd and constitute
New Zealand's major insect pest. Since the banning of DDT. the larvae
have been treated Ly sprayiing pastures with one of a number of organ-
ophosphate insecticides but, in seneral, these matorials have not
given adequate conirol.

Attempts have bheern made, thevefore, to develop alternative control
procedures anc to establish more selecciva and effective ways of
using incecticides. Premising preliminary resultc have been obtained
wich other insects in using sex pheromones btoth as direct end indirect
control agents. In the latter respect, a more juclcious and effect-
ive use of the insec.icide has been achieved, by using the properties
ci specificity and sensitivity of an insect's sex pheromone to detect,
and to esti.nate, tre insect population prior vo the application of
vhe insecticide.

The female grass grub beetle was shown to contain a sex phetr.
omone which stimulated maéing activity in males ir the laboratory.
Methods were developud to extract }he sex pheromone and its properties
in functional group tests were consistent with those of a phenelic
compound., The active component was iso’ated by the means of high
vacuum distillation onto dry ice followed by gas chromatography. The
isolated material was then examined by high resolution mass spect.

roscopy and found to be phenol. On average each female beetle at
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the time of mating contained about 1.5 jpg phenol. Phenol itself
not only stimulated wnting activity in males in the laboratory

but also attracted large nuibers of young males in mating flighis in
the field. Field tects were al:zo carried cut with a number of
substituted phenosls but none of rthese was active.

In electroantenmogram sethod was developed to measure the
afitennal recponse to phencl and a nuumbcr of closely related phenclic
mateciaise In all the tests, ohennl gave the largsst response. A
comparison at the antennal level betweern phenol and a crude female
extract indicated phenol was the sole pherorione.

Attempts were made to use phenol for grass geivb control., The
compound is cheap and readiiy avaiiable. Hence its direct use could
provide an economically acceptable control method, Interesliinglv,
this was one ol tre first orportun'ties to attempt to control an
insect popwvlai.ion with an unlimited svprey of the sex pheromcne.

Thers are two weys in whizh phenol might be used to prevent
erfective mating froau taking piace in the field. Ulirstly, che
attractant properties might be used to out-compete females in the
natural population. Seconcly, sufficient phenol could be permeated
iato the atwosphere to possibly confuse the rmale in its search for
the female. Both methods were evaluated in the field with grass
grub infestations wil.ch ranged from 50 to 220 beetles per mz. In
the first .approach the besi atitractant sources used were only aivout
ten times more attractive than virgin females and, therefore, as
they could not compete successfully with the large nunber of females
in the natural populstion, control was not achieved. In the attemptls
to use the second approach it was possibls to confuse male flight
behaviour ﬁy releasing 5 grems/hour/hectare (5g/h/ha) of phenol over
the trial sites. FHowever, it was not possible'to prevent males from

locating fesales even with as much as 110 g/h/ha of phenol relensed
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over the trial sites. Presumably, the beetle density of the infest..
ations was such, that males could locate females by sight or simvly

by chance.

Larvae of the common armyworm can cause extensive dumage to
pastures end crops and although conventional insecticide methods give
satisfactory contrel, the main problems ~ra early detection and
estimation of infestotions. In this resreet a knowledge of the scx
pheromone used by the female moth shiould allow insecticidss to b
used more effectively.

The sex pheromone was extracted from the abdominal tips of
female armyworm moths using methylene chloride, Functional group
tests indicated that the sex stimulatory component was 2n unsatwrsted
aliphatic acetate. Comparison of the Rf values and retention times
of the active componunt with thoce of standard comncunds ~a thiz
leyer and gas chromatography (GC) respssiively, susgested that a
mono-unsaturated hexadecenyl acatate was Involved. Cif the uono-
ansaturated hexadecenyl zcetates tested for EAG activity, only
cis-1l-hexadecenyl acetate induced en intense onutennzl response.
Furthermore, 0.1, 1.0, and 10.0 ng of this compounr. on giass rods
induced strong sex siimulatory activity in males in laboratory
behavioural tesis.

The crude female extract was injected onto a ‘umber of different
GC cclumns :nd several active fractions were collected from each
cclum. This indicated that the female moth probably uses a multiple
component pheromone system. The behaviour of one of fhe sex stim..
wlatory components in the female extract, in all the chemical and
concentration steps, was consistent with that of cis-1ll-hexadecenyl

acetate,

In an attempt to verify that cis-ll-hexadecenyl acetate was
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a naturzl). pheromone of the common armyworm moth a GC fraction

of the crude femzle extract, eluting at the retention time of
cis-1ll-hexadecenyl acetate, was collected ana ozcnized. One of the
ozonolysis products of cis-ll.hexadecenyl acetate is ll-acetoxyund.
ecanal but this was not detected in the ozonized GC fraction, using
the technique of mass fragmentography in which 2 mass spe~ironater
acts as a specific GC detector. Tt avpears, therafore, “rai cig~11..
hexadecenyl acetate is not present inn female armyworm moths. When
tested in the field,however, it attracted malzs moths into traps but

was not as effective as virgin females.
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CHAPTER I
INTRODUCTION

1.1 Grass grub

The lerval stzges of the New Zealand grass grub,Costelytra
zealandica (White) (Coleopters: Scarabseidae),constitute the
country's major insect pest because of the extensive damage caused
to pasture during the autum-winter pericd. Over the last 100
years or so, most of New Zealand's lowland tussock areas and nuch
of its native forests have been replaced by improved pastures
based on introduced grasses and legumes. These pastures form the
basis of a highly eff-.cient farming indusiry which provides aboua:
80 percent of New Zesland's export earnings. Grass grub, which
occurs throughout New Zealand, has adapted to this introduced
environment to such extent that pasture damage has been estimated
to cost between 30 and 60 million dollars annually (Fiay and Garrett,
1942; Harrison, 1967). Damage is most severe in the lighter soils
of the Canterbury Plains and in the hill country in the Taupo-
Rotorua and Taranaki areas, where stock treading of severely damaged
pastures causes serious erosicn problems.

Grass grub larvae are difficult to control with convenilional
insecticide methois due to the protection provided by the vegetation.
For a time, control was achieved by the widespread use of DDT which
was added to fertiliser and applied to pasture (Kelsey, 1951). This
material had a long soil life which allowed good contact to be made
between larvae and the insecticide. It is ironic, however, that
this property of persistence which made DD so useful, has led to

its ban in New Zealand due to the build-up of biologically harmful



orgonochlorine residues in meat and dairy produvce. Furthermore,
widespread resistance to DDT had developed in a number of grass

gruo streins (Perrott and McGrath, 1966) which obviously limited its
usefulness in control programmes.

A number of organophosphate insecticides hsve been substituted
for DDT but limitations of these materials include cost of applicat-
ion, snort residual life, and the necessity for a vniform distrib-
ution (Kair: and Crabiree, 1972). Reductions in application cost can
be achieved by spot treatment of heavily infested areas with insect-
icides(Kain and Atkinson, 1970) or injection of the insecticide in
bands below the soil surface (Trought and Wood, 1970). The latter
mev10od has given satisfactory control but its use is limited to
ploughable areas and not hill country where grass grub damage is a
major problem.

There is increasing pressure from many sources, however, to
restrict or ban the use of insecticides, especially those that are
persistent. Consequently, there is an urgent necessity to develop
safer alternative control methcds which are specific to the insect
target and without side effects on other life. Attempts to develop
such methods for grass grub control have met with varying success.
These have included the planting of resistant crops such as lucerne,
various cultural practices, and biological controi.with predators,
parasites, and insect pathogens. Chemicals such as sex pheromones
which occur naturally in insects are also potentially useful as
selective control agents.

In 1966, Kelsey reported the presence of a sex pheromone in
the grass grub beetle but his studies, which were carried out with
live virgin female beetles in the field, did not preclude the
possibility of sight or sound being involved in the mating process.

Preliminary laboratory behavioural tests carried out by the author,
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however, established that a chamical alone was involved., This
provided a basis for this study on the bicassay, isolation, ident-
ification, and use,of the sex pheromone of the grass grub beetle.
As all the attempts to mass rear the wnivolitine grass grub
beetle in the laboratory had been unsuccessful, bestles wére not
available for study throughout the year. This study on the sex
pheromone was restricted, therefore, to about a sgix week period in

the spring when beetles were present in the field.

1.2 “Common _armyworm

Large areas of pasture and cereals, particularly maize, within
the mid and northern areas of the North Island of New Zealand are
attacked annually by the caterpiilar of the armyworm moth, Pscudaletia
separata. The insect is primarily a defoliator although early
infestations may chew young maize silks causing poor pollination. and
seed set (Douglas st al., 1972).

The caterpillar can be satisfactorily controlled with a number
of organophosphate insecticides (Kain et al., 1968) but sometimes
crops have to be sproyed at least three times to control the pest
adequately. A major problem in controlling armyﬁbrm in a crop such
as maize, vhere the danger period is during and shortly after silking,
is the early detection of an infestation. In this respect, the high
specificity of sex pheromones has made them extremely valuable for
early detéction and estimation of an insect popvlation. The use of
sex phercmone traps in combination with insecticides should, there-
fore, result in a more effective control procedure, This thesis
describes the attempts to identify one of the sex pheromone components
in the female armyworm moth.

Prior to this study, the presence of a chemical pheromone in

P. separata had not been demonstrated. Having established that a
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chemical was used by the famale moth tc communicate with the male
prior to mating, a laboratory behavioural bicassay was developed
to monitor the presence of the active compcnent in the various
concentration procedures.

Work on sex pheromones is seasonal and the studies on the
armyworm were mainly carried out with insects reared in the laborat-
ory during the autumn-winter period, a time when it was not possible
to work on the grass grub sex pheromone. The two studies were,

therefore, carried out in parallel.



CHAPTER II
BIOLOGICAL AND CHEMICAL: ASPECTS

O SEX PHEROMONES

2.1 Sex pheromone definition

It is well known that volatile organic chemicals with character-
istic cdours or tastes are widely used by insects to communicate
with one another. This system of communication has reached its highest
developrient in the social insects; ants, bees, wasps, etc., all of
which communicate in the dark interiors of their nests. The term
"pheromone” coined from the Greek "pherein® (to carry) and "horman"
(to excite, stimulate) was proposed by Ka?lson and Luscher (1939)
to describe the chemical substances involved in insect communication.
Pheromenes were defined as,

"Chemicals secreted to the oulside by an individual and

received by a second individual of the same species, in

which they release a specific recction, for example, a

definite behaviour or developmental process',

There are many possible ways for classifying responses of
insects to pheromones. For instance, Wilson (1963) subdivided
pheromones into "releaser" and Yprimer" substances. Releaser pher-
omones produce an imwediate and reversible change »n the behaviour
of the recipient, on whose central nervous system the chemical
substance apparently acts more or less directly. On the other hand,
primer pheromones trigger off a chain of physiological changes in
the recipient without causing immediate changes in behaviour. The
most commonly used classification method is based on the response
to the pheromone. Thus, chemicals that cause an insect to arrive
at the vicinity of another insect of the same species and opposite

sex and attempt to copulate have been called sex pheromones. The
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terms "alarm", Yaggregation", and "trail", are also used to describe
the particular biological. function of the pheromone.

The generality of sex pheromone communication among insects
is indicated by the number of orders in which this behaviour is
found. These include the Lepidoptera, Orthoptera. Diptera, Coleoptera,
Hymenoptera, Neuroptera, Mecoptera and Homoptera.

Recently, a new term "paraphercrone" (pheromone-like substance)
has been introduced by Hurmel and co-workars (1972) to describe
chenicals that possess pheromenal activity, but are not identical
in structure to the natural pheromone of a particular species.
Compounds of this nature have been found for the pank bollworm moth,

Pectinophora gossypiella (Green ot 2i., 1969), the cabbage looper,

Trichoplusia ni (Hummel et al., 1972) and the gypsy moth, Lymatria
dispar (Adler et al., 1972b).

2.2 Tdentities of sex pheromones in the Coleoptera.

The sex pheromonies of the Coleoptera, the largest order of
insects, show some corrclation of structure within families but not
the close structural similarity associated with the Lepidoptera.
Among the beetles, the group that has been most extensively studied
is the bark beetles (Scolytids) which cause extensive damage to pine
forests. The history and behaviour associated with bark beetle
attractants tave been reviewed by Silverstein (19?6, 1971), Pheromone
communication for bark beetles differs from that described for the
Lepidoptera in that beetles bore into pine trees and produce a
powdery frass of wood fragments and excrements which attract both
males and females. The attractant substances have been called
assembly or aggregation pheromones. The peetle pheromones that have
been identified are shown in Table 2.1.

A mixture of three terpene alcohols constitutes the assembly

pheromone in the frass of the male Ips confusus: (1), (-)-2-methyl-




Table?2.1

insect Sex Pheromones of the Coleoptera

Compoeund
oH  CH,
(CH,3),CHCH,CHCH,C—CH=CH,

(=)-2-methyl- 6-methylene -

7—-octen-4-ol

CH - CH,
(CH,),C=CHCHCH,L —CH=CH,

(#j~2- methyl-6-me! nylere -
2,7-octadien-4-o0l

OH

Cis— (+)—verbeno|

exo-7-ethyl-5-methyl-4,8-
dioxabicyclo £3.2.11 octane

O

XCHS
£

1,5-dimethyl-6,-

dioxabicyclo {3.2.17 octane

Insect

Ips_confusus(Le Conte).

l.confusus

l.confusus

Dendroctonus  brevicomis

Le Corie, western pine
beetle

Dendroctonus frontalis

Zimmerman, southern

beetle



Table 2.1 (contd)

Compcund

CH,(CH,),COOH

valeric acid

H
(-)-methy!-irans-24,5-

tetradecatrienoate

H

I
==C—-C=C|Z—CH2COOH
H

trans,cis~tetradecadienoic

e, v ) .

acid

|

CH,  H
Lo

|
CH4CH, CH(CH,),C=C(CH,) CO: CH;

(-)-methyl-cis-14~methyl- 8~

hexodecenoate

CH

| 3

H K
L
CHyCH,CH(CH,),C=C(CH,) CH,OH

gis (=) -14-methyl-8-
hexadecen-1-ol

=C=C~C=0~COOCH,

Insect

“Limonius _californicos

(PAannerheim)

sugarbeet wireworm

Acanthoscelides obtectus

(Say)

dried bean bcetle

Attagonr's  megaioma

(Fabricius)

blacl carpet beetle

Trogoderma inclusum

LeConte

a grain beetle



Table 2 1(contd)

Compound

CH,
[—m—-CHZCHZOH

-~ C=CH,

CH,

cis-2-isopropeny!-l-mettyl

cyclobutaneethanol
CHCH,CH
KJL\
~N

CH,

gi_f_._—3,3—dimefhy|—

cyclohexaneethenol

H, CHO
A4
¢
CH,
CH,

cis-3,3-dirnethyi-

cyclohexaneacetaldzhyde

OHCVH
C

~
CH,

trans-3,3-dimethyl-

cyclohexaneacetaldehyde

Anthonomu; grandis

A.grandis

A.grandis

A . grandis
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bemethylene-7-octenet4-0l, (II), {+)-2Z-methyl-bemethylene-2,7-
octadien-b~ol and(iIl), cig-{+)} verbenol (Silverstein et al., 1966).
These cowpounds ars not active by theuwselves but only in cambination.

It is of intercst thot two predators of Ips confusus also respond

to the ternary mixture. Males and females of a clasely rélated

he thres compounds togsthor. a facoedr which may plsy an important
role in effecting repreductive isolation.

Bark beetles of the Dondroctonug species use a unique communie

ication system in which pneromones ore combined with host volatiles
te bring abow. aggregation of both sexes a2t trees undergoing attack.
Silverstein et al., (1968) identifi-=) a unique dicxabinyclo derivative

in the frase of the female western pine beetle, D. brevicomis. The

substance, 2alled brevicomii, is actractive by itself but its
activity -n ths fizld is erhanced by the host terpene hydrocarton,
nyreenc [ Bevard et al., 1969). The assembly pheromone of the southern

pine beetle D. frontaliz is a mixture of the host terpene, trans..

verbenol and anctlier dioxsbicyclo derivative called frontaiin
(Kinzer et al., 1969). This compound has a close structural relat-

jonchip to brevicomin and D. brevicomis is attracted to it (Vite and

Pitman, 1969).

Four terpenes, .vo alcohols and two nldehydes. isolated from
male boll Wweevils as well as their firass, caused an assembly of both
sexes (Tumlinson et al., 1969). It is of interest that the male boll
weevil is more attractive when fed on cotton, which naturally contains

myrcene which could be the precursor in the insect biosynthesis of

the pheromone mixture.
In addition to these terpene like substances there are a few
alcohiols, acids and methyl esters which have been identified as sex

pheromones sor coleopterous insects. For example, valeric acid for



the sugar beet wireworm (Jacobwcrn et al., 1968), trans-3, cis-5-

tetradecadienoic acid for the tlack carpet beetle (Silverstein

et al., 1967) and twe comecounds, an alcohol, eis(-)-14-methyl-8-
hexadecen~1.0L and its rethyl ester, (-)-methyl cis-1l4-methyl-8-
hexadecenoate, for enother stored product bectle, gggggggggé
inclusum (Redin et al., 1969). The diversity of structure within
the Coleoptera is well illustrated Ly the disccvery by Horler (1970)
who found that an aller“c ester, (-)-metiyl trans-2,4, 5-tetradecat-
rienoate, functiocnzd as a sex phercmone for the fenale dried bean

beetle, Acanthoscelides cotectus.

The presence of sex pheromones in s<arab beetles has been
reported for a few sveciec but ‘tleir chemical natire is unknown.

The species include Pachvnus cornutus (Olivier) (Jeanncl, 1929),

the June keetle, Lachnosterna lanceolata (Say) (Travis, 1939),

the zock chafers, Rhopaea magnicornis (Blackburn), R. verreauxi

and R._moriillnsa (Sno Hoo and Roberts, 1965) and the Japaunese beetle,

Popillia japonica (Newman) (Ladd 1970; Goonewardenz et al., 1970a.),

2.3 Identities cf sex pheromones in the Lepidoplera.

The sex pheromones emitted by female moths have been reported
in a number of recent reviews (Jacobson, 1970; Beroza, 1970, 1972:
Roelofs, 1971; Rittex, 1971). Most of the sex pheromones of the
Lepidoptera are fairly simple molecules which have been isclated in
the neutréi lipid‘fraction of gland extracts. Long chein acetates,
alcohols,; aldehydes, an epoxide, a methylbutanoate, and a hydro-
carbon have been identified as sex pheromones in this order. Some
of the compounds contain one or twe centres of unsaturation and
some have a hranched aliphatic chain. A list of the insects and
their pharomones which have been discovered by isolating the sex
pheromones using the classical technique has been assembled in

Appendix I.



12

By far the most produvctive method of discovering sex pheromones
has been to screen compounds in field tests. This approach e exploits
the fach that a relatively large proportion of the sex pheromones
are acctates of wnsaturated slcohola with 12, 14 or 16 carbon atoms
or simply the alcohols themsslves. Roelofs and Comeau (1970) found
eox phereomones for 27 lspidoplerous species in field screening tests
with 35 such compounds. Another means of finding sex pheronones
which exploits this fact has been to use the electrosntennogram (EAG)
tecimigue comhined with gas chromatography (GC). Retertion times
of the sex phercione are determined by injecting crude pheromone
extracts on polar and non polar columns, coliecting the effluent
at l-minute intervals and determining wnich fraction gives the max-
imur antennal respense in EAG testse The vetention times define
the numt3r of carbon atoms and the degvee of unsatrration iov the
aliphatic chain. Suvitable candidate materials can then be screencd
in EAG tests and thes appropriate compcund giving maximum respmse
is assuned to be the sex pheromcne which is verifiec in field tests.
These compounds may not be natural pheromones but simply closely
related molecules i.e. parapheromones. |

2.4 Sex pheromone production.

Detaiied mornhowogical and histoiogical descriptions of
Temale sex pheromone glands have been carried out wostly with
lepidopterous insects; These glands are normally located in the
intersegmental membrone betwsen the eighth and ninth abdominal
segments (Percy and Weatherston, 1971). When the female is at rest,
the gland *s not exposed to the air because the eighth and ninth
segments are nomelly retracted into the seventh segment. Immed-
iately prior to mating, female moths of many species release the
gsex pheromone by stretching the abdomen outwards and actively

protruding and retarding the scent gland. An illustration of the
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"calling" behaviour of the femrle white butterfly, Pieris rapae

is shown in Plate 2.1.

The sex pheromone glands, which are developed firom the hypodermal
cells, nay be in the foim of a protrusible scent ring or fold or a
pair of laterzl sacs. The glandular epithelium in this region is
typically composed of large corumar to cuboidal cells with large,
globular to oval nuctai and o granuw’sr cyteplasm.

The scent glends of insects within <he Coleoptiera have been
studied for oniy a few species, Femalies of the scolytid beetles,

Dendroctonus psevdotcugae apparently produce their attrsctive odour

in their Malpighian tubules in the hind gut region (Zetlner-Mpller
and Rudinsky, 1967). In virgin lsmeoes of the sugsr beet wireworm,

Limonius catliforrniicus, the sex pheromone is found primerily in the

fifth and gixth akdormiral segments (Lilly and McGinnis, 1968). “he
sex pnercrone glands are aloo located in the female's abdomen in

the bectlec. Diabrotica balteata (Cuthbert and Reid, 1964), a

number of Rhopaea specics (SooHoo and Roberts, 196} and Tenebric
molitor (Valentinc, 1951). In the latter species, sex pheromone
production and releace by remales is under the conirol of juvenile
hormone produced. in the corpora allata (Menon, 1970). This is also
the case with the park% beetle, Ips confusus, in which juvenile
hormone induced males to produce sex pherumone in the hind gut
Malpighian” tubule area (Borden et al., 1969). FHoyt et al., (1971)
have svigested that ihe grass grub sex pheromone is produced by
symbiotic bacteria in the colleterial glands in tho female's abdomen.

Most of the sex pheromones that have been identified to date
have been present in microgram (pg) or nenogram (ng) quantities.
Very low quantities have been reported for the codling moth, 0.3 ng
per insect (McDonough et al., 1969) and the pink bollworm moth,

2.0 ng per insect (Jones et al., 1966). Steinbrecit (1964) found
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Plate 2.1 An illustration of the calling behaviour in the field
of the female white butterfly, Pieris rapae. Females
in the butterfly family use visual factors as well as
chemicals for communication between the sexes.
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{that extracts of glands from newly emerged female silkworm moths
contained about 1.5 pg of sex pheromone per female which is about,
the same order as that reported for the cabbage looper (Berger, 1966).
Silverstein and co-workers (1967) found 0.5 pg perwfémalé for the
black carpet beetle while the sugarbeet wireworm beetle contained
0.1 mg per insect (Jacobson et al., 1968).

Interestingly, as early as 1946, Kettlewell sweculated that only
a small quantity of sex pheromone is manufactured by a femsle mcth
2t a time, the bulk of the material being kept in an inactive
precursor state. This has proved to be correct with a number of
insect species. For example, workers in Butenandtis laboratory
(crted in Karlson and Butenandt, 1959) re@uced an inactive silkworm
moth extract with lithium aluminium hydride and generated sex pher-
omone activity. Preéumably the precursor was prescnt as an ester,
aldehyde or ketone. McDonough and co-workers (1969) released alcohol
pheromones by saponification while Roelofs and co-workers (1969)
increased, by one hundred-fold,the acetate pheromcnz content in
oriental fruit moth extracts by saponification and reacetylation.
Bierl et al., (1970) increased the epoxide pheromone in the gypsy
moth by epoxidation of hydrocarbons obtained from an extract of
females.

A fascinating discovery was reported recentiy by Butler and
co-workers (1972) who generated the female pheromone (an acetate)

of the Zebra caterpillar, Ceramica picten, from the alcohol pre-

cursor in males of the same species.

Sex pheromone production is closely linked with the maturation
of the female reproductive system. Obviously for eggs to be fertile,
females must mate before oviposition takes place and males must not
mate until they are capable of transferring sperm to the females.

It appears from the present studies that female pheromene production
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reaches & peak just prior to ovipesiticn. For example, adults

of the gum emperor moth, Antheraea euczlynti, begin to cut their

S g )

way throvgh ti.ear cocoons at about 2.0 to 3.0 p.m. and emerge
after about half an hour. Within s few hours of emergence, the
wing caces have hardened sufficiently for flight to take piace and
during *the evening following emergence females begin to oviposit.
Presum=nly, the sex pheromone is liberated more cr less from the
time the adult emerges to allow mating to take piace before ovi-
position. The pheramone is definitely presant in the female from
this time for extracts of abdominal tips from fresh fersles are
highly attr-ctive to young males. This resul* is consistent with
a 12posc by Stainbrecnut (1964) for the closely related silkworm moth.
He detected the sex pheromone in female pupae 5 days before aduit
emergence and fowuad maximum quantities at the time of emergence.
Silkworm moth females are capable of mating within half an hour of
erergence.

A similar situation was also found in this sturdy with the

common armyworm moth, Pseudsletia ceparata where maxirmum pheromone

production occurred s2hout 5-6 days after final ecdfsis Just before
oviposition took place. The male of this species did not respond
to the sex oheromone until it was at least 5.5 cays 0ld whep it
was sufficicatly mature. On the other hand the nevive New Zealand

armyworm, Persectania aversa, comenced laying eggs within 2 days

of emergence and mating took place within 1 day of emergence.

Shorey et al., (19682) noted that a rapid production of sex pheromone
in females of seven noctuid moth species occurred within one day
preceding emergence from the pupa. Many females of each of these
species mate within two days and contain mature eggs within three
days after emergence. Similar work on the stored beetle, Attagenus

megatoma, by Burkholder (1970) indicated that females were not
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attractive until at least 24 hours after emergence.

The influence of mating on sex phercmone produchtion seems to
depend on the frequency with which an incect mates. For example,
if an insect motes only once, phercmone production in the female
declines rapidly as is the case with the gypsy motr (Collins and
Potts, 1932). in insects which mate more than once, pheromonc
production is maintained at a slightly lover level than thal pro-
duced by the virgin femzle. This was the case in the silkworm woth
(Steinbrecht, 1964}, five noctuid moths (Shorey ct sl., 1968x), and
the pink bollworm moth (Derger et al., 1564).

Data on the stored product Leetle, Attagenus megatoma, indic-

ated that the female is somewhat less attractive 1 deyr after nmeting
ar.d much lese attractive 8 days ai'ter matinz (Burkholder, 1970).
Powsll and Thorp (1972) reported that virsin feouale codling moths,

Cydia pomonella, were about forty fumes as atiractive as nated

females which posscssed almost no attractivereds.

2.5 Hechanism and distance of sex phcromone communi.cation.

According to Dethier (1957) and Schwink (1958) when an insect
responds to its sex pheromone it is stimvlated to orient upwind i.e.
it undergces anemotactic behaviocur, and it will continue to fly
upwind as lung as it receives olfactory stimuli. 7Tf it loses the
cdour, the insect malaes a number of crosswind casts until it locates
the odcur again, and once more turns and flies upwind. This
mechanism for the orientation of a flying insect to a distant odour
has been tested in a flight tunnel using the pink bollworm moth,

Pectinophora gossypiella, (Farkas and Sherey, 1972). These workers

found that air wmovement is not necessary for orientation to a
distant odour scurce. Males apparently sense the boundaries of
the aerial trail extending from the scurce during their characteristic

zigzag flights. This mechsnism does not explain how the moth
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distinguishes the “upwind® from the "downwind® direction,
however.

Cormunication distances among insecis in the field are highly
variable and depend on the release rate of phercmone from the female,
the threshold responce of the male, and the rate of phernmbne dis-
persion in the moving air mass (Sower et al., 1971). In general,
the functicn of the czx pheromcne is to biring insects close snougl
to see or touch one another. Early reports in the literaturs indicated
male insects could bs attracted from long distaices by the iemale's
scent. For example, 3800 m for the gypsy mcth (Cotlins and Potts,

1932) and 2400 m for the a2ilanthus moth, Philosomis cynthia (Hecker,

1959). Later work with other insects, however, suggects much chorter
distances. For examrle, 15 m for the banded cucumber heetle, Diab-

rotica baltestz (Cutkbert and Reid, 1964}; 27 m for the pasture

cockchafer, Rhopaea m2amicornis (ScoHoo and Xeberts, 1965 ; 60 m for

the honey bee (Butler and Fairey, 19%%); ond 100 m for the cabbage
looper (Kishaba et al., 1970). It is probable in the early experiments
tuat males fortuitously reacned points within a 100 m or so downwind
of the female and then were attracted.

2,6 Sex pheromone reception.

The transfer of chemical information requires a chemical source,
8 trarsfer medium (a’» or water), and a receptor. in a reviow of
insect olfaction in 1880, Hauser reported that males oi Saturnia

pavonia and Porthetria dispar never mated when deprived of their

antennae. Since then, antennae have been implicated many times as
the principal site of chemoreception in iusects (Jacobson, 1965).
The role of the antenna is well emphasized Dy differences between
male and female species of moths in the families Lasiocampidae,
Saturmiidae and Bombycidae. Females in these families attract

males from some distance. They have sm2ll threadlike entennae while
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the males have much more complex, well developed plumous struct
ureg. This increased surface area presumably enhances the male
clfactory sensitivity and allows the uales to locate females from
a considerable distance.

The external seusse organsg located on the anteima are‘called
gensilla (Schneider, 1964). The senzillum is a srecialized piece
¢f cuticle with a minimum of three cells where zt least one is o
sensory neurone or primary receptor cell. Schneider (1969) desw
cribed four types of sensilla (1) long, thick-walled hairs or pegs
(sensilla trichodea) fouid in moths; (2) short, thin~walled hairs
or pegs (sensilla basiconica); (3) plates (sensilla placodea) found
in the bee and cther Hymenuptera.and (&) pit pegs {sencilla cnelcc-
onica) found in Lepidoptera, Hymenoptera and many other orders of
insects. Tie sewsilia have been examined unde. tho electron micro-
scopi: and the latier type ¢.n have between 10 and 30 receptor cells
while the furmcor typcs have between one and several. receptor cells.

Thiee sensilla, the cuticular hairs, pegs and plates all have
a pore-~tubule system which comnects the outside medium, air, with
the hair lymen and the receptor dendrite i.e. the finely ramifying
branches given off from a nerve cell. Schneider (1969) proposed
that this canal systom leads odour moleccles from the outside to
the dendritic membranz of the receptor cells. In iests with radio=-
active bomﬁykol, the sex pheromone of the silkworm moth, researchers
in Schneider's group (1968) showed that the antenna of the male
silkworm moth functioned as an effective molecular sieve which was
capable of obsorbing odour particles from the air stream. Further-
more, a singie molecule entering a pore in the sensilla stimulated
a single cell response (Schneider, 1969).

Periphersl olfactory receptor cells (primery neuroncs) exhibit

two types of electrical responses: o slow local receptor or generator



potential and travelling necve impuvlses of the Yon' or "off" type
in vhich ths nerve libre gives elther maximum response or no re-
sponse (Scimeider, 19569}, 91he overali slow reacticn in the sntemna
hag been called the electroantenmogram (EAG) (Schneider, 1957) and
is composed of the receptor potentials elicited simultaneoﬁsly in
nany olfactory sense cells. Thase putentials can be recorded by
inserting one electrode near the tip of the antenna and another
electrode a2t the base.

" In order tc gain some insight into the function of the olfactory
receptor cell, extracellular recordings from singl~ sensilla have

been made (Morita and Yamashita, 1959; Boeckh et 2l., 1965). In

P

these tests, simultanzovs recordings of receptor potentials and
nerve impulses were obtainal by inserting the recording electiode
into a2 hair sensillui of the antenna cad the indifrerent electrode
in the haemolymph spuce of Lhe antenna. Normally with this technique,
generaior poteutials'of neighboring neurones of thc same sensillum
are alsc obtaineri, but the impulse amplitudes of the cells are
sufficiently differe.t to Aifferentiate between the cclls. The
impulse resgonses observed ars normally of the phasic~tonic type
i.e. the receptor cells respond to the stimulus with a transient
rhase of very high frequency followed by a steady =tate low fre.-
quency.

Studi;s of this nature have indicated that while 2ll olfactory
receptors respond to a spectrum of compounds, many are specialized
for the detection of food and pheromones. Specialized receptor
cells resperd strongly and specifically +n the sex pheromone and

have been fownd in males of the silkworm moth, B. mori, the saturnid

silkworm, Antheraea pernyii, and the drone of the bee, Apis melli-

fera (reviewed by Boeckh et al., 1965).
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Receptor potentials are subject to a membrane process knowm
as defacilitation and facilitation (Bullock, 1959). For example,
sex phercmone, the recorded potential showed a decrecsed amplitude
with each successive stimulation. This is termed defacilitation
and explains the behavicurial pattern of lcss of male response 1o
continued pheromons exposure.

In excracellular recordings with different stimwli, opwosite
_polaribies have been generated in the olfactory receptors. BExcit-
avory odour stimuli,such as sex pheromones,caused an ‘.acrease in
nerve impul ze freguency which was accompenied by a slow negative
potatial at the recurdinz electrode. On ihe other hand, inhibitory
stimuli induced a positive potential wits 3 decresce in impulse
frequency (Boeckh, 1965; Boeckh et al.. 1953; Moriia and Yamasnita,
1961; Yamada, 1966). With a view to understanding ithe mechanism
of odour discrimination in the central nervous system of insects,
Yamada (1971) recorded extracellular action potentials from single
cells in the olfactory lobe of the American cockroach, Periplsneta
americana. For this purpose a glass capillary electrods was in-
serted into the dorsal sensory neurone area of the olfactory lobe.
Two main groups of secondary neurones wer:s distinguished, odour
specialists and odour generalists. The latter cells responded
to a large variety of odours in an excitatory or inhibitory manner
or not at all. The receptors had constant, overlapping, but
highly individual reaction spectra. It is possible that the mechanism
of odour encoding at the olfactory lobe involves linear combinations
of every neurone's activity resulting in an odour coding pattern

being received in the brain.



2.7 Sex pheraomone perception.

There are a number of theories to describe the mechanism by
winieh incects percelve ofours. Most of these sre unsubstantiated
but two resent theories, the Dyson-Wright vibration theory (Wright,
1966) and the stercocacmical theory of Moncrieff-Amoore (Aﬁoore,
1ock) kave been subjected to experimental evsluation. The former
theory atienpts to correlate vibrational freguencies of a moiecvle
in the far 1.r. regicn (50050 cm"l) with the quality of odour,
wnile the latter thecry correlates the odovr gualities of molecules
with their size and shape. Blum and co-workers (1971, salected the
alarm pherowone of Pogonomyrmex workers, &-methyl-3-heptanone, to
evaiua.e these theories. Deuteraticn of tiis molecule shifted the
far i.r. absorption bands signiricantly but the acilivities of the
deuterated ketonas remained the same as their undeulterated rrecursors.
On the other hand, 4-methyl-3-hexanone was as active as the natural
pheromone, and the meost active of the pheromonal surrogates were
those that possessed a geometry and size similar tc ~A-methyl-3-
heptanone. These results were consistent with the mechanism of
olfaction where odour molecules fit into one of a éumber of clfactory
receptors cach of which is identified with a certain primary odour.

Roelofs and Comcau (1968, 1971 a,b) couid not correlate mole-
cular shape with the type of activity. They propoced an extension
of this theory to deséribe the synergistic and inhibitory phenomena
that they observed in the field with a number of compounds closely
related to the sex pheromone of the red-banded leaf roller moth.
Their data supported a mechanism of perception in which the sex
pheromone, a chemical with the correct spatial arrangement of active
sites, possessed the affinity and intrinsic activity for the receptor

gite proteins to elicit proper behavioural responses. Closely
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related inhibitory compounds, which did not display intrinsic
activity by attracting males, apparently posssessed a strong affinity
for the receptor sites and modulated the senscry input hy causing
central nervous system habituation. Synergistic charicals were
regarded as having a reduced affinity and no modifying effect on
the receptor sites which allowed them to equilibrate readily with
pheromone molecules. Thus, inhibitors we.e rega: ded as omnounds
which accelerated the rate habituaticn of recentor sites, while
synergists medified the central nervous system Snput to slow the
rate of habituation.

In the EAG studies carried out by Roelofs and Comeau (1971 b),
the synergists and inhibitors elicitel a range of resvorces of
lower =mplitude than that of the .ex phercmone itself. This was
cornsistent witl the protein receptor model for phercm~ae perceptaon.
Recordings from single cells, howevar, in which the effect of syner-
gists and inhibitcrs on rerve impulscs covld have Leen investigated,
would have provided rnore tasic and coneclusive informetion for this
theory. For exampie, Schneider (1969) demonstrated Lhe inhibitory
effect of the 0il of cloves on single receptor cells in the male

antenna of Antheraea pernyi, by the polarity reversal of the DC

potential and the degression of nerve impulses duriag the peried of
stimulation.

In accordance with this theory and the mechanism .:f chemorecept-
ion, discussed in Section 2.6, the overall process of sex pheromone
perception would involve the penetration of molecules through the
pore~tubule system of the sensilla and into a thin layer of fluid
to reach the dendritic endings of the recentor cells. Chemical
transduction in the receptor membrane would then result in a gener-
ator potential to modulate the firing rate of the axons, which carry

the nerve impulses directly to the central nervous system. The
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mechanism of chemical trsnsduction as outlined by Roelefs and
Comesau (1971a) could involve flexible membrane proteins which could
assume various conformationzl states. Interaction‘(hydrqphobic,
hydrophilic and electrostatic bonds) of a compound'ﬁith certain
segments of the proteins would effect conformation=1l changes in the
proteins as they"wrap around” the interacting molecule. Thesc
changes could then trigger the nerve impulse-procucing mechunisms.
Recently, Fferkovich and co-workers (1973) measured the binding
of the cabbage looper sex pheromone to soluble antennal protein and
they found that the bound sex pheromone was enzymatically hydrolysed
to the corresponding alcchol. The alcohol inhibits respor:se to the
sex pheromone in the field and perhaps engymatic hydrnalycis is the
mechanisn wirich regulates adaptation in the neurone and/or is a
meang of inactivating the pheromone to prspare the dendritic receptor

membrane for subsequent stimulation.

2.8 Sex pheromone specificity.

In nature, interspecific mating with closely related insect
species is not a normal occurrence for there is generally sufficient
differences in courtship behaviour, circadian rhythms of activity,
seasonal cycles, host plant selection, and geograpihical distrib-
ution to effect reproductive isolation (Marler and Hamilton, 1966).
The high gpecificity of sex phercmones in attracting only one species
is another mechanism by which cross mating is prevented. An example
of this high specificity was demonstrated in studies with disparlure,
the sex pheromone of the gypsy moth, and fifty closely related com-
pounds. Disparlure was at least 100 times more attractive than
any other compound tested. Moving & methyl group to an adjacent
carbon, shortening or lengthening the chain by a methylene group

or shifting the epoxide to an adjacent pusition considerably reduced



activity (Adler et al., 1972b),

Early physiological studies by Schmeider (1962) indicated that
sex pheromones were not completely species-specific, and that there
was an overlap between related species. This is céftainly the case
for many sex pheromories of the Lepidoptera that have been identified.
For instance, Berger and Canerday (1968) demonstrated in laboratory
studies with five species of Plusiinae moths that cis-7-dodecenyl
acetate stirmlated sex pheromone responses. Subsequently, Roelcfs
znd Comeau (1970) in field studies with this compound attracted
eleven species of Plusiinae moths., In this same study, five moth
species in the subfamily Hadeninae were atiracted by cis-1ll-hexa-

deconyr acetate. In the Holomelina aurantiaca complex, eight

sibling species were attracted by anethyi heptadecane (Roelofs
and varde, 1971). Differences in habitat preference and seasonal
flight periods isolate some of these sibling species but secondary
chemicals were also suggested by field studies.

The function of secondary chemicals in species isoiation could
be to either enhance the attraction of the sex pheromone for one
species or negate the attraction for a second species. For example,
Roelofs and Comeau (1971a) demonstrated in field tests with cis-11-
tetradecenyl acetate, the sex pheromone cf the red-banded and
oblique~banced leaf roller moths, that dodecyl acétate acts as a
synergist for the former insect and an inhibitor for the latter.

A similar situation exists with the European corn torer and the red-
banded leaf roller moths which ostensibly use the same sex pheromone
and are both attracted to it (Klun and Robinson, 1970). Neither
female species attracts males of the other species and presumably
inhibitors are involved in the process. In a further example of

this phenomenon, the Indian meal moth, Plodia interpunctella, and

the almond moth, Ephestia cautella, both use the same sex stimulatory
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compound, cis-9,tirans-12-tetradecadienyl acetate, but in the presence
of the former species, male attraction to females of the latter
species is strongly inhibited (Ganyard and Brady, 1971).

Secondary chemicale present as host odours, aé’in the case for
the bark beetles (Rerwick and Vite, 1970), could also be important
for reproductive isoiation. The implication here is,that beetles
using the same sex pheromone could achieve species isolation by
mating on different host trees.

Inhibitory effects of geometrical isomers have been verified
for several species of insects and may also play a role in inter-
specific communication. Roelofs and Comeau (1969, 1970), for
example, reported the situction of tvwo sibling species pogsessing

similar seasonal and diurnal cycles in which one, Brytopha similis,

was attracted to cis-9-tetradecenyl acetate and the other atiracted
to the trans izomer. The wrong isomer was not only unattractive,
but actuslly inhibitery to males, so that neither species responded
to the sex pheromone in the presence of the geometrical isomer.
Multiple pheromones may also be important in preventing cross-
attraction in nature. For instance, the summer fruit tortrix moth
is only attracted with a mixture of two compounds, cis-9-tetradecenyl
acetate and cis-ll-tetradecenyl acetate (Meijer et al., 1972).
The multicomponent sex pheromones of the bark beetles reported by
Silverstein's group (1966) and Renwick and Vite, (1970)and the cotton
boll weevil (Tumlinscn et al., 1969) illustrate the synergistic action

of several compounds in the sex pheromone process.

2.9 Princinles of biocassay methods.

Laboratory behavioural bioassays are based on sexual stimul-
ation and compounds that perform this function do not necessarily

attract inseccts in the field. Ideally, therefore, laboratory
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biocassays should be complemented with field bicassays. In the case
of the univolitine (1 flight/year) grass grub beetle, all attempts
at mass rearing have failed. This meant that the sex pheromone
studies were restricted each year to a 4 to 6 weeklﬁeriod when the
beetle was present in the field.

Shorey (1970) reviewed the important factowrs in the Jevelopment
of a reliable, quanti*tative laboratory bioassay for sex pheromones,
In developing laboralory bicassay methods a knowledge of the insects!
mating behaviour in the field is an obvious advantage. Thusg, factors
such as time of mating, duration of mating activity, and age of males
and females when mating occurs are important.

In behavioural studies with the pyralid moth, Dioryctria
abietella, mating behaviour was influenced by visual and possibly
avditory stimuli in combination with the sex pheromone (Fatzinger
and Asher, 1971; Fatzinger, 1972). On the other hand, Bartell and
Shorey (1969%) cshowed that the sequence of the responses of male

Epiphyas postvittana to the female sex pheromone depended on the

pheromone concentration. Low pheromone levels induced antennal
elevation while successively higher levels induced- flight,upwind
orientation, and copulatory movements in males.

Most insects have a diurnal rhythm or "internal clock", and
mating, feeding, etc., take place at definite pericds during the day.
The impor@ance of this factor was clearly demonstrated in the study
on the grass grub beetle where consistent bioassay results could
only be obtained in the laboratory for a few hours after dusk - a
period when mating occurs in the field. With some insects it 1is
possible, by altering their light-dark regime, to change their normal
diurnal rhythm. This technique has been applied successfully in
many sex pheromone studies.

The author has been able to use this technique with the two
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armyworm species, Pseudaletia separata and Persectania aversa,

that have been studied. These moths normally mate between 10.00 p.m.
and 2.00 a.m. (Clearwater, 1972) but by altering their light-dark
peiiods it has been possible to stimulate mating béhavioﬁr at more
convenient times; for P. separata between 8.00 a.m. and 11.00 a.m.
and for P. aversa between 10.30 a.m. and 1.00 p.m.

Insect sex pherumone studies have mainly been carried out with
insects in the order Lepidoptera. This is probably due to the facts
that moths generally show classical mating behaviour in the lab-
oratory and can be mass reared which ensures a large and continuous
supply of biological material throvghout the year.

In laboratory bioassays of insect sex pheromones in the

Lepidoptera, various behavioural responses have formed the basis

of th: method and have included: activation from rest of Trichoplusia

ni males (Shorey et al., 1964), upwind orientation in an airstresm
containing the pheromone and approaches to the pheromore source by

Prodenia litura and Agrotis ipsilon (Flaschentrager and Amin, 1950),

dances of Bombyx mori (Karlson and Butenandt, 1959), and copulatory

movements by Porthetria dispar (Block, 1960).

Many investigators have observed that male insect response tq
a pheromone source lasts for only short periods anc decreases with
repetitive tests. Ideally, therefore, behavioural bioassays for a
group of insects should only be carried out once a day, for insects
readily adapt to the presence of the sex pheromone. Shorey and
Gaston (1964) demonstrated adaptation in the cabbage looper moth.
At 60 minutes after a brief (30 sec.) exposure to the sex pheromoue
equivalent *o 0.1 female, the moths required a ten-fold higher sex
pheromone concentration to induce 50 percent of them to respond, than
did males that had not been exposed previously. Adaptation to the

sex pheromone was not as apparent in the elaterid beetle, L. calif-
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ornicus (Lilly and McGinnis, 1968) for males continued to display
strong sexual activity when the interval between tasts was reduceq
to half an hour but not when reduced to 10 min.

Chemicals or extracts to be tested for activity may:be pfes-
ented to the insects in various ways, such as from a glass rod,
(Onsager et al., 1968; Casida et al., 1963), from a medicine
dropper contaminated with the sex pheromone (Bergsr, 196(; butt and
Hathzway, 1966) and from filter paper, cotton wick or other absorbent
source (Barth, 1961; Gary, 1962; Ouye and Butt, 1962; Shorey, 1966).

Reports on the occurrence of sex pheromones within the order
Coleoptera are not as widespread as those in the order Lepidoptera.
Laboratory bioassays for bestles have mainly depended on aggreszatiin
to active extracts on filter papers and obéervations of sexual re-
sponsas which normally take the form of copulatory attempts with
one another. This was the case for the sugar best wireworm, Limonius

californicus, {Jacobson ct al., 1968), the grain beetle, Trogoderma

inclusum, (Rodin et al., 1959), the boll weevil, Anthciomus grandis,

(Tunlinson et al., 1969) and the black carpet beetle, Attagenus
megatoma, (Silverstein et al., 1967).

In studies with the cigarette beetle, Lasioderma serricorne,

Burkholder {(1970) found that males exhibited a strong response to
the female odour in 2 Y-tube olfactometer. In this same study,
males in a multiple choice olfactometer demonstrated a sequence of
antennal elevation followed by extension of the pro- and mesothoracic
legs. Leg extension preceded rapid zig-zag locomotion toward the
pheromone source and finally copulatory attempts were made with
nearvy males.

Most of the biocassays of the bark beetle pheromones have been
based on walking responses (Wood, 1970). 1In the bioassay used in

the pheromone studies of Dendroctonus psoudotsugae, beetles walking
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toward a light passed into a narrow air stream. If the air stresn
contained an attractive substance, beetles oriented upwind (Borden
et al., 1968b). A slight variation of this method was used with

Trypodendron lineatum (Borden et al., 1968a). The olractometer

consisted of a runway containing a perforated arez undernéath which
the test substance was placed. Beetles, atiracted initially to

a microscope light, were observed for arrestment and turning reactions
when they moved over the perforatecd aiea.

Bioassays based on sexual stimulation need to be used in con-
Junction with field tests for they do not necessarily lead to the
sex pheromone used by the female in nature. For example, Meijer and
co-workers (1972) isolated twd unsaturated acetates from the cmara
svamer frui® tortrix moth both of which acted as sex stimulants in
the laboratery. In +the field, however, voth compounis were inactive
unless they were combined. Similas situations zxist for the southern
armyworm moth (Redfern et al., 1971}, the fall armyworm moth (Jacobson
et al., 1970a), and the pank bollworm moth (Jones ana Jacobson, 1968).
Thus, attraction in field biocassays is the ultimate criterion in the
identification of sex pheromones.

A more objective laboratory biocassav method is the electro-
antennogram (EAG) method perfected by Schneider (1957). Since
receptor cells on the antennae may respond to odours other than the
sex pheromone (Schneider, 1969) the EAG by itself does not give inform-
ation concerning the behaviour that will follow the response but it
has proved extremely useful in complementing behavioural work (Roelofs
et al., 1971b).

In gsome cases where the insect cannot be reared in the laborat-
ory or it simply does not respond under artificial conditions, bio-
assays have to be carried out under field conditions. Complications

in field bioassays may involve the absence or presence of secondary
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chemicals (to act as synergists or inhibitors) and the rate of
volatilisation of the pheromone (Kaee et al., 1973). Such factors
can be critical in obtaining catches in baited traps. For example,
Gaston and cc-workers (1971) demonstrated that the number of cabbage
looper moths caught went through a maximum as a function of the rate

ol evaporation of the pheromone.

2,10 Factors influencing electroantennograms (EAG's) in insects.

The electroantennogram (EAG) technique measures gross sensory
fesponsiveness to odours at the antennal level. Thic has been used
in sex pheromone studies mainly to complement laboratory behavioural
studies. Measurements are made on either intact (Boeckh et al.,
1965, 1970; Payne et al., 1970) or excised antemae (Roelofs and
Comear., 1971a, b; Schneider, 1957). 1In the latter case, the useful
life span of the preparation ranged from 10 minutes to several hours
while in the former case, measurements have been made for much
longer periods without a deterioration in response.

The electrodes are normally placed between the base and the
tip of the antenna and consist of either glass capillaries drawn
to a fine point (20 pm) and filled with electrolyte, or tungsten
wire electrolytically polished to a tip diameter of 1-3 pm (Hubel,
1957). The EAG measurements are generally obtained by pulsing
purified air over pheromone-treated filter paper, held in a cart-
ridge,and on to the antennal preparation. The signals from the
antenna are normally amplified 200 to 300 times and then fed into
a storage oscilloscope or high speed chart recorder. Adler (1971)
indicated that in order to obtain reproducible EAG's the following
conditions were important:

(1) the length and inside diameter of the cartridge holding the

treated paper
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(2) the distance from the outlet end of the cartridge to the antenna
(3) the approximate position of the treated paper in the cartridge
(4) the size and type of filter paper used

(5) the type of electrades and electrolyte used and

(6) the flow rate of the air stream.

The variation in respcase with antennal length has been invest-
igated for the red.banded lea? roller (Roelofs ana Comeau, 1971b)
and the cabbage looper moths (Payne et ai., 1970). 1In the former
study, maximum voltages were cbtained by cutting the excised male
antenna near the third distal segment and lower responses were
obtained with shorter antennal lengths. On the otner hand, Payne
et al., (1970) obtained nc respciise with the first flagellar segment
of male cabbage looper antennae, presumabiy due to the lack of
sensilla trichodea on that cegmeni, but equal response from other
segments along the antenna. These workers also found that while
age, light intensity, and time of day, exerted a considerable in-
fluence on the behaviovral response of male moths, the EAG responses
were independeni of these variables.

Normally, a maximum amplitude of response is reached as the
quantity ot pheromone on the paper is increased. This phenomenon
may be due to antennal adaptation and/or the saturation of the air
within the cartridge at high concentraticns, which would mean that
increased ‘concentrations would have little effect on the number of
molecules in each puif. Kaissling (in Schneider, 1969) obtained
a curve without a plateau at high concentrations by standardising
his results according to the number of molecules absorbed on the
antenna and by eliminating problems due o antennal adaptation.

The shape of the EAG is determined by the rate at which the
trace returns to the baseline. Various shapes have been observed

with different chemicals and .these may be important in terms of
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their mode of action on the anteanal receptors. For instance, the sex
pheromone of the red-banded lzaf roller moth exhibits a sharp spike
and a moderately fast return to the baseline while the geometrical iso-
ner, which inhibits response, does not produce as sharp a spike and
the trace returns to the baseline at a much slower rate. "Contrary to
this situvation, however, the HAG's of naturally occurring sex pheromones
normally are characterised by a slow recovery back to the baseline.
Extensive use vas made of the EAG technique in the identific-
ation of cig-9-dodecenyl acetate as the sex pheromone of the grape
berry moth (Roelofs et al., 1971b). In this study, the GC retention
times of the sex pheromone were determined by injecting crude extracts
on to polar and non-polar columns, collecting the GC effluent at 1~
minute intervals in capillary tubes and determining the tube (or tubes)
whicih gave maximum antennal response. The EAG's of the tubes were
measured by passing 1 ml of air through the tubes and into an air streanm
passing over the anteana. The identification of the pheromone depznded
heavily on the fact that closely related geometrical and positional
isomers gave greatly reduced responses and the GC retention time of the
acetate giving the maydimum antennal response was precisely the same as
that of the natural sex pheromone.
Provided model compounds are available, the great advantage
of the GC~ELG procedure is that only small numberé of males and
females are required. Furthermore, the EAG assay can be used to
detect other compounds such as inhibitors and synergists (Roelofs
and Comeau, 1971a) that have activity on the antennae but do not elicit -
behavioural responses in laboratory bioassays.
In general, the strongest EAG responses are obtained with
compounds which correspond to the natural pheromone (Boeckh et al.,
1965; Sturckow, 1965; Roelofs et al., 197ib; Adler et al., 1972b)

while closely related positional isomers of the same carbon chain
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length as the pheromone give stronger responses than other
compounds with the same functionality.

For nharcmones which are doubly unsaturated, EAG tests with
mono-unsaturated compounds can sometimes be used to prediet the
position of the double bonds in the aliphatic backbone. For
example, the natural sex pheromone of the almond moth is cis-9,
trans-12, ~tetradecadienyl acetate and maximum resporises were
obtained on the male almond moth antennae with both trans-12, and
cis-9-tetradecenyl acetates (Beroza, 1972). Similarly, the silk

worm moth pheromone is trans-10,cis-12-hexadecadien~i-cl and both

trang-10-and cis-12-hexadecen-1-~0l gave stronger responses thain
the rewpective geometrical isomers (Roelofs et al., 1971a).

Within the Coleoptera, EAG studies have been carried out for
a few bark beetle species (Payne, 1970) and the scerab beetle,

Popillia japonica (Adler and Jacobson, 1971; Adler, et al., 1972a).

In the former study, EAG tests were carried out to test the responsas
of adult male and female Japanese beetles to their extracts. The
heads of the beetles were removad and one glass capillary was inserted
through the occipital foramen and the other into the hinged area
between the large and the middle plates of the lamellated antenna.
Beetles aged 1-2 days were used in the tests which indicated that
both male and female adults had a larger EAG respoﬂse to the male
extract that to the female extract. The low responses of males to
the female extract may have been associated with the fact that 1.2
day old females were used. Goonewardene et al., (1970a) found,for
example,that females influenced trap catches at about 10 days after
final ecdysis. In the study by Adler and co-workers (1972a), the
magnitude of the EAG responses of the Japanese beetle to attractive
and unattractive chemicals paralleled captures of the insects in

field trials except that the individual chemicals e.g. phenethyl
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propionate, phenethylbutyrate, methylcyclohexane propicnate or

eugenol, also elicited large responses.

2,11 General procedures for extracting, isolating, and

identifying sex pheromones

The methods for isolation and identification of some of the
lepidopterous sex pheromones have been reviewed rccently by
Jacobson (1670) and Beroza (1972). Most of the teclniques discussed,
however, can and have been used in sex pheromone studies of beetles.

Sex pheromone glands of insects are usually found in the ab-
doriinal segments and activity is lost soon after ricting. Normally,
therefore, virgin females aras used and only the abdominal tips
rather than whole insects are extracted. Such a step represents
a worthwhile purification for Gaston and co-workers (1966) have
shown that ether-extractabie material in whole cabbage looper moths
amounts to cbout 4¢,whereas,ether-extractable material in the last
two abdominal segments amouts to only 1% of the whole moth weight.

Extraction of sex pheromones by maceration of abdominal tips
has been carried out with a variety of solvents. Lipophilic solvents
heve been used successfully to extract the sex pheromones of the
gypsy moth (Bierl ct al., 1972), the black carpet beetle (Silver-
stein et al., 1967), the western pine beetle (Silverstein et al.,
1968) and a dermestid beetle (Rodin et al., 1969). More polar
solvents, such as dicthyl ether and methylene chloiride, are probably
more efficient solvents for extracting pheromones and have been
preferred by many investigators. Roelofs and Feng (1967) found
that extraqts of the red-banded leaf roller moth prepared with these
two solvents were equally attractive to males whereas extracts pre-
pared with acetone, benzene, chloroform, methanol, or 955 ethanol

were less attractive. Read (1968) extracted the sex pheromone of
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the false cedling moth with an initial ethanol maceration followed
by the addition of water andApartition into cyclolhiexane. In the
isolation of the southern armyworm sex pheromone, however, (Jacobson
et 21., 1970a) methylene chloride was preferred to etlanol because
ethyl esters formed during extraction with the latier solvent made
subsequent purification steps difficult. A major problem in ex-
tracting pheromones by solvent maceration can be the co-extraction
of lipids, sterols, etc., which mask or prevent the evaporation of
the pheromone in bicassay tests. This was overcome in Read!s study
by column chromatograpny of the crude extract. A gain in activity
of two orders of magnitude was also obtained during the first puri.
fication steps of the Indian meal moth pheromone (Dahm ei. al., 197:).
Surface rinsing, rather than maceration wi£h solvents, has also
been used for pheromone extraction and may be a methcd of obviating
masking problems, for fewer co-extracted impurities would be
expected with this technique.

Sex pheromones nave also been recovered from an 2ir stream
which is passed over virgin females and into a cold trap, a
liquid, or through an adsorbent (Yamamoto, 1963; Jones et al., 1965;
Silverstein and Rodin, 1966). Advantages of this method are that
the only contaminants are other volatiles and the process can be
carried out throughout the life of the insect. Silverstein has
pointed out, however, that oxidation losses can occur and recovery
by aeration is only feasible for compounds more volatile than methyl
myristate. Pheromones have also been recovered by solvent extraction
of filter papers on which virgin insects have been held (Brady et
al., 1971a), from frass (Silverstein et al., 1966, 1968),and faecal
material (Tumlinson et al., 1968).

Initial concentration steps are usvally gross ones to remove

the large bulk of co-extracted material. The methods include solvent
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partition to give neutral, alkaline or acidic fractions, precip-
itation of inactive fats and waxes from methanol or acetone at
=20°C, gea filtration, steam or vacuum distillation. The technique
of precipitating fats and waxes has been used in isolation studies
on the pink bollworm moth (Jones et al., 1966), the fall armyworm
moth (Sekul and Sparks, 1967), the false codling moth (Read, 1968),
the southern armyworm moth (Jacobson et al., 1970a), and the Indian
meal and the almond moths (Kuwahara et al., 1971b). Gel filtration
¢ Sephadex LH-20, a bead-formed dextran gel resistant to organic
solvents, has been used for the Indian meal moth (Dalm et al., 1971)
and the summer fruit tortrix moth (Meijer et al., 1972). In the
latier study, high pressure liquid chromatography was used as the
next concentration step and gave a fracticg which had only two peaks
on supsequent analyses by gas chromatograpby. Steam distillation
was used as an initial purification method for the boll weevil
(Tumlinson et al., 1968), while short path high vacuum distillat
on to a cold finger filled with dry ice is an initiel coacentration
method used consistently by Silverstein's group for bark beetle
aggregation attractants.

Further purification of an active fraction can be achieved by
column, thin layer, and paper chromatography. Thin layer chromat-
ography gives3 a resolution of compounds which is cémparable to paper
chromatography and superioxr to column chromatography. Thin layer
plates can be developed much faster than paper and can tolerate 10«
100 times more material. In column and thin layer chromatography
the usual adsorbents used are either silica gel, Florisil, or
alumina. A1l these concentration steps result in pheromone loss
due to adsorption effects. Gaston and co-workers (1966) showed,
for example, that only 70 percent of the cabbage looper pheromone

could be recovered from silica gel by elution with ether. Read
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(1968) also had this difficulty and removed the phercmone activity
from silica gel Ly steam distillation.

The final purification step normally involves the uce of gas
chromatography where an active compenent is collected un é polér
stationary phase foullowed by re-injection and collecticn from a
non-polar stationary phase. As insects are extremely sensitive to
their sex pheracmones. the presence of very small amounts of highly
active impurities in the GC fraction is an ever present hazard which
could lead to erroneous conclusions. Normally, therefore, the
activity of the isolated component is checked on at leact four
different stationary phases of different polarity and selectivity
(McDonough et al., 1972; Bierl et al., 1972). Gas chromaiograpiy
on open tubular or capillary columns can also be used to determine
purity.

Various methods have been used to trap sex pheromonec in gas
chromatograph effluents. Bierl and co-workers (1972), for example,
use a gas chromatograph equipped with » flame ionisation detector
for analysis and the less sensitive thermal conductivity detector
for collection of fractions. The latter detector differs from the
former in that it does not destroy the compound as it passes through
the detector and it is relatively insensitive to back pressure at
the detector exit. Thus, the thermal conductivity.detector allows
fractions to be collecteq a8 they pass from the detector exit while
strean eplitting has to be used with the destructive flame ionisation
detectors. Bierl and co-workers (1972) trapped fractions in 700 Pl
of hexane or methylene chloride at -70°C after the effluent had
passed through a cooled 90 cm Teflon coil attached to the detector
exit. Roelofs and co-workers (197ib) trappad fractions in 30 cm long
capillaries at the column cutlet, while Tumlinson et al., (1969)

bubbled the effluent through dichloromethsne and Meijer et al., (1972)
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collected fractions in glass capillaries cooled with liquid
nitrogen.

Identificaticn of minnte quantities of the isolated pheromone
has been achieved by us= of mass, infra-red, uliraviolet and
nuclear magnetic rescnance spectroscopy. This information has
besn complemented by chemical transformations such as hydrogenation
and micro~ozonolysis using a gas chrumatograph combined with a mass
spectrometer to identify the transformed products. Final confirm-
atierr of structure is achieved by synthesis and field testing for
biological activity.

Normally, the small amount of pheromone isolated presents a
major obstacle for identification purposes. Recent studies have
shown, however, that considerable progress can be made despite
this handicap by carfying out simple micro-chemical tests on crude
extracts or active fractions to reveal the presence or absence of
particular functional groups. Numerous investigators have determined
the prescnce of unsaturation by loss of activity of the crude extract
on hydrogenation, ozonolysis, or bromination. The presence of an
acetate group has been determined by the loss of activity on sapon-
ification or reduction with lithium aluminium hydride and restoration
of activity on acetylation of the neutral fraction. If the sex
pheromone was a methvi. ester, activity would be recovered by acid-
ifying the alkaline solution and esterifying with diazomethane.

Beroza (1972) has pointed out that subtraction loops in a gas
chromatographic system can also be used for functional group analysis.
A subtraction loop is a short tube containing a reactive chemical
on a gas chromatographic support that retains or 'subtracts! com-
pounds with certain functional groups and allows other to pass.

Thus, an o-dianisidine loop retains aldehydes, a benzidine loop

aldehydes and ketones, a phosphoric acid loop epoxides, a zinc oxide
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loop carboxyiic acids and a boric acid loop primary snd secendary
alcohols.

Functional groups can also be detcrmined by carrying out
chemical reactions on thin layer_plates. For example, Bierl et al.,
(1972) overspotted an active gypsy moth extract on a TLC plate
with phosphoric acid and fouad aiter development of the plate and
elution of the adsorbent, thal the actiﬁity had disappeared. This
indicated that the pheromone contained an epoxide group. Similar
treatment of the active spot with aguecus semicarbazide hydro-
chloride did not affect the activity which indicated the absence
of an aldehyde or ketone group in the pheromone. The polarity of
the pheromone and the configpuration ¢£ the double bond can also be
derived from thin layer plates by compariné the chromatographic
mobility of the phercmone with known compounds (Roelofs et al.,
1971b; Bierl et al., 1972).

An indication of the size of the molecule, whether it is
branched or a straight chain,and the functional grcups possibly
present, can be obtained from gas chromatographic retention times
by the use of Kovats! retention indices (Ettre, 1964). These are
obtained on several columms of different polarity.

A knowledge of tue functional groups present in the pheromone
can provide a means ¢f generating more phsromone from an inactive
chemical precursor in the extract. For instance, when functional
group tests on the oblique-banded leaf roller (Roelofs and Tette,
1970) and criental fruit moths (Roelofs et al., 1969) indicated the
pheromones were acetates, the crude extracts were saponified and
reacetylated. This resulted in a one hundared-fold increase in
the sex pheromone for both moth species. This technique was also
used for the Mediterranean flour moth (Kuwahara et al., 1971a)

and the southern ammyworm moth pheromones (Jacobson et al., 1970a).



41

In a different example, Bierl snd co-workers (1972) obtained a
ten-fold increase in pheromone content of the gypsy moth extract
by epoxidising the precursor in an active hiydrocarbon fraction.
Bzroza, in his review (1972), hypothesized on a number of poséible
precursors of pheromoines containing a particular functional group
and his table is reproduced below.

Table 2.1 Functional groups cf attructants and possible

nrecursors. Reproduced from Beroza (1972)

Functional group Possible precursors
in attractant

Epoxide olefin

Ester alcohol, phenol, carboxylic acid

Alcohol estar, csfboxylic acid, ketone
aldehyde '

Carboxylic acid ester, alguhol, salt

Aldehyde alecohol, carboxylic acid

Ketone alcchol

Anwine amide

Methyl ether phenol, alcohol

Methyl ester carboxylic acid

A techiique called mass fragmentography or siﬂgle ion mass
detection (Drooks and Middleditch, 1971; Gordon and Frigerio, 1972)
is useful in identifying pheromones where the chemical behaviour of
the pheromone, in various funciional group tests and concentration
steps, is consisteﬁt with that of a known compound. In this technique,
the mass spectrometer (coupled to a GC) is focussed on one prominent,
specific fragment ion so that only compounds in the GC effluent with
a mass spectrum containing the focussed jon will be recorded by the
ion monitor. In this capacity, the mass spectrometer can be used
as a specific GC detector and the sensitivity of detection is at
least 100 to 1000 times better than that of conventional GC methods

based on flame ionisation and thermal conductivity. Compownds can,
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thevefore, be detecied in ths picogram range and this is very
useiul in phercriene studies where the active component is usually

present in nancgram quantities.

2,12 Sexz phercranes as control agents for insects

The use of sex phercmones for direct control is in its early
stages. Promising preliminary results have been obtained with
such incects as the boll weevil (Hardee et al., 1970), the cabbage
looper (Shorey et al., 1967), the red-banded leaf roller (Roelofs
et al., 1970), bark beetles (Vite and Pitmen, 1970; Pitman, 1971)
and the gypsy moth (Berczs and Knipling, 1972).

tn the other hand, sex pheromones have been used successfully
for a nunber of years as indirect control agents. For example,
sex pheromone traps have bzen used to arrest the spread of the
gypsy mcth sn North America by using insecticides in areas where
moths have been found in traps (Beroza, 1970). Pheromones have
also been used at intermaticnal ports to provide early warming of
possible entry of serious insect pests.

Various workers (Wright, 1964; Graham et al., 1966; Gaston
et al., 1967; OShorey and Gaston, 1967; Shorey et al., 1967, 1968b)
have recognised two possible ways of using sex pheromones in direct
behavioural control progremmes. One method depends on luring males
10 traps, points or zones where they can be removed from the pop-
ulation. The other method consists of confusing males with high
levels of pheromones in the atmosphere. The objective of both
programaes is based on disrupting communication between male and
female insects to prevent effective mating from taking place.

Mother possibility which has been suggested for insect control,
but has not been tested, is the use of inhibitors to mask the natural

female sex pheromone in the field. This phenomenon, associated with
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chemicals which closely resemble the sex pheromone, has been

well documented in recent scientific reports. For excmple, Roelofs
and Tette (1970) found cis-ll.tetradeconyl acetate to bs the sex
pherozcne of the obligquc-banded leaf roller moth. In the laborat-

ory, the transg iscmer elicited a stimulatory response in males

but in field biocassays it acted as a very potent inhibitor when
added in low percentages tou the pheivwmone. A similar inhibition
ocared. with the geometrical isomers of the sex pheromones of the
orientsd fruit moth (Roelofs, =t al., 1969), the cabbage looper moth
(Berger, 1966), and the pink bollworm moth (Jacobson, 1969). Recently,
teiradecyl acetate was found to be an inhibitor of hexalure, the
pink bollworm moth synthetic sex pheromone (Beroza et al., 1971a).

The principles of insect suppression‘through the use of mass
trapping with ssx phércmongs were developed by Knipling and McGuire
(196€). "hey emphasised that pheromone trapping for insect control
should only be attempted on a low population. Prior to this study,
all attempts to contiol insect populations with this approach were
unsuccessful.s This was probably due to the fact that insufficient
traps were used to out-compete the females in the high populations.
For instance, Ambros (1938) used about 20,000 females of the nun

moth, Porthetria monacha, in traps over an area of 2,000 ha and

attracted 150,000 maliles. If it is assumea that tﬁe sex ratio in
the field was 1:1, there must have been at least 150,000 females
in the field competing against the 20,000 females in traps.
Beroza and Knipling (1972) have pointed out that to use sex
pheromones effectively in control programmes a knowledge of be-
haviour, population density,and population dynamics of a given
species is important. For example, the information needed in
control programnes based on mass trapping, includes the size of

the insect population, the ability of traps to compete successfully
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with live females (which determines the number of traps required),
and the growth rate of the insect populaticn.

The validity of these principles has been confirmed by recent
successful field~trapping studies on the boll weevil (Hardee gg al.,
1970) and the red-banded leaf roller moth (Reelofs et al., 1970).
Promising results have also been obtained in control programmes
with the bark beetle oheromones where beetles have been drawn to
pre-selected resistant trees {(Gara et zl., 1965) or insecticide-
sprayed trees (Pitman, 1971; Vite and Pitman, 1970).

In the boll weevil study, traps baited with males, placed in
and around a field of cotton in a heavily infested area, captured
more than 1,000 over wintered weevils per ha of cotton but failed
to reduce populations because the weevils in the traps were unable
to compete with the Jarge number of nativs weevils. In a lightly
infested area, however, a similar number of traps cantured enough
over-wintered weevils to suppress the popwlation until dispersal
began. To control & light infestatior of red-banded iesaf roller
moths on an 8 ha site in an apple orchard, Roelofs and co-workers
(1970) used sticky traps baited with a mixture of the sex pheromone
and a synergist, dodecyl acetate. The traps were about twice as
effective as females and 99% control was achieved with 1110 traps
in a low population {1 moth/100 mz) while only 48% control was
obtained with 2,400 traps in a slightly higher population (16 moths/
100 m2).

Perhaps a greater chance of success of controlling high insect
populations with sex pheromones is with methods based on confusion
or inhibition., The chances of control would be improved even
further if the insect!s odour receptors became fatigued or saturated
with the ever present pheromone. This phenomenon of adaptation has

been observed in laboratory bioassays for a number of insects and
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when exposed to high levels of the sex pheromone. This inhibitory
effect ¢r the sensory cells would be to no avail, however, if the
final stage of mate-finding in the field, involved the use of sight
as suggested by Doane (1588), Traynier (1968) and Shorey and Gaston
(1970). This would be especially so with high population densities.
Furthermore, there is the chance with insects held under inhibitory
conditions Ly chemical stimuli, that they would adapt to this sit-
uation and depsnd more heavily on visual stimuli for communication
purposes.

The feasibility of the confusion method has been demonstrated
in laboratory studies for the black carpet beetle (Silverstein, 1971)
and. the European corn borsr (Klun and kobinson, 1970), ‘and on a2 limited
scale in the field for the cabbage looper (Gaston =t al., 1967; Shorey
et al., 1967) and the gypsy moth (Stevens and Beroza, 1972). In their
study on a 0.1 ha area with the cabbage looper cex pheromone, Shorsy
and co-workers (1967) calculated that approximately 10”10g/1 of air
of the pheromonec evaporated from 100 réservoirs each containing 17 mg
of the synthetic material. This level of pheromoné was sufficient
to prevent completely the orientation of males to virgin females in
traps on the plet. This quantity of pheromone amounted to less
than 0.5 g/ha/night. In the gypsy moth trial carried out with light
infestations on 16 ha plots, disparlure on hydrophobic filter paper
pieces was disfributed by air at the rate of 50 mg/ha. Released
males were unable to locate virgin females for 6 days, and even
21 dsys after the treatment the number of males caught on the treated
area was only one third of the number caught in the control area.

The mechanism of action in confusing males and the influence
of population density on the effectiveness of the methods have not

been established. For the gypsy moth inhibition trial, Beroza and
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Knipiing (1972) suggested a mechanism analogous to the over-
flocding ratio proposed for mass trapping. They claim that as
insufficient disparlure was used for hohituation of the moth's
receptors, the maliles wers probably diverted to the pieces of
filter paper which wonld have had a great attractant power.for
the males. Thus, conrusion tock place because of the numerical
superiority of the pieces ¢ {ilter raper over the females in
the popuwlation. With such a mechanism, tlhe confusion method would
be wore effective againet low, than agsinst high populations.

Scme indication of the amount of pheromone needed to cause
confusion in the field can be gained from a knowledge of the size
of the insect population ard the quantity of pheromone present in
each female. Each female grass grub beetlé contains an average
of 1.5 pg phenol. If it is assumed that this is completely dis-
chargad during the mating period each day, [note that female
silkworm =2nd gypsy moths are apparently capable of releasing and
re-synthesising their total pheromone content every few minutes
(Shorey et al., 1968b)] this would mean that a population of
10,000 females, emerging over a hectare of pasture during the
20-minute mating period at dusk, would release approximately
0.015 g phenol into the atmosphere (i.e. ca.0.05 g/h).

Releasing phenol at a rate of 5 g/ha over this area would,
therefore,  reduce the chance of a male finding a female to 1 in
100. The efficiency of the techmique depends largely on the

average number of responses that the males make in their lifetime.

2.13 BSex prercmone release in the field

The criticzal nature of the sex pheromone release rate on
attraction was demonstrated by Gasten el gl.,(1967)and Sharma et

al., (1971, These workers showed that male moth catches with
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pheromone baited traps wenl through a maximum as a function of
phercsone release, In the 1atter study, the effective range of
phercrone release was 0.03-1.,0 pg per minute, end above this the
activity decreased. In another study involving thc rcd-banded
leaf roller moth, the optimum rate of release of the sex pher-
omone was lesz than 1 pg per hour (Glass et al., 1970). These
investigations clearly illustrate the dégree to which pheromone
release must be regulated in order to use the attractant properties
of phercmones. Indeed, if mass trapping is to be used success-
fully as a control metlind, pheromone formulations have io be de=-
veloped which are capable of out..compsting virgin females many
times over. None of the formulationsg that have been devised to
date have succeeded in doing this,however:

In order to achieve the desired effect, pheromones have

only to be released over the short period of the doy when mating

(e
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onditiscn 1s difficult te achieve
and is overcome by rcleasing the pheromone over the entire day
during the mating cycle of the insect. Thus, there are lengthy
periods throughout the day when the released pheromone is biol-
ogically ineffective. Various methods have been used to minimise
the loss of pheromone during these periods and have mainly dep-
ended on selecting a substrate on which the rate of release of

the pheromone has a low temperature dependance. Substrates that
have been used have included sand (Wolf et al., 1967), cane fibre
squares (Steiner et zl., 1965), glycerides of lard (Hart et al.,
1966), silicone greases, carbowax, glycerol moncoleate (Daterman
and McComb, 1970), polythene bags (Toba et al., 1969), rubber septa
(Roclofs et al., 1971b), and polythene closures (Glass et al., 1970).
Pheromone injected into the polythene closures permeated slowly

through the polymer wall and retained activity for several months.
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The sex pherwione of the gypsy moth, disparlure, has been com-
bined with trioctancin (a fat constituent) for slow release,

and has remzined active in the field at levels as low as 0.001 pg
per trap for over three months (Beroza et al., 19710). Furthemore,
scme of these formulations were slightly more attractive than
virgin females.

The use of the terpsne mixture, grandlure, which is attractive
to »th sexes of the boll weevil, has been restricted because it
remains effective for very short periods in the field. Various
formulations have been used to extend its activity in the field and
have included mixtures of grandlure with firebrick, polyamide
resin aad cellulose acetate (McKibben et al., 1971). Recently,

s formulation with Carbowax 1000 was devised which was about 80%
as etfective as males for several days (Hardee et sl., 1972).

A further complication is the instability of some attractants
in the field and this may be overcome by combination with antioxid..
ants, ultraviolet absorbers or diluticn with an inert solvent. For
example, when entioxidants were combined with the cabbage looper
sex pheromone, the activity was retained after 6 months' exposure

in the field (Wolf et al., 1972).



CHAPTZR III
THE BIOIOGY OF THE GRASS GRUB
AND  THEE  COMON  ARMYIORM
Grags grob

3.1 Introdugtion

The comamon grass grob is a native iusect of New Zealand and
can be found in all regions oi tiiz North and South Islands as well
2s the Chazibeams (Hoy, 1945). Given (1966) placed the giass grub

in the following taxoncmic position:

Order voleoptera

Family Scarshaeidae
Subfanily Melolonthinae
Trihe Colpoctc.lini
Genus Costelytra Given
Species zealandica (White)

The ir«sect has adapted to a wide range of envirommental con-
ditions, for the North and South Islands span a latitude of 14
degrees and the climeitic conditions range from subtropical in the
north to temperate in the south. The inccease in grass grub infest-
ations hashbeen favoured by the intrcduction of pastoral farming,
which has meent the provision of permanent pasture in place of
native vegetation which was doninated by forests and tussock grass-
londs (Poa spp. and Notodanthonia spp.). In the native vegetation,
grass grub populations were probably held in check by natural
enemies (Given, 1967).

The high preducing introduced pasture species mainly affected

49
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by grass grub larvae include, perennial ryegrass (Lolium perenns

L.), cocksfeot (Dactylus glemerata L.) and white clover (Trifolium

repens L.). Infestations are known to sxceed ZOOO/m2 and about
1400/m2 can cause major cecmage. The typical damage cavsed by the
larvae is tha drying off of pasture during the autumn - winter
period, due to the severing of grass roots. Areas containing large
larval numbers can be left completely bare as the grass dies and
is blown away. Where the pasture has a ciosely knit mat of roots,
it may be rolled up like a carget. VUhere there is a lower amount
of root growth, plants are left loose in the soil and may ke
easily lifted. Pasture in this condition can be readily damaged
by stock and can lead to erosion proLlems especially in hill
country areas. |

In view Qf the économic imporcance of the pest and the un-
satisfactery control obtained with conventional insecticide treat-
meats, various alternative control methods have been investigated.
Generally these have becn unsatisfactory for one reason or another.
For example, cultural methods and the planting of lucerne have
given satisfactory conitrol under favourable conditions (Kain and
Atkinson, 1970) but such methods are not widely applicable in
New Zealand due to the terrain and current agricultural practice.
A number of bird species have been report=d to feea on grass grub
larvae (East, 1972) but as their numbers are small and their
habitat preference fairly restricted they would not be expected
to give adequate control. Attempts to establish biological
control methods for grass grub have been unsuccessful due to the
fact that it is a native insect (Hoy, 1953; Given, 1967).

Control of the Japanese beetle, Popillia japonica, a scarab

which is closely related to grass grub, has been achieved in the

United States with the bacterial infection, Bacillus popilliae
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(Dutky)e Dumbleton (1945) recorded a native bacillus, Bacillus
(near) popillize, in grass grub where the blood of the infected
larvae had a milky appearance due to the presence of numercus

spores of the bacillus. Hoy (1955) reported, however. that although
the disease was widely distributed, the incidence cof diseased larvae

seldom exceeded 5 percent of the population. Grass grub larvae

can also be infected with Bacillus popilliae (Dutky) but field lib-

erations cf the bacterium have failed to spread beyond the liberat-
jon site (Kelsey, 1966a). Fungal diseases have also been reported

to infect grass grub larvae (Helson, 1965; Latch, 1965; Brown, 1966)
but the incidence of these diseaszes is low.

3.2 Life cycle '

The lifs cycle and biology of C. zealandica hsve been revicwed

by Dumbleton (1942), Miller (1945), Kelsey (195%), Pottinger (1968)
and Bast (1972). Grass grub is a univoliiine insect but under
drought conditions (East, 1972) and a high altitudc environment,
the life cycle may be extended to two years (Stowart and Stockdill,
1972). In 2ll stages of the life cycle (Plate 3.1) except the adult,
the habitat is subterranean. The adult beetle is brown, about 1 cm
long and is commonly known as the brown beetle, The female beetle
lays eggs about 7 - 18 cm deep in the soil from tho end of spring
to the beginning of December. The eggs are laid in clusters of

3 - 40 and after about two weeks, first instar larvae hatch'(Kelsey,
1950).

In common with most scarabs, there are three larval stages
which can be distinguished by head capsule size (Kelsey, 1970).
Fully grovn creamy-white larvae are about 1.8 om long, crescent
shaped, and feed on rcots close to the soil surface. The third

instar larvae are present from mid-autumn (April) through to late



Plate 3.1 Stages in the grass grub
the depths in the soil
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1life cycle superimposed on the soil profile indicating
Lat the stages occu-.
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June. lrom then ommards, fully grown larvae move down into the
soil to depths of 10 -~ 25 cm, evacuate their gut contents and

form an oval-shaped soil cell in preparation for pupation. Prior

to pupation, the larvae build up large fat deposité which give

them a yellow colourstion. The prepupal and pupal stages-extend
over the September-October period. Adulls first appear in the soil
in lata Cctober and remain there, for 6 - 10 days or more as teneral
adults, before emerging from the soil to fly and mate on the pasture
on spring evenings. Helson (1967) found from light trap catches

that peak beetle flights cccur during Novamber and December.

3.3 Adult Behaviour

Emergence, mating and flight behaviour have been reported by
Kelsey (1968). He found that flights did not take place unless the
air temperature exceeded 9.5°C and winds were below 10 kph. Flights
commence at dusk on spring evenings and continue for about twenty
minutes to half an hour. During this period, beetles fly in a random
fashion in a dense swarm at heighis of up to 3 m, with the great
majority below 2 m.

The eariy flight period is dominated by males, {greater than
95 percent of the population) actively searching for females by
making short low flights just above the pasture (Kelsey, 1951, 1968).
Females,which emerge in the evening shortly after males, do not fly
during this period but simply wait on grass stems or on the soil
surface. Some females wait partly submerged beneath the soil surface
with only their abdomens pretruding. Under normal circumstances
female beeti.es mate within a few minutes of emerging from the soil and
the oviposition site of the first cluster of eggs is close by in the
soil. Ulales are attracted to females by a chemical sex pheromone

(Kelsey, 1966b) which may be produced by symbiotic bacteria in the
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colleterial glands of the female (Hoyt et 2l., 1971). The
najority of beetlesz (in excess of 85%) emerge within one week

and are mated usually within two days lollowing the initial emer-
gence {Kain, personal cuamunication). Males and femsles are poly-
ganmous in thelr mating bebaviour and under field ccnditions beetles
live sbout 2 to 3 weeks (Fenecnmors,1966).

The flight behaviour of adult females in relation to their
reproductive condition has been clarified by the recent work of Kain,
some of which is described in *the words of East (1972). "Kain found
that females are capable of laying four egg clusters, with the first
cluster comprising over 80% of the total number of eggs laid. He
found that most females did not {sed prior to laying the first cluster
but feeding was an'essential prerequisite to subsequent ovipositions.
His field cbservatiohs confirmed tnat most females are mated close
to the point of emergence and do not fly before the first egg cluster

Iy

is laid. A single mating was found to be sufficient to fertilise

4]

all eggs, the female having the ability to store spesrm from a single
mating within the spermatheca for the rest of its short life. Kain
observed that in the Waikato many females flew after they had laid
the first egg cluster, with the sex ratio of flying beetles changing
from predominantly males at the beginning of the flight season to
predominantly females at the end. Females tendedhto fly at greater
heights, in a more directional mammer and later in the evening than
males. Flight direction was into the wind or towards the setting
sun on calm evenings."

Grass grub adulis are polyphagous feeders but appear to favour
willow, ornamental and fruit trees. Recently, Osborne and Hoyt (1968)

demonstrated that flowers of the elder (Sambucus nigra L.) con-

tained a chemical attractant for female beetles.
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3.4 Tntroducticn

Liel

The common armyworm moth has been placed in the rollowing

taxoncmic position:

Order Lepidoptera
Family Noctuidae
Subfamily Hadeninae

Genus Pseudaletia
Spzcies separata, Walker

Within the family Noctuidae, sex pheromone§ commen to a number of
species have been identified (Berger, 1966; Sekul and Sparks, 1967;
Jacobson et a2l., 19702). In general, females use unsaturated aliph-
atic acetates to attract males immecistely prior to mating.

The insect is not a native of New Zealiand and according to
Franclemcat (1951), its distribution ranges from the Amurland through
China and Japan to the Phillippines, through eastern India to the
Dutch Indies and thence to Australia, New Zealand and Fiji. The moths
are capable of flights exceeding 1000 km (Johnson, 1969) and this
may be the way the insect entered New Zealand.

Recently, in an effort to diversify New Zealaro's farm produce,
farmers have been encouraged to grow crops as an alternative for the
more traditional forms of farming. In this respect, maize pro-
duction, particularly in the Waikato region, has increased rapidly
and as the amy caterpillar is a major pest of maize, farmers have
had to be particularly vigilant in assessing the levels of infest-
ations in their crops.

A number of insecticides have proved to be effective in con..

trolling the infestations (Kain et al., 1968) but the cost of
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emplication of these malerials can be significent, particulerly
if crops have to be sprayed several times. Very few investigations

havs been carried out on alternative control measures.

3.5 Life cycle

There hzs been no detailed information published on the life
cycle of the common armyworm under New Zealand conditions. The
life cycle is illustrated in Plate 3.2. The adult moth is about
2 cm long and each femele can lay between 800-900 eggs. The female
appears to have an oviposition preference for crops and on maize
plants the oviposition sites include the inner leaf whorl, tacsels,
sii'ts, and lower driecd leaves. The adults live for about 2.3 weeks.
Mating takes place in the evening between 10 p.m. and 2.0 a.m.
(Clearwater, 1972) and females commence laying eggs when they are
about 5-6 days old.

Light {rap recordings in the Waikato region have indicated that
the moth is present for about 9 months of the year irom rebruary
until November with peak flights occurring any time from February
until August (Kain et al., 1968).

The moths are capable of long distance flights with the flights
of longest duration made by moths 3-4 days old. Hwang and How (1966)
showed that the maximum flight activity occurred Bafore the full
development of the ovaries on about the fifth day after emergence.

Eggs normally take about a week to hatch and the caterpillars
go through a number of instars before pupation takes place. Within
the northern region of New Zealand, it is probable that there are
more than three generations each yesr. The caterpillars are poly-
phagous feeders and as they approzch maturity they become voracious
feeders and do severe damage either at night or during dull moist

day conditions. Undey certain environmental conditions the cater-
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pillars undergo phase polymorphism. For example, under over-
crowding conditions the caterpillars change colour from brown

to black and their behaviour becomes frenzied while their rate

of development appears to increase. It normally takes a period of
at least 4 weeks from the time eggs hatch to the formation' of
pupae. Brown pupse are formed in earthern cells and the insect

nrobabliy overwinters in this form.



LABORATONY TANDLING AND BIOLOGICAL TESTING

QF GRASS GRU3

4.1 Introluction

A major cbstacle in the idsntification of insect sex pheromones
has been the minute amwmmnt of the pheromone usvally presant in
inses's and censequently it has bDeen necessary to acquire 104..105
insects to obtain svfficient macerial for identification. In en
ext.ome case, Butenandt and co-workers (1959), who identified the
first ce:r Lheromone - that of the silkworm moth, i-2quired 53105
female moths and then only obtained 12 mg of pure material.

In order to obisin sufficient numbers,therefore, insects can
be either collected in the field before adults cnerge or mass
reared in the laboratorv. In the latter method especially, consid-
erable skill is required to raise healthy colonies. Frequen:ly the
sexes nust be separated before they mate because of the possible fe—
duction in sex phcromone production after mating, and only *he small
»art of the insect containing the sex pheromone glands is required
for extraction purpcses.

The rearing of grass grub adults from eggs in the laboratory
has only met with limited success to date. Thus, in order to obtain
a relativelr large gquantity of unmated biological material, it was
necessary to use the established method of collecting the fully
fed third instar larvse in the field and raising these through to

adults in the laboratory.

9
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The development of a consistent, reliable bLicassay method is
essential for the isolation and identification of a sex pheromone.
The ideal bioassay method is one carried out under field conditions
but this can impose severe restrictions on the investigation. These
include short adult flight periods, limited duration of the insects!
mating activity each day, prevailing weather conditions which may
inhibit flight, and the large guantities of biological material
required in each test. These difficulties can be overcome to some
extent by developing suitable laboratory biocassay methods.

In a report on sex attraction in the grass grub beetle, Kelsey
(1966) indicated that female beetles had the ability to aitract
adult males from distances of 200 m in the field and inferred that
nales were attracted to females by a windborne chemical sex pher-
omone. In the first vear of this study, an attempt was made to
quantitate this response in the laboratory and an olfactometer was
developed which depended on upwind orientation of male beetles to
the sex pheromone. Clifactometers of the "Y' choice type, in which
insects have a choice at the "Y"-junction to fly up either the
attractant arm or thc unbaited (control) arm, havehbeen used in a
nunber of studies with moths (Guerra, 1963; Keys and Mills, 1968)
and in one study with beetles {Burkholder, 1970). .

In the second year of this study, a more direct biocassay was
used. The method depended on observations of male copulatory activity
and was based on a report by Onsager and co~workerc (1968) who found
that sexually excited elaterid beetles, L.canus, frequently mounted
any small object encountered and performed copulatory actions. It
was thought that such a method would allow a greater number of tests
to be made each evening and provide a more direct, positive response
when testing the activity of the many fractions obtained in developing

the isolation procedure. In view of the short period that the adults
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were available, such improvements in the bioassay procedure had

obvious advantapges.

4,2 Iooerimental

(a) Larval collection and laboratory handling procedures

Fully fed third instar larvae were turned to the surface,by
means of a plough set to produce a 15 cm deep furrow,and placed in
miniature ice-cube trays which were then sealed with polythene-
covered hardbosard lids. These masthods are illustrated in Plates
4.1 and 4.2. The trays were placed in polythene bags containing
damp sphagnum moss (to maintain a high humidity) and held in an
incubator wntil pupation occurred. .As pupae formed they were renmoved
and separated into males and females in fresh ice-cube trays. As
beetles emerged their sex was checked and they were placed in min-
iature ice-cube trays. A iayer of plaster of Paris was used in the
cubicle bottoms to reduce wing damage and mortality. The trays of
bectles were sealed with polythene-covered hardboard lids and placed
in polythene bags containing damp sphagnum moss. Beetles were
held in a bioassay room and all the handling and observations of

male beetles after they had been sexed were carried out in this room.

(b) The olfactumeters used in the bioassay

The behaviour of grass grub beetles was observed in a temp-
erature cogtrolled room at 18-20°C which is slightly higher than
the average air temperatures at dusk in spring (14~16°C) when grass
grub mating flights take place. The bioassay room was illuminated
with two 60 watt incandescent bulbs shining through two Ilford 900
filters having a transmittance above 620 nm. The intensity of the
light was adjusted by a "Variac" transformer and approximated con-

ditions at duske. Light intensities were determined bya selenium photo
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Plate 4.2 Sorting fully fed third instar larvae into i

:e=-cube trays.

Q
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cell amplified by an E.L.I,. "Vibron" electrometer.

The "Y'-choice olfaciometer (Plate 4.3) was constructed from
"Perspex" tubing 7.5 em ID, each portion of the nyn being 30 cm
long. Flat "Perspex" tracks were placed at the centres sf the
tubes to enable the beetles to walk along the apparatus. 'Before
ezch bioassay, male beetles were allowed to adjust to the lighting
and temperature conditions of the test period by containing them in
the straight portion of the "Y" behind rerovable wire mesh gates.
The upstream gate was removed at 6.0 p.m. after a one and a half
hour "conditioning period®.

Traps were constructed at the end of each arm of the "Y¥
(Plate 4.4)., To be trapped in either arm of the "{", thc beetles
had to climv a wire gate situated just before each itrap, and pass
through a hole slighfly larger than a beetle. The hole was placed
1 cm above the "Perspex" irack in the centre of the wire gate.
(Note: A prototype wire gate with two holes is shown in Plate 4.4).

Air was drawn through the apparatus by ar electric hair drier
controlled by a "Variac" traunsformer. The air velocity through each
arm of the olfactometer was found to be the same and varied between
0.5 and 0.8 kph as measured by an A.E.I. Velometer. Because sex
pheromones have a physiological activity at very lcw concentrations,
vapours were removed Srom the room to prevent contamination by
directing the air outlet of the hair drier towards an extract fan.

Each trial was conducted between €.0 and 9.0 p.m. using male
beetles 10-15 days after final ecdysis. Five female beetles to be
used in each test were taken from sphagnua moss held at 10°C and
crushed with the flat of a scalpel blade orn to a small filter paper.
The abdomens were opened completely and the bodies as well as the

abdomen contents spread out on to filter paper. This was immediately



Plate 4.3 The "Y"~.choice olfactcmeter used in the initial tests to
demonstrate the presence of a sex pheromone in the femsle
grass grub beetle.

Pt

——

Plate 4.4 The prototype wire gate containing beetle-sized holes
and the trap at the end of each arm of the "Y".choice
olfactometer.



placed in one arm of the "Y', the other arm being left empty,
&t the beginning of the "conditioning period® for males. The
attractaut source was alternated from one arm to the other during
the tests. After each biloassay, the olfactometer was cleaned'by
immersion in a 5/ agusous sclution of 'Decon 75' for a few hours.
The bicassay method based on obgerving male copulatory attempts
comprised an olfactometer (shovn in Plate 4.5) which was simply the
top part of a 2.5 1 Winchester bottle. An inverted filter funnel
(12 cm dia.) served equally as well. Ten male beetles were dropped
into each unit at zbout 1.0 p.m. and allowed to become accustomed
to the lighting conditions of the biocassay room before testing
com:iencad. The jars rested on a piece of plate glass covered with
paper tissue which helped the beetles to wove about and reduced
the risk of contamination.
After each test, the olfactometer was cleaned by a 12 h
immersion in a 5¢ aqueous solution of fDecon 75’;rinsed with acetone,

and dried at 160°C for a few hours.

4.3 Results and discussion

(a) Extension of the adult emer

In the first year of this study, 27,000 grass grub larvae were
collected by eight men working over a period of about 3 weeks. The
larvae were raised in the laboratory at 10°C, a temperature which
corresponds to s0il conditions in the Waikato region when pupation
takes place. With this treatment an overall 70 percent mortality
occurred, which meant that only 4,000 females were obtained from the
initial coll<ction. Obviocusly, this high insect death rate was a
serious limitation to this study and in subsequent years improved
handling teclniques were developed. One of these consisted of

lining the bottems of the ice-cube trays with plaster of Paris.
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Plate 4.5 The bioassay apparatus used for observing male beetle
copulatory attempts with paraffin dummies or filter
paper treated with female extracts. Ten males were
confined within each olfactometer which was placed on
a piece of plate glass covered with a paper tissue.
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setles were able to griptlothiswors readily than to the plastic and
the improved grip allowed beetles to right themselves. This pre-
vented the newly emerged adults {which usually came out of the pupal
cases on their backs) from becoming stuck to the ice-cube tray bottoms
a5 their wing cases hardened. This resulted in a high mortality of
adults in the first ycar ox the study.

A further limitztion whi~zh becsme apparent from this initial
work was that wnder the tempersture conditions used, all the beetles
emerged over a period of 2 - 3 weeks. This gave very little time
for the study to be carried out effectively.

In the following year, these limitations were overcome to some
extent by collecting a larger number of larvae (60,000) from heavily
infested areas with much greater care thaﬁ the previous year, and
raising adults uncer vavious tempevature conditions to regulate and
extend the period of adult.emergence.

Larvae were divided into three batches of varying size and adults
from each batch raised under the three temperature conditions outlined

in Table &4.1.

Table 4.1 Mortalities associated with different temperature

conditions used in raising grass grub adults.

Viable beetles
Treatment  Temperature No of 10 days after Mortality
oC Jorvae final ecdysis b

Larvae, pupae

1 at 16, 5,400 1,840 66
beetles ab
8 - 10
Larvae at 16,

2 pupae and 25,000 9,870 60.5
. beetles at
8 - 10

Larvae, pupae
3 and beetles 30,000 15,500 48
at 8 - 10




In treatment 1, the larvae and pupae were held at 16°C
which was about 6°C above the soil temperature expected in the
field. This increased temperature accelerated the rate of growth
of the larvas and pupze, and beetles from this treatment émerged
ruch earlier than beetles in the field. In treatment 2, conly the
larvae were raised at 16°C and the pupae and bestles were raised at the
lower, more noxmal. temperature of 8 - 10°C. Beetles from this
treatment emerged later than treatment i beetles but earlier than
those from treatment 3. This treatment roughly corresponded to the
temperature conditions in the ficld. In 2ll the treatments, as soon
as beetles emerged they were transferred to a bioassay rocm held at
8 - 10°%.

The effect of the higher temperatures'in spreading beetle
emergence is illustrated by the fact that the peak of beetie emer-
gence in the treatment 1 batch was 28 days ahead of that for the
treatment 2 batch which in tum was 1t days ahead of the treatment
3 batch. Aduvlts from treatments 1, 2, and 3 emerged cver a period
of 11, 15, and 21 days respectively, in a manner similar to that
shown in Plate 4.6 for the treatment 3 beetles.

The appreciable difference in mortality between treatment 3
and the other treatments (48 percent compared with 66 and 60.5 percent)
is probably explained by the fact that lower tempe&ature conditions
were used. The 48 percent mortality obtained in treatment 3 rep-
resented a considerable improvement over the 70 percent mortality
obtained in the previous year. A£s a combined result of these three
treatments, a total of 27,000 adults was available in the laboratory
over a period of 6 - 8 weeks. This effectively doubled the period
that the sex pheromone could normally be studied.

During this second year, the grass grub sex pheromone was isol-

ated and identified, and in subseguent years, lower numbers of larvae
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Plate 4.6 BEmergence pattern of grass grub beetles raised from
fully fed third instar larvae in the laboratory at
8-10°C throughout the larval, pupal and adult stages.
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(in the ocder of 10,000 per year) were raised in the laboratory

for use in field trials,

(b) Bioassay based on the Y-choice olfactometer.

Male responses were measured bstween 6.0 and 9.0 p.ne the
period in the field when mating takes place. During this period
the activity of the beetles within the olfactomeier increased
significantly; beelles became excited and scme made attempts to
fly. As the bioassay apparatus was primarily designed to measure
insect flight behavioural responses, it was unfortunate that very
few beetles actually took flight in the olfactometer. Responses
were based on walking or mobile behaviour within the olfactometer,
however. Male responses to virgin females of varying age are
showm in Table 4.2.

The mebile response ratio is a direct measure of the response
10 the attractant by the males that have been stimulatzd to move
through the holes in the wire gates. For a given test, a gignificant
percentage mobile response was represented by a deviation from 50,
A negative mobile resporise being less than 50 and a positive greater
than 50. The overall response ratio is a general measure of the
activity reasonably attributed to the attractant. A negative over-
all response is obtained when the number of beetles in the baited
arm trap is equal to or less than the number of beetles in the
control arm trap.

Tests were carried out with male beetles of the same age which
varied between 10 and 15 days after final ecdysis. There appeared
to be no rolation between the age of male beetles and their response
to the attractant within the age range utilized (10-15 days).

Variations in response were obtained within each female age

group. For example, with females at 12 days after final ecdysis, in



Table 4.2 Male response to virgin females of varying age.

Female age Male age No.of Males Males in Yhiobile “0verall
(days after (days after males attrac- control respense response
ecdysis) ecdysis ted (frobile) (foverall)”
6 10 51 3 b 43 negative
6 11 24 L 20 necative
6 15 40 2 1 67 2.5
Av, 43 Av. 1.0
8 15 30 6 8 L3 negative
8 14 26 9 1 o0 30
8 10 R 9 0 100 27
8 11 24 L 0 100 16
8 14 30 2 8 20 negative
Av. 71 Av. 15
10 10 25 8 1 89 28
10 13 30 12 L 75 27
10 30 16 8 67 27
Av. 77 Av., 27
12 12 25 6 6 50 negative
12 13 29 4 1 80 ' 10
12 12 46 12 5 70 15
12 13 30 13 0 100 43
12 12 26 11 1 92 35
Av. 78 Av, 21

Table continued on next page

14



Table 4.2 centinued Male response to virgin females of varying age.

Famale age ¥ale age No.of Males Malec in Y¥abile “Overall
(days after (deys after nales attrac- control resuonss rasponse *
ecdysis) ecdysis) ted (l,ooile)* (Roverall)
L 12 27 10 3 77 26
14 12 30 11 8 58 10
14 13 37 21 5 80 43
Av, 72 Av. 26
18 13 29 17 6 75 38
18 i 32 24 1 96 72
Av, 85 Av. 55
22 11 40 8 2 80 15
22 11 Lo 4 1 80 7
Av. 80 Av, 11

~ (No. beetles in baited arm trar)

E 3
(Probile)™ = : _ 100
(Total no. beetles truipped)
(No. beetles in baited No. oeziles in )
I * r e
(Roverall) - ( arm trap control arm trap) x 100

(Total no. beetles exposed)

2d
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difforent tests with virtually the same number of beetles, results
were Cf6 (attracted/control) and 11/1, No explanation can be
offered for results of this type. Statistical analysis of the per-
centage mobile response showed that variation betwcen tests, with
females of the sane age, was greater (P < 0.01) than could be
attributed to binwsial varizticn. It is evident, therefore, that

replic

M

tion is an essential requirement in a bioassay of this
nature.

2ased on an analysis of transformed (inverse sine) percentage,
the overall mzan percentage mobile response was 774 with 95% con~
fidence limits of 66.8% to 85.7%. Males reacted positively (Rmobile:=50)
to crushed femaie beetles whose age varied from 8 to 22 days in 17
of the 20 tests carried out. The similarity of the average mobile
responses for each age groun suggests that the pheromone is present
in virgin females at the same level from about 8 days after final
ecdysis until death. This doesg not eliminate the possibility, how-
ever, thal a peak period cof attraction does exist in live virgin
females.

When crushed females were actually placed in the olfactometer
males showed considerable sexual excitemcut by attempting to copulate
with the crushed females as well as with other ma2les. This result
provided further evidence for che presence of a chemical sex pher-
omone in the adult female beetle.

Additional tests were carried out to test the attraction of
males to males, fcmales to females, and females to males. The
results shown in Table 4.3 indicated that crushed females did not
attract females while crushed males attracted neither males nor
females.

while the data obtained in the Y-choice olfactometer supported

the fact that the female beetle used a chemical sex pheromone, the
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Table 4.3

ases of males to msles, females Lo females,
- ‘

males

“ale response Lo males

Male age Nofof Males Males in ¢ Mobile ¥ Overall
(cays) males attrac- control response response
ted
10 50 0 0 negative
10 33 2 0 100 6
Femnale responce to females
Female age No.of Females Females in % Mobile % Overall
(days) females attrac- control response  responge
ted
10 29 0 1 0 negative
10 29 2 0 100 7
Femazle response to males
Male age Female iHNo.of Females Females % Mobile % Overall
(Gays) age females attrac- in response  response
(days) ted control
10 10 45 3 1 75 4
io 10 40 0 1 0 negative
10 10 40 0 0 negative

method itself was not satisfactory for a number of reasons.

Firstly, the type of apparatus was originally designed to meas-
ure flight responses in moths and, as very few grass grub beetles
actually took flight within the olfactometer, a waiking respmse,
rather than a flight response was measured. In preliminary studies

carried out by the author, the apparatus was used successfully

to measure flight responses of flesh flies, Sarcophaga milleri.

These flies are strongly attracted to<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>