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Abstract

Separate studies concerning reproduction were made of
Costelytra szealandica (White) (Scarabaeidae: Melolonthinae), and of
Phthorimaea operculella (Zeller) (Gelechiidae: Gnorimoschemini).

In C. zealandica sexual dimarphism was described; the male
and female external genitalia were described in mcre detail than
previously; an account was given of the muscles of the external
genitalia and of the mechanics of copulation; and the first descaription
was provided of the morphology and histology of the internal
reproductive argans. The latter were shown to differ fram those of
other Scarabaeidae in only a few minar respects. In addition the
accessary glards of the female were described and a preliminary
identification of the contained bacteria was carried out.

The first account of the sexual behaviour of C. zealandica
was given and the influences of envirommental factars on both this and
flight were noted. In addition, sexual attraction was investigated in
the field: extracts of females were found to be attractive to males and
confirmation was cbtained that phenol attracts males. The sex
attractant was demanstrated to be most effective when located near the
edges of tall edible plants where the beetles swarm.

In P. operculella, sexual dimorphism, and the marphology and
histology of the internal reproductive organs were described for the
first time. The latter were found to show close similarities with
those of various other Lepidoptera. In addition, the male and female
external genitalia were described in more detail than previously.

The sexual behaviour of P, operculella was described for the
first time and the time of day when this moth is sexually active was
investigated both in the field and labaratory. It was shown that the
time when mating occurs is determined by the female releasing her sex
pheranone whereas the male will respond at any time although this is
maximal when the female is attractive.

An objective and quantitative labaratary biocassay was
developed for the female sex pheramcne of P. operculella and this was
used to conclusively demonstrate the presence of a female sex pheramone
and to show that it is produced in the middle third of the ovipositor.
A histological examination confirmed that the phercmane gland is a
darsal sac-like region of the intersegmental membrane between the 9th



and 10th abdominal segments on the ovipositar. The male pheramone
glands were shown by histological methads to be located on the hindwings.
ard an indication was obtained that their scent subdues the escape
reactions of females prior to copulation. Finally, the morphology,
histology, and ultrastructure of male and female pheramone glands were
described and compared with those of other Lepidoptera.
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A note on the citation of publications, and the referral
to species and their systematic status.

Any publication by mare than two joint authars is cited in
full the first time it is referred to and thereafter is abbreviated
to the fam: senior author et al. Because of the length of this
thesis, the specific name of any organism other than C. zealandica
or P. operculella is given in full only on the first occasion it is
referred to in any chapter, and in any section of Chapters 3, 7, and
10, In addition, the systematic status of insect species have often
been amitted fram the text but are given in Appendix 4.

Erratum, Due to an errar in page numbering, 283 follows 281,
However, no text has been amitted.
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CHAPTER 1

Intraduction

A considerable amount has been published on the phercmones
of certain insects, yet in many instances the relevant basic
infarmation on their sexual behaviowr, and structure and physiology
of the remroductive argans has not been elucidated. This is the
situation with the grass grub beetle, Costelydra zealandica (White)
(Coleoptara, Scarabaecidae, Melolonthinae), the major pasture pest in
New Zealard. The decision was male, therefare, to investigate some
of these aspects in this insect. However, the adults are only

available in any numbers for epproximately one month each year ard so

it was later decided to stuldy ancther economically impartamnt insect,
the potato tuberwarm moth, Phthorimaea operculella (Zeller)
(Lepidoptera, Gelechiidae, Gnarimoschenini) during the remairder of
the year. This insect was chosen because there ware similar gaps in
published infarmation concerning it whilst it hal the alvantages of
being readily obtainable throughout the year and being easily
cultured in the laboratary.

C. zealandica is widely distributed throughout New Zealard
ard it also occuwrs in the Chatham Islards (Given, 1952). It is a
very destructive insect, causing most of its economic losses in the
larval stage, which eat the roots of pasture plants (e.g. Hoy, 1963;
Fenemxre, 1966; Radcliffe, 1970, 1971). The alults can also cause
local damage to some trees by eating their foliage. Fruit trees in
particular can be defoliated, although the attacks are, of course,
restricted to the flight season (Apperdix 1.1).

In comtrast, P, operculella has a warldwide distribution
(Povoln§, 1964), ard the larvae are entire\ly responsible for all the
economic losses caused by this insect. In particular they leaf-mine
tobacco, and feed inside potato tubers both in the field ard in
starage, although they will also attack cother cultivated Solanaceae

1.



(see Chapter 6).

A great deal of research has been carried out on the sex
pharancne of C. zealandica culminating in its identification as phenol.
The first suggestion that females of €. zealandica pruduce a sex
pheramone which attracts males upwind towards them, was made by
Kelsey (1967), who made this inference from evidence gained in a field
experiment. Henzell, Lowe, Taylar, ard Boston (1868) then demonstrated
in the labaratary that the females praduce a sex attractant; they used
a"Y-chcice olfactameterard fourd that males were attracted to crushed
females ard attempted to ccpulate with them. Males were not attracted
tc crushed males ard famales ware not attracted to crushed beetles of
either sex, Henzell (1970) then repuwrted evidence that the pheramone
could be phencl. He found that an attractive diethyl ether extract
of female abdamens comtained a substance with properties consistent
with phenolic canpourds and that one of its gas liquid chrumatography
peaks hal a retentiuvn time identical to that of phenol. He also
tested some phenolic campourds in the field ard fouwrd that only pure
phenol ard phenol dissolved in water were attractive to male beetles,
Prior to this, Osbarne and Hoyt (1869) fourd that the aihesive
"Pliobond" contained a chemical attractamt far males of C. zealandica
ard these authars later identified a phemolic resin as the active
component (Osbarne and Hoyt, 1870). In addition, they reparted that
the phenol farmaldehyde resin "Durez 12687" was even maxre attractive
to males than "Plicbond", amd that phenol and another phenolic campound
are present in "Dwez"., They also fourd in a field trapping experiment
that the propartion of males to females caught in traps baited with
pure phencl was higher than the propartion amongst the beetles flying
about, These authars therefwre suggested that the sex pheromone was
either phenol, another phenvlic campourd, or a mixtwe of both.
Henzell, Taylar, and Lowe (13870) then developed a simple labaratary
bicassay far the phercmone. This ccnsisted of dropping samples into
containers with male beetles and observing their respanses. The
containers were the top halves of 2,51itre jars resting cn glass
sheets covered with filter paper. These authars tested frozen
sections of female beetles in this bicassay and fourd that the
pheromone was located dorsally within the first three abdaminal
segments. Henzell and Lowe (1970) alsc used this bicassey together
with paper chramatcgraphy, thin-layer chramatography, gas~liquid



chranatography, and mass spectometry to isolate phenol from females
and identify it as the sex pheramone. Firstly, they spotted 0.1, 1.0,
ard 10.0 pg of phenol onto paraffin blocks and fourd when these were
testad in the bivassay that 80% of the males responded to each quantity
of phenol. They then used this method to indicate which fractions of
the chemical isolation procedures were active, Each female abdcmen
was fourd on chemical analysis to contain between 0.5 ard 1.0u.g of
phenol, but no phenol was fourd in any male, In addition these
authars found that phenol in concentrations between 10 ppm and 500 ppm
in water were attractive tc males in field tests. Hoyt and Osbarne
(1971) subsequently found that bacteria in the "colleterial glards™
of the female produce the phenol. This was identified by thin-layer
chrcmatography of cultures of bacteria that were shown to be attractive
by field trapping tests. Recently, Osbarne and Boyd (1975), working
with field traps baited with resin, phenol, and aguecus phenol
concluded that an adour synergist is also present in the resin
"Durez 12687",

However, despite this research cn the sex pheromone of
C. zealandica, very little detailed information has been published
on the sexual behavicur of this insect, o about the structwe of its
repaductive argans. What has been published is reviewed in Chapters
4 and 3 respectively.

There is a similar lack of infarmation about the sexual
behaviour and the structure of the repraductive argans of
P, operculella but any publications on these are reviewed in Chapters
8 and 7 respectively. However, in contrast tc C. zealandica very
little has been published on the sex pheramwne of this moth. Most of
this information is in the farm of a brief note by Adeesan, Tamhankar,
and Rahalkar (1969). These authars first suggested that the females
of P, operculella released a sex pheramone after cbserving that males
when caged with them "exhibited sexual responses such as clasper
extension, fluttering of wings, amd spinning flight". Furthermare,
caged males showed the same responses when filter paper discs onto
which the terminal segments of females had been arushed were introduced
amongst them. Acetone, ether, ard methylene chlaride extracts of the
terminal abdaminal segments of females were each "attractive" to
males, These authors reparted that the pheromone gland "is in the
farm of a dorsal invagination of the intersegmental memhrane between



the 8th and 9th abdominal segments" ard they briefly described its
histology. The only other information concerning the pheramone of
P. operculella is the field trapping studies reviewed in Chapter 8
which confirms that the female produces a sex attractant, ard a
research repart by Rothschild, Bella, and Bartell (1971-1972) noting
that the pheramone is an acetate.

The particular aspects selectad fuor this study on both
insects therefore included firstly, the structure of their reproductive
organs because of their intrinsic interest and also because they
constitute backgrourd information far the remainder of this study amd
all futwe investigations concerning their reproduction; secondly,
their sexual behaviowr because it is furdamental to all research on
their sex pheromcnes; and thirdly, an attempt to identify and describe
their sex pheromone glands. The third aspect involved the use of
infarmation gained firam the investigation of the sexual behaviour of
each insect in arder to develop a behaviouwral bivassay for its sex
pheramone. This aspect was chosen because, at the beginning of this
investigation, only a preliminary attempt had been made tc identify
the pheromone glamds in €, sealandica by Henzell et al.(1970), whilst
the idemntificaticn of the sex pharanone glard in P. operculella by
Adeesan et al (1969) appeared inxdejuate as no detailed experimental
procedure ar results were available.

At the beginning of the present investigation, Mr R.F. Henzell
of Ruakura Agricultural Research Station, Hamilton, assured me that his
male C. zealandica readily exhibited sexual behaviowr in the laboratary.
Few difficulties were therefare amticipated so the decision was made
to commence this stuly despite the majwr difficulty that the imagines
only occur in adejuate numbers in the field far approximately one month
each year, In aldition, when this investigation was startel, no
method far mass culturing this insect in the labxratary hal been
published. However, recently some infarmation on this has became
available (Wightman, 1872a, 1972b, 1974a, 1974b, 1974c; ard Wightman
ard Farrell,1972). Furthermnare it now appears likely that mass culture
methods will require considerable space ard labour.

In comtrast, P. operculella may easily be reared in the
labaratary ard methods for its mass culture have been published by
Finney, Flarders, and Smith (1947), and Platner ard Oatman (1968).

A further advantage is that its life cycle is shart, being completed



in about one month at room temperature (Chapter 6).

Since the aiults of €. zealandica are only available
seasonally, the investigations on it were started mare ar less
simultanesusly. However, after Hoyt and Osbarne (1971) fourd that the
female sex pheranone was pruduced by bactaria within the "colleterial'
glards, further attenpts to develop a bicassay far determining the site
of the pheranone glarnd were discontinued at the emd of the secomd year
of study. Research on this insect was then concentrated on its sexual
behavicuwr ard structure of its reproductive argans. None the less a
desaription of the pheramone glarmds is included with the descaription
of the other internal reproductive argans of the female in Chapter 3.
In comtrast, the investigations con P. operculella approximately
followed the seguence given in the relevant chapters. The design of
each section was suggested by the results of its predecessar and wark
could usually be initiated befire the previous study was completed.

Most of the literature relevant to this study of C. zealandica
ard P, operculella is included in the appropriate chapters amd is,
therefare, not reviewed here. An account of the published infarmation
relating to the seasonal occurrence of C. zealandica is, however,
included below because it has a bearing on the previous introductary
remarks ard it is not treated elsewhere.

Few detailed accounts have been published relating to the
seasonal occurrence of €. zealandica, ard it has therefare been
necessary to obtain much .of the following infarmation from general
coments in the introaductions of papers concerned with a variety of
other subjects. This is also the situation freguently encountered
with other aspects of the biology of this insect.

C. zealandica is generally considered to be univoltine

(Miller, 1921; Kelsey, 1951; Fenemare, 1966; Osbarne and Hoyt, 1969;
Farmell ard WHohtman. 1Q72) 3l+hmnoh hotuman L% avd 27% AF +ha

Erratum

Parcgraph 4; the last sentence should read: "Possibly a two year

life cycle is more frequent in southern populations (Fenemcre,lS%E6).

(Kelsey, 1951) ar October (Miller, 1921; Farrell, 1972) until January
@ early Felruary (Kelsey, 1951). The propartion of imagos fourd in
the soil varies considerably from place to place and from year to
year, 50% of the juveniles becoming adult between the 18th October



in about one month at room temperature (Chapter 6).

Since the alults of C. zealandica are only available
seasonally, the investigations on it were started mare ar less
simultanesusly. However, after Hoyt amd Osbarne (1971) fourd that the
female sex pheranone was pruaduced by bacteria within the "colleterial"
glands, further attempts to develop a bicassay far determining the site
of the pheranone glaml were discontinued at the emd of the secomd year
of study. Research on this insect was then concentrated on its sexual
behavicuwr ard structure of its reproductive argans. None the less a
desaription of the pheramone glards is included with the desaription
of the other internal reproductive argans of the female in Chapter 3.
In comtrast, the investigations on P, operculella approximately
followed the seguence given in the relevant chapters. The design of
egch section was suggested by the results of its predecessar and wark
could usually be initiated befire the previous study was completed.

Most of the literature relevant to this study of C. zealandica
ard P. operculella is included in the appropriate chapters ard is,
therefare, not reviewed here. An account of the published infarmation
relating to the seasonal occurrence of C. zealandica is, however,
included below because it has a bearing on the previous introductary
remarks ard it is not tregtel elsewhere.

Few detailed accounts have been published relating to the
seasonal occwrence of C. zealandica, and it has therefare been
necessary to obtain much .of the following infarmation firom general
coments in the introductions of papers concerned with a variety of
other subjects, This is also the situation freguently encountered
with other aspects of the biology of this insect.

C. zealandica is generally considered to be univoltine
(Miller, 1921; Kelsey, 1951; Fenemxre, 1966; Osbarne and Hoyt, 1969;
Farrell ayd Wightman, 1972) although between 4% ard 27% of the
population may take two years to mature (Fenemare ard Perrott, 1970;
Power, 1970). Possibly bivoltism is mare frequent in southern
populations (Fenemare, 1966).

Adults are generally fourd in the soil fran September
(Kelsey, 1351) ar October (Miller, 1921; Farrell, 1972) until January
oar early Felruary (Kelsey, 1851). The propartion of imagos fourd in
the soil varies considerably from place to place and from year to
year, 50% of the juveniles becoming adult between the 18th October



ard 20th November (Fenemare ard Perrott, 1970). There is also
considarable variation in the pre-emergence period (Kelsey, 1951):
this may be as shart as a few days (Miller, 1921), but the usual range
is fram 7 to 10 days (Henzell et al., 1969). The adult lifespan is
usually fran two to tlhree weeks but may be longer (Kelsey, 19%51).
Adults usually begin emerging in the first few weeks of November
although sometimes they do so at the emd of October ard some still
have not emerged by mid-March (Kelsey, 1967). The duration of the
first emergence pericd varies little at different sites, ranging firam
19 to 25 days for 95% of the population (Fenemare ard Perrott, 1970).
Most of the beetles fly between late Octcber and January,
a possibly February (Cockayne, 1920; Miller, 1924; Helson, 1967;
et seq.,) although the majarity do so during a 3 to 4 week period
each year (Thomas, 19133 Henzell et al,, 189703 Farrell ard Wightman,
1972). The largest flights are cemtred arourd November ard the numbers
decline in December (Moodie, 1911; Cockayne, 1911, 1920; Miller, 1921,
1924; Connell, 1933; Kelsey, 1967; Osbarne and Hoyt, 1968, 1963).
At southern locations flights may start up to two weeks later than at
narthern ones (Helson, 1967), There is also one recard of a majar
flight occurring in the middle of January (Anon., 1927) but this may
have been a species closely related to C. zealandica. Certainly some
of the Odontria species have been collected early in the year, ard
bear some superficial resemblance to C. szealandica although they are
usually larger (Given, 1952).

As merttioned above, an impaetant aspect of the present
investigations of €. zealandica ard P. operculelia was the development
of bicassays for each of their sex pheromones. An account of the
einciples urderlying the development of such a bioassay ard its
design is therefore included here because it applies egually to the
research on both insects.

Since a sex pheromone is defined in terms of the behaviour
it elicits from other irdividuals of the same species (Karlson and
Butenardt, 1959; Karlson ard Idscher, 1959) then it follows that an
essential requirement of a biocassay far a sex phercomone is the
inclusion of behavioural responses of the insects concerned. This
constitutes the qualitative aspect of the biocassay. Most of the
bicassays which have been developead by other research warkers do
utilise some relevant aspect of the behaviour of the insect being
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investigated; the only exception being biocassays using the specialised
electrophysiological technigue known as an electroantennagram. The
majar use of an electroantenrogram is to assist in the chemical
isolation of a sex pheromone anl to estimate concentrations of
pheramone in air. However, the biological activity of a chemical
still requires the ultimate assessment in a behaviowal bioassay.

A secord furdamental rejuirement far a sex pheromone
biocassay is that the live insects usel in it are in the appropriate
physiological state to react to the pheromone. It is therefare
necessary to determine the behaviow of the insect amd the environ-
mertal corditions urder which the behaviour occurs naturally.
Attention, of couwrse, must also be paid to physiological variables such
as age, previous mating histary ard circadian rhythms. The impartance
of some of these factors has been damonstrated far example in a
nunber of noctuid moths by Sharey amd Gaston (196%), Sharey,
McFarlard, ard Gaston (968a), ard Sharey, Morin, ard Gaston (1968).,
Variation amongst these can, in some cases, cause as much as a
thousamd~-fold variation in the threshold response to the pheromone.

Once the impartance of these factars has been determined,
the biocassay must be designed in such a manner that it does not
imterfere with the natural habits and idiosynarasies of the particular
species if meaningful results are to be obtained. Far example, the
methads used by Keller, Mitchell, McKibben, and Davich (1964), and
Hardee, Mitchell, Huddleston, and Davich (1966) to bioassay the
pheromone of the boll weevil Anthonomus grandis Boheman, were probably
inaddeguate in that they did not allow the females freedam of flight
when exposed to the male pheromone, ard the females were not isolated
fram one another befare the biocassay., Accarding to Hardee, Mitchell,
ard Huddleston (1967), however, most ar all of the alults probably do
not come into comtact with another boll weevil befare their first
mating, and Cross and Mitchell (1966) had observed that the females
make several short flights towards the male in the field., Therefare,
when Hardee et al. (1967) designed a new biocassay method which took
these factars into account, they obtained greatly improved results
from those of the foarmer authars. Other examples of the need to
design bioassays arourd the habits of the insect include those given
by Beroza ard Jacobson (1963), ard Kinzer, Burns and Auclair (1970).



Many factars were taken into account when designing the
bicassay used in the mresent study. Firstly, it was desirable to make
the biocassay as objective as possible. This precluded those methads
which deperd upon observing the sexual behaviouwr of the insect. It
must be stressed, however, that a great deal of valuable research has
been carried out by other research workers using cbservational
biocassays (these are listed, far example, in Jacobson, 1972; ard Birch,
1974), but these methads are potentially open to considerable
subjective eror amd bias. The conclusion reached was that such
methods should be avoided if at all possible except as an additional
qualitative check. Fartunately, it appsars that although many sex
pheramones may serve to excite respording insects befare copulation
ard to evoke a courtship response from them, they are often produced
primacily far the purpose of attracting the opposite sex fram a
distance (Jacobson, 1972). If this holds true for the insect being
investigated, ard it certainly appeared probable (from the literature
cited in Chapters 4 amd 8) that it does far C. zealandica and
P, operculella, then the simplest means to achieve objectivity is to
use attraction as the key behavioural response. This can be easily
measured as far example by using a trapping method. Nevertheless,
care must be taken to ensure that any attraction so obtained is not a
response to same other odour, such as one emanating from a food, @ in
the case of a female, fram an oviposition site. One way to overcane
this era is to test the cdowr far attractiveness to both males ard
females ard, as an alditional check, to use a trapping mechanism which
does not harm the insects so that they can be subsequently observed for
any cbvious sexual benaviouw they may exhibit.

One possible advantage of the use of a bioassay that is
depenient upon observing behaviour is that the earliest behaviowral
step in a response sequence can be selected as the bicassay ariterion.
This allows the detection of the pheromone at the lowest possible
concerntration. However, the attraction of an insect towards the
souwce of its pheramone is usually one of its first observed responses
ard therefare a bicassay based on attraction is also likely to be
sensitive to relatively low concentrations of pheromone.

A second consideration in develcping a bicassay is that
ideally it should be capable of replication ard give results which are
as consistent as possible. The best solution is a labaratury bivassay
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using labaratary reared insects. Only by doing this can there be any
possibility of comtrclling the numerous factwrs which may influence
behaviour. Care must also be taken to enswe that the laboratary
reared animals do not differ genetically from thwse in the field (see
Chapter 6). It is also impartant that the basic firdings of such a
bicassay be checked far relevance in the field in case same spurious
effect is confusing the results. The bioassay used in the field,
however, need only be qualitative; the use of some kind of trapping
device is an obvious, simple, ard objective solution.

Consistent results are mare likely to be obtained firam a
bicassay if a number of precautions are taken. The use of scrupulously
clean equipment far every bicassay prevents the possibility of
contamination occurring between successive bicassays. Pheramones are
often perceived at very low concentrations in air (e.g. Jacobson,
1972 Birch, 1974) amd significant comtamination may therefore result
fram a normally irrelevant effect such as by surface adsarbtion. It
also follows that a clean air supply to the bioassay apparatus is
necessary. The impartance of a pheromone-free air supply has been
demonstrated by Sharey, Gaston, amd Fukuto (1964) using the noctuid
moth Trichoplusia ni (Hibner). They compared a biovassay using clean
air with cone in which the air was recirculated through the bioassay
room, ard fourd that contaminated air produced mare variable results
with attenuation of the males responsiveness, and caused a greater
than ten-fold reduction in the sensitivity of the biocassay. It is also
good practice to eliminate any extraneous odours frum the air which
are not narmally experienced by the insects when they mate in their
natural enviromment in case these influence the behaviow of the
insects.

The use Of naive subjects in a biocassay is also desirable:
the responsiveness of some male Lepidoptera has been demonstrated to
be inidbited after a single recent exposure to their sex pheromone
although they recover before the noxt day (Shorey, et als 1866a). It may
therefare be necessary to isolate the insects from individuals of the
opposite sex befare they are used far bicassay purposes.

Considerable variability can also be introduced into a
bicassay by failing to standardise the method used far dispensing a
particular phercmone sample, Far example, keeping to a strict timing
schedule during the preparaticn of the sample witil its insertion into
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the bicassay apparatus becames increasingly impartant the smaller

the sample because the relative loss of pheramone and consequent
reduction in the amount left in the sample is mare rapid. The rate of
change in the emissicn of a pheromone fram a substrate will also

deperd on the material used for dispensing it. Far example, the loss
of pheramone fram an absarbent amd adsarbtive material such as filter
paper, ar from a permeable comtainer such as a plastic bag will be mare
prolonged than when dispensed from a material such as glass where the
pheromcne is exposed on the surface, Over a relatively short pericod of
time the pheromone will therefare be emitted at a mare co.nstant rate
from an absarbent ar adsorbtive substrate.

A further censideration is whether to make the bicassay
quantitative. Suame estimation of the relative amount ar activity of
the pheranone was considered to be desirable for the present investi-
gations, because of the added infurmation that this would provide. A
nunber of possible situations exist where a quantitative bioassay
would be invaluable campared with a purely qualitative bicassay: for
example, the pheramcne may be mroduced ard stared at different
locaticns in the body of the insect. Alternatively, there may be two
canponents produced in different regions which are both unattractive
or only slightly attractive by themselves ard which only show their
full activity in canbination, ar cne may be a synergist which is
itself not attractive. A quantitative biocassay can also give some
imication of errars in procedure ar whether a particular result may
have been influenced by contaminents. It may be alded that a
quantitative biocassay is essential far isolating ar identifying a
pheromone because of the estimation it provides of any synergism ar
losses during purification which could occur. However, no attempt was
made at any chemical research in the present study.

One prerequisite for a quantitative bivassay is that there
should be a controlled air flow over the insects. The reason fur this
is the problems asscciated with the use of still air, If the pheromcne
is added far example into a closed container with insects, then it
may not adequately mix with the air, Also, if the pheromone is first
applied to a substrate amd then introduced into such a system,
its concentration in the air would change as it continued to evaparate.

It also follows that the results fram a bicassay in still air may be
extremely variable.,
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In sumary, the sex pheramone biocassay should preferably
depend cn a behavioural response which can be measwed cbjectively amd
which will still permit detection of low concentrations of pheramone.
It should not incarparate factars which adversely affect the sexual
behaviour of the insect. Standardisation of procedure should be
effected by dispensing the pheranone sample in such a way that it is
slowly liberated into the air, by using moths of the same age ard mated
state far each experiment, and by using an uncontaminated air source
ard clean equipment. Folluwing the same procedure and timing schedule
far each bicassay also assists in achieving consistent results. Some
fam of estimation of the relative amount of pheramone present is also
desirable, and this requires that there be controlled air movement
in the bicassay apparatus. Finally, adequate controls or checks far
the above factars should be carried out @ incarparated into the
experimental design of the bicassay.
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CHAPTIR 2

Materials ard rearing methads far (. zealandica

C. zealandica was usually collected on the farms of
M. NO. Gocdhue, Marshmeadow Road (Collins Road), Tauwhare, Hamilton
R.D.4 and M T.P. O'Regan, Te Rahu Roal, Te Rahu, Te Awamutu R.D.1.
In addition small numbers were also collected fram the properties of
Mr A.S. Gunn, Craig Road (Collins Road), Bureka, Hamilton R.D.4
ard from the Aucklard University Limnological Field Station, Lake
Rotoiti, Rotarua.

The collection of pupae and third instar larvae and the rearing of
adults

The methcd used was a madification of that of Henzell
et al., (1870). The larvae and pupae were collected by digging in
1970 ard by following a plough in 1971,  They were hrought back to
the laboratary in a thin layer of fine soil to prevent desiccation
ard sarted immediately. Those damaged were discarded and the
remainder were segregated into larvae, male pupae,and female pupae.
The sexes were identified using the marphological characters
described in the following section. After having been sarted the
insects were placed individually in small cells of miniatuwre ice cube
trays and stared in separate plastic boxes far larvae, male pupae,arxd
female pupae. They were then kept in a constant temperature cabinet
at 9.5 + 0.5°C. This was considered necessary because Henzell et al.
(1970) noted that when pupae are present ard beetle emergence takes
place in the field at Ruakura, the average soil temperature at a
depth of 10 on  approximates 10°C.

Each ice cube tray had 90 cells with 14 mm sides. In 1970
a layer of plaster of paris 3 to 4 mm thick was powred into the
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bottam of each cell following the mrocedure of Henzell et al. (13870).
These authars fourd that this reduced wing damege ard martality. In
the present study, however, the plaster of paris often becane mouldy
if the insects died ard was difficult tc remove, so in 1971 it was
replaced with a layer of fine soil of a similar depth.

The trays were placed in polyethylene envelopes far starage.
In ander to prevent any of the larvae o adults fram leaving their cells,
they were then stacked in groups with an empty tray at the top and
bourd together with stout rubber bands. Each tray containing insects
was thus covered by the bottam of anothar tray. The plastic boxes in
which the trays were kept were provided with tightly fitting lids ard
a layer of clean sani wet with 3% to 4% copper sulphate sclution. This
roduced a high humidity inside the boxes; the sand preventing the
solution fram splashing,and the copper sulphate keeping the water
sterile ard reducing excess comdensation.

The insects were checked every cne a two days; deal ones were
removed together with the soil ar plaster of paris, ard new pupaes @
adults transfareal to the appromriate containers.

The results of the rearing procedures are given in Table 2,1
amd the cumulative numbers of male ard femsle beetles that had hatched
each day in 1971 are shown in Figuwre 2.1.

The rearing procedure resulted in a total of 117 males ard
173 females being produced in 197Q and 294 males and 324 females in
1971, In both years the largest relative losses of immature stages
ocorrad in the larvae, 77.5% dying in 1970 and 94,0% dying in 1971,
Only approximately 50% of the pupae died ar produced defarmed adults
overall but losses from individual batches varied from 35.6% to 74.6%
with no apparent difference between sexes. The largest losses amongst
pupae ocaxrred soon after collection and during adult emergence.

It is of note that the total martality was less than that
obtained by Henzell ¢t al, in 1969 and greater than that obtained by
Henzell et al. in 1370. The farmer authars lost 70% of their insects
whilst the latter lost 36% of 30,000 larvae kept at80C to 10°C and
33% of 5,400 larvae kept at 16°C., Defarmed individuals were included
in the martality of the present stuly and this may explain the high
overall losses compared with those of Henzell et al. (1970).
Presumably these authars only collected larvae, although this is not
stated, and therefare some losses resulting from handling pupae which
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Fi., e 2.1

The cumulative numbers of male ard female
C. zealandica imagos which hatchel fram
pupae in the labaratary in 1370
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are easily damaged would not have been incurred.

Identification of the sexes of pupae

Male and female pupae were distinguished fram one another
using the ventral structures at the posterior ends of their abdamens.
In the male a conspicucus medial lobe farms an elongated ridge with
smaller lobes on each side. These are posterior to what appears to be
the 6th visible abdaminal sternum but the last sterma are not clearly
defined (Figure 2.2). In the female the carresponding area is
flatter and there are only two small lobes lying one on either side
postericr to the 7th visible sternum (Figure 2.2).

Maintaining adults reared from pupae

After hatching the adults were transferred to small pots of
soil in groups of up to 10 males or 10 females per pot. These were
held in a constant temperature cabinet at 15°C under a photoperiod of
15 hours 35 minutes light to 8 hours 25 minutes darkness. Illumination
during the light pericds was provided from a 200 W incandescent bulb
controlled fram a timeswitch to switch off at 1930 hours daily in 1970
and 2135 hours daily in 1971. The insects were therefore subjected to
an approximate average November photoperiod except that in 1971 the
dark phase commenced two hours later than naturally in the field.

The soil pots were clear plastic with volumes of about 58ml
diameters at their openings of 52mm, and heights of 38mm. Each had
organdie netting fastened over it by means of a push-fit plastic 1id
with a central 20mm diameter hole. Each pot was half filled with soil
to allow the insects to burrow and provided with thres or four fresh
leaves of Salix masudana Koidz (twisted willow) every two or tiree days
for focd. The pots were stared in lunch boxes which were provided with a
layer of sand wet with 3% to 4% copper sulphate solution in the same
manner as were the boxes far larvae and pupae. Mortality records were
not kept in 1870 because of the change from using reared beetles to
field collected beetles for the biocassays. However, in 1971, 16.4% of
the males and 10.5% of the females died within approximately 5 days of
hatching while 36.0% of the males and 23.3% of the females died within
approximately 10 days of hatching. These results compared favourably
with those of Henzell et al, (1970) who found that 49% of all the
adult beetles kept at 16°C died within 10 days of hatching. Mortality
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Figure 2.2

Identification of the sex of
C. zealandica pupae

The entire male ard female pupae are shown
in lateral view, and their ahkdomens are shown 1n
ventral view. Note the conspicuous elongated
medial lobe at the posteriar erd of the male's
abdomen which presumably rexesents part of the
developing tegmen.
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recards were not kept far beetles mare than 10 days old because they

were used when they were between 10 ard 15 days old. Using beetles of
this age ensured reprcductive maturity since Henzell et al., (1970) states
that "in the field normally a pericd of 7 - 10 days ar longer elapses
between final ecdysis amd primary beetle emargence", They also found
that beetles reared at 8+t010° C were most likely to respord to female
extracts when they were 14 days old., Howevear, these were the oldest
beetles tested by these authars. It was therefare likely that the
beetles reared at 15°C in the fFresent study reached sexual maturity

befare they were used because of the higher temperature under which they
were reared.

Collection of adults in the field and their maintenance in the laboratory

The beetles were collected at night by knocking them off a
hedge of Berberis vulgarislLSbarberry) onto a beating tray. They were
rought back to the labaratary in large buckets with close fitting lids
containing barberry shoots and left in these overnight. Next marning
males ard females were separated using the identifying characters
described in Chapter 3. They were then placed in groups of 100 in
translucent white plastic boxes approximately 30cm X 20cm X 1Ocm high
with push-fit plastic lids provided with air holes. These boxes were
half filled with soil ard kept at the same temperature and photopericd
used far labaratary reared beetles. The boxes were copened every two ar
three days and fresh shoots of twisted willow were addad. Any dead
beetles lying on top of the soil were also removed. Water was sprinkied
onto the soil to dampen it when necessary.

In 1970, the beetles were collected between 30th October and
3rd November and added together to give a total of 300 males and 200
females. Some of these were then used far bicassay wark approximately
5 to 8 days later,and some were used in labaratary mating experiments
approximately 16 to 19 days later. Their total martalities after 16
tol9 days were 10.8% far the males ard 1.1% far the famales.

In 1871 100 male and 10C female beetles were collected on
29th Octoberwhile 200 males ard 100 females were collected on bth lovember.
Some of both groups were used far field trapping experiments 2 to 3
weeks later amd most of the males plus some of the females coliected

on yth Novembar were used after 16 days far bicassay wark., Of these
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latter, 33.3% of the males and 12.5% of the famales died hefare they
could be usel.
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CHAPTER 3

The reproductive argans of C. zealandica

Introduction

No tharough study of the reproductive organs of
C. zealandica has yet been published and only the following information
concerning them was available at the start of the present study:-

Elliott (1964) described the development of the gonads in the pre-adult
stages and also the appearance of the rudiments of the other internal
reproductive organs in the larva. Given (1952) studied the external
genitaiia of the male but he was concerned only with features of taxonomic
importance. Kelsey (1965) gave two methods for distinguishing the sex of
the adults from external features. More recently Fenemore (1971)
published same data on the condition of the intermal reproductive organs
in relation to the known age and mated state of the beetles, and included
same figures of the male and female internal reproductive organs.
Fenemore (1971), Farrell (1973), and Wightman and Farrell (1973) included
same information on the fecundity of the female. Additional characters
far distinguishing the male and female beetles are given by Kain (1972).
Duff (1970) determined that the chramosome number was 2n = 20 and
investigated karyotype variation between different populations.

Becausc of the paucity of information on the reproductive organs
of C. zealandica it scemed desirable to make a thorough study of them
especially since this might assist in the identification of the pheromone
gland. It also enabled the establishment of a consistent nomenclature
and this proved of great value in the description of sexual behaviour.

Methads

For dissection the beetles were anacsthetized with chloroform
vapour or carbon dioxide and secured dorsal surface uppermost by
embedding their legs in paraffin wax which lined the bottom of a small
dish. They were then placed under a dissecting microscope and generally
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submerged urder Clarke's insect saline (Hale,1958). There were two
exceptions to this procedure: those beetles firam which parts were
required far examination with the transmission electron microscope were
dissected urder 2.5% glutaraldehyde in Millong's phosphate buffer

(pH 7.2); whilst beetles which hal already been fixed in hot Bouin's,
as desaribed below, were immersed in tap water far dissection.

The histology of the internal reprcductive argans was
investigated by making cumplete transverse and longitudinagl serial
sections of excised argans o entire abdomens. Narmal histological
techniques, as given by Humason (1966),were followed. To reduce damage
duwing transfer from one solution to another each piece of tissue was
kept in an upright glass tube with fine netting fixed to the lower end.
Zenker's fluid was usually used far fixation, although Helly's,
Carmoy's, and Bouin's fixatives, ard buffered farmalin ware also used on
occasion. However, Carnoy's amd Bouin's fixatives were never relied upon
by themselves far giving good cytoplasmic detail because of their acetic
acid comtent. After fixation, the tissue was subjected to the usual
washingy dehydration in 50%, 70%, 95%, arnd 100% ethyl alccholj ard
clearing in toluene ar benzene. When small pieces of tissue were being
mrocessed, euvsin was added to the 95% ethyl alcchol to facilitate
arientation during subsequent embedding. Soft tissue was vacuum embedded
in paraffin wax with ceresin (60°C mp) @ Paraplast® (56-57"C mp).
Tissue containing sclerotised cuticle was double embedded in 4% celloidin
and paraffin wax with ceresin (60°C mp) accarding to Butt's method
(Humason, 1967). The timing schedules which produced the best results
with these procedures are given in Apperdix 3.1. Post~treatment for
mercury consisted of substituting a saturated solution of icdine in 70%
ethyl alecchol far the 70% ethyl alcohol dwing dehydration amd later,
when staining the sections, including Lugol's solution in the staining
series. Most sections were cut at 5 to 6y, and all were cut between 3u
ard 8p. Egg albumen in water was always used as an adhesiwve far wax
sections to ensure that no cuticle floated off during staining. Gelatin
was used to affix double embedded sections to slides. Sections were
either stained with Delafield's, Ehrlich's, ar Mayer's haematoxylin
ard counterstained with eosin, ar were stained with Mallary-Heidenhain's
rapid triple connective tissue stain,

*Fischer Scientific Co., U.S.A.
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The external genitalia were examined by dissection ard by
making whole mounts. These were prepared by the usual maceration
technique of boiling in 10% potassium hydroxide followed by washing in
water, dehydration in ethyl alcchol, clearing in terpinecl, amd mounting
in D.P.X. a Canada Balsam (Olrowd, 1958).

The muscles of the external genitalia were examined by
dissection. Since they were small amd almost transparent, they were
usually stained with Mallary's phosphotungstic acid haematoxylin.
Firstly, whilst still in Clarke's insect saline, they were lightly
fixed by dripping 4% formalin onto them. After a few minutes the
fixative was gemtly flushed away with mxre saline. The stain was then
carefully applied by repeatedly running small amounts of it intc the
saline near tu the muscles and flushing it away with more saline unmtil
the muscles were clearly deliminated. Fixation, however, male further
dissection difficult because the muscles hroke easily. Therefare, the
canplete series of muscles was examined by sequentially dissecting
different beetles to progressively deeper levels befare staining,

Tissue was initially prepared far examination with the
transmission electron microscope by fixing it in a 2.5% solution of
glutaraldehyde in Millonig's phosphate buffer (pH 7.2) far 1 howr amd
subsequently staring it in this buffer far 1 to 7 days at 4°c, All
further preparation was carried out by Miss A.B. Gavey ard
Ir J.P. Shalcraft, Meat Research Institute, Hamilton. The tissue was
post-fixed with 1% osmiumn tetroxide for 1 howr at room temperature,
dehydrated in acetone washes, ard embedded in Epcn. After trimmning the
block, the region of interest was located by cutting sections approxi-
mately 2u thick with an ultramicrotame, staining them with 1% toluidine
blue, and examining them with the light microscope. When the region was
fourd, thin secticns were then cut at apmroximately 600 ﬁ. stained with
wanyl acetate and lead citrate for 5 minutes each, ad examined with a
Phillips E.M. 200 electron microscope.

Specimens were prepared far scanning electron miaroscopy by
freeze drying them at -35°C and then fixing them to aluminium studs
with a corducting silver paint., Futher treatment was carried out by
M E.E. Wheeler, Chief Technician, Department of Pathology, Medical
School, University of Aucklard, who coated the specimens with a thin
film of gold under vacuum. They were then examined with a Phillips
Stereoscan scanning electron microscope.
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The positions occupied by the genitalia of copulating beetles
were determined from pairs which hal been collected in the field by
knocking them from hedges into a Dewar flask of liquid nitrogen. They
were allowed to warm up to -35°C in the labaxratary and dreppad into
boiling Bouin's fluid thrcugh a wide diameter reflux candensers The
beetles were recovered when the Bouin's cooled ard subsequently washed
in running tap water far half an houwr befare being dissected ar sectioned.

It is probable that little movement of the internal argans
occcurred during fixation.s This methad did not, however, praduce
entirely satisfactary histological preparations and so it was used only
for determining the positicns of the argans during copulaticn,

Bacteria were cultwed using narmal aseptic techniques.

They were obtained fran beetles which had been partially surface
sterilised by trief dipping into 70% ethyl alcchol ard then shaken dry.
The argans containing the bacteria were then dissected, keeping the
instruments as sterile as possible. The bacteria were cultwed amd
isolated on nutrient agar at 20°C. It is probable that little contam-
ination occcwrred using this method of obtaining the bacteria because few
different types were found in each of the argans.

All drawings were made fram specimens using either graph
paper ard a microscope equipped with a squared eyepiece graticule, ar a
microscope fitted with a camera lucidia. Measwrements smaller than
about 2mm were made with a microscope fitted with a calibrated eyepiece
micrometer.

Sexual dimarphism

The male ard female adult beetles are very similar externally
although Kelsey (1965) fourd that the male could be distinguished fram
the female by an examination of what he termed the 6th abdaminal sternite.
This, however, is the 8th sternum, the first abdominal sternun amd part
of the secord being either lost wr possibly membranous arnd therefare
indistinct (Imms, 196C; Britton, 1873), In the male the 8th stermum has
a conspicuous shallow central depression ard a "sulcus" ar notch each
side of the centre on its posteria margin, but both of these featwes
are absent in the female (Figwe 3.1). Kain (1872) confirmed these
points but found them difficult to use in the field wder poar lighting
corditions. He also reparted, that in the female the genital styli.
(Figure 3,19) can be seen when the genital chamber is opened by lateral
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Fi e 3.1

Sexual dimarphism of the alult
C. zealandica

Lateral ard ventral views of the abdamens of male ard female,

Note the median depression in the 8th sternumn of the male
which is absent in the female, ard the difterences 1in
[ropartion between the 7th amd 8th terga or male and rfemale.
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pressure on the abdamen and in teneral or newly emerged beetles the
accessory glands in the female or "colleterial glands" can be seen

as two dark spherical patches, one on either side of the midline,
through the 7th abdaminal sternum. Purthermore, he noted that the
external genitalia of the male, particularly the parameres (Figure 3.7)
are visible through the 8th tergum and that this character, together
with the other female characters previcusly mentioned make determination
of the sex easy.

During the present study it was also found that the eggs were
occasionally visible through the ventral abdominal walls in same females
but this was of limited use in determining sex. The only other external
differences that were found were morphanetric ones and these were of no
mactical use in sexing the beetles. All the structures that were
measured and their dimensions are summarized in Table 3.1. These show
that the antennae, maxillary palpi, all the tarsi, and various
abdaminal sclerites differ significantly in size between male and
female beetles. These differences, though, were mostly too subtle to be
recognized by locking at the insect, except for the abdominal sclerites

which occupy different propartional areas in the abdomen of male and
female.

The internal reproductive argans of the male

The internal reproductive organs of the male C. zealandica
have not been previously described, although they are figured by
Fenemore (1971). However, they have been studied in a number of other
male Scarabaeoidea: Bardas (1900) examined those of the melolonthinids
Melolontha melolontha L., Hoplia caerulea Drury, Hoplia brunnipes
Benelli, Hoplia farinosa L., Hymenoplia strigosa Illig., and Anoxia
villosa Fabr., together with 17 other scarabaeids in the Aphodiinae,
Scarabaeinae, and Cetoniinae, two lucanids, and 4 geotrupids.

Williams (1945) describes the internal reproductive organs of the
scarabaeids Pinotus carolinus (L.), Phyllophaga sp., Popillia japonica
Newman, and Cotinue nitida (L.); the lucanid Pseudolucanus capreolus

(L.); the geotrupid Bolbocerosoma farctwn (Fabr.); and the passalid
Popilius disjunctus (Illig.). Detailed descriptions also include those

of the scarabaeids M. melolontha L. by Straus-Diirckheim (1828); Phyllopertha
horticola L., and Anomala aenea Geer by Rittershaus (1927); Amphimallon
majalis (Razoumowski) by Menees (1963); and Phyllophaga anxia (Le Conte)



TABLE 3,1

Dimension of same of the sclerites of male ard
female Costelytra aealandica taken fram 15 specimens
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of both sex,
All measurements in mm,
Key to
ppposiﬂe MALE FEMALE Student -t
iagram MEAN | S.D. | MEAN | S.D. value
Head lengthf A 1.93 { 0.07 | 1.99 | 0.12 | 1.u9
" width B 2.233{ 0.115] 2,220} 0.088 | 0.3u
Protharacic tergum lengthy C 2,187 | 0,164} 2,173 | O.1u4u4 ! 1.54
" width D 3.773 1 0,205} 3,913 | 0.207] 1.86
Mesotharacic tergum lengthl E 1.500| 0.085| 1.48 | 0.077{ 0.68
Elytra lengthh F 7,107 { 0.313} 7.300{ 0.342} 1.62
Hind wing lengthh G |10.647 | 0.496}{10.540| 0,582 | O.54
7th abdominal tergum length] H 1.733] 0,159 1.833§ 0.172}| 1.66
8th abdominal tergum width I 3.260 | 0,282 3.250} 0.262 | 0.09
4th abdominal sternum length| J 0.429 { O.041}| 0,477 0.038 | 3,29%*
7th abdominal sternum lengthl X 0.843 | 0.075| 1.030| 0,071 | 7,00%%%*
8th abdominal sternum lengthi L 0.467 | 0,049 | 0,503 0.036} 2,28%
8th abdominal sternum width M 3.876 | 0.349| 4,037 0.326 1.29
Antennal length to
last annulus N 1,113 0,078} 1.023} 0,089 | 2,95**
Length of last annulus 0] 0,799 { 0.075| 0.635} 0,070 | 6,27%%*%*
Maxillary palp lengthl P 0.828 ] 0.058] 0.783 | 0,053 | 2.02**
Protharacic femur lengthj Q; | 1.793] 0,093} 1.776} 0.075| 0.56
" tibia lengthl Ry | 1.910} 0,114} 1.947 ) 0,112 | 0.90
Mesotharacic femur length] Q2 | 2.227}0.,113{ 2.189} 0.107§ 0.94
" tibia lengthl R, | 1.885| 0,112} 1.869 ) 0.103 0.4l
" tarsus lengthi S, 3,029 0,142} 2.519 ) 0.264 | 6,61L%**
Metatharacic femur length Q3 | 2.4551 0,109} 2.502 | 0,105 1.19
" tibia  length| Ry | 2.298 0,129} 2.298 | 0,139 0.95
" tarsus lengthl Sj 3.483 | 0.1641 3.033}| 0.238 | 6,02%#%
Basal plate of lengthy T 2.136| 0.123
tegmen width [§] 1,053} 0.074
Paramere length W 1.008 | 0,070
8th sternite length! X 1.281 | 0.142
ard spicules width Y 1.060} O, 164
Stylus length 2 0.542 | 0,044
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by Berberet and Helms (1972). In addition, Rittershaus (1927), and
Berberet and Helms (1972) give histological descriptions of the internal
reproductive organs of P. horticola ard 4. aenea, and P. anxia
respectively; and sase histology is available for the cetoniinids
Cetonia floricola Herbert., and Cetonia aurata L.; the geotrupid
geotrures mutator Marshamy; and the lucanids Lucanus cervus L., and
Dorcus parallelipipedus L. (Bordas, 1900).

The male internal reproductive argans of C. aealandica are
very similar to those of other Scarabacoidea. They consist of paired
testes connected by vasa efferentia to a pair of vasa deferentia, two
vesicules seminales, a ductus ejaculatorius, a palr of accessary glands,
and a pair of accessary gland reservoirs (Figure 3.2). This is
basically the same arrangerent as in all Coleoptera (Bordas, 1900;

Imms, 19603 Britton, 1973).

Tha testes

The testes of C. zealandica each consist of 6 follicles which
are campletely separated although they lie near each cother. They are
held in place by tracheae clcse to the integument of the lateral regicns
of the 6th to 8th abdominal sterna and the lateral edges of their
carresponding terga. The follicles are usually positioned so that § of
them surround the 6th, although sanetimes they are arranged in an
irregular circle of 6, ar a circle of 5 with the &th internal to another.

Each follicle is an opague white organ which is approximately
spherical in shape and has a maximum diameter of between 0.73mm and
0.13mmn (Table 3.2). The poles are generally canpressed samewhaty the
apical one lying towards the integument and the basal one being
attached to the vas efferens. In addition, the equator of the follicle
usually has an irrvegular slightly scalloped outline.

Each follicle is enclosed by a capsule of connective tissue,
approximately 2p in thickness. The end of the vas efferens penetrates
this and exterds to the centre of the follicle where it expands into a
wine-glass shaped opening approximately 80 to 100u in diameter
(Figures 3.3 A, B). Internally, the proximal half to two thirds of the
follicle is subdivided radially into 10 to 14 lobes. These are
enclosed by a layer of connective tissue less than lu thick, and small
tracheae also run irnward between the walls of adjacent lobes. No attempt



TABLE 3.2

Dimensions of the male internal reprcductive argans of Costelytra zealandica
taken fram ten specimens.

All measurements in mm,

MEAN S.D. RANGE
maximun minimum
Maximum diameter of testis follicle 0,42 0.115 1,13 - 0.73
Vas efferens length 0.767 0,256 1,10 - 0.37
width 0.038 0.0088 0.05 - 0.03
Vas defferens length 7.093 0.977 8.27 - 5,33
width 0.278 0.038 0.33 - 0.10
Reservoir of accessary gland max. width 0.410 0.077 0.60 - 0.33
Seminal vesicle max. width 0.290 0.007 0.43 - 0,20
Canbined accessary gland reservoir
and seminal vesicle length 1.460 0.210 1.77 - 1.17
Accessary gland length 60.25 6.365 73 - 52
width 0.169 0.032 0.23 - 0,07
Anteriar part of ejaculatary duct length 2,06 0.413 2,50 - 1,17
width 0.187 0.057 0.32 - 0.13
eJaCU:.LaPOty duct width 0.593 0.113 0.87 = 0.47
(cutside tegmen anly)

'8¢
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F&'gyﬁe 3.2

The imternal repraductive argans
of the male C. zealandica

Darsal view with the left accessary glard
sanewhat urravelled,

errata: Ductus ejaculatarus should pread:
ductus ejaculatarius
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B.

Figure 3.3

Histological micrographs of the male C. zeal andica
reproductive argans.

(All Haematoxylin ard eosin)

Longitudinal sections through two testes follicles ard a vas
efferens, ard transverse sections through some folds of the
vas deferens. .

Note the outer connective tissue sheath of the follicle, ard
a partion of the vas efferens opening. The edges of the
follicular lobes are difficult to follow but the clearest can
be traced imward fram the black arrow. Far further details of
testis structire see text. Spermatozoa amd cyst cells are
visible within the vas deferens.

A testis follicle, vas efferens and aedeagus in longitudinal
section, together with transverse sections through the two
accessary gland reservoirs amd their associated seminal
vesicles.

Note the opening of the vas efferens inside the follicle, the
folded internal sac within the muscular sheath of the
ejaculatary duct. The basal plece, a paramere, the rectum,ard
part of the 8th tergum are also visible.

acql res accessary gland reservoir
B pc basal piece
gc cyst cell
sh T connective tissue s : .

€ sh e iSsue sheath of testis follicle
m sh eidt muscular sheath of e-

- ejacul
Op V ef opening of vas effer‘ejzn; atery duet
prm pParamere
R rectum
Spm Spermatozoa
% ves seminal vesicle

testis follie)

Trg 8 ter e
V ef e

vas effereng

V df vas deferens
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was made to follow spermatogenesis in the present study but sections of
the testes show that the earlier stages consisting of spermatogonia ard
cysts of synchronously dividing cells are concemntrated in a thick disc-
shaped region at the apical emd where the follicle is not subdivided:
later immatwre cysts tend to be concentrated near the outer surface of
the lobes ard the remaimder of the interiar is packed with cysts of
mature spermatozoa. These finally became freed from their cysts when
they reach the enlarged opening of the vas efferens (Figwe 3.3A). The
apical erd of the follicle is therefare solid while the basal region
is partitioned into lobes which are ralially disposed about the erd of
the vas efferens.

The testes are camposal of 6 follicles in most Scarabaeidae
(Bordas, 1900; Williams, 1945) as they are in C. sealandica. However,
each testis appears to comrise only 2 follicles in the Passalidae
(Williams, 1945; Krause, 1946), and Bardas (1900) notes each has 6 to 3
in Onthophagus punctatas Illig., 4=6 in Anisoplia agricola L., 10 in
L. cervus, arnd 10 to 12 in D. parallelipipedus. Williams (19u45) also
reparts that each testis probably only has 4 follicles in P. carolinus,
ard 12 in P, eapreolus ard C. nitida, while Rittershaus (1927)
similarly notes 12 follicles in each testis of A. aenea.

Usually the testis follicles are campletely separated from
each other in Scarabaeidae ard the only exception that was fourd during
the present literature search was the scarabaeinid Sisyphus schafferi (L.)
in which the follicles of each testis are camressed together ard
swrouded by a common membrane accarding to Virrki (1957). It is
interesting to note, however, that the follicles of P. anxia develop
within an epithelial sheath which is later lost in the pupa (Berberet
ard Helms, 1972), so possibly similar sheaths enclose the follicles in
other Scarabaeoidea whilst they are developing, and these are later lost
as they mature in all except S. schaffert.

The structure of the testis follicle in C. zealandicu
carrespords closely to the septate follicles desaribed by Virrid (1957),
These occur in the plewostict Scarabaeidea ard Geotrupidae, whereas
the laprostict Scarabaeidae have nonseptate follicles. The follicles of
plewostict Scarabaeidae, however, commonly have an apical invagination
ard a zone of degenerative cells immediately apical to the funnels of
their vasa efferentia, but both of these are not visible in . zealandica.
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These are also not described in the follicles of the melolomthinid

P. anxia by Berberet ard Helms (1972). It is interesting to note that
usually a large apical cell, a» Verson's cell, occurs in each follicle
of an insect testis as it develops but these can no longer be fourd in
C. zealandieca, or in other adult Scarabaeidae accarding to Virrki (1957).

The external appearance of the testis follicle varics
considerably between different families, subfamilies, ard species of
Scarabaeoidea. Bardas (1900) bases his arrangement of families and
subfamilies largely on the follicular marphology of the species they
contain, and Virrki (1957) groups the testis follicles into three
different marphological types which show progressively mare speciali-
zation fran group I to group III, The follicles of groups II amd III
have internal "septa", but those of group II are spherical whereas those
of group III are '"mushroam shaped". Apparently, the Melolonthinae can
have follicles of either type because Virrki (1957) gives Melolontha
hippocastani Fabr. as & group II exanpls and Amphimallon solstitialis L.
zs one of group IIX. The follicles of C. zealandicua, hodever, ere
intermediate between the two,

Virrki (1957) concludes that the shape of the follicle is
mresumebly due in part to the synchronous growth of numerous spermato-
cytes which cause the basal region to swell in the direction of the
radius and the septa have developed to assist in supplying nutrient and
oxygen to the interiar of these otherwise solid organs where they are
required far meiotic activity amd spermiogenesis. Anderson (1950a)
also reparts a similar testis follicle structure in P. japonica to that
in €. sealandica, but he refers to each follicle as a testis, amd each
follicle lobe as a follicle. He also notes that groups of spermatocy*es
praduced in the germariumn move outward ard downward passing along the
outer wall of the follicle as they develop, and groups of spermatids
usually lie at the inner ard lower ends of the follicles. Here spermio-
genesis occurs, and the packets of spermatozoa, each still enclosed
within two cyst cells, move upward and into the region of the vas
efferens funnel where the gametes are released.
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The vasa efferentia

The vasa efferentia connect the testis follicles with the
erds of the vasa deferentia (Figure 3.2). They are thin transparent
tubes with diameters of 0.05mm a less ard lengths which vary from
about O.4mm to over 1.0mm (Table 3.2). These measwements are, however,
very approximate because the argans are extremely elastic making it
difficult to decide what their normal resting positions are.

Each vas efferens is lined with an epithelial layer of
cuboidal to columnar cells which vary from about 4 to 10p in height
(Figwe 3.4A). These rest on a thick outer basement membrane, ard
have a smooth well defined barder with the lumen. Their intercellular
memlranes are distinct only if examined by phase contrast ard their
cytoplasm is densely but fairly evenly basophilic., Also their nuclei
are rourded and situated basally close by the cell walls.

Surourding the vas efferens is a thin layer of muscle filres
which farm a reticulum although they are predominantly orientated in a
longitulinal to cblique direction.

The lumen of the vas efferens is narrow, less than 4OM aaross,
amd free spermatozoa are usually visible within it floating in a clear
substance.

The histology of the vasa effarentia of €. zealandica resenmbles
that described far C. floricola and C. awrata by Bordas (1300), P. horticola
and A. aenea by Rittershaus (1927), and P, anxia by Berberet and Helms
(1972)., 1In all these gcarabaeids they are canposed of a flattened to
colunnar epithelium which rests on an outer basement memirane. The
nuclei of the epithelial cells can, however, be central as in the
cetoniinids ard rutelinids, ar they can be basal as in P, anxta ard
C. zealandica. C. aurata also differs from the others in that the
cytoplasm of its cells is mare granular, ard their inner surfaces are
irregular and slightly irdistinct. In addition, the vasa efferentia of
the two rutelinids lack muscles ar only have well separated muscle
fitres, whereas they are swrourded by a thin muscular layer in the

cetoniinids, a "muscularis" in P, anxia, ard a reticulum of muscle
filres in C. zealandica.



34,



F_l_'gge 3.4

Histology of the male intermal remxpaductive
argans of (. zealandica

B.

C.

D.

E.

longitulinal section of a vas efferens
Longitulinal section of a vas deferens

Transverse section of an accessay glard
Transverse section of an accessary glard reserwvoir

Transverse section of the anteriar region of the
ductus ejaculatarius.,
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The vasa deferentia and vesiculae seminales

The distal erd of each vas deferens is located medially to
the cluster of 6 testis follicles to which it is connected by the
vasa efferentia. From this position the vas deferens twists amd coils
rregularly towards the midline umtil it comes close to the vas deferens
of the opposite side (Figure 3.2). At this point both dilate into
seminal vesicles which run parallel to each other without touching ard
then join the erd of the ejaculatary duct. Each seminal vesicle is
also bourd by a common connective tissue sheath to an accessary gland
reservoir which lies parallel ard dorsal to it, but the vasa deferentia
lie free within the haemocoel, being attached only to tracheae.

The vasa deferentia amd seminal vesicles are usually opague
white due to the secretion ard spermatozoa within them but sometimes
small translucent white regions ccour - where their contents are
less densely colowred.

In length, the vasa deferentia vary between &.3mm ard 5.3mm,
ard their average diameter is 0.28mm (Table 3.2). The seminal vesicles
have maximum diameters of 0.2 to O.kmm ard their mean length is 1.46mm
(Table 3.2). Their diameter, however, varies with the quantity of their
contents ard this deperds largely on whether the boetles have copulated
recently: immediately after copulation they usually cannct be
distinguished from the vasa d.efer*errtia, whereas those of unmated beetles
a beetles which have not mated far some time are distinctly swcllen.
Fa example when 5 field collected male beetles were kept far two
weeks without females their seminal vesicles had a mean diameter of
0.30mm (S.D. = 0.,07lmm) ard this was significantly larger (P<0.0L1)
than those in beetles which had just been collected (Table 3.2).

Histologically, the vasa deferentia ard seminal vesicles are
very similar to each other. Both are lined with an epithelium of
flattened to columar cells which vary in height from 6 to 25p
deperding on how much they become flattened by the volume of secretion
ard spermatozoa inside the argans (Figwe 3.4B). The epithelium of the
seminal vesicles also becames tirown into longitudinal folds when they
are nearly empty (Figure 3.5A). Most of these folds occur laterally
ard ventrally, and few farm darsally where the accessary glard
reservoirs are attached. The epithelial cells rest on an outer basement
memtrane, have well defined rourded ar bulging inner walls (Figuwe 3.5B),
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A.

Histological micrographs of male
C. zealandica rempoductive argans

(A1l haematoxylin and eosin)

Transverse section through a seminal vesicle ard accessary
glard reservoir showing the longitudinally folded epithelium
of the accessary glard reservoir (black arows), ard cyst
cells swrounding spermatozoa. Partions of the other seminal
vesicle and accessary glamd reservoir are also visible towards
the lower edge of the field ard parts of the basal piece, a
penis sclerite, ard the internal sac are visible in longitu-
dinal section to the right.

Longitudinal section of a vas deferens showing the spermatozoa,
cyst cells, and the rouded apical swurfaces of the vas
deferens epithelium projecting into the lumen of the argan.
The colour repraduction is not accurate ard the cytoplasm of
the vas deferens epithelial cells, ard the chramatin of the
cyst nuclei should be deep blue.

acgl res accessory glard reserwvoir
B pc basal piece
Ce cyst cell
I sac inner sac
N nuclei
g penis sclerite
secretion of access lard
Spm spermatozoa *V 8

S ves seminal vesicle
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ard irdistinct intercellular membranes. Their cytoplasm is as
basophilic as that of the epithelium lining the vasa efferentia, but it
differs from this in staining unevenly as darker hranching and
anastomezing stramds which run through a lighter staining matrix. No
distinct vacuoles are visible within these cells but the strands become
longer and sparsar towards the apical surface of the cells.

The vasa deferentia are suwrourded by a sparse layer of
circular to oblique muscle fihres but no longitulinel filres are visible.
This circular muscle inareases in thickness arourd the vesiculae
seminales until it is composed of at least tlree layers. Scattered
longitudinal muscle fibres also appear in the connective tissue sheath
which bimds the seminal vesicles to the accesscory glard reservoirs.,

In section, the lumens of the vasa deferentia amd vesiculae
seminales are packed with a tangled mass of spermatozoa which lie
separated from each other and susperded within a non staining material
(Figure 3.5b). Arourd the outside of the spermatozoa is a scattered
layer of large rourded cells which vary from about 20 to 30u in
diameter. These are completely separated firom each other and occur
particularly frequently in the seminal vesicles. Their roumded nuclel
are large, approximately 8 to 10u in diameter, ard stain lightly,
while their cytoplasm is eosinophilic. Presumably these are old cyst
cells which have ariginated from the testes because there are
apparently no cells in the walls of the vasa deferentia and vesiculae
seminales from which they could have been derived. Similar cyst cells
have also been reparted in the vasa deferentia of the rutelinid
P. japonica by Arderson (1850a). Accarding to him they farm envelopes
about groups of developing spermatozoa, ard when the mature spermatozoa
are released the cyst cells round off amd degenerative changes are
initiated in them. They also pass down the remcaductive tract of the
male P, japonica with the spermatozoa and finally disintegrate in the
female tract. Since they are rich in glycogen, Arderson (13950a)
suggested that they supply nutrient when they break down for the
spermatozoa stored in the "seminal receptacle".

Generally the vasa deferentia of Scarabaeoidea are long tubes
which increase in diameter proximally befare they join the ductus
ejaculatarius. This expansion is often quite marked and farms a

seminal vesicle as in (. zealandica. Similar structures also occur far
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example in M, Melolontha accarding to Straus-Durckheim (1828); most of
the Scarabacoidea examined by Bardas (1900)3 ard in B. farctum,
Phyllophaga sp, P. Japonica, ard C. nitida as reparted by Williams
(1945). In addition, Straus-Durckheim (1828), Bordas (1900), amd
Rittershaus (1927) repart that the vas deferens of the Scarabacoidae
desaribed by them are also complexly folded ard coiled with the abdomens
of the beetles. The latter authar refers to the coiled regions as

"Der Nebenhoden" a Epididymus, but this is distinct from the "Epididymus”
as used by Williams (1945) which refers tc a swelling of the distal
region of the vas deferens in the lucanid P. capreolus.

The histology of the vasa deferentia amd vesiculae seminales

of C. zealandica resembles that of the other Scarabagoidae which have
cen investigated. The vasa deferentia of G. mutator, C. floricola,

C. aurata, L. cervus ard D. parallelipipedus, accading to Bardas (1900),
&re composed of a cuboidal ar columna epithelium which rests on a very
thin basement memtrane ard is swrourded by a thin layer of circular
muscle. The epithelial cells have mare ar less smooth apical surfaces,
large spherical nuclei, amd an even granular cytoplasm which differs
from that of C. zealandica in being vacuclated apically. The seminal
vesicles of these species also have similar histological structures to
their respective vasa efferentia, and therefore represent dilations of
them, but the epithelium of the seminal vesicles of D. parallelipipedus
differs from the others in being flattened. Rittershaus (1927) also
reparts that the vas efferens, "Nebennoden", and vas deferens of

P. horticola ard A. aenca camnot be differentiated histologically
because they show only minar differences. The "Nebenhoden", however,
like the vasa efferentia, lacks muscles or only has imdividual separated
fitres, whareas the "vas deferens" is surrourded by an increasingly
thick layer of circular muscle. Possibly the muscles surrownding the
vas deferens of C. zealandica are similar to those in P, anzia, but
Berberet ard Helms (1972) only describe them as a "muscularis®.

The accessory glands and accessory gland reservoirs

The accessary glamds farm a pair of long thin irregularly
coiled tubes which are expanded proximally into two shart reserwvoirs
befare they join the ejaculatary duct (Figwre 3.2).. Both pairs of

argans ae never as densely coloured as are the vasa deferentia ar
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vesiculae seminales: the accessory glands are usually transparent ar
sometimes a light translucent white because of their contents, whilst
their reservoirs are a denser translucent white due to their contents
and to their increased diameters.

The accessary glards lie free within the haemocoel except far
their tracheal supply, ard they farm a tangled mass aroud the other
argans in the posteriar half of the abdamen., When dissected out they
have a mean diameter of 0.1l7mm and vary in length from 52 to 73mm
(Table 3.2). Their reservoirs are slightly curved ventrally into
banana-like shapes: they run parallel to each other touching medially,
ard ventrally each is attached to a seminal vesicle as already
descaribed (Figure 3.5A).

Both pairs of argans are located medially ar towards the right
hard side of the beetlds abdomen amd urderneath the rectum in the 5th
to 6th visible segments. Here they lie at an angle with their anteriar
erds directed anterio-ventrally ard their junction with the ejaculatory
duct posterio-dorsally.

The diameter and length of the reservoirs depends on the time
since copulation: those of §  beetles measwed immediately after
copulation hal a mean diameter of 0.68mm (S.D. = 0.05mm) ard a mean
length of 1.96mm (S.D. = 0.llmm), whereas those of 5  beetles which
had been kept separately in the labaratary far two wecks after copulating
were smaller, having a mean diameter of 0.37mm (S.D. = 0.2lmm), ard a
mean length of 1.60mm (S.D. = 0.30mm).,

In cross-section the accessary glads are roud to ovalg
they are lined with an epithelium of columar cells which vary in
height fram about 10.5 to 90up although they are generally within the
range of 65 to 80u (Figure 3.4c). These cells rest on an outer basement
membrane ard are aranged approximately radially about the lumen of the
gland which varies in aross-section from rowded ar oval to flattened.
Often it alsc has up to 3 a 5 shart extensions which incompletely
divide the epithelium into longitudinal ridges. The apical walls of
the cells are smooth, their intercellular membranes are irdistinct, amnd
their cytoplasm is densely arnd evenly basophilic with only occasional
small vacuoles. The nuclel are central, have diameters of about 10p,

aml are packed densely with granular chromatin., No muscles are visible
swrourding the accessary glards.
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The histological structure of the accessary glard reservoirs
(Figwre 3,4D) is in total contrast to that of the accessary glamds. The
epithelial cells very from flattened to columar ard from about 4.5 to
12p in height deperding largely on the amount of secretion the
reservoirs contain. When relatively empty this epithelium alsc becomes
folded longitudinally in a similar fashion to the seminal vesicles.
However, the folds now occur predominantly in the darsal and lateral
walls of the argan. The epithelial cells rest on a basement membrane,
their intercellular membranes are indistinct unless examined uder
phase contrast, ard their apical walls are also sametimes difficult to
distinguish from the searetion. In addition, the cytoplasm of these
cells is eosinophilic, while their nuclel are usually oval with
maximum diameters of 7 to 10u, armd are centrally situated. Closely
enveloping the reservoirs are from 1 to § a mare layers of circular @
slightly oblique muscle, ard outside this they are each enclosed by a
connective tissue sheath containing scattered longituwdinal muscle fibres
which birds the reservoirs to the seminal vesicles as previously
described .

Male Scarabaeocidea generally possess one pair of accessary
glards although there are exceptions; far example C. nitida ard the
genus Cetonia have 3 pairs,ard P, disjunctus has 2 pairs accarding to
Williams (1945), ard Bordas (1900). The glamds are also usually thin
coiled tubes, which are much longer than the beetles body, amd which
also dilate into reservoirs near their junctions with the ejaculatary
ducts. These reservoirs, however, can sometimes be hardly noticeable
expansions as they are in P. horticola L. (Rittershaus, 1927) ard
P. auria (Le Conte) (Berberet ard Helms K 1972), or there can be mare
than one to each accessary glard as in L. cervus L. (Bardas, 1900) ard
A. aenea Geer (Rittershaus, 1927).

The storage function of the accessary glamd reservoirs in
C. sealandica has been investigated previously by Fenemxre (1971). He
fourd that umated primary emerged males, in almost all cases have
fully distended reservoirs, and that their contents become markedly
depleted immediately following copulation. However, they slowly
recover afterwards to a fully disterded cordition in 20 to 30 days.

It seems fairly certain that Fenemare (1971) is in fact describing
the accessay gland reservoirs although he refers to them as seminal
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vesicles because he clearly labels the accessary glard reservoirs as
seminal vesicles in his figwes., In the present study, these structures
have been demconstrated histologically to be accessary glard reservoirs
although seminal wvesicles do exist as described above,but they are of
smaller diameter and are boud to the ventral surfaces of the
accessary gland reservoirs. It is therefare also possible that
Fenemare (1971) is referring to both accessary glard reservoirs ard
seminal vesicles as the "seminal vesicles". Certainly both have been
foud in the present stuly to show carrespording changes in size in
relation to copulation.

The accessary glards and reservoirs of €. zealandica show
histological similarities with those of other Scarabaeocidea. They
resemble, most closely, those of ancother Mmelolonthinid P. anxia
descaribed by Berberet and Helms (13972). In this insect the epithelium
of the accessary glaxds is composed of columar cells with large basal
nuclei. The cells also rest on a basement memirane, ard only the
reservoirs ae swrouxded by a "muscularis",

The most detailed stuly of scarabaeoid accessary glards was
by Arderson (1850b) who investigated them in the Putelinid P, japonica.
He reparted that they are divided histologically into 4 regions:
region I is apical and here the glard is almost a solid cylimder of
columar cells aranged radially arourd a small irregular lumen, They
rest on a very thin basement menbrane amd their nuclei are basal. In
region II the glamds increase in diameter but the cclls remain the same
size; the lumen only expanding. Further down, in region IIIL, the cells
increase in size and produce an apocrine secretion by apically budding
off globules of searetion packed cytoplasm. In the lower region IV,
the lumen increases in diameter, ard the epithelial cells dearease in
height to squamous a cuboidal. They show practically no searetary
activity. Regions III and IV are also surrourded by an inner circular
sheet of muscle and an outer layer of separated longitudinal muscle
fires., Accarding to Arderson (1950b) the cells in regions I, II, ard
III have perinuclear basophilic regions fram which run basophilic
strards to the apices of the cells., The upper levels of the glard
produce a mucus-like protein-polysaccharide ground substance and many
smaller droplets of lipid; full apocrine cells in the middle region
secrete mucus globules, and the lower levels apparently do not
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contribute to the secretion but serve as exparded reservoirs for it.
He finally conclules that a "secretion product consisting of these
compourds may be considered as admirably adapted to its several
functions of luhrication, sperm-suspension, ard spermatophare
farmation". It appears that the accessary glamd reservoirs of
C. zealandica are therefare very similar histologically to region IV
in P. japonica, but the accessary glamds differ in that they cannot be
subdivided into tlree regions histologically. However, these regions
in P, japoniea show only very slight differences and it is therefare
still quite possible that the accessary glands of C. zealandica are
subdivided functionally but this reguires a histochemical demonstration.
It is also of note that the accessary glands of Rutelinae may not
always be subdivided because Rittershaus (1927) makes no mention of this
in P, horticola ard A, aenea, although similar subdivisions may occur
which he considered were not sufficiently marked to mention. He
reparts that their accessary glands are circular ar nearly so in aross
section, their epithelial cells contain granular protoplasm ad are
columar, ard their lumens are constricted into irregular clefts. In
addition, there are occasional protoplasmic projections a  'protoplas-
matishe Fartsatze" in the lumens which arise from the cells and he
considers that they are imdicative of strong searetory activity. The
accessary glamds of these rutelinids are swrourded by a few muscle
fibres but these thicken aroud the reservoirs ard form a distinct
immer circular layer and an outer layer containing separated
longitudinal muscle fibres. He notes also that the reservoirs are
lined by flattened epitheliai cells.

Finally, the histology of the accessary glamds of two
lucanid genera, Lucanus and Doreus, have been described by Bardas (1900)
arrd they also show some similarities to those of the above Scarabaeidae.
He reparts that they are composed of a searetary epithelium containing
elongate, cylimdrical cells, ard that the protoplasm of these cells is
granular basally and compact and fibrillar apically. These cells are
described as liberating their secretion by ruptwe, ard globules of
this praduct are frequently seen to be attached to the cells by a
pedicel. In their seetwy activity these cells therefare show same

resemblances to the carespording cells in the rutelinids considered
previously.
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The ductus ejaculatorius

The ejaculatary duct farms a long tube to the imternal sac of
the external genitalia (Figwe 3.2). It is divided imto an anteriar
first region amd posteriar secord region: the first region varies from
1.17 to 2.50mm long, ard is unifarmly thin far most of this length with
a mean diameter of 0.19mm (Table 3.2), although it expamds slightly at
its anteriar end where it is joined by the seminal vesicles and
accessary glands. The secord region is campletely encleosed by a
muscular sheath (Figure 3.6A) which will be desaribed in mare detail in
the section dealing with the muscles of the male external genitalia.

Two large tracheae (Figure 3.6Ajtr) pass beneath the muscular sheath
darso-laterally at its anteria erd amd run back on either side of the
ejaculatary duct supplying the tissues within the sheathjtheir entries mark
the juncticn between first and seccnd regions. Posteriorly, a third ar so
of the secord region ard its muscular sheath also enter the anteriar end
of a cylirder farmed by the basal piece of the tegmen amd its ventral
intrinsic muscles. The muscular sheath amd secord region of the
ejaculatary duct is only slightly thicker anteriorly than the first
region, but posteriorly it inareases in diameter until it erters the
basal piece amd here it has a mean maximum diameter of 0.59mm. The free
partion, which lies outside the basal piece, also has a length varying
from 1.8 to 2.7 mm (Table 3.2).

Most of the ejaculatary duct amd its muscular sheath is
colowred an opagque white although it is less intense than that of the
vesiculae seminales ami the vasa deferentia. The posteriar ventral
swrface of the muscular sheath, however, usually has same hrown amd
yellow-brown areas where the respective colours of the outer ard inner
walls of the imner sac show through.

The ejaculatary duct normally lies characteristically
twisted ard coiled within the abdomen when the external genitalia are
withdrawn, but it untwists and straightens out when the external
genitalia are exterded for copulation ard then the ejaculatary duct shows
its true relationship to the rest of the beetles body. Therefare, in
arder to avoid confusion, the paired terms anterir-posteriar, amd
ventral-darsal ace applied to this argan in the following accourt as if
it is straightened out during copulation.
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A.

B.

Figure 3.6

Histological micrographs of nale
C. zealandica reproductive argans

Section through the anteriar region of the ejaculatary duct
ard the posteriar region where it 1is suwrourded by the
muscular sheath.

Note the longitudinal muscle filres arowd the posteriar erd
of the ejaculatary duct. Tracheae surourded by fat body ard

a partion of a seminal vesicle are also visible.

(Mallarys triple connective tissue stain).

Section through the internal sac showing its inner wall, outer
wall with flap-like cuticular mrojections (their exocuticle 1is
yellow), ard muscular plexus of the internal sac.

Ant ejdt antericr region of ejaculatary duct
FB tr fat bady surounding trachea

Inw inner wall of internal sac

Im longitudinal muscle

m ) muscle

m sh eldt muscular sheath of ejaculatary duct
Ow ) outer wall

Post ejdt posteriar region of ejaculatary duct
S ves _ seminal vesiclé

tro tracheae
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When in the withdrawn position, the amtariar erd of the
ejaculatary duct initially runs posteriarly fram its junction with the
accessary glamds amd seminal vesicles, then it bends to the beetle's
left through a aurve of 80° to 120% Near the emd of this curve it also
starts to berd ventrally ard at about this point it joins the secord
regicn. This ventral berd is continued until the ejaculatary duct is
directed posteriarly once again, except that now it lies ventro-
laterally to the left in the beetle's abdomen. The ejaculatary duct
also becames twisted whilst it is being bent, sc¢ that its darsal
surface is rotated through about 90° to the beetle's right befire the
argan enters the basal piece, The latter is also rotated the same
amount as described below in the section on the male external
genitalia.

The entire ejaculatary duct is lined with an epithelium of
cuboidal to columnar cells which rest on an outer basement membrane,
have distinct intercellular memiyanes, and secrete a thin intima
(Figwe 3.4E). This epithelium is thrown into longitudinal folds by
the swrourding muscle layers (Figure 3,6A) so that the cells are
frequently compressed oar stretched out of shape, but where they are not
distarted they vary fraom 5 to 12.5p in height. Also when the cells are
camgressed the basement membrane often becames secordarily folded
longituwdinally into small wrinkles which are up to about 3p in height
ard 3 to 5u apart, ard the intercellular memtranes often assume camplex
patterns. Within the epithelial cells, the nuclei are basal ard the
cytoplasm appears to be secretary being basophilic amd staining in
darker stramis like that in the cells of the vesiculae seminales amnd
vasa deferentia. It also contains numerous distal vacuoles which
are occasionally enlarged to occupy most of the space within the cell
(Figure 3.4E).

Clusely suwrrourding the epithelial lining in the first region
of the ejaculatary duct is a single layer of scattered longitulinal
muscle fibres enclesed within an outer thick layer of circular muscle
(Figure 3.6A). At the anteriar end of the ejaculatoary duct where it
expards slightly, the layers of circular muscle thicken anml extend a
short distance over the pecstericr erds of the seminal vesicles amd
accessary gland reservoirs to firm a sphincter which regulates the
passage of fluids intc the ejaculatary duct. In the secord region of
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the ejaculatary duct, the layers of longitudinal amd circular muscle are
separated from each other by a fluid filled space (Figure 3.6A). The
longitudinal muscle also stays closely applied te the epithelium whilst
the circular muscle becames thickened to farm the muscular sheath.
Within this space the ejaculatary duct is free to move about, but the
fluid is entirely separated frum the bload by the muscular sheath.

The fluid within the space is probably used to assist in everting the
imner sac during copulation as desaribed below in the section dealing
with the mechanics of copulation.

The ejaculatary duct is shart in most Scarabaeidae but it is
comparatively long in C. zealandica ard M. melolontha L. (Strauss-Dirckaoim,
1828)., Also its marphological appearance is relatively simple in
Scarabaeidae being a tubular wargan of either unifarm diameter or
increasing in diameter postericrly. Detailed infarmation is, however,
only available far M. melolontha L. (Straus-Dirckheim, 1828);

L. cervus L, ard D, parallelipipedus L. (Bardas, 1800); P. hortiecwla L.
(Rittershaus, 1927); amd P. anria (Le Conte) (Barberet ard Helms, 1972).
From these descriptions, it appears that the anatomical structure of
the ejacuiata:*y duct of €. zealandica carrespords closely with those of
the melolonthinids M. melolontia and P. angia. Iin these specles it also
consists of an anteriar tubular region ard a posteriar region enclosed
within a muscular sheath but separated from it by a fluid filled cavity.
This sheath is termed "le constrictewr du canal ejaculatoire" by Straus-
Diirckheim (1828) ard "the erection fluid pump" by Berberet and Helms
(1972). The anatomical similarity with C. zealandieca is particularly
close far M. melclontha, extending even tc the mammer in which the
ejaculatary duct is folded within the muscular sheath. In contrast,
the ejaculatary duct of the rutelinid P, horticola has no part which
correspords with the first region in C. zealandica, ard instead the
entire argan is enclcsed within a muscular sheath, termed a
"Muskelmantel" by Rittershaus (1927), This is also separated fram the
ejaculatcry duct by a fluid filled space so that it resembles the

secord region of C. zealandica. The comparative structure amd function
of the muscular sheath in the above scarabaeids is discussed in the
sections on the muscles of the male external genitalia and the

mechanics of copulation.
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Straus-Duirckheim (1828) gives no histological infarmation on
the ejaculatary duct of M. melolontha but some is given far P. horticola
by Rittershaus (1927), ard P. anwia by Berberet and Helms (1972), These
latter joint authars, however, note only that the first region of the
ejaclatary duct of P, anxiq is "composad of epithelium, a chitinous
intima and an outer muscularis which consists primarily of circular
muscles". Rittershaus (1927), on the other hand, gives a full
desaription for P, horticola: she reparts that there are three parts to
the ejaculatary duct, but the third is the inner wall of the internal
sac ard 1s not considered here., The first part which lies outside the
tegmen is lined with an epithelium of cuboidal cells ard is folded
inside a layer of longitudinal muscle. The secord part lies inside the
"copulatary apparatus'; its epithelial lining is also folded amd is
apparently secretory. Rittershaus (1927) notes that this region is
lined with cuticle which is mostly thin but reaches a considerable
thickness in places ard is penetrated by fine canalsj she does not
mention a cuticular lining in the first part of the duct. Outside the
epithelium of the secord part there is also an inner layer of longitudinal
muscle ard an outer layer of circular muscle, ard it therefore differs
in the latter respect from that of C. zealandica.

The ejaculatary ducts of the lucanids L. cervus ard
D. parallelipipedus differ a lot fram those of the Scarabaeidae
mentioned above. Morphologically that of L. cervus is thickened
anteriarly and narrows posteriarly, whilst that of D. parallelipipedus
is thin both anteriarly amd posteriorly but it has a thickened middle
region. In both insects the thickenings of the ducts are due to an
inarease in the thickness of the muscular layers only. Histologically,
the ejaculatary duct of L. eervus is canposed of the following layers,
in arder from the outside imward: a very thin "peritoneale" menbrane;

a thick "manchon" of muscle comprising external circular filres,
several middle oblique fibres, amd 4 to 5 inner layers of longitudinal
muscle; a very thin basement membrane; a columnar epithelium with very
large central nuclei ard cytoplasm which is granular basally amd
fitrous apically; ard an irdistinct chitinous intima. The ejaculatary
duct of D. parallelipipedus is very similar to this except that the
muscular layers are thinner where the duct inters the tegmen ard the
thin intima is produced into numerous bristles. The ruscle layers of
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both lucanids are therefare arranged in the same order as those of the
s carabaeids but differ from them in not having the circular muscles

in the posteriar part of the duct developed into a muscular sheath
separated by a space fram the uderlying longitudinal muscles.

The histological structuwre of the ejaculatary duct of
C. zealandica therefare shows similarities with those of other
g'carabaeids, amd differs fram lucanids in the development of a posteriar
muscular sheath. Amongst the Scarabaeidae, however, the most notable
differences are with P. horticola which lack an intima in the anterior
region, ard have a circular layer of muscle outside the longitudinal
muscle and within the muscular sheath.

Considered overall the anatany amd histology of the internal
reproductive argans of male Scarabaeidae are similar ard only shew minor
variations. The argans are marphologically simple except far the
ejaculatary duct and this shows slight differences in the details of
its association with the muscular sheath in the species investigated.
However, the ejaculatory duct of €. zealandieca is almost identical
anatomically with that of M, melolontha making the resemblance between
the repraductive organs of these melolonthinids particularly close,

As far as the histclogy is concerned, the differences between the species
are also only slight, the most impartant being variations in muscle
layers, the development of a commective tissue sheath arourd each
seminal vesicle and accessory glard reservoir in C. zealandica,

and the apparent lack of a cuticular lining in the first part of the
ejaculatary duct of P. horticola,

The male external genitalia

There are no elements of the genital complex of male
Coleoptera that can be refarred directly to the gonopods ard the
genitalia therefare consist of so called phallic structures only
(Sncdgrass, 1935; Lindroth and Palmén, 1970),

In the male €. zealandica all the cuticular structures which
ariginate embryologically posteriar to the 8th abdominal segment lie
hidden in the adult within a genital chamber, except when in use during
copulation. This genital chamber is invaginated between the 8th tergum
amd sternum which normally lie close to each other bourding the
posterior emd of the abduamen. The genital chamber can therefare only be
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seen if these sclerites are prisad apart., 1t is then visible as an oval
depression in the cemtral third of the transparent articular membxane
which stretches between the 8th tergun armd sternum.

The terminclogy of lLirdroth ard Palmén (1970) has been
followed in this account, but in arder to avoid confusicn the terms used
by Srxdgrass (1935) have also been included because these have been in
wide use. Alsv, the terms usal by other authars whose warks have a
bearing on this study have been noted where these differ from thuse of
Lindroth ard Palmén (1970),and Sncdgrass (1935).

The genital chamber takes the shape of a shallow oval pit
with a transverse mourd cemtrally located on its antericr surface. A
further sac-like invagination of the genital chamber arises fram the
mid-darsal surface of the central mourd ard the anus opens into the
genital chamber mid-darsally.

The 9th sternite (Figwe 3.7 A, B) supparts the central mourd
in the genital chamber; it lies with its flat surface roughly parallel
tc the frontal piane of the insect ard it farms a curving bar which
passes transversely through the central mourd., Shart bristles arise
fran the posteriar region of the ventral surface of this sternite ard
roject posteriarly towards the opening of the genital chamber
(Figure 3.7 A).

The anterixr lateral edges of the genital chamber are
suppaxrted by the posteriar ends of the spicules (Figure 3.7 A,B). These
erds are darsc-ventrally arientated C-shaped rads which lie on either
side of the 9th sternite ard cwrve arourd its lateral tips. The
anteriar parts of the spicules exterd irward anteriarly from the ventral
parts of the C-shaped ruds amd they eventually cwrve towards each other
anl join anteriarly. Slightly thickened cuticle is stretched across
between the anterior parts of the spicules from both their darsal ard
ventral edges to foom a thin flat pouch-~like invagination of the
genital chamber. The flat darsal amd ventral walls, however, lie close
to each other so that the opening is represented only by a fine slit
which is situated ventral to the 9th sternite. The whole structure
tharefare farms a flat apademe with thinner darsal ard ventral surfaces.
It has a mean maximum width of 1.06mm ard a mean length of 1.28mn
(Table 3.1). This camplete structure is termed the "spiculum gastrale"
by Sncdgrass (1935) and the "lateral vemtral plate" ard "inner ventral
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Figure 3.7

The external genitalia of the male C. zealandica

A, 8th sterum ard sclerites of the external genitalia
separated fram one another.,

Ventral view of 8th sterrum

Darsal view of 9th sternite ard spicules
Darsal ard lateral view of tegmen
Darso-lateral view of penis sclerites with

the interrmal sac removeal.

B. Whole mount of the external genitalia ard
8th steernum after maceration with potassium
hydroxide., Same folds of the internal sac
amd ejaculatary duct oamitted far clarity.
Vertral view,
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plate" by Given (1952). It appears to occur in all male scardbaeid
beetles; its anteriar partion can either be tongue-shaped as in all the
New Zealard Melolonthinae (Given, 1952), o mroduced into a thin rdd
as far example in M. melolontha L. (Straus-Dirckheim, 1828) amd

A, majalis (Razoumowskd) (Butt, 1S44),

In C. zealandica the posteriar darsal surface of the apodeme
which incarparates the spicules is itself invaginated again to farm a
thin walled flattened sac which tapers to a point anteriorly at its
distal end. It lies parallel to the apcdeme with the spicules and its
darsal wall eventually exterds posteriorly to unite with the anteriaor
edge of the 9th sternite (Figwe 3.7 A). A similar invagination can be
seen in Figwe 5, plate 5 of Given's monograph on the New Zealard
Melolonthinae (Given, 1952) but he does not name it.

The sac-like invagination of the genital chamber which opens
darsal to the 9th sternite exterds irward and terminates where it
joins the tegmen anteriarly (Figures 3.9, 3.10 A). The tegmen farms the
functicnal copulatary argan and consists of three sclerites; a basal
piece ani two parameres (Figure 3.7 A). The basal piece is the
largest sclerite and is shaped like an inverted shoe harn. Sncadgrass
(1935) terms it the "phallobase" ard Given (1852) the "basal shield".
The parameres, which are termed by Given (1952) the "genital claspers"
are two curved prongs which are approximately mirrcr images of each
other and articulate with the posterior lateral carners of the basal
piece.

The tegmen encloses the penis, the erd of the ejaculatary
duct and the inner sac which are desaribed below. Howewer, the term
aedeagus is applied to the combined tegmen, penis and inner sac, ard
normally, when at rest, it lies twisted to its left ad rotated onto
its right side (Figures 3.10 A, B). During copulation, however, it
becames rotated and untwisted until it occupies a position where it
shows its true marphological relationship with the rest of the beetle's
body. Also it is extended so that about a third of it projects
posteriorly out cf the abdomen (Figures 3.8 A, 3,10 C). In the
following account, therefare, the terms darsal and ventral, anteriar
ard posteriar, and left ard right are applied to the aedeagus as if
it were in use ard directional changes due to twisting amd rotation

are ignared.
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B,

Figure 3.8

The marphology of the male external
genitalia of C. zealandica

A scanning electron micrograph of the ventral
sarface of a male with fully exterded tegmen
ard intermal sac, The male was quick frozen
with liquid nitrogen in copula, amd the female
was dissected away later,

A higher magnification scanning electron
micrograph of the area of the imternal sac
indicated by the black square in Figure 3.8 A,
This photograph shows the posteriarly directed
cuticular flaps which invest the outer wall of
the internal sac,
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Figure 3.9

Intrinsic phallic muscles of C. zealandica

Aedeagus viewed fram the left, with left side of tegmen
renovad. The right ventral flexar of the paramere ard
the right darsal extensar of the paramere have been
anitted far clarity,

Upper:

Lower:  Sagittal section of the tegnen viewed fram the left,
with the ejaculatary duct, penis, ard associated
structures removed. The right retracta of the penis
has also been removed hut namally it lies medlially to
the right ventral flexar of the paramnere,
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Figure 3.10

Extrinsic phallic muscles aid
anal muscles of C. zeal andica

(A1l muscles are labelled in italics, ard the
abdominal muscles are also shown by dotted
irdicatar lines.)

Retracted external genitalia in eitu with tergum 8
removed, View fram posterio-darsal with sternum
VIII anitted far clarity.

Ventral view of retracted external genitalia in situ

with sternum VIII removed.

Ventral view of external genitalia in the position
occupied during copulation. Sternum VI has been
removed arnd the internal sac has also been omitted
far clarity (c.f. Figure 3.8A).
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Twisting ard rotation of the withdrawn acdeagus occurs
comnonly amongst the Coleoptera accarding to Lindroth amd Palmén (1870)
who term this movement "tarsion". In €. zealandica it appears to form
& means whereby the aedeasus can be packed compactly into the erd of the
abdamen without interfering with other internal arpans.

The basal piece averages 2.13mm in length ard 1.05 in width
(Table 3.1). Darsally it is joined to the wall of the genital chamber
invagination at a point approximately two thirds along feom its anteriar
erd, whareas ventrally the wall of the invagination is folded posteriarly
to Jjoin the lateral edges of the basal piece ard some of the amteriar
surfaces of the parameres thus farming a tube with the basal piece.,

The posteriar third of the tegmen therefare is contained within the
invagination of the genital chamber ard the anteriar two thirds project
into the body cavity.

The parameres average 1.0 mm in length (Table 3.1). They
articulate by cordyles with the posteriar lateral tips of the basal
piece from which the greater part of them mroject ventrally. Darsal to
the comdyles they give off extensions which follow the aross-sectional
shape of the basal piece and abut against each other darsally in the
mid-line. These extensions farm levers tc which attach the muscles
responsible far extending the parameres posteriorly as described in the
section on the mechanics of copulation.

All gaps between the parameres ard the basal piece are
tridged by thin articular membrane similar to that which farms the walls
of the genital chamber. In aldition, the genital chambur membrane
folds arourd at the pestericr end of the tegmen where it is attached to
the darsal extensions of the parameres ard beccmes invaginated within
the tegmen for a shart distance before uniting with the penis ard its
internal sac. This invagination carrespords to the "first connecting
memrane® of Lindroth ard Palmén (1970) and the "erdophallic chamber"
of Menees (1963).

The penis in C. zeclandieca is represented by iwo long thin
sclerites (Figure 3.7 A) which lie alongside each other on the darsal
surface of the muscular sheath swrounding the ejaculatary duct. These
sclepites exterd only as far as the anteriar erd of the basal piece
ard then contimue anteriarly as two thin straps of flexible cuticle to
the anteriar erd of the muscular sheath. Posteriarly, the penis is
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broadly joined by thin cuticle to the internal sac which narmally lies
folded within the muscular sheath.

The internal sac farms the functional intromittant argan of
the male ard during copulation it fills the bursa copulatrix of the
female. It 1s most easily desaribed when it is exterded; it then farms
a globular double walled argan with the opening directed posteriarly ard
slightly ventrally so that it roughly resembles a Wwine goblet
(Figwes 3.7 B, 3.8 A). The emntire outer swface of the internal sac
is covered by small triangular scale-like flaps of slightly stiffened
cuticle which are usually directed with their sharp tips pointing
posteriorly. The cuticular wall of the internal sac is folded in at the
edges of the opening to farm the imternal wall which has no scale-like
ornamentaticn. The inner wall follows the shape of the outer wall amd
terminates anteriorly where it meets the posteriar erd of the ejaculatary
duct at what carrespords to the anatomical gonopare. When withdrawn
the internal sac collapses and is folded mostly within the posteriar
ventral part of the muscular sheath. Scmetimes it also projects a small
distance posteriarly past the penis ard even out of the tegmen. The
folds are complex ard variable but there are always a number of
pominent anteriae-posteriar pleats and the anatomically posteriar and
ventral regions of the organ tend to lie anterior to the remairder.

The penis is termed the "aedeagus" by Snodgrass (1935) and the
internal sac the "endophallic chamber" ar "vesica'. As already noted,
however, the term aedeagus is used by Limdroth ard Palmén (1870) to
include both the tegmen and penis.

In Scarabaeidae the penis is always reduced (Britton, 1973)
but the tegmen, which is well developed, varies ccnmsiderably in shape
ard this has been shown to be of taxonomic impartance (e.g. Given, 1952).
The external genitalic of C. zealandica, however, are relatively simple
compared with sume of the variations which occur in other Scarabaeidae

as described, for example by Sharp ard Muir (1912).

The musculature of the external genitalia of the male

In this section only the structure of the musculature is
desaribed because functional considerations are treatel in the final

section of this chapter. _
The musculature of the anus amd rectum was examined as well
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as that of the external genetalia, since they were closely associated
together amd this enabled a comparative approach,

The genital muscles of the male may conveniently be divided
into extrinsic muscles which lie outside the tegmen, ard intrinsic
muscles which lie emtirely within it. The extrinsic muscles are
attachel to the basal piece of the tegmen, the surface of the genital
chamber, the spicules, ard the 8th sternite, whilst the intrinsic
muscles are attached to the basal piece, the parameres, the surface of
the genital chamber, the penis, ard the internal sac.

The first desaription of the genital musculature of a
Scarabaeid was by Straus-Dirckheim who publishel the anatomy of
Melolontha melolontha L. in 1828, Since then the camplete genital
musculature has been desaribed far only two other male Scarabaeidae,
the melolonthinid Amphimallon majalis(Razoumowskd (Menees, 1963) ami
the geotrupid Geotrupes stercorosus Scriba (Hieke, 1966), although
Rittershaus (1927) desaribed the intrinsic musculature of Phyllopertha
horticola L. ard Anomalia aeneq Geer together with the extrinsic muscles
which are attached to the tegmen.

Straus~-Dirckheim named the muscles accarding to the sclerites
they insert upon, but the nomenclature of these has since changed.
Later warkers used the terminology of Snodgrass (1935). In the
mesent wark the terminology of Limdroth ard Palmén (1970) has been
used, although this has necissitated a further change in the naming of
the muscles. At the same time nomenclature accarding to supposed
function has been adopted as far as possible.

Intringic musoles of the phallus

Darsal extensars of the parameres (Figure 3.9).

These two fan shaped muscles ariginate on the medial darso-
lateral tips of the parameres ard run inside the basal piece to insert
on its inner posteriar-darsal amd lateral surfaces.,

Ventral flexars of the parameres (Figures 3.9, 3.10 A, C).

These are two large muscles which are attached to the inner
anterio-lateral surface of the basal piece ard join the memtranous
wall of the genital invagination at its most anteriar lateral
ccnnection with the basal piece. These muscles are visible as the most
ventral ones in the basal piece running on either side of the
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ejaculatary duct sheath,

Protractars of the penis (Figwre 3.9).

This pair of thin flat muscles ariginates anterio-laterally
on the penis sclerites ard is inserted on the lateral edges of the
basal piece about midway along it.

Retractars of the penis (Figure 3.9).

From their arigins ventro-laterally on the first connecting
membrane where it joins the muscular sheath of the ejaculata'y duct
these paired muscles insert anteriorly in the basal piece medially to
the ventral flexxrs of the parameres. They run as flat slightly
tapering sheets darsally to the ventral flexars of the parameres. They
can usually be seen running arowrd both sides of the ejaculatary duct
without having to dissect the basal piece, but are partially obscured
by the ventral flexars of the parameres.

Muscular sheath of the ejaculatary duct (Figures 3.23 3.9; 3.10 A, B, O).
This canplex sheath of circular ar diagonal muscles farms a

tube arourd the posterior part of the ejaculatary duct. However, it

is only attached to it anteriarly ard joins the penis darsally, amd the

internal sac posteriorly. Two prominent muscles included here with

the muscular sheath are a thickening of circular fibres at the lewvel of

the anterior erds of the penis sclerites, armd a pair of muscles which
ariginate from the anterior tips of the penis sclerites and run
posteriarly armd obliquely over the outer surface of the muscular sheath,
inserting near its anteriar erd. The first of these muscles forms a

sphincter, the last compresses the ejaculatary duct.

Retractar of the internal sac (not figured)
This comprises a large diffuse series of muscle filres which

originates on the darsal surface of the internal wall of the internal
sac ard inserts darsally within the muscular sheath on the anteriar
internal walls of the penis sclerites, ard also on the posteriar part
of the ejaculatary duct where it folds back upon itself.

Muscular lining of the internal sac (Figures 3.3 B; 3.6 B).
This is a thin dense plexus of muscle fibres which covers

the internal surfaces of the inner amd outer walls of the internal sac.
These filres farm a reticulum although near the junction with the
ejaculatary duct they terd to be circularly arranged proximally to the
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cuticle, ard longitudinally arientated distally.

Extringic muscles of the phallus

Protractars of the tegmen (Figwes 3.10 A, B, C).

These two muscles ariginate on the anteriar edge of the basal
piece slightly towards its right hard side and run close together
arourd the right side of the ejaculatary duct to insert on the anterio-

lateral sides of the triangular apodeme arising darsally to the
spicules.

Retractars of the tegmen (Figures 3.10 A, B, C).

From their arigins on the walls of the invagination of the
genital chamber posterio-laterally to its junction with the tegmen,
these two muscles run to join the spicules anteriarly along their darso-
lateral edges.

Obligue rotatars of the tegmen (Figures 3.10 A, B, C).

This pair of muscles ariginates darso-laterally on the walls
of the invagination of the genital chamber amd close to its junction
with the tegmen, and inserts darso-laterally on the anteriar erds of
the spicules anteriarly to the retractors of the tegmen.

Darsal abductars of the spicules (Figwres 3,10 A, B, C).
These canprise a large bilaterally symmetrical pair of

muscles which ariginates on the posteriar darso-lateral edges of the
spicules ard radiates posterio-darsally to posterio-laterally,

inserting on the 8th tergum.

Obligue lateral abductars of the spicules (Figures 3.10 B, C)

Each of these bilaterally symmetrical pair of muscles
originates laterally on a posterio~ventral side of a spicule ard joins
the 8t sternum near its attachment with the genital chamber
memirane.

Darsal protractars of the spicules (Figure 3.10 A)

These comprise a very fine shart pair of muscles each of
which ariginates dorsally ard posterio-laterally on the dorsal arms of
the spicules and inserts on the 8th tergum where it joins the
genital chamber.



Ventral mrotractars of the genital chamber (Figures 3.10 B.C).
Qriginating on the genital chamber between the posteriar

ventral tips of the spicules this small bilaterally symmetrical pair

of muscles runs to insert on the 8th sternum near its attachment with

the genital chamber membrane, medially to the insertions of the

potractars of the spicules.

Anal muscles of the male

Lateral flexars of the rectum (Figure 3.10 A).

These paired muscles ariginate on the posteriar lateral tips
of the spicules and run anteriarly to insert laterally on the rectum.

Darsal flexars of the rectun (Figwe 3.10 A).

Each of this pair of muscles originates on the anteriar tips
of the two sclerotised remnants of the 10th tergum, ard passes
anteriarly to insert on the posteriar darso-lateral surface of the
rectum.

Elevatars of the genital chamber (Figure 3.10 A).

These canprise large paired muscles which ariginate on the
anteriar tips of the two remnants of the 10th tergum posteriarly to the
darsal flexars of the rectum, and insert on the 8th tergum.

Dorsal protractars of the genital chamber (Figure 3.10 A).
These small paired muscles ariginate anteriorly on the

remnants of the 10th tergum but posteriarly to the elevatars of the
genital chamber, ard insert on the 8th tergum where it joins the
genital chamber.

Protractars of the anus (Figure 3,10 A).

Fach of these two muscles is very fine and they ariginate
close together on the genital chamber darsal to the anus. They then
pass obliquely to insert on the 8th tergum medially to the point where
the protractars of the genital chamber insert on it.

The muscles of the external genitalia amd anus of the male
C. zealandica ard other Scarabaeoidea are compared in Table 3.3.
Homologous muscles, ar those which are attached to the same sclerites
@ area of cuticular membrane in these scarabaeoids are shown opposite
each other in Table 3.3, whereas muscles which are probably homologous






62.

with ones in C. zealandica are imdicated by dowble hrackets. The
latter are either those whose positicons are not perfectly clear from
their desariptions but which appear to carrespord to the ones they are
tabulated with, ar else they have insertions close to the muscles they
possibly carespord to, amd they are therefare possibly derived from
them.

The names of the muscles as given by the ariginal authkes
have been retained in Table 3.3, Apart from Hieke (1966), who names
them accarding to their attachments, all the other authars use a
similar terminclogy to that followed in the present stuly. Differences
in the names given to homologous muscles by these authars can be
attributed to the terminolcgy of the phallic structwes which they used,
tc differences in the propartions of the phallic structwes, ard to the
fact that the exact points of attachment of homologous muscles can vary
in different insects. They can therefare occupy different positions
relative to other structures and consequently have different functions.

Rittershaus (1927) is the only authar who has listed any
homologous muscles in the Scarabaeidae. She notes that the following
muscles in the two rutelinids desaribed as "Die Protraktoren des Penis",
"Die Retraktaren des Median lobe", "Der Konstriktar des Rutenkanals",
ard "Die Retraktaren des Innes Sackes" carrespord to the muscles
desaribed by Straus-Durckheim (1828) in M, melolontha as imdicated in
Table 3.3. This is therefare in agreement with the conclusions
reached in the present study. Rittershaus (1927), however, does not
attenpt to homolcgise "Der paarige Attraktar der Ventral platte” amd
"Der zweite Muskel der Ventral platte" with any muscles in M. Melolontha
because this insect does not possess ventral plates in its tegmen. A
possible homclogy proposed here, is that both muscles in the
rutelinids carrespord with the ventral flexars of the parameres in
C. mealandica amd their homclogues in the other melolonthinids. This can
be explained if it is allowed that the single group of muscle filbres
which comprises each ventral flexor of the paramere has become split
into anterior ard posterior groups by the movement apart of their points
of attachment to the basal piece., This seems reasonable because the
points of attachments of the muscles can themselves be moved relative
to their homologues in other beetles. The converse to this, where two

muscle pairs fuse into a single pair may of course have occurred



Erratum 63.
The first sentence should read:

Nevertheless, the two pairs of muscles in the rutelinids, which

are possibly hanologous with the ventral flexors of the parameres ed as
in C.zealandica, are associated with the possession of ventral £ a
plates in the rutelinids, and this may represent same functional
refinement for the moving of their genitalia. .

As can be expected, Table 3.3 shows that the number of
muscles shared by any two of the beetles deperds on how closely related
they are. Considering firstly the intrinsic muscles; those of the 5
Scarabaeidae are the same except far the ventral muscles of the tegmen
dealt with above ard the muscles of the internal sac which in
A. majalis are different from the other Melolonthinae and Rutelinae.
This latter difference can be carrelated with the different mechanism
employed in A. magjalis far everting the internal sac amd this is
considered below under the section dealing with the mechanies of
copulation, The musculature of the internal sac of G. stercorosus is
also difficult to homologise with that of the Scarabaeidae, but other-
wise this geotrupid possesses the same intrinsic muscles and 6 @@ 7
additional pairs. It therefare shows a greater degree of difference
with the Scarabaeidae than the 5 representatives of this family do
between themselves., Two of the intrinsic muscles of G. stercorosus
the '"™. phallobascapademo-phallobasicus medialis" ard ™. phallobaso-
apodemo-phallcbasicus infer‘icr”, are possibly both homologous with the
ventral flexars of the parameres in C. zealandica, being perhaps
related through a similar intermediate farm as shown by the Rutelinae
with their two homologues.

Rittershaus (1927) describes only a single pair of extrinsic
muscles in the rutelinids, the "Protraktwen der Rutenkapsel". These
are, however, the only extrinsic muscles attached to the tegnen ard
they therefare represent both the "protractars of the tegmen" ard
"netractars of the tegmen" in C. zealandica, and their homologues. This
therefare adds suppart to the previous view that muscles can either
split o that two can combine. The muscles of the other Scarabaeoidea
are easily homologised with one exception: G. stercorosus possesses an
extra pair of muscles, the "M. phallo-rectalis”. The extrinsic muslces
are attached to the spicules which are considered to be derived from
part of the 9th sternum by Menees (1963) in A. majalie, or derived firom
the 9th segment ard not necessarily from its sternum alone by Hieke
(1966) and Lindroth and Palmen (1970), ard it is probably this shared
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deperding on which of these represents the maxc primitive state.
Nevertheless, the split ventral flexars of the parameres represented as
two pairs of muscles in the rutelinids may perhaps be the result of a
functional refinement associated with possession of ventral plates.

As can be expected, Table 3.3 shows that the number of
muscles shared by any two of the beetles deperds on how closely related
they are. Considering firstly the intrinsic muscles; those of the 5
Scarabaeidae are the same except far the ventral muscles of the tegmen
dealt with above ard the muscles of the internal sac which in
A. majalis are different from the other Melolonthinae amd Rutelinze.
This latter difference can be carelated with the different mechanism
employed in 4. majalis far everting the internal sac ard this is
considered below urder the section dealing with the mechanies of
copulation. The musculature of the internal sac of G. stercorosus is
also difficult to homologise with that of the Scarabaeidae, but other-
wise this geotrupid possesses the same intrinsic muscles ard 6 a 7
additional pairs. It therefare shows a greater degree of difference
with the Scarabaeidae than the 5 representatives of this family do
between themselves. Two of the intrinsic muscles of G. stercorosus
the M. phallobascapodemo-phallobasicus medialis" amd ™. phallobaso-
apodemo-phallobasicus infericx‘", are possibly both homologous with the
ventral flexars of the parameres in C. 2ealandica, being perhaps
related through a similar intermediate farm as shown by the Rutelinae
with their two homologues.

Rittershaus (1927) describes only a single pair of extrinsic
muscles in the rutelinids, the "Protraktwen der Rutenkapsel". These
are, however, the only extrinsic muscles attached to the tegmen and
they therefare represent both the "protractars of the tegmen" ard
"retractars of the tegmen" in C. zealandica, ard their homologues. This
therefare adds support to the previous view that muscles can either
split o that two can combine. The muscles of the other Scarabaeoidea
are easily homologised with one exception: G. stercorosus possesses an
extra pair of muscles, the '"M. phallo-rectalis". The extrinsic muslces
ape attached to the spicules which are considered to be derived from
pat of the 9th sternum by Menees (1963) in A. majalis, or derived from
the 9th segment aml not necessarily from its sternum alone by Hieke
(1966) ard Lindroth ard Palmén (1970), ard it is probably this shared
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@igin which i3 reflected in the similarity of the extrinsic muscles of
Scarabaeocidea.

The anal muscles of thelielolonthinids carrespord with each
other reasonably closely, the three insects shacing 5 ar possibly 6
pairs of muscles, ard 4. melolontha ard C. zealandica sharing a further
two pairs. These latter muscles are very small ard lie close to the
internal surface of the genital chamber sc that Menees (1963) may have
considered them to be part of the muscular layers which swrourd the
rectum. The Xutelinid G. stercorosus, however, again shows the
greatest difference between any of the Scarabaeoidea sharing only two
pairs of muscles in its anal region with those of the Scarabaeidae ard
having a further one which is difficult to homologise at all because of
the well developed 9th tergum of G. stercorosus.

The present investigation concerning the musculature of the
external genitalia of (. zealandica alds nothing towards what is already
known about the relationship between the phallic structures of male
Scarabaeidae amd the embryonic segmentation of their abdamens. The
most detailed publication relating to this is that of Menees (1963)
who studied the marpholegy, musculature, emryology, amd postembryonic
development of the phallic argans, genital chamber, ard spicules of
A. majalis. He concluded that the phallic argans and spicules are
entirely developed from the 9th sternum. Hieke (1966), ard Lindroth
ard Palmén (1970) also regard the spicules as being derived from the
9th segment but not necessarily from the 9th sternum alone. Howevar,
Lirdroth and Palmén (1970) note that, apart from the spicules, no
further elements belonging to abdominal segments seem to be incarparated
in the aedeagus of Coleoptera. Hieke (1966) fram his study of the
musculature of the aedeagus of G. stercorosus found that it was
impossible to tell from this alone what the relationship was between
the copulatary apparatus ard the 9th and 10th abdominal segments, and
the same conclusion also applies to the present study of C. zealandica,
Whether o not the arigin of the phallic structures in C. zealandica
differs fram those of 4. majalis could only be determined when a
comparable investigation to that of Menees (1963) is carried out, but
it seems reasonable, in the meantime, to follow Menees' (1963)
interpretations of them because both insects are Melolonthinae. The
extrinsic muscles which run between the spicules amd the 8th segment



can therefare be considered as derivatives of the 8th an! 9th inter-
segmental muscles while the other extrinsic muscles, together with the

intrinsic muscles, can be considered as derived from the 9th sternal
muscles.

The internal reproductive argans of the female

The internal reprcductive argans of the female €. zealandica
have not been previocusly desaribed although they are figured by
Fenemare (1971). They have, however, been described far a number of
other Scarcbaecidea: Williams (1945) reported their marphology in
Pinotus carolinus (L.), Bolbocerosoma farctum (Falxr.), Eucanthus
lazarus (Falxr.), Phyllophaga sp., Popillia japonica Newman , Ligyrus
gtbbosus (De G.), Dynastes tityus (L.), Cotinus nitida L. , and
Popiliue disjunctus (Illig.). Other detailed desariptions include those
of Melolontha melolontha L. by Straus-Dirckheim (1828); Aphodius
fimetarius L. by Stein (1847); Phyllopertha horticola L. ard Anomala
aenea Geer by Rittershaus (1927)%y Scarabacus sacer L. arnl Scarabaeus
semipunctatas Fabr. by Heymons (1930); Halioeapris gigas Falr. by
Dattar Gupta ard Kumar (1963)3 Amphimallon majalis(Razomowski by
Menees (1963)} ard Phyllophaga anxia (Le Cornte) Ly Berberet ard Helms
(1972). Same histology is also available far 5. sacer ard
S. semipunctatus (Heymons, 1930), H. gigas (Dattar Gupta amd Kumar,
1963), ard 4, majalis (Menees, 1963), while Rittershaus (1927) gives
goad histological descriptions fa P. horticola ard 4. aenea.

The intermal repraductive argans of the famale C. zealandica
consist of paired ovaries amd lateral oviducts, a median oviduct,
vagina, bursa copulatrix, spermatheca, spermathecal glard, ard two pairs
of accessary glamds (Figuwe 3.11).

The ovaries

The ovaries each consist of 6 telotrophic ovarioles which
are translucent white in colow far most of their length. However,
within each ovariole a series of oocytes can be seen which increase in
diameter posteriarly aid becane progressively whiter amd mare opajue as
they mature.

Each ovariole canprises a terminal filament, germar ium,
vitellapium, ard pedicel. Each terminal filament fuses with those of
the other 5 ovarioles to fam a camwion teminal filament far the



66.



Figwe 3,11

The internal repraductive argans
of the female C. zealandtca

Upper Vertral view of the entire argans with terminal
filaments of the ovaries separatel fram each other.

Lower Detail of spermatheca ard spermathecal glard.
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ovay. This runs darsally ard melially within the abdamen ard it
eventually joins with the ermd of the other termimal filamert fram the
opposite ovary in a small dilation., The terminal filaments therefare
farm a thin transverse bamd of tissue through the abdanen which runs
ove the rectum ard is apparently attached only to the ovaries ard
tracheae. Posteriarly, the terminal filamert of each ovariole increases
gradually in width ard joins the geemarium at a slight swelling. This
junction is, however, best distinguished histologically. The
vitellariun follows the germarium ard farms the largest part of the
ovariocle. As alrexly noted oocytes can be seen within it which increase
in size as they move down it, but its antecicr end cannct be easily
distinguished fram the germarium except far a slight constriction ard
usually 2 to 4 small oocytes can be seen which are followed by one ar
two very much larger proximal ones. The pedicel connects the ovaricle
to the calyx of a lateral oviduct ard it either farms a shart
constricted tube behird the last oocyte @ else it becanes disterded
with mature ova if the lateral oviducts are also filled., Finally, the
& ovarioles of each ovary are cften enclosed within a thin common
connective tissue sheath, but this sametimes ruptures so that the
ovariocles lie free within the abdanen except far their connections with
the terminal filamernts ard pedicels,

The ovaries vary considerably in size deperding on the degree
of development of the oucytes. When these are all immature the ovaries
occupy vertral positions within the 5th to 7th abdominal segments, amd
each ovariole together with its terminal filament can be as small as
2.7mn long ard 0.3mn in maximun width (Table 3.4). A single ovary can,
however, contain 12 ar mare mature ova, ard then it occuples most of the
verntral and lateral space within the abdamen between sepgments 2 ard 7,
with each ovaricle ard its terminal filament reaching up to 4%.7ma in
length ard 1.3mu in width (Table 3.4).

A full histological investigation of the ovaries was not
attenpted in this investigation but the following cbservations were male:
the terminal filament of each ovariole consists of a central care
swrrourdel by a connective tissue sheath. The care is rounded in cross-
section and has a diameter of 6 to 7u far most of its length except
where it expards to 12 to 15 near the germarium. It consists of a
strard of eosinophilic cytoplasm with a distinct cuter cell memhrane,
ard a certral row of round closely packed muclei 3 to Sp in diameter.



TABLE 3.4

Dimension of the female internal reproductive argans of Coatelytra zealandia

taken from ten specimens.,
All measurements in mm.

MEAN SeDe RANGE
maximum minimun
Ovariole and terminal filement length 3.387 0.609 4,67 - 2,67
max. width 0.603 0.295 1.33 - 0,33
Lateral oviduct length 0.780 0.209 1,13 - 0.u7
Median oviduct length 1.847 0.388 2,47 - 1.33
max. width 0.370 0.028 O.40 - 0.33
Bursa copulatrix length 2,353 0.495 3.20 - 1.60
Duct of spermatheca length 0.717 0.069 0.83 - 0.60
max. width 0.165 0.021 0.20 - 0.13
Spermatheca length 0.637 0.030 0.77 - 0.50
max, ‘*]idth Ocu’27 00056 0053 - 0037
Duct of spermathecal glard length 0.590 0.089 O.43 - 0,70
max. width 0.123 0.027 0.17 - 0,10
Spermathecal glamd length 0.910 0. 146 1.23 - 0.70
Median accessary glard max.d iameter 0. 600 0.085 0.77 - 0,50
Lateral accessary gland max.diameter | 0.287 | 0.059 0,40 = 0,20

*89
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However, no basement menlrane @ intercellula walls are visible.

The counnective tissue sheath which encloses the terminal
filament is contimicus with the cuter sheath of the ovariole, ard both
have the same structure. It consists of a thin layer of comnective
tissue with occasional nuclei ard tracheae, closely applial to it, amd
an outer reticulum of widely spacel muscle filres which are predominantly
@rientated circularly. This sheath also farms a transverse septua
between the terminal filament ard the ygermarium, completely separating
then. In addition, the & terminal filaments of an ovary are also
enclosel within the camacn connective tissue sheath of the ovary which
has the same structwe as the cuter sheath arourd each ovariole. It
constricts past the emds of the germaria so that it gathers the
terminal filaments of the ovaricles together into a campact burdle
forming the cammon terminal filament of the ovary,

The germarium is a dense mass of cells approximately 800 tc
950p lerng by 100 te 150p in diameter which tapers ard rowds off
anteriarly, ard constricts slightly before joining the vitellarium
posteriorly. Histologically it is divided into distinct anterice amd
posteriar regicns both of which are enclosed within an outer basemernt
membrane approximately 0.5p in thickness amd an outer connective tissue
sheath around the ovariole.

The anteriar region is 700 to 850p long ard constitutes the
largest part of the germarium. Histologically, it has a fairly unifwuem
structure, being cccupied largely by trophic cells, with cccasivmal
irnterstitial cells between them. The trophic cells are mostly packed
closely together so that their walls appear octagomal in section, but
posteriarly ard towards the cermtre of the anterior region they became
mare loosely packed ard scmewhat rourded even though they do ot becane
entirely separate fram each other. The ruclei of these trophic cells
are rourd o slightly oval, have diameters of 6 to 82, ard have
praninent mucleoli. They also cccupy mest of the cells except fwr
thin outer regions of slightly basophilic cytoplasm. At the extreme
apical tip of the germarium, 4 tc 6 cells are also fourd which are
similar to trophic cells except that their nuclei stain much deeper.
Possibly these are trophic cells in early prophase but apart from this,
no mitotic activity was seen in the trophic cells in any cf the ovaricles
exaninel duwring this stuly. The interstitial cells of the anteriar
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region have oval ar distarted nuclei with diameters of 2 to 3p, ard they
stain deeper than the trophic nuclei. The cytoplasm of these cells

also stains less deeply basophilic than that of the trophic cells,

The imterstitial cells ocowr most frequently next to the basement
memlrane, ard it 1s possible that here there is a very thin epithelium
bt the cell bourdaries cannot be followed.

The posteriar region of the germarium is only 50 to 1004
in length (Figure 3.12), ard the histological change between it aml the
arnteriar region is quite alrupt., Large rumbers of prefollicular cells
appear amongst the interstitial cells acowd the periphery of the
posteriar region. These mrefollicular cells resemble intecstitial cells
except that their nuclei are larger ard have diameters of 5 to 9p. In
addition, the prefollicular cells move irmards posteriarly towards the
cemtre of the germarium until they almost completely pack its postariar
erd. They also becane progressively flattened in the transverse plane
of the argan. The central partion anteciar to this consists largely of
loosely packed cytoplasm, a confusion of cell memlranes, amd a
relatively large number of interstitial muclel campared with the artericr
region. Amongst this are scattered cells resembling trophic cells
except that their muclel are less densely staining, together with young
cocytes which have very irregular shapes, dense basophilic cytoplasm,
ard larger nuclei. These muclel evermtually enlarge into germinal
vesicles cortaining globules of eosinophilic material as the cocytes
grow, ard the cocyte cytoplasm becames densely packed with basophilic
granules. When the oocytes reach 14 to 194 in diameter they also
acquire a nutritive card which connects them with the trophic tissue.
This appears as an anteriar extension of the oocyte which is % to 7u in
width near the oocyte but it tapers, becanes less densely staining, amd
harder to follow until it disappears after 10 to 1lSu. As the oocytes
contimue to grow, they pass down imte the vitellarium where they becume
swrourded by a single layer of follicular cells, but they retain their
rutritive card connection with the vitellarium for some time.

The vitellarium is bowrded by an outer basemernt menhrane
continucus with that of the germarium, ard it is also enclosed within
the outer connective tissue sheath of the ovariole. A very thin
epithelial layer of exiremely flattened cells robably rests on the
imner swface of the basement membrane but it is not visible at the
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magnification available. It is, however, irdicated by cccasional small
maclel which lie against the basenent membrane. The follicular
epithelium lies within this amd farms a single layer of cells arourd
the cocytes ard solid imterfollicular plugs between each of them.

As the cocytes pass irnto the vitellarium they rourd off amd
grow in size. They also lose their rutritive cards when they attain a
diameter sanewhere between 100 ard 200n. The nutritive cards resenble
those of young oocytes in the germarium except that they are much
lornger ard usually only 3 to bp thick. They are also extremely
difficult to fcllow after 10 to 20p because their cytoplasm stains
progressively less intensely umtil it resembles that of the follicular
cells. The furthest a mutritive card was followed in the present stuly
was about 80p, and this ariginated fram an oocyte 35 to 50u in
diameter which was just passing into the vitellarium. Once the
nutritive card is lost the cytoplasm of the oocyte retains its unifarmly
basophilic ard densely grarular appedrance until it reaches approximately
250p in diameter. An eosinophilic layer then appears next to the
follicular epithelium ard eosinophilic globules, apmroximately 1 to
10p in diameter, subsequerntly farm throughout the cytoplasm. The
germinal vesicle also migrates towaxrds the periphery of the oocyte
halfway along ard eventually the eosinophilic globules pack the
cytoplasm by the time the charion is being secreted

The follicular epithelium varies in appearance with the size
of the cocytes it encloses. Arourd ococytes 50 to 80p in diameter it
is camposed of columnar cells 10 to lip in height with oval muclei
approximately 7u long by 5y in diameter which are perperdicular to the
ovun. Sane follicle cells also divide arourd small oocytes but cell
division ceases as the cocytes grow. The follicle cells also flatten
out while their nuclei enlarge until by the stage when the charion is
being sereted the follicle cells are flattened to about 5p in height
ard they are almost campletely filled by their nuclei which are
approximately Uy high armd 12 to 151 indiameter. In the interfollicular
plugs the follicle cells are frejuently elongated o distarted but in
all other respects they are idemtical to those arowd ova. The cells
in the centre of a plug may also have less densely staining cytoplasm
arcurd ruclei than elsewhere,
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The follicular epithelium alsco farms an ovariole plug behird
the proximal follicle. The structure of this varies, however, deperding
on whether o not any ovulation has occurred. In ovarioles fram which
eggs have not been liberated the follicular epitheliun farms a single
layer of cells arourd the last ovum. The epithelial lining of the
pedicel also follows this irward ard joins the basement memibrane of the
vitellarium leaving a small area about 30p in diameter where the
follicle cells are apparently open to the lumen of the pedicel. In
ovaricles which have ovulated aml which have nearly mature ova in their
last follicles, the follicular epithelium forms a solid plug of tissue
approximately 25p long by 30p in diameter. This has the same appearance
as an imnterfollicular plug except that it joins the infolded pedicel
epithelium posteriarly. Most of the follicle cells therefare degenerate
arnd becane resarbed after ovulation, but the carpus luteun was ot
investigated during the present stuly.

The pelicel farms a tubular extension of the calyx of a
lateral oviduct ard its histological structure is idemtical to that of the
lateral oviducts described below,

The only investigatic;ns by other authars which have any
bearing on the ovaries C. sealandica ave those relating to egg
raduction: Fenemare (1971) fourd that out of a total of 153 virgin
insects kept in the labaratary none laid eggs although small numbers of
fully developed eggs were fourd in the reproductive systems of 22 of
them. The development of fully formed eggs proceeded mare rapidly after
mating but the highest mean number fourd in three groups of beetles
collected from different localities was 6.9, ard the maximun number
within any one female was 25. In aldition, the maximum mean number of
eggs laid by mated beetles after 30 days was 10.0, ard the highest
nurber laid by a single individual was 24. However, Kain in a
personal communication (Radcliffe ard Payne, 1969) reparted that
C. zealandica could lay between 4 ard 3Z eggs during the first ovi-
position, ard 2 to 16 dwing the secord. Fenemare (1971) also fourd
that females contained an average of between 8.1 ard 25.6 fully farmed
eggs without outer envelopes in the ovaries with a maximum number in
any one female of 42. This suggests that the ovarioles generally

contain 1 a 2 large ova although on occasion they can contain 4 a

mre.
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| The ovaries of (. zealandica show no unusual features when
compared with other Scarabaeocidea. Accarding to Robertson (1861) the
ovaries of most Scarabaeoidea including the Melolonthinae are composed
of & ovarioles, the exceptions being the Bolbocertini (Geotrupidae)
with only 1 @ 2 ovarioles, the Passalidae with 2, the Trogidae ard
Hoplini with 5, the Rutelinae with 5 ar 6, 4. fimetarius (Aphodiinae)
with 7, armd the Lucanidae with 12. In addition Heymons (1929, 1930)
notes that the Scarabaeini are exceptional in having only a single ovary
consisting of one ovariole.

In Scarabaeidae, the ovaries show minar variations in the
points of attachment of the terminal filaments aml the presence ar
absence of an outer connective tissue sheath of the ovary. The terminal
filaments in P. gnxia as desaribed by Berberet ard Helms (1972)
appear to resemble those desaribed above in C. zealandica. They loop
dorsally over the midgut, to join together ard no mention of any other
attachment is made, This contrasts with the terminal filaments of
A. majalie which are attached medially to the venter of the 2rd
abdominal tergum (Menees, 1963). No mention is also male by other
authars of an outer comnective tissue sheath enclosing each ovary as is
frequently present in C. zealandioa, although each ovary of P. anxia
develops within an outer connective tissue sheath in the larvae but the
sheath is later lost before the adult emerges (Berberet and Helms,
1972).

Histologically the ovarioles of C. zealandica are similar to
those of other Coleoptera-Polyphaga as reparted by Schlottman and
Bonhag (1956) except that the nurse cells do not consist of elongated
cysts of polynucleated masses. The nutritive cards of Scarabaeoidea,
however, are either difficult to observe ar else do not occur. Those in
C. zealandica appear to be similar to those in Passalus cormutus Fabr. as
reported by Frause(1346).-In this passalid they are anly found with smaller
developing oocytes, and they cannot be followed very far into the
germarium, Similar nutritive cards are also repcr'ted to occur in
P. horticola ard A. aenea by Rittershaus (1927). In contrast Dattar
Gupta amd Kumar (1963) make no mention of nutritive cards in H. gigas,
ard Berberet ard Helms (1972) state that there are none in P, anxia
although the trophic cells still remain in the germarium.
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Figure 3.12

longitulinal section through an ovariole
where the posterior region of the germarium
joins the anteriar ernd of the vitellarium.

erratwn: "Gaint nucleus" should read
"Trophic nucleus"
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The lateral oviducts

The lateral oviducts in C. zealandiea farm two short flattened
ducts which are translucent white ard run from the ovaries medially amd
obliquely posteriarly to the median oviduct. Each forms a wide calyx
where the ovarioles join, whereas it usually narrows before reaching the
median oviduct (Figure 3.11). The entire argan can, however, be very
disterded by mature ova which are stared in it mriar to oviposition so
that it is very variable in size. Its length ranges from 0.5 to 1.dmm
ard its width firom 0.3 to 0.6mm (Table 3.4).

The lateral oviducts are histologically identical to the
pedicels of the ovarioles, ard all have a unifarm structure. They are
lined by an epithelium of cuboidal to flattened cells which vary between
3 ard 8p in height (Figure 3.13 A). These cells rest on an outer
basement membrane, have imdistinet intercellular memtranes, ard smooth
apical walls.

Their cytoplasm is gramular ard lightly bascphilic, ard their
nuclei are oval with maximun diameters of up to about 10p. The
epithelium is also folded in a predaminantly longitudinal direction
with the walls of each fold being closely compressed so that the
basement memhrane comes into contact with itself in the centre of the
fold. Within the lumen of the lateral oviducts ard ovariole pedicels,
there is a large quantity of secretion which appears in sections as a
strongly eosinophilic homogenous cr campact finely granular mass which
encloses occasional large non-staining spaces (Figure 3.1% A). This
secretion probably ariginates from the epithelial cells of the lateral
oviducts arnd pedicels although they show no obvious signs of secretary
activity such as vacuoles or hrush barders.

The epithelium of the lateral oviducts is surouxed by two
layers of muscle filres. The outer circular layer is continuous with
the outer sheath of the ovary, ard when this occasionally ruptures it
becames retracted along the lateral oviduct so that it no longer
encloses the upper part. The inner muscle layer is often up to tlree
o fow muscle filres in thickness ard these are arientated far the most
part longitudinally.

The lateral oviducts of C. sealandica are histologically
similar to those of other Scarabaeidae. Rittershaus (1927) reparts that
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Figuwre 3.13

Histology of the female internal .
remroductive argans of C. zealandica

longitulinal section of the calyx of a lateral oviduct

transverse section of posteriar region of the median
oviduct near its anteriar erd

transverse section through the anteriar of the bursa
copulatrix

transverse section of the duct of the bursa copulatrix

transverse section of a lateral accessary glamd
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A.

Figure 3.14

Histological micr‘ogpaph_of female
C. zealandica reproductive argans

(All haematoxylin ard eosin)

A section through the lower part of the reproductive argans at low
magnification. Part of the two ovaries, the calyxes and lateral
oviducts, ard upper region of the median oviduct are visible in
longituwdiinal to oblique section, while the lower region of the median
oviduct, a median ard a lateral accessary glard, the duct of the
bursa copulatrix, arnd the spermathecal duct appear in transverse
section. In aldition, this section also passes through the edge of
the spermathecal gland but not through i1ts lumen. The spermathecal
gland is shown at higher magnification in Figwre 3.18, whilst the
accessary glands, median oviduct, ard the ducts of the burse copula-

trix ard spermatheca are also shown in Figure 3.15.

Longitudinal section through the spermatheca ard part of its duct
showing the compressar muscle ard the spermatozoa arranged with their
heads pointing towards the centre of the lumen ard their tails towards
the walls of the argan. The layer of cells which covers the convex
surface of the spermatheca is also visible between the black arrows.
Also apparent in this field are oblique sections through the junction
between upper and lower regions of the median oviduct, part of the
wall of the bursa copulatrix, ard a part of a spermatophare.
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the lateral oviduct or "Eileiter" of P. horticola ard A. aemea is
composed of a folded epithelium of flattened cells which are elongated
longitudinally, have smooth apical surfaces, and characteristically the
amount of cytoplasm in them is smaller than the volume of their nuclei.
In this latter repart, however, the lateral oviducts of these rutelinids
differ from those of ¢, zealandica, which have cells containing two to
three times as much cytoplasm as nucleus. In P. anxia, Berberet ard
Helms (1972) noted that the epithelium is highly folded ard composed of
cuboidal cells. It also has a wery similar appearance in section to
that of C. zealandica (Figue H4; Berberet arnd Helms, 1972).

The muscle layers which suwrouxd the lateral oviducts in
different Scarabaeidae appear to be quite variable, Rittershaus (1927)
describes well developed inner circular ard outer longitulinal muscle
layers in P, horticola, ard A. aenea; Dattar Gupta ard Kumar (1963)
repart an inner longitudinal, middle circular, and outer longitulinal
layers in H. gigas; amd Berberet and Helms (1972) note only a layer of
circular muscles in P. anxra.

The median oviduct

The median oviduct runs ventrally from the union of the
lateral oviducts in the 7th segment to the vagina in the 8th segment.
It terds to be mae rourded in cross-section than the lateral oviducts
ard its internal walls are folded longitwdinally. In addition, it is a
deeper white than the lateral oviducts far most of its length except
far the middle region which is a light brown. The length of the median
oviduct averages 1.85mm ard its width varies between 0.33 to 0.40mm
(Table 3.4).

Histologically, the median oviduct consists of two distinct
regions, the first of which occupies the anteriar third ar so of the
argan, This is lined with an epithelium which is compactly folded
longitudinally so that it occludes the lumen (Figures 3.14 A, B). No
cuticular lining is present here, ard the epithelial cells are cuboidal,
have heights of 20 to 30p, rest on a thin basement membrane, have
imdistinct intercellular walls, ard have smooth apical surfaces
(Figure 3.13 B). They contain a slightly basophilic cytoplasm
which is granular amd concentrated in the basal half to third of the
cells whilst their apical regions are packed with large Lrregular spaces
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containing a non-staining clear material. The nuclei a@e rourded to
oval with maximum diameters of 7 to 8u amd they are also basal. This
epithelium is surrounded by two layers of muscles amteriorly, which are
continuous with those arourd the lateral oviducts ard consist of an
inner longitudinal layer ard an outer circular layer. Posteriarly,
however, these muscle layers merge into a complex thick reticulum of
muscle fibres which run predominantly circularly amd act as a sphincter
to regulate the passage of mature ova ard searetion down the median
oviduct.

The posteriar two thirds of the median oviduct is lined with
an epithelium which is loosely folded longitudinally to give a complex
aumpled aross-sectional pattern, ard the lumen of the duct is not
occlded (Figures 3.14 A, 3.15 A), The epithelial cells secrete a
cuticular intima approximately 1lp thick, rest on a basement memtrane
which is often difficult to distinguish because of the folding, ard have
indistinct intercellular membranes. Their cytoplasm is eosinophilic
ard occupies approximately the same volume in each cell as the nucleus,
which is flattened and has a maximum diameter of up to 10p. Two well
developed layers of muscle surrourd the epithelium; the imner is
longitudinal and reaches 60u in thickness in places whilst the outer is
circular amd has a maximum thickness of about 50p. Scattered
longitudinal muscle fibres also run between the circular muscles ard
give the appearance of a widely spaced longitudinal layer outside the
circular layer, while other muscle filres branch off to the bursa
copulatrix and spermathecal duct.

The histology of the median oviduct of Scarabaeidae appears to
be variable although the only other detailed descriptions arc those far
P. horticola ard A. aenea by Rittershaus (1927). She reparts that their
median oviduct ar "Eiergang" consists of two regions both of which have
a longitudinally folded epithelial lining ard a chitinous intima. The
relatively large cells in the anteriar region also have large rourded
nuclei but they secrete a thin intima. This is produced into numerous
fine hairs which project posteriarly in 4. aenea, whereas these hairs
are scarce in P. horticolc. In contrast to this the intima of the
posteriar region is smooth armd becomes thicker posteriorly while the
cells which secrete it are pocr in cytoplasm and have small flattened
nuclei. The entire median oviduct is surrowded by a thick layer of
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Figure 3.195

Histological photamicrographs of the tenale
C. zealandica internal repraductlive acgans,

A, Transverse section through the posteria region of the median
oviduct ard the duct of the bursa copulatrix anteriar to the
junction or the spermathecal duct. Note the muscle filres
running between the melian oviduct ard duct of the bursa
copulatrix, ard the fat body surrourding tracheae.

(Haematoxylin amd eosin)

B. Transverse section through a lateral accessary glard amd
medial accessary gland, showing the deeply staining intima
of the lateral glard, amd the lristles ard bacteria in
both glamis.

(Mallarys triple connective tissue stain amd fast green)
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circular ard obligue muscle fibres sandwiched between inner ard outer
layers of imdividual longitudinal muscle filres which also increase in
number posteriarly. The anteriar regions of the median oviducts of
these rutelinids therefare differ considerably from the anteriar region
in C. zealandica, but the posteriar regions are remarkably similar.

The median oviduct of P. anxia also appears to differ from
that of C. zealandica. Accarding to Berberet and Helms (1972) it is
"composed of a highly folded layer of cuboidal epithelial cells which
is invested by a layer of circular muscles". It is also lined with a
chitinous intima which increases in thickness posteriarly. Presumably
the entire duct is therefare lined with cuticle in comtrast to that of
C. zealandica.

The only other infarmation concerning the median oviduct of
Scarabaeidae is a desaription of the muscles which surroud it in
H, gigas by Dattar Gupta ard Kunar (1963). These authors report that
they consist of inner longitudinal, middle circular, and outer
longitudinal layers which therefare show some similarity to those
arourd the median oviduct of the rutelinids descaribed by Rittershaus
(1927). These muscle layers in H. gigaes and the rutelinids are
therefore similar in some respects to those in C. zealandica except
that the outer longitwdinal filres are very widely spaced in (. zealandica
ard appear to be part of the circular muscle layer.

The vagina

The vagina farms a terminal sac-like dilation of the
repraductive tract which lies close to the 7th ard 8th sterna am is
samewhat flattened anterio-posteriarly (Figures 3.11, 3.20). It opens
posteriarly between the styli into the genital chamber and its lateral
edges are strengthened by hemisternites as desaribed in the following
section dealing with the external genitalia of the female. In addition,
the vagina is joined amteriorly by the bursa copulatrix, anterio-
ventrally by the median oviduct, and latero-ventrally by the two pairs
of accessary glands.

Except far the hemisternites ard styli, the vagina is lined
with unsclerotised cuticle which varies fram 2 to 20u in thickness,
being thinnest laterally ard thickest darsally. This cuticle is also
distinctly layered. The epithelium which secretes it is identical to



that which farms the median oviduct, consisting of flattened cells,
resting on a basement memrane, with no visible intercellular membranes,
relatively little eosinophilic cytoplasm, ard oval to flattened nuclei
with maximum diameters of 6 to gn. The various nuscles which overlie
the epitheliun are described in the section on the muscles of the
external genitalia of the female,

In other Scarabaeidae the histology of the vagina is
generally similar to that in ¢, szealandica. Berberet ard Helms (1872)
term the vagina the "genital chamber" in P. anxia and describe it as
being "a large cavity with walls that are camposed of a thick muscularis
primarily of circular muscles which invest the epithelium amd vary
thick intima. Rittershaus (1927) also reparts that in P, horticola
ard A. aenea 1t has a very thick smooth intima amd strongly developed
muscles. The vaginas of these rutelinids, however, possess reamarkable
unicellular glards with canals that penetrate the intima. These are
particularly numerous between the "Vaginalpalpen", but there is no
evidence at all of similar glaxds in C. zealandica.

The bursa copulatria and spermatophore

The bursa copulatrix is an elongate sac which narrows
posteriarly imto a duct with internal walls folded in a longitudinal
direction (Figwe 3.11). This duct leads to the vagina immediately
darsal to its junction with the median oviduct. The colowr amd size of
the bursa copulatrix deperds on whether it contains a spermatophare ar
not. When empty it is translucent white, somewhat flattened, ard as
small as 1l.6mm in total length ard O.37mn in maximum width, but when it
contains a freshly deposited spermatophare it is dense white ard its
distal region becomes disterded, reaching a maximum total length of
3.2mm arnd a diameter of 0.60mm (Table 3.4). The spermatophare, however,
gradually changes colow ard shrinks: after one to two days it starts
shrivelling and turning slightly yellow or brown, ard evemtually it
becames a small hard lemticular ar thimble-shaped mass which 1s a deep
yellow-hrown ard occupies the extreme distal erd of the bursa copulatrix.
Additional spermatophares are also frequently deposited proximally to
the older ones so that the bursa copulatrix may have a variety of
colours between white and deep yellow~brawm.
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The distal region of the bursa copulatrix is lined with an
epithelium which is thrown into camplex folds when there is only a small
amunt of spermatophare material within the argan. The epithelial cells
are flattened with heights of between 1 and 7y, they rest on a thin
basement memlrane, have irdistinct inmtercellular membranes, ard secrete
a cuticular lining of 0.5 to 1lp thick (Figures 3.13 C, 3.14% B). Their
nuclei are oval to flattened amd reach a maximum diameter of about 1Op
ard they have relatively little eosinophilic cytoplasm. Two layers of
muscle swrourd the epithelium armd these are arranged in inner longitudinal
and outer circular layers, but they become progressively oblique anteriarly
although the muscle filres in the two layers always aross at an angle.

The proximal region of the bursa copulatrix, which farms the
duct to the vagina, is lined with an epithelium which is thrown imto
about 10 large longitudinal folds (Figwes 3.13 A, 3.15 A). Darsally ard
laterally this epithelium is composed of columnar cells which vary in
height from 15 to over 22p (Figure 3.13 D). They rest on a thin outer
basement memlxrane amnd secrete a cuticular intima which is approximately
2p thick along most of the duct but becomes thinner anmteriarly amd thicker
posteriorly. The cytoplasm of these cells is eosinophilic ard stains
mainly in long strards which run vertically to the inmtima ard are easily
confused with the intercellular memixanes. Also, the nuclei are rouwded
ar slightly oval, have diameters of § to 8u ard lie close to the basal
walls of the cells. In contrast the epithelium along the vemntral side of
the proximal region of the bursa copulatrix is histologically identical to
that lining the distal region, being composed of flattened cells, 1 to 5p
thick with small amounts of eosinophilic cytoplasm amd oval to flattened
nuclei.

The entire proximal region of the bursa copulatrix is, however,
surrourded by two muscle layers which became thinner ventrally. They
consist of an inner layer of longitudinal muscle which reaches up to 50u
in thickness ard an outer circular layer up to 30u thick. Obligue muscle
filres are also scattered irregularly through both these layers, amd
verrtrally some muscle fibres also branch from both layers to join the
median oviduct ar spermathecal duct.

As already noted, the size ard consistency of the spermatophare
depends on the lengEh of time it has been in the bursa copulatrix., When
newly farmed it is a soft white mass which adopts the shape of the
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available space within the bursa copulatrix, but it gradually shrinks,
hardens, ard changes colowr to yellow or brown. In histological section a
freshly made spermatophore consists of a non-staining grourd substance
within which are susperded small irregular eosinophilic granules ard
sparmatozoa. Both are mare ar less scattered evenly throughout the
spermatophore except near the bourdaries of large swirls of groumrd
substance amd here they become mare concentrated. Most of the spermatozoa
are also separate but occasionally burdles of them are visible near the
edges of swirls. Spermatozoa which have turned yellow ar brown have no
eosinophilic material within them. In sections they consist of numerous
large globules of clear material bowded by a material which stains

grey in haematoxylin amd eosin, amd which has clusters of small deeply
staining basophilic bodies susperded within it.

In Scarabacoidea a sac-like bursa copulatrix similar to that in
C. zealandica is commonly present, although Williams (1345) notes that
one is not fourd in P, carol<nus, E, lazarus ard possibly B. farctum.
Rittershaus (1927) also reparts that two additional small sac-like
structuwres, ar "Ausstulpungen'", arise fram the base of the bursa
copulatrix of 4. aenea.

Histologically, the bursa copulatrix of C. zealandica closely
resembles those of P. forticola ard 4. aenea as reparted by Rittershaus
(1927). However, she divides them each into three regions but the
mroximal one nearest the vagina has the same histological structwre as the
vagina ard is therefore an extension of i1t. This proximal region is
followed by a thick duct ar neck piece which leals into a distal sac.
Both have distensible, highly folded walls consisting of secretary
epithelial cells with lightly staining cytoplasm ard large chramatin
poa nuclei. The intima is thin in the distal sac but becames thicker
in the duct where it also has widely spaced bristles pointing towards
the vagina. The duct 1s swrourded by both longitudinal ard circular
muscle filres, the circular ones being especially numerous, amd both
decrease to a thin layer aroumd the sac-like distal region. The paired
evaginations ar "Ausstulpungen" of 4. aemea have walls which are folded
proximally and become progressively smoother distally where the
epithelium is secretary. These organs are lined with a thick intima ard
nunerous hristles which become shorter and sparser nearer the bursa
copulatrix, and it is surrourded by a thick layer of muscle.
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Berberet amd Helms (1972) note only that the bursa copulatrix
of P. anala is a dorsal invagination of the vagina which has a thinner
"muscularis" and intima than the vagina. Accarding to Heymons (1930),
the bursa copulatrix of S. sacer ard S. semipuncvatus is reduced to a
shallow bag with folded walls. Two of these folds which are lateral
shield a ventral farked groove which leads to the mouth of the
spermathecal duct ("Canalis copulatrix") ard possibly also serve as
ancharing points far the male's tegmen during copulation. These folds
are possibly hamologous with those in the duct of the bursa copulatrix
of €. zed andica but in this insect they do not came into contact with
the tegmen duwring copulation.

The spermatophares of Scarabaeidae are generally similar to
that i1n C. zealandica with the exception that in S. semipunctatus
accarding to Heymon (1930) the spermatophore forms a long brownish
tubular structure which lies coiled up within other fluid searetions of
the male organs in the bursa copulatrix of the female,

The histological appearance of the spermatophare of C. zealandica
closely resembles that of M. melolontha as reparted by Larda (1960).
Accoarding to this author it originates by the simple mixing of the
contents of the "genital duct" ard three components from the accessary
glards of the male. These eventually become differentiated into
islards of hyaline ard granular substance. At this stage the spermatozoa
separate from their burdles ard become active until they have metabolised
all the hyaline substance about 24 hours later.

Fenemare (1971) is the only authar who has published any
infarmation on the bursa copulatrix of C. zeglandica. He reparted
similar colour changes 1n the spermatophare to those desaribed in the
mresent investigation ard observed distension of the bursa copulatrix
following copulation and slow shrinkage afterwards. However, he noted
that in "most instances the bursa never returned to its farmer virgin
size even up to 20 - 30 days after mating ... but in some irdividuals
it did return to a cordition indistinguishable from that of unmated
females by that age". This suggests that some digestion and absarbtion
of the spermatophare takes place very slowly. In this respect it is
interesting to note that Lamda (1960) reparted that the spermatophare of
M. melo lontha is digested within 5 days of copulation. The epithelium
of the bursa copulatrix of both these melolonthinids must therefare be
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seretary ard absarptive, ard there must also be pares through the
intima to allow the passage of liquids through it. It is also likely
that the spermatophores of these insects are composed of materials
which have a high nutritive value since Anderson (1950b) reported
that the accessary glards of the male P, japonica produce lipid,

a mucus, and a mucus~like protein-polysaccharide, so that their
digestion ard absarption may provide an important source of nutrients
far the female during the production of eggs. A similar function has
also been attributed to the spermatozoa and semunal fluid received by
female insects that are fertilised by heemocoelic insemination (Hintan,
1963).

The spermatheca and spermatihecal glaiul

The spermatheca and its glarnd lie between ard slightly to the
left of the bursa copulatrix and median oviduct, with the glard anteriap
to the spermatheca. Muscle filres fram the bursa copulatrix amd median
oviduct ard tracheae hold the posteriar erd of the spermathecal duct in
position, but the other parts of these argans are held in place by
tracheae only.

The spermatheca is a transparent elongated sac which is filled
after copulation with an opague white fluid containing spermatozoa
(Figwe 3.11). Two prominent muscles lie on either side of it ard
stretch from one emd to the other berding it into a C-shaped curve.
These probably form a punp far sucking up spermatozoa or expelling them
from the spermatheca. One erd of the spermatheca is also joined by a
transparent duct which leads to the darsal surface of the duct of the
bursa copulatrix near the vagina. This sparmathecal duct is filled with
an opaque white fluid like that in the spermatheca. It is also twisted
once ar twice almost into a helix close to the spermatheca but it runs
mre ar less straight far the remaimder of its length. The total length
of the spermatheca averages O.64mm, whilst its maximum width, including
the muscles, averages O0.43mm, ard the spermathecal duct averages 0.72mm
in length ard 0.17mn in diameter (Table 3.4).

The spermathecal gland 1s an elongate campletely transparent
sac which averages 0.9Lmm in length and O.49mm in maximum width
(Table 3.4). One erd drains into a thin transparent duct which joins
the concave sidc of the spermatheca close to its junction with the
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Spermathecal duct (Figure 3.11). The duct to the sparmathecal glard
averages 0.6mm 1n length ard 0.12m in width(Table 3.4) but it terds to
get slightly thicker just befare joining the spermatheca.

The spermatheca is farmed by an epithelium of columnar cells
which vary between 8 ard 22p in height (Figures 3.14 B, 3.16 C). The
tallest cells occur on the concave surface of the argan where they are
quashead together sideways ard became elongated. All the cells rest on
an outer basement memtrane, have distinct intercellular walls, ard
serete an intima which is 3 to 4p thick. In addition, their cytoplasm
is eosinophilic, ard their nuclei which are basal, vary from rourded to
oval, ard have diameters of 6 to 8u. On the convex surface and sides
of the sparmatheca this epithelium is surrourded by another outer layer
of cells which closely resemble those of the fat body, whilst the
remaimder is either mot covered or attached to the compressar muscles.
The outer cells are far the most part arranged in a single layer but
they can be two to three cells thick in some places. They vary from
almost cuboidal to irregular, have large central nuclei about 15u in
diameter, ard their cytoplasm is densely packed, granular, ard slightly
basophilic. Occasional small vacuoles approximately 2 to 3u in diameter
are also scattered through their cytoplasm. Some of these vacuoles are
filled with an eosinophilic substance whilst others enclose a space
where fat ar oil has possibly been removed during the embedding procedure.
In addition, some of the cells arouwrd the edges of this outer layer are
enclosed by a thin sheet of connective tissue but this does not exterd
ovar the majarity of them.

The lumen of the spermatheca, after copulation, becomes filled
with spermatozoa. Initially these are disarganised but eventually they
arrange themselves with their heads side by side, polnting inwards arourd
a cermtral clear space ard with their tails towards the walls of the
argan (Figure 3.14 B). Generally, the fluid in which the sparmatozoa
are susperded does not stain with haematoxylin arnd eosin, but there is
sametimes a narow layer of homogencous material between the sparmatozoa
ard the intima which stains a very light reddish blue. This possibly
ariginates in the spermathecal gland since it stains the same as its
secretion.

The spermathecal duct is farmed by an epithelium the cells of
which are identical to those that farm the spermatheca, except that their
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Figure 3.16

Histology of the spermatheca ard spermathecal
glamd of the female C. zealandica

Transverse section of the spermathecal gland
Longitudinal section of the spermathecal glard duct

Longitudinal section of the convex surface of the
spermatheca

Transverse section of the spermathecal duct about
halfway along its length.
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apical cytoplasm often appears as fine strards which run vertically to
the cell surface (Figures 3.15 A, 3.16 D), These cells also have mxe
rourded basal surfaces than those of the spermatheca ard their heights
are mxe uneven. The cuticular lining of the duct varies a lot in
thickness: it is thickest where the duct is twisted close to the
spermatheca ard here it varies arourd the diameter of the duct from 2
to 8u. Where it is thackest 1t also has a distincfly lamellar structure
but no exocuticle is apparent. The intima becomes gradually thinner
posteriarly and far the most part it varies aourd the duct from 1 to
4u thick. Arourd the outside of the anteriar part of the spermathecal
duct irregular clusters of the same type of cell which swrourds the
spermatheca also adhere to its basement membrane., However, these
clusters become scarcer posteriorly until there are none arourd the last
half of the duct. No muscle swrourds the anteriar region of the duct,
but a few widely spaced muscle fibres appear ovar the postericar half
which run in all directions ard inarease in number towards the duct of
the bursa copulatrix. Some of these muscles also run across to the
madian oviduct armd to the bursa copulatrix.

The duct of the spermathecal glard i1s lined by an epithelium
composed of the same type of cell as that of the spermatheca (Figure
3.16 B). However, the imtima 1s thinner, being less than 0.5u thick,
ard the epithelium 1s thrown into large longitudinal folds by an outer
layer of circular muscle. This muscle is approximately 12u thick over
most of the length of the duct but it inareases to about 20u in thickness
near the spermatheca where it farms a sphincter which compresses the
epithelial folds amd completely blocks the lumen. This sphincter
controls the flow of liquud from the spermathecal glard.

The spermathecal glard has an entirely different histological
structure to its own duct, the spermatheca, ar the spermathecal duct.
It is lined with a cuticular intima approximately O.5u thick amd this
is swrourded in turn by an inner epithelium ard an additional outer
layer of glard cells (Figure 3.16 A, 3.17). The inner cells are
flattened and vary from approximately Sp to less than lp in height.
They rest on an outer basement membrane, thewr intercellular walls
cannot be distinguished, and they have a relatively small quantity of
slightly basophilic cytoplasm.






Figure 3.17

Histological micrograph of the spermathecal
gland of C. zealandica

A portion of the spermathecal gland is shown in cross section
with the lumen towards the left lower region of the field. HNote the
small tubule (indicated by a black arrow) in one of the outer cells,
and the small nuclei (n) between the outer cells.

Lum  lumen of gland

n nucleus
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Their nuclei, however, are rourded to flattened amd occupy a
large mropartion of the space within the cells even though they are small
ard have maximun diameters of about 6u.

The outer layer of cells arourd the spermathecal glard varies
from approximately 30 to 70p 1n thickness. It consists of columnar glard
cells which probably farm a single layer, but they are usually distorted
sideways instead of being arranged vertically to the epithelium below
them, so that they almost always give the appearance in sections of being
two to three cells thick. The walls of these cells are very distinct
ard their nuclei are usually basal, rowded, and large, having diameters
of 13 to 16u. Their cytoplasm is far the most part basophilic ard
granular. This is densely packed basally, but 1t often encloses
irregular clear spaces apically, ard in some cells a small cylindrical
eosinophilic region can be distinguished, usually close to the nucleus
aml apical to it (Figwe 3.17). Each of these regions is about 5u in
diameter ard appears to be bent into a U-shape with arms about 5u long
directed towards the apical surface of the cell., In addition, each of
these regions has a certral tube within it which is about 1lu in
diameter, ard the basophilic cytoplasm surounding the eosinophilic
region is often slightly denser than elsewhere far 2 to Wu ard has a
raliating appearance. These outer glard cells are swrrounded by a thin
comnective tissue sheath which probably alsc penetrates between each of
the cells as an extramely thin layer to the basement memtrane of the
inner epithelium because small elongate nuclei, approximately 6j in
length by 1.5 to 3p in width can occasionally be seen between the outer
glarmd cells. However, an investigation using the electron microscope
is necessary befare this structwal arrangement can be confirmed.

The spermatheca ard spermathecal glamd of C. zealandica
resemble those in other Scarabaeidae except far differences in size ard
proportion. A C-shaped spermatheca is also fourd in many other
Coleoptera accarding to Stein (1847), ard Heymons (1930), ard this shape
is due to the compressar muscles., Stein (1847) notes that the compressar
muscle is single in the aphcdiinid 4. fimetarius, and termed it the
"Kompressar muskel", but Heymons (1930) pointed out that it is paired in
5. sacer ani S.semipunctatus. amd termed them the "Musculus compressar".
Rittershaus (1927) terms them the "Kompressionsmuskulatwr" in P, horticola
ard 4. Aenea, and Berberet and Helms (1972) repart a spermathecal
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be impartant in &ll these Scarabaeidae because Heymons (1930) points out
that the initial disarganisation of the spermatozoa suggests a turbulent
mixing which could result from active suction. Chemical attraction,
however, does not explain why the spermatozoa become organised within
the spermatheca of ¢, zealandica aml the rutelinids whereas it can in
the scarabaeinids., In the farmer insects this could perhaps be
explained by the searetion of the accessary gland being attractive to
spermatozoa amd acting only in the presence of some other factar which
is essential far movement of spermatozoa. Two possibilities seem likely:
firstly, this factar may be mroduced by the spermatheca in which case
spermatozoa could enter the spermatheca entirely by chemotactic
attraction, aml secomdly, this factar may be present only in the material
of the spermatophare, in which case the spermatozoa could swinm to the
opening of the spermathecal duct in response to the attractant issuing
from it ard they would then have to be sucked into the spermatheca
together with some of the spermatophare material. Once in the
spermatheca the spermatozoa could only swim into the searetion from the
spermathecal glamd as far as the factar diffused imto 1t. Both of these
possibilities may also be acting simultaneously, ard the factar may be
some chemical which neutralises an inhibitar of sperm movement present
in the spermathecal gland searetion.

Histologicaily, the spermatheca of C. zealandieca is similar to
that described by Rittershaus (1927) far P. horticola ard A. aenea, amd
by Heymons (1930) for S. sacer ard 5. semipunctatus. In the two
rutelinids it is lined wath a wavy intima amdl the epithelial cells of
the convex arxd concave surfaces differ. On the convex side they are
cuboidal and have large rourded nuclei, but they differ from those in
C. zealandica in having large apical vacuoles ard a striated appearance
‘a "stubchensaum" next to the intima. Those on the concave side are
colunnar ard have elongated nuclei which lie with their long axes
towards the lumen of the glard. In addition, the convex surface is
surourded by a layer of large plasma rich cells. According to
Heymons (1930) the carrespording epithelial cells in the two
scarabaeinids are cuboidal on the convex surface ard columnar on the
concave one, but their nuclei are centrally placed. They searete a
thick cuticular imtima with spiral strengthening ridges, ard some of the
spermathecal glamd cells adhere to its convex surface near its distal



95'

erd. In p, gneias Berberet amd Helms (1972) only note that the
spermatheca is composed of a cuboidal epithelium ard that it is lined
with a thick intima.

The spermathecal ducts of the rutelinids desaribed by
Rittershaus (1927), the scarabaeimids desaribed by Heymons (1930), amd
P. anxia as reparted by Berberet ani Helms (1972) all resemble the
anteriar part of this duct in €. zealandica, having a thick intima ard
no surourding muscles., However, in the scarabaeinids this duct differs
from the others in that it is swrourdead, except far its extreme anteriar
erd, by a thick multiple layer of very large rourd ar pear-shaped glard
cells. Heymons (1930) reparts that these cells have granular cytoplasm
ard large rourd o irregular nuclei. They are also each connected to
the spermathecal duct by a fine canal a "chitinoses Sekretrohrchen®
which has a funnel-shaped opening into the cytoplasm near the nucleus.,
Each of these canals either comnects irdividually to the spermathecal
duct ar else 1t joins others befare doing so. These searetary cells are
therefare arganised in a sumlar fashion to the searetary cells in the
spermathecal glards of some other Scarabaeidae as desaribed below.,

The structuce of the spermathecal glard of (. zealandica  is
also similar to those of the rutelinids ard scarabaeinids desaribed by
Rittershaus (1927) and Heymons (1930) respectively, being composed of
an imner epithelial layer which secretes a thin intima and an outer
layer of searetary cells which is mare than one cell thick in some places,
These secretary cells are also larger than the epithelial cells ard have
larger nuclei. In S, sacer and S. semipunctatus,Heymons (1930) reparts
that the glamlular cells are large and have granular cytoplasm. They
make up an uregula layer farming several lobes surrourding a central
duct and some of these cells also adhere to the erd of the spermatheca
as previously mentioned. However, Heymons (1930) does not note any fine
structural details such as he does in the glard cells aroud the
sparmathecal ducts ard it is therefare possible that these cells are mare
similar to the cells on the outside of the spermatheca of C. zealandica,
but confirmation of this will have to await investigation with the
electron microscope.

The histology of the spermathecal glamds of P, horticola ard
A. aenea,as reparted by Rittershaus (1927) is particularly close to that
in ¢. gealandica. In these rutelinids the inner epithelial cells are
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thin ard have laittle cytoplasm whereas the secretary cells have large
clromatin rich nuclei which are central to basal in position, ard their
cytoplasm is basophilic except far a rourd cosinophilic mass in each
cell. This mass i1s homogeneous ard generally situated close to the
nucleus. Rittershaus (1927) also notes that the searetion in the luren
of the glamd is eosinophilic amd concluled that the homogeneous masses
within the secretary cells was material which had not yet been secreted.,
Furthermare his histological figure of the spermathecal glard of

A. aenea (Figure 56; Rittarshaus, 1927) shows occasional small circular
structures in the centres of the eosinophilic masses, and some fine
ducts passing fram the lumen of the glamd into some of the secretary
cells. A similar histology has also been reparted far the spermathecal
glards in the curculionid genus Polydrosus by Lefkowa (1949). The
inner epithelial cells of these insects are, however, columar ard the
outer sexretary cells are loosely packed although apically each 1is
praduced into a thin "process'" which passes through the inner epithelium
to the lumen of the glard. Lefkowa (1949) considers that the searetion
of these cells reaches the lumen through these "processes". This
histological structure in these Coleoptera is also similar to that
which occurs 1n the spermathecal glamds anl accessary gland of some
Lepidoptera, as reviewed in the section on the male internal reproductive
argans of P. operculeila in Chapter 7.

The structure of the above mentioned glamd cells strongly
suggests that they may have a similar arganisation to that of the
sparmathecal bulb of Periplaneta americana (L) as reparted from
investigations using the electron miscarcscope by Smith (1968,, ax Gupta
and Smith (1969). The bulb consists of a cuticular lining surrourded
by two distinct layers of cells. The inner epithelium is continuous
with the hypcadermis, ard the cells comprising it are covered with a
tough basement memirane outside which lie visceral muscle filres,
Outside this again is a layer of searetary cells, each of which flanks
one of the inner epithelial cells. A prominent cavity is invaginated
into each seaxetary cell fram its apical suwface. This cavity 1s lined
with microvilli and the searetions of the cell are released cyclically
into it. Also, it 1s provided with a cemtral extraceliular duct made
up of a loose feltwark of filrils and the searetion penetrates into thas.
The secord half of the duct along which the secaretion passes to the lumen
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ventral edge of the vagina. The lateral accessary glards are smaller
than the median ones with mean diameters of 0.6Qmm ard 0.2%mm
respectively (Table 3.4) ard both vary in colouwr from white in newly
emerged adults to yellow brown o light rown in older irdividuals.
Frequently the medial glands are, however, darker than the lateral ones,
but the colowr is due mainly to their contents because the walls of the
accessary glards are translucent white. These contents are also
usually a areamy fluid although they can be almost solid in the medial
glams when kxrown.

Each pair of accessary glards farms two sac~like evaginations
of the vagina. They are camposed of a columnar epithelium which is
continuous between the two glards of each pair ard generally varies
between 18 and 25y in thickness (Figure 3.15 B). The cells comprising
it are tallest in the lateral sides of the lateral glards where they are
compressed together sideways, ard theyv become mrogressively lower
towards the medial ard antericr edges of the medial accessary glards
where they eventually grade into vaginal epithelium. Elsewhere, around
the alges of the accessary glamds, the histological change to vagina is
rapid.

The epithelial cells of the accessary glards have rourded basal
surfaces which lie on a very thin outer basement memhrane (Figures 3.13 E,
3.15 B). This is usually only clearly visible when it is stretched
from the bulge of one cell to another without following the indentation
between them. The intercellular menmbranes are clearly distinguishable
basally but become indistinct apically, the cytoplasm is eosinophilic,
arnd the nuclei are relatively large, having diameters of 8 to 10u. They
also occupy most of the basal space within the cells and consequently
often became somewhat cuboidal., The nuclel remain large where the
cells become lower in the medial glards ard the cytoplasm reduces in
volune insteal. The epithelial cells secrete a cuticular lining less
than 1y thick ard this is praduced into tapering spines mostly 30 to
50u long which are characteristic of these cells. Each cell apparently
only has a single spine arising from its apical surface as a wide
slightly cwving cone. This narrows to less than lu in diameter
approximately one third of the way down the spine, ard after this it is
relatively straight ard tapers only slightly to its tip. In addition,
the cuticle is eosinophilic between the bases of the spines, where they
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are densely arranged on the lateral walls of the lateral glards

(Figure 3.15 B). Finally, clusters of fat bady cells often alhere to
the basement memirane of the accessary glards but they are not always
associated with them as is the case with those on the convex surface of
the spermatheca.

The fluid in the lumens of the accessory glards can be seen
to contain numerous bacteria amd their decomposing products urder the
light microscope (Figure 3.15 B) amd in electron micrographs (Figure
3.18 A, B). These bacteria are packed particularly densely in the
spaces between the spines, which farm a dense feltwark presumably
functioning to prevent all the bacteria from being lost from the
widely opening glards.

The general appearance of the accessary glards of . zealandica
has been described previously by Hoyt and Osbarne (1971) who termed them
"colleterial glands". These authars also reparted that the "interiar
wall of each glard 1s lined with many thin, bifurcate mrojections ..."
but none of the Iristles were fourd to fark in any of the 20 a so
specimens examined during the present study.

The accessary glamds are bilobed ar double argans in
P, horticola ard A. aenea accarding to Rittershaus (1927) ard Williams
(1945), ard they therefore resemble those of ¢, zealandica. In most
other Scarabaeoidea they either farm a pair of simple sac-like argans,
as in M. melolontha L. (Straus-Durckheim, 1828; Stein, 1847)3 4. aenea

Geer (Rittershaus, 1927); Phyllophaga sp., P. japonica Newman,

L. gibbosus (De G.), C. nitida L. (Williams, 1945); P, anxia (Le Conte)
(Menees, 1963); ard 4. majalis(Razoumowskd (Berberet ard Helms, 1972);
@ else they are lacking as in S. saeer L., S. semipunctatus Fabr.
(Heymons, 1930); B. farctam (Fakr.), E. lazarus (Falr.), armd P. carolinus
(L.) (Williams, 1945). Few histclogical desariptions of these argans
are, however, available, ard the most detailed is that of Rittershaus
(1927) fo P.horticola ard A.aenea. The accessary glards of these
rutelinids, however, show only slight simrlarities with those in

C. zealandica. The accessary glards of P, horticola are the most complex:
each is camposed of an outer secretary sac-like part which drains into

a large medial bubble-shaped starage argan near its opening into the
vagina. The seetary part is composed of a single layer of gland cells
with large rourd clromatin rich nuclei, ard well developed plasma badies.






Figure 3.18

Electran micrographs of the accessory

glands of C. zealandica

A low magnification electron micrograpn showing the
epithelial cells on the left, the cuticular lining

in the centre, and the lumen on the right, together
with cuticular spines which are indicated by the

white arrows towards the top right of the field.
Numerous fine canals are visible which penetrate the
cuticle; probably the secretion of the epithelial cells
passes through these into the lumen of the gland.

A high magnification electron micrograph through the
fluid in the lumen of the accessory glands clearly
showing the bacteria. Same decomposing bacterial

membranes, same of which are indicated by black arrows,
are also visible.
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Distally, their intercellular memtranes frequently lose contact basally
while the cuticular laning is lamellated ard forms a honeycomb of wide
tubes which mroject into the lumen, cach tube arising from a single cell.
The searetion inside these tubes is alsc camposed of fine granules
whereas in the lumen of the organ it farms large lumps. The starage
pxt is composad of cells with basal nuclei ard plasma bodies which are
drawn out into long rads. Most of the intima is provided with hristles,
but the distal erd of the argan projects back into its centre as a
conicle mourd and this is very densely covered with hristles which fark
at their tips. Ganules of seetion are stared amongst the latter
Iristles ard presumably the forking tips of the Iristles prevent it from
escaping. The entire accessary glard is covered by muscle, but this is
thin over the secretary region and thick over the hristle moud. These
muscles evert the mourd befare and during copulation, amd when evertion
occwrs the Iristles are spead so that the secretion is exposed.
Rittershaus (1927) presumes a similar action is involved in taking up
the secretion as well. She also considers that the searetion of these
glams plays same role during sex recognition ard suggests that the
sprealing of the Iristles during eversion increases the surface area of
the searetion allowing greater contact with the air far volatization.
The functions ard structure of the accessary glamds of A, genea are
similar to those of P. horticola except that they are not bilobed and
they have no conmicle mourd. Insteal the searetary cells comprise the
outer wall of the argan ard each cell is provided with a single kristle,
whilst the densely packed farked hristles arise from the wall next to
the vagina. Simple Iristles also arise from the secretary cells of the
accessary glamds of M. melolontha s Amphimallon, ard Cetonita accarding
to Stein (1947) ard Rittershaus (1927). The accessary glards of these
insects are also not differentiated into secretary ard starage areas.
They are therefare possibly similar to the accessary glamds of C,
zealandica s but further detaarl is not available. The accessacy glands
of P. anxia &e, however, quite different from those of C. zealandica.
Berberet and Helms (1972) repart that each is composed of "thick
epithelium that partially swrounds a central region filled with
refractive, basophilic rads," ard that two ducts externd from the certral
region amd open into the genital tract near the wulva. They repart that
the eggs are apparently coated with accessary glamd searetions as they
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pass through the vagina, but they did not determine the function of
the "refractive rods".

The bacteria of ‘the accessory glands

The majarity of bacteria present in the accessory glands,were
gram negative coccobaccilli although a few gram negative rods were also
scattered amangst them. When examined under the electron microscepe .
(Figuwe 3.18 B) the walls of these bacteria appear to be camposed of
three electron dénse layers, and this corresponds well with their gram-
negativity: according go Glauert and Thormley (1969) gram-positive
bacteria have walls camposed of one or two electran dense layers,
depending an the stain used, whereas gram-negative bacteria generally
have walls consisting of three dense layers.

Since no identification of the bacteria in the accessary
glands of C. zealandica was published by“late 1973, a preliminary
identification was made by Miss N.R.C. Davies, Principal Technologist,
Waikato Hospital, Hamilton using 4 female beetles. The coccdbaceilli
in the accessory glands included an Enterobacter and an Acinetobacter
species, whilst the rads were probably Yersinia pseudotuberculogis
(Pfeiffer) or a similar species (Appendix 2.12). In addition, the
bacteria in the gut were also investigated because the anus opens Close
to the accessory glands and it is possible that some of these bacteria
are contaminants. Species of Staphylocoeccus, Microecoccus, and
Acinetobacter were found together with the same bacterium which is
found in the accessory gland. This is prcbably Y. pseudotuberculosis,
It is interesting to note that Bauchop and Clarke (1375) recently
investigated the hind-gut micrcbiology of the third instar larva of
C. zealandica. 'They obtained two small flagellate protozoa and 12
different bacterial isolates of which 10 were identified to genera.
These were gram-positive and gram-negative rods, none of which were
found in the adult gut in the present study., This seems to indicate
entirely different floras in larval and adult guts. The guts of larvae
and adults are certainly distinct morphologically; the hind-gut being
especially different. The Staphylococcus and Micrococcus in the gut of
C. zealandica adults may have been narmally present there, have entered
it fartuitously with the focd, or have been present in the body cavity.
Buchanan and Gibbons (1974) list three species of Staphylococcus:
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S. saprophyticus (Fairbrother) is common in air, soil, and dust, as

well as in other situations. The other two species normally imhdbit

the skin and same mucous membranes of warm blooded animals, although

S. aureus Rosenbach has been isolated fram the gut of M. melolontha L.
(Steinhaus, 1963). The larvae of C. zealandica will ingest scil
(Allison, 1969) but whether the adults do is not known., According to
Buchanan and Gibbons (1974) Acinetobacter calcoaceticus (Beijerinck) is
the only species described for this genus. It is present in soil, water,
and both diseased and healthy animals so it seems probable, therefore,
that the same species of Acinetobacter is present in both the gut and
accessary glands of C. zealandica. Y. pseudotuberculosie produces
infections in man, birds, sheep, and other animals, including sporadic
infections in cows, and it has also been isolated from specimens of scil
and dust (Dubos, 19583 Buchanan and Gibbons, 1974), If this is the
bacterium in C. zealandiea then it could have been acquired by contami-
nation from cow dung since the beetles were collected from a dairy farm.
The larvae will eat cow dung in the laboratary (Wightman, 1972a), but it
is not known whether the adults eat cow dung, ar whether the bacteria can
survive in the gut fram larva to adult. Two species of Enterobacter are
known: E. cloacae (Jordan) and E. aerogenes Harmaeche and Edwards
(Buchanan and Gibbans, 1974); both occur in soil, water, and in the faeces
of man and other animals. It is therefare possible that any of these
bacteria could have ariginated as contaminants from the soil., Neverthe-
less, the cbservatian that Enterobacter was anly found in the accessary
glands suggests that it is the arganism which produces the phenol although
there is also the possibility that the phenol producing bacteria exist
both in the gut and the accessary glands. This would be a possible
explanation to account far the observation of Henzell et ql. (1970) that
the attractive region is located in the dorsal half of the first three
abdominal segnents of C. zealandica. Iurther research perhaps also
involving attractancy tests with bacterial cultures is necessary to
determine which bacteria produce the phenol, and whether these bacteria
are limited to the accessary glands.

The production of phenol by bacteria has been reported before
by various authors listed by Gunsalus and Stanier (1961). The bacteria
involved are Escherichia coli (Migula), Clostridium pseudotetanique
(Prevot), and Clostridium tetani (Flugge), together with "Bacillus
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phenolologenee which has an uncertain synonymy. All are fourd in soil
a faeces and this constitutes the only very tenuous link with the
bacteria fourd in ¢, zealandica. Accading to Gunsalus ard Stanier
(1961) these bacteria utilise tyrosine as the starting point in the
praduction of phenol, amd Hoyt ard Osborne (1371) have suggested that a
similar pathway may be folliowed by the phenol praducing bacteria in

C. aealandica. It 1s interesting to note that hardening amd darkening
of the insect cuticle results from tanning by phenolic substances
derived from tyrosine (Hackman, 1974; Wiggleswarth, 1974), These
substances accunulate in the cuticle ard most which have been isolated
are 3y4-dihydric phenols. Although the haemocytes may be involved in
tyrosine metabolosm (Arnold, 1974) it is evident that the epidermal
cells certainly are. Also the accessary glards of ¢, zealandica e
epidermal derivatives since they are lined with cuticle amd therefare it
seems even mare likely that they may sexete tyrosine ar some derivative
of it which the bacteria could convert to phenol.

The possibility that the accessary glands themselves can
praduce phenol has not yet been ruled out. No reference to the
paduction of phenol by insects is, however, known to the writer, but
the Strongylosomid millipede Oxidus gracilis (Koch) does (Blum,
MacConnell, Brard, Duffield, and Fales, 1973). The defensive exadate
of this millipede contains 1 to 5% phenol. However, the searetion of
various other phenolic substances firom ectadermal glards of insects is
well known ad this has been reviewed by Gilmouwr (1961), and Weatherston
ard Percy (1970b).

An interesting aspect concerning phenol in (. zealandica is its
concerntration. Henzell ard Lowe (1970) stated that each female "contains
between 0.5 ard 1.0ug of phenol, which carespords to approximately 10
to 20 parts per million by weight"., Hoyt ard Osbarne (1971), however,
fourd that symbiotic bacteria in the accessary glards of the female
mpoiuce the phenol, If the volume of the accessary glards is determined
‘from the measwements of their maximum diameter assuming that the glands
are spherical ard have a density of 1.0, then the concentration of phencl
within these glands can also be determined if it is assumed that all the
phenol is present within them, and that it is distributed evenly
throughout the glamd and its epithelial walls. The results of these
calculations give an average concentration of 3.0g/l with possible limits
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of 0.9 to 7.2g/1. It should also be noted that the assumptions made
would in fact tend to make the concentration lower so that these values
can be regarded as minimun ones. Phenol, however, 1s a well known
disinfectant and it 1s used as the comparative stardard far determining
the Rideal-Walker coefficient of disinfectants: a 1% solution of phenol
being sufficient to kill all the Salmonella typhi (Sclroeter) urder
stardardised comditions in between 5 and 7.5 minutes -
(Anon., 1834, with amerndments 1943, 1951, 1953, 1963). Obviously the
concentration of phenol within these accessary glamds is a powerful
disinfectant amd 1t therefore follows that the bacteria are unusually
tolerant to this chemical, ar that phenol is present elsewhere in the
baly of the beetle,

The digestive tract offers one possibility of an alternative
site far phenol. (. zealandica is phytophagous (Apperdix 1.1) amd some
plants are known to contain phenol. This sowrce seams unlikely though
since phenol has been reparted in only 5 plants of scattered systematic
distribution (Harbarne, 1964) ard C. zealandica is unlikely to came into
contact with any of them. A mawre likely source is that the phenol is
mpaduced in the gut as a result of digestion ar maceration of the plants.
It could conceivably be praduced by decarboxylation of p-hydroxybenzoic
acid which occurs cammonly in plants (Harbarne, 1964): the decarboxylation
being accomplished by a fairly non specific enzyme such as peroxidase,
However, it seems unlikely that this would “praduce more than a trace of
phenol if in fact such a reaction occurred. A third possible source is
the bacteria in the gut as described above.

Summary -

The internal reproductive organs of the female C. zealandica
are morphologically simple and show similarities with those of other
Scarabaeidae. Histologically, most of the organs also have a counterpart
in another scarabaeid, but particular close similarities occur with the
lateral oviducts of P. anxia, the spermatheca and spermathecal gland of
A. aenea ard P. horticcla, and the bursa copulatrix of P. horticola.
C. zealandica is, however, unusual in that its ovaries are clearly
telotrophic and each is usually enclosed within a comnective tissue sheath,
that its median oviduct has an anterior region which is histologically
the same as the lateral oviducts, and that the accessory glands are
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histologically unifam instead of being differentiated into regions,
but these are only minor differences.

The external genitalia of the female

The nomenclature of the female external genitalia used in the
following description is that of Lindroth and Paimén (1870).

The external genitalia of the female, like those of the male,
lie withdrawn and out of sight in a genital chamber. This is formed as
a shallow invagination in the articular membrane between the 8th
abdominal stermnum and tergum at the posterior erd of the body. The
opening to this genital chamber can usually only be seen if the 8th
sternum and tergum are parted and then it appears as an oval hcle
occupying approximately the medial third of the menbrane. Ventrally the
genital chamber extends anteriorly above the 8th stermum to form a
pocket but elsewhere it is shallow.

The lateral edges of the genital chamber are supported by a
pair of long thin S-shaped sclerites, the hemisternites (Figure 3.18 A, B).
These are considered to represent the divided 9th sternum (Lindroth ard
Palmén, 1970). A flattened stylus articulates with the medial edge of
each hemisternite mid-way along it and runs medially along the anterior
wall of the genital chamber (Figure 3.19 A, B). However, the styli from
either side do not meet in the mid-line and there is a gap, ventral to
which the vulva opens fram the vagina. The styli, which have a mean
length of O.54mm (Table 3.1) project as flattened plates posteriorly into
the genital chamber from their attachments to the hemisternites and the
genital chamber wall. A fringe of bristles also arises from their
ventral surfaces near their posterior edges and project towards the
opening of the genital chamber.

The anus opens into the genital chamber dorsally above the gap
between the styli. On either side a thin rod-shaped sclerite is
attached to the wall of the genital chamber and orientated in an anterio-
posterior direction. Heymons (1930) calls these sclerites the "paranal
pieces" but they are termed the 10th tergites here since they are
considered to represent remnants of the 10th tergum by Menees (1963) and
Hieke (1966). These authors also note that they may incorporate part of
the 9th tergum.






Figure 3.19

The external genitalia of the
female C. zedl andica

Ventral view of the 8th sternum and dissected
out sclerites of the external genitalia

wWhole mount of the female reproductive argans
ard 8th sternum after maceration with
potassium hydroxide. Same of the folds in
the intima of the bursa copulatrix ard
median oviduct omitted far clarity. Ventral

view,
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The external genitalia of female insects in general are simpler
and less varied than those of the male (Mackerras, 1973) and this appears
to hold for the Scarabacoidea. For example, the female extermal
genitalia of C. zealandica resenble those in the 6 representatives from
the Scarabaeoidea described by Tanner (1927); Melolontha melolontha L.,
(Straus-Dirckheim, 1828)3 Phyllopertha horticola L. and Anomala aenea
Geer (Rittershaus, 1927); Amphimallon magjalis (Razoumowski) (Menees, 1963);
and Phyllophaga anxia (Le Conte) (Berberet and Heliss, 1972). Finally,
it can also be noted that Tanner (1927) considered that the external
genitalia of female Scarabacoldea are amongst the most highly specialised
of beetles, since they lack an ovipositor.

The musculature of the external genitalia of the female

The only descriptions of the genital musculature of female
scarabaeid beetles are those of Melolontha melolontha L., by Straus-
Dircikneim (1828) and of Amphimallon magjalis (Razoumowski) by Menees (1963).
Menees (1963) named the miscles as far as possible according to their
supposed function and this practice has also been followed here.

Ventral protractar of the genital chamber (Figure 3.20 C).

This is a series of shart fine muscle fibres which originate
along the ventral wall of the vagina between the ventral tips of the
hemisternites and posterior to the accessory glands. These muscle fibres
then run postericrly to join the 8th sternum near its junction with the
ventral edge of the genital chamber.

Ventro~lateral protractors of the genital chamber (Figure 3.20 B, C).

These originate on the ventro-lateral edges of the hemisternites
and run posterio-ventrally as a pair of large muscles which inserts on
the 8th sternum near its junction with the lateral walls of the genital
chamber.

Ventral elevatars of the genital chamber (Figure 3.20 a, B, C).

This is a pair of large muscles which ariginates in the middle
of the lateral edges of the hemisternites and runs dorso-laterally to
join the 8th tergum near its lateral posterior border.
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Figuwe 3.20

Muscles of the external genitalia of the
female C. aealandica

(All muscles are named in italics, ard the
abdominal muscles are also inmdicated by dotted

lines.)

A, Darsal view of the female external genitalia in situ,
with tergun 8 removed. Sterrum VIII has been anitted
far clarity.

B. The fenale external genitalia in situ, viewal fram

anter o -ventrally.

C. The female external genitalia in situ, viewed fram
antero-ventrally., The antero-ventral partion of the
vagina has been cut off removing the median oviduct
ard bursa copulatrix,
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Dorsal obligue protractors of the genital chamber (Figure 3.20 A, B, O).

From their aorigins on the lateral edges of the hemisternites
near their dorsal tips, these two muscles run laterally to join the 8th
tergum medial to its junction with the ventral elevators of the genital
chamber.

Dorsal protractors of the genital chamber (Figure 3.20 A).

These originate on the dorsal tips of the hemisternites
posteriarly to their dorsal oblique protractar muscles and run as a pair
of small muscles obliquely in a lateral direction to insert on the 8th
tergun by its junction with the lateral edge of the genital chamber.

Lateral protractars of the vagina (Figure 3.20 B, C).

These are two large muscles vhich originate on the ventral
tips of the hemisternites anterior to the ventro-lateral protractors of
the genital chamber. These muscles fan out and join the ventral surface
of the vagina and posterior end of the median oviduct close to the median
line.

Ventral flexars of the bursa copulatrix (not figured)

Each of this pair of muscles forms a dorsal branch of a
lateral protractor of the vagina. It originates at the same point as the
lateral protractor but inserts an the dorso-lateral wall of the vagina
close to its junction with the bursa copulatrix.

Dorsal protractors of the vagina (not figured).

This is a pair of short muscles which originates on the dorsal
tips of the hemisternites and runs posteriorly to insert on the darso-
lateral walls of the vagina.

Darsal muscular plexus of the vagina (not figured).

This plexus comprises a thin mat of fine muscle fibres which
either ariginate and insert on the dorsal wall of the vagina and run at
various angles over its dorsal surface or originate on its dorsal
surface and insert near the junction of the bursa copulatrix.
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Ventral muscular plexus of the vagina (not figured).

This is an incamplete sheet of longitudinally orientated fine
muscle fibres which originate and insert on the ventral wall of the

vagina between and anterior to the accessory glands.

Retractors of the median accessory glands (not figured).

Each of these originates on the anterior base of a median
accessory gland and runs anteriorly a short distance to insert on the
ventral wall of the vagina. They comprise two series of very fine muscie

fibres which could alternatively be included in the ventral muscular
sheath of the vagina.

Anal muscles of the female

Lateral flexors of the rectum (Figure 3.20 A, B, C).

Each of these two long muscles originates on the ventral tip
of a hemisternite, anteriorly to a ventral protractor of the genital
chamber and inserts on two areas of the rectum. The posterior fibres of
each of these muscles run dorsally over the rectum and are attached to it
medially and dorsally; the anterior fibres branch fram the posterior
ones when close to the rectum, run anteriorly along the rectum and
attach to it laterally.

Dorsal flexors of the rectum (Figure 3.20 A).

These originate on the anterior tips of the remnants of the
10th tergites and run anteriorly as two muscles which insert on the
posterior dorso-lateral area of the rectum.

Elevators of the genital chamber (Figure 3.20 A).

These are medium sized muscles which originate on the anterior
tips of the 10th tergites, posterior to the dorsal flexors of the rectum
and insert on the 8th tergum medially to the dorsal oblique protractors
of the genital chamber.

Dorsal protractors of the genital chamber (Figure 3,20 A).

Each of these two small muscles originates on a 10th tergite
posteriorly to an elevator of the genital chamber and then runs laterally
to insert on the 8th tergum where it joins the dorso-lateral edge of
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the genital chamber.

Protractors of the anus (Figure 3.20 A).

These camprise a very fine pair of muscles which originate
close together in the dorsal mid-line of the genital chamber near the
arus ad runs paralliel to the dorsal protractors of the genital chamber
and inserts on the 8th tergum where it joins the genital chamber.

Dorsal constrictors of the genital chamber (Figure 3.20 A).

These originate laterally on the antericr tips of the 10th
tergites and insert on the dorsal wall of the genital chamber anteriorly
by the insertions of the protractors of the anus. They are very small
miscles.

A canparison of the genital muscles of the female C. zealandica
with those of the melolonthinids M. melolontha and A. majalis as
described by Straus-Dlirckheim (1828) and Menees (1963) respectively is
given in Table 3.5. These are apparently the only other female
Scarabaeoidea whese genital muscles have been described, and the names
used by the original authors are given in Table 3.5.

All three species have 6 pairs of genital muscles which are
easily homologised, and €. zealandica has a further 4 which are not
easily related to any in the other species. One of these, the dorsal
protractor of the vagina can possibly be homologised with "le retracteur
oblique de 1l'oviductus" and "la dilatateur de l'anus" of M. melolontha,
and the "short oblique elevatar of the genital chamber" of 4., majalis.
In C. zealandica one end of the muscle is attached to a spicule as
apparently is "le retracteur cblique de 1'uviductus" and "la dilatateur
de 1'anus" in M. melolontha; the other erd of these muscles is attached
tc the dorsal surface of the vagina, the 10th tergite, and the rectum
respectively. In 4. majalis the "short cblique elevator of the genital
chamber" runs from the dorsal part of the penital chamber near the 10th
tergite to the median part of the genital chamber and it therefore
resembles "le retracteur cblique de 1'oviductus" in M. melelontha.
However, the homologies between all these muscles are tenuous, and involve
migration of the attachments so that they are perhaps more easily
regarded as being unrelated. The dursal muscular plexus and ventral
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plexus of the ne of €. zealandica are included for campleteness, and
they are probably .-rgely regarded as belonging to the internal genitalia
by the other auth i sc¢ that they are therefure not described by them.
Possibly this is =ls¢ tne case with any hdmologes which may exdistfor tie
very small retractoos of the median accessory glands of €. zealandica.

Apart fr:v the three anal muscles shown in Table 3,5 which are
easily homologised between the three insects, drawing any relationships
between all the ¢ thers is difficult. The dcrsal protractors of the
genital chamber ... {. zealandica ccrrespond to "le retracteur du cloague"
of M. melolontha, but the protractors of the anus, and the dorsal
constrictor of thie genital chamber have no corresponding muscles. "le
Transverse du cloague" of M, melolontha appears to carrespend to the
"canstrictar of the rectum" of 4. majalis, but the latter insect also has
another two muscles with no evident humcloges. Attempts to relate many
of these anal muscles wculd involve recognising which muscle attachments
have migrated, and this is best left until enough Scarabaeids have been
investigated to show intermediate conditicns.

Lastly it can be nwted that, as a ccnsequence of the hemi-
sternites being derivatives of the 9th sternite, the muscles which run
from it to the 8th segment are intersegmental in origin while the others
which are attached tc it are 9th sternal muscles.

The mechanics of copulaticn

The behaviour of the beetles during mating is described in
detail in Chapter 4. The male is the active partner and searches for
the female. When one is found the tegmen is usually extended so that
the parameres and @bout a quarter of the basal piece project posteriarly
fram the end of the abdumen. The male then mounts the female and
eventually inserts his tegmen into her genital chamber, thus becoming
firmly attached tc her. This attachment is so secure that males are
often carried abcut in spite of having lost tarsal ccntact with the
substrate.

The involvement of the musculature cf the female is very much
less than that of the male. It appears to be restricted to gripping the
tegmen between the 8th stermum and 8th tergum, using the sterno-tergal
muscles. It has been suggested, huwever, (lMenees, 1963) that in Amphimallon
mejalie (Razoumowski) the female genital chamber muscles actively assist the
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tegmen to grip. Hwwever, this scarabaeid differs frum C. zealandieca in
that the male's perameres are fused to the basal piece and are therefore
possibly not as efficient. In C. zealandica the parameres push up the
walls of the female's genital chamber to form pockets darsally on either
side of the rectum. The parameres then houk into these when they are
flexed anteriorly.

The tegmen is extended to project vut of the abdomen
principally by its protracturs although their acticn is assisted to a
minor extent by the dursal protractars of the spicules, the cblique
lateral abductors of the spicules, and the ventral protracturs of the
genital chamber. All these tend to compress the genital chamber in a
posterior direction. The majcr action of these latter muscles is,
hovever, the adjustment of the angle at which the tegmen is held and
expansicn of the genital chamber, to facilitate extension of the tegmen.

Straightening and untwisting of the tegmen from its withdrawn
position is acnieved by its oblique rctators and retractars. These act
by pulling on the walls of the invagination of the genital chamber.

The protractors of the tegmen also automatically assist this movement
when they contract because of their assymetrical attachment to the right
hand antericar end of the basal piece. This attachment also tends to
counteract detortion during the final stages of evertion.

Insertion of the parameres intc the female is assisted by
their being swung postericrly through an angle of 30° to 40°, This
results from the acticn of their dorsal extenscor muscles. Once inside
the female genital chamber they are swung ventrally and slightly
antericrly by their ventral flexors which act by pulling on the genital
chamber wall where it lies ventral to the tegmen and attaches to the
bases of the parameres. The parameres then hock intc and grip the
female and their acticn is further assisted by the basal piece which is
held at a slight angle ventrally. The basal piece is held firmly by the
oblique lateral rotatar and lateral retractcr muscles and Dy the tergo-
sternal muscles of the 8th abdominal segment which tend to trap the
tegmen between the sternum and tergum and act as a fularum for the more
antericr muscles to act about.

The gripping action of the parameres consists entirely of an
anterio-postericr muvement; they do not approximate their ventral tips
in a scissor-like acticn because they are nct equipped with muscles to
do so. Hwwever, the medial point of attachment of their dorsal
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extensars does tend to rotate them and close their tips when they are
swung posteriorly. This assists their entry into the female and exit
from the male.

Once the tegnen has been inserted into the female,intromission
is accamplished by the male everting his internal sac intc the bursa
copulatrix. The internal sac expands to ccmpletely fill the bursa
copulatrix although frequently the space is samewhat restricted distally
by old spermatophores that have shrunken and hardened. The new
spermatophore is then produced completely enclosed within the internal
walls of the internal sac and when this has been campleted the internal
sac opens posteriorly and slightly ventrally as its walls are retracted
darsally and posteriorly from between the spermatophore and bursa
copulatrix.

The following account of the mechanism by which the internal
sac 1s extended is largely speculative since few of the muscles concerned
act on rigid sclerites. It is, however, most probably accanplished by a
combination of its own muscular movements and by hydrostatic pressure
fram fluids pumped into it. The muscular movements probably consist of
peristaltic waves of contraction brought about by the muscular sheet which
lines the internal sac, but these movements have only been cbserved in
living material dissected under Clarke's insect saline, Under these
conditions the peristaltic waves are initiated at the posterior lip of
the internal sac and pass antericarly over its surface, cane at a time, as
narrow ripples. As each contraction passes under the spines covering:
the outer wall they are momentarily raised and swung to point anteriorly
befare resuming their normal positions facing posteriorly. If these
actions also occur during intramission then they possibly assist by
levering and gripping. While the internal sac is being extended fluid
is pumped between its inner and outer walls from the space between the
ejaculatary duct and the muscular sheath surrounding it. This movement
of fluid is caused by contractions in the muscular sheath which constrict
its diameter and also compress it lengthwise anteriorly to the penis
sclerites. A small amount of compression in the posterior region is also
brought about by contractions of the darsal protractor muscles of the
penis which attach to the anterior end of the two sclerites and bend it
ventrally whilst also sliding it posteriorly a small way within the
tegmen. The short first connecting membrane, hawever, prevents the penis
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from being slid out of the tegumen., Final expansion of the internal
sac within the bursa copulatrix is most proebably assisted by the semen
and spermatophore precursor fluids being pumped intc it frem the
ejaculatary duct. These gel to form the spermatophore before the
internal sac opens and is withdrawn.

Withdrawal of the imternal sac is accamplished by contractions
of its retractor muscle, which pulls it imto the muscular sheath, and
the penis retractar muscle, which pulls the penis ard the ventral edge
of the internal sac into the basal piece. In addition, retraction and
folding of the internal sac is probably also assisted to scme extent
by its muscular lining, and especially by those fibres which are
orientated longitudinally in it.

Withdrawal of the tegmen is accumplished after relaxation of
its protractor muscles and ventral flexcrs of the parameres. The
retractors of the tegmen and its oblique rotaturs then pull the
invaginated wall of the genital chamber imward followed by the tegmen.
However, in order fur the tegmen to be withdrawn it must first twist and
rotate because the parameres project ventrally from the basal piece ard
they cannot be swung posteriorly very much. At the same time the
assymetrical attachment of the tegmen protractor muscles impart a
tarque as they are being stretched ensuring that the tegmen rotates onto
its right-hand side and twists to its left. This action is also probably
assisted by the slightly uneven action of the tegmen retractors and
oblique rutators.

The functional significance of the external genitalia of the
male can now be appreciated. The apodeme between the spicules is
stiffened to take campressive and rotative fources from the retractors
and oblique rotators of the tegmen while the tapering apodeme dorsal to
it and anterior to the 8th sternite remains thin walled since it only
experiences tenstion fram the protractors of the tegmen. The inverted
shoe-horn shape of the basal piece forms a rigid tube for supporting
the beetle and furming a strung attachment to the female while it is
exparded anteriorly to fom an attachment for its extrinsic and intrinsic
miscles, especially the large ventral flexors of the parameres which
are responsible for attachment tc the female. On the other hand the
penis is reduced to thin sclerites which provide struts from which the
retractor of the internal sac can act while at the same time allowing
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the muscular sheath of the ejaculatary duct to constrict to evert the
internal sac.

The mechanics of copulation in the Scarabaeoidea have been
previously described in full only for 4. majalis by Menees (1963).

The basal piece of this insect undergoes similar movements to that in
C. zealandica, brought about by carresponding muscles (listed in Table
3.3). The parameres in 4. majalis are fused to the basal piece and this
is divided into anteriar and posteriar parts. During copulation the
anterior part is bent darsally by the "dorsal and ventral flexors of
the phallobase" and this functions, presumably, in aiding attachment
to the female. Therefore, despite this structural difference, the
tegmen of A, majalis is still operated by corresponding muscles in a
similar fashion to that in C. zealandica. In contrast, however, the
anatomy of the penis and ejaculatary duct in 4. majalis show major
differences to those in C. zealandica, and the mechanism by which the
internal sac enters the bursa copulatrix is very different. Menees
(1963) attributes this to "paired protractors of the endophallus" which
pull this chamber posteriar to the "phallotreme opening" (the opening
between the parameres). Seminal fluid is then squeezed into the bursa
copulatrix by the combined action of the "flexars of the phallcbase,
retractors of the aedeagus and retractars of the endophallus'.

The mechanics of copulation have also been briefly described
for Phyllopertha horticola L. and Anomala aenea Geer by Rittershaus
(1927) and show some similarity to what occurs in C. zealandica. In
P. horticola and A. aenea the copulatcary apparatus is shifted to the
right when at rest and must be turned through 90° to function. There are,
however, only two muscles, the "Protraktoren der Rutenkapsel", which
attach to the connecting membrane or wall of the genital chamber to the
right of the tegmen and insert on the spicules. The left muscle of
this pair is responsible for twisting and pulling on the tegmen to protact
it, while the right only pulls it. These muscles may also assist in
retracting the tegmen since specific retractors are lacking. The
parameres are also fused to the tegren and there are no muscles for
bending o stretching them although they are moved passively when the
inner sac is advanced. This is achieved as in C. zealandica by blood
pressure within the "Ringmskelschicht" ar muscular sheath. Accampanying
this is a rhythmic pumping movement of the ventral plate against the
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tegmen, After intrumission, the inner sac is withdrawn by contracticn
of the "Retraktoren des Inneren Sackes".

The anatomy and movements of the muscular sheath, penis, and
internal sac in Phyllophaga anxia (Le Conte) as described by Berberet
and Helms (1872) are almost identical to that described above for
C. zealandica. Berberet and Helms (1372) term the muscular sheath the
"erection-fluid pump" and consider that it acts in the fcllowing manner
during copulation: "..., the fluid contents of the erection-fluid pump
are farced into the aedeagus by contraction of the pump, which results
in eversion of the endophallus into the genital chamber of the female".
In addition, tnese authors describe a retracter muscle within the
muscular sheath of P, anxig similar to that in C. zealandica and report
that its function is also to retract the internal sac after farmation of
the spermatophore.

Finally, it can also be noted that the basal pieces of
Melolontha melolontha L. and Geotrupes stercorosus Scriba are also
probably protracted and retracted in a similar manner to those in
C. zealandica, but this is wnly speculation drawn from the anatomical
descripticns given by Straus-Dlrckheim (1828), and Hieke (1966)
respectively. Rittershaus (1927) notes that to effect copulation the
paraneres cf M. melolontha are moved against each other and they are
actively pumped rhythmically up and down while being inserted into the
female. The functioning of the parameres in G. stercorosus is not clear
althwugh according to Hicke (1966) they possess muscles for moving them.
The ejaculatary duct of G. stercorosus was not treated by Hieke (1966)
but the aedeagus and ejaculatcry duct of M. melolontha was described by
Straus-Dirckheim (1828) and they are very similar to the corrvespending
structures in C. zealandica. It is therefore probable that eversion of
the internal sac is accumplished by a similar mechanism. One
anatamnical difference between C. zealandica and M. melolontha is that the
two penis sclerites in M. melolcntha bend ventrally and fuse to furm a
ventral strut which projects out of the tegmen and this may be of direct
assistance during intromissicn,
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CHAPTER &

Mating and flicht behaviour of C. sealandica,
and tihe enviromental factors that affect them

Introduction

The initial aim of ‘this investigation was to develop a
labaratary biocassay far the sex attractant of C. zealandieca using
behavioural responses of the males, and then to use this to locate the site
of pheramone production in the female, A knowledge of mating and the
corditions under which it ocauwrs were therefare basic to this wark but
there was little detailed infarmation even though research had been
carried out far sane years on the sex attractant of this beetle.

It was well established that the adult beetles are active
above grourd at dusk and during the night. They have been reparted to
fly at dusk usually far less than an hoxr but possibly far up to a few
hours and then to alight and feed on the foliage of plants vwhere they may
remain far sane hours a even continue eating all night (Connell, 1933;
Helson, 1967; Hilgendarf, 1302; Kelsey, 1952, 1968; Miller, 1921, 1924,
Mocdie, 1911; Osbarne and Hoyt, 1369; Radcliffe and Payne, 1969; Thomas,
1913)., Same of the beetles may fly again at dawn (Hilgendarf, 1902) but
during the day they all buwrow into the soil a hide urder dense foliage,
rocks a other objects (Cockayne, 1911; Miller, 1924; Connell, 1933;
Kelsey, 1951; Helsan, 1967). Few authars, however, note when mating
behaviowr and copulation occ‘ur-: Thamas (1913) sametimes observed pairing
on the evening of the flights, Miller (1%24) noted that it usually
ocarred after the beetles had settled and Henzell et gl. (1963) menticned
that mating occurred at dusk when there was still some light, Copulating
beetles have been fourd on foliage after the flights (Kelsey, 1951;
Osbarne and Hoyt, 1969) ard Kelsey (1968) found that mare than 99% of the
females collected fram the ground and plants during the howr after the
flights had mated., Beetles have also been observed attempting to mate
with "Plicbord" adhesive far up to thlree hours after the beginning of the
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flights (Osbarne and Hoyt, 1969) so possibly males can begin to mate with
females during this pericd as well, In addition, the infarmation
refared to below often carries the implication that sexual behaviour
occurs at dusk.

Mating in C. zealandiea has not been described in detail yet
even though Henzell et gql. (1370) desaribed a behavioural bicassay in
which they referred to the responses of males to a dummy containing an
active fractian as "attempting to copulate with it ... a with one
another". The following observations have, however, been published:

Males will attempt to mate with @rushed ar sectioned females (Henzell et al,
1969, 1970) but they will not attempt to mate with females that have been |
dried ar washed with 1lipid solvents (Osbarne and Hoyt, 1969). Live

female beetles often attract two ar tiwee and sanetimes more males

(Kelsey, 1967) ard it has been shown by variocus authars that the females
use phenol as a pheramone ard that the males are attracted to it by either.
flying a walking (see Chapter 1).  Fhenol will attract males ard induce
them to attempt to copulate with other males, paraffin dummies, dried
beetles stuck down with"Plioband"adhesive ard small pieces of dried
*Pliobond" {(Osbarne and Hoyt, 1969, 1970; Henzell et al, 1969). Copulating
beetles have been fourd partially a completely buried in sard (Fenemare
ard Perrott, 1970); on ar partially beneath the soil, within the litter
layer, ard on the walls of an insectary (Ralcliffe and Kain, 1971); in

turf and pasture (Kelsey, 1951; Radcliffe arnd Payne, 1969) ard on trees
(Osbarne and Hoyt, 1969; et seq.), hedges.and shrubs where they can be
very aburdant (Kelsey, 1951). Beetles have also been found to mate when
both sexes were collected together in a net ar kept together in a

container (Kelsey, 1951).

Individual beetles have been observed to emerge fram the soil,
mate, feed and tunnel back into the soil each night over a periad of up
to 32 days (Kelsey, 1951). After emerging firam the soil males usually
fly after resting far a shact time on the surface (Fenemare and Perrott,
1970) but the behaviour of females changes with their age. Initially
they mate close to their primary emergence sites (Kelsey, 1951; Fenemare,
1366; Radcliffe and Payne, 1968, et seq.). They almost invariably remain
stationary on first breaking through the surface (Fenemare ard Perrott,
1970) ard then mating usually occurs within a few minutes (Fenemare, 1970).
After copulation they burrow beneath the soil again without feeding av
flying and lay their eggs (Radcliffe and Payne, 1969; Fenemare ard Perott,
1970). On subsequent emergences the females may fly and eat although
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sane unmated females may fly with those that have laid their eggs
(Radcliffe and Payne, 1969). Kelsey (1968) also fourd that most females
that fly have already mated although he observed that if they had not
mated by the time they hal climbed pasture plants they invariably flew to
trees where mating then occurred (Kelsey, 1951)., Additional evidence
that females do not fly on their first emergence was obtained firam the
slow reinfestation rates of plots cleared of larvae (Fenemare, 1965, 1970)
and this is also one possible explanation far the variations in the
popartions of males and females caught on foliage which range from less
than 25% females (Kelsey, 1972) to approximately 50% females (Kelsey,
1968; Radcliffe and Payne, 1969) even though the true sex ratio is close
to 50% females (Farrell, 1972).

This change in the behaviow of the females is also shown in
the seasonal flight patterns; flights early in the season consist almost
entirely of males (Fenemare, 19663 Fenemare and Perrott, 1970) although
there is no evidence from soil sampling a emergence cages that males
d evelop earlier then females (Fenemare, 1966). Kelsey (1951), however,
noted that males emerged earlier than females although this conclusion
may have been drawn from his light trapping recards which showed that the
catches usually contained less than 5% females during the early half of the
emergence periads but that the percentage then increased over the last
half until they amounted to nearly 25% of the total collections., It
appears, hawever, that males are caught most frequently in light traps-
(Helson, 1967; Kelsey, 1968) ard that light traps do not give a reliable
indication of the beetle numbers ar of the sex ratio of the emerging
alults (Kelsey, 1968).

In additiaon to these seascnal changes, males also begin to
emerge and fly earlier in the evenings than do the females (Kelsey, 1951;
Fenemcre ard Perrott,1970) and it has been suggested that this contributes
to females being mated ard laying their eggs near their emergence sites
after emerging far the first time (Kelsey, 1951; Fenemare, 1966).

Nothing has been published specifically on the envirormental
corditions urder which mating occurs although there is same data in
relation to flight and emergence. These are discussed here because of
their association with mating,

The beetles usually fly close to the grourd (Miller, 1924) but
have also been fourd to alight on trees (Hilgerdarf, 1902; Kelsey, 1951;
Osbarne and Hoyt, 1969). They fly in any direction when the wind speed
is below S4m per minute and invariably upwind when it is up to about 270m
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per minute (Kelsey, 1957, 1368). Cold and windy weather seems to be
unfavourable far flignt (Miller, 1924; Comnell, 19333 Osborme and Hoyt,
1968; et seq.) and in Canterbury large flights do not occur if the
temperature is lower than 9.4°C, during light or heavy rain, or if the
wind speed exceeds 160 to 270m per minute (Kelsey, 1951). Flight is
significantly carrelated with increasing temperature and docreasing wind
speed (Kelsey, 1968) although some beetles may fly on any nights even in
adverse weather (Kelsey, 1951). Flight activity is reduced on moonlight
nights (Connell, 1933; Miller, 1%t} and Kelisy (1908)

considered that the females would be influenced by the intensity of
moonlight and might fly away fram it although he found no evidence of
this in a field oviposition trial. Wind and temperature influence
emergence but to a lesser extent than they do flight; beetles emerge
when the grass temperature is down to 2.2°C and the wind speed is as
high as 965m per minute but high day temperatures, relative humidities
and rainfall during the day do not appear to have any influence on
emergence or flight (Kelsey, 1968).

As none of the above studies have been specifically designed
to provide detailed information on mating, it was necessary to investigate
it more fully in the field before establishing a laboratory bicassay.
This wark was directed mrimarily towards acquiring basic information on
sexual behaviour, including the time of day and the environmental
conditions when mating occurs. Same aspects of flight were also studied
because of its association with sexual behaviour and this included the
use of sticky traps for demonstrating the arrival pattern of flying
males to an attractant source and whether the position of the females
on the vegetation in the field affects their relative attractiveness for
males. Solutians of pure phenol were used as the attractant in these
sticky traps in preference to female extracts because phenol is
considered to be the pheramone (Chapter 1) and known quantities of it
could be applied consistently, whereas female extracts could vary from
batch to batch and most probably change chemically with time.
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Methods

Most of this investigation was concerned with the behaviour of
beetles that flew near and settled on a 2 m high hedge of Berberi.
vulgaris L. (Barberry) dividing two fields an r i.C. Goodnue's farm near
Hamilton (Chapter 2). This hedge was chosen because it was noted that
beetles became concentrated on top of it every evening when flight
occurred; ard its length ard unifarmity allowed replicate experiments to
be perfarmed along it simultaneously. Obsarvations were also made on the
beetles when they were an the groaud a0 on other plants both at this
location and on M T. O'Regan's farm near Te Awamitu (Chapter 2).

The beetles could usually be observed in the dim natural light
when they were on the hedge by moving one's position until the beetles
were silhouetted against the sky. This could not be done, however, with
beetles on the grourd ar on pasture plants ard therefare artificial
lighting was used mare fregquently in these positions. Artificial
lighting was provided mostly by a tarch although sometimes a darkroan
safe light fitted with a 100 W bulb ard a Kadak 1A filter (red) were
also used.,

Photographs of the beetle's behaviowr were taken with a Nikon
I camera fitted with a Micro-nikkar 85 mm F. 3.5 lens mounted on an
aluminium suppart next to a Zeiss Ikatron Sl electronic flash (Figure
4,1). An L-shaped frame was mounted in front of the camera in such a
way that the arms of the L lay along two of the edges of its field of
view to aid photography in dim light; a reflecting plate was also fitted
to the L-frame so that the subject was illuminated fram both sides.

The camera was then prefocused to the frame and the-output of the flash
was aljusted by taping tissue paper over it until the maximum depth of
field was cbtained far the film used. Photographs were then quickly .
ard accurately taken after camposing the subject within the arms of the
L-frame.

The time spent by the beetles in copulation was determined by
collecting pairs of beetles from the hedge, placing them in a covered
aquarium on the grass nearby and then examining them at intervals of 6
minutes a less using a tarch. All the copulating pairs were collected
within a tlree minute periad fram a region of the hedge mreviously
cleared of all copulating beetles to ensure they had all mated at
about the same time. The aquarium they were placed in was previded
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Figure 4.1

The equipment used for close-up photography
of C. zealandica adults in dim light

The Nikon F. camera was prefocused to the plane of the
L~shaped aluminium frame and the output of the Zeiss Ikatron Sl
electronic flash was adjusted by taping tissue paper over it
to obtain the maximum depth of field in the photographs. Subjects
were photographed when the arms of the L-frame were positioned
around them.

A sticky trap used for J_nvestlgatmg
attraction of C. zealandica in the field

The surfaces of the black cardboard strip and inside of the
plastic 1id were coated with "Stickem special™ to snare any beetles
that allghted an them. The shart length of P.V.C. tubing on the
end of the handle was used to push over the top of a piece of
dowel previously positicned in the field, to set the trap.



’IO:m L,

i refl or —. b i i
white card reflect aluminium  focusing  frame
N

E

Nikon F camera

4
4 electronic flashgun
i /

sample disc
I

\2-5 ¢m x 16.5 cm biack
cardboard strip

stainless stee| spike

plastic jar top

1.25 cm diameter
dowel

/ PVC  tubing



126,

with 10 freshly cut shoots of barberry and lined with blotting paper
so that the beetles cauld walk about and eat.

Samples of copulating beetles were also taken at different
times at night to investigate what happened internally while they
copulated. Each sample was taken by knocking about 10 copulating pairs
off the hedge and into a Dewar flask of liquid nitrogen amd subsequently
staring them in netting bags wder liguid nitrogen until they were
transparted back to the labaratary. The frozen beetles were then
dropped into about 1 litre of boiling alccholic Bouin's (Humason, 1967)
far about 1 minute ard dissected urder cold 70% alcchol.

Changes in the relative numbers of beetles that flew during
the dusk flights were determined by taking flash photographs of a small
region of hedge at intervals during the dusk flight pericds. The camera
was mountad on a gatepost in such a way that it pointed along the hedge
ard the electronic flash was set 2 m from the hedge and 2 m above the
grourd so that it illuminated a shart length of the hedge next to the
gate. The flash cutput ard the camera ware adjusted so that any light
from the sky did not affect the film to ensure that the image photographed
was only illuminated by the flash., The top and side of the hedge and
any insects flying near it were therefare silhouetted against a dark
backgrourd in the photographs (Figuwre 4.2) and this enabled the beetles
to be easily identified and counted.

The sticky traps were used to determine the relative numbers
of beetles that were attracted to phenol solutions at different times a
at different positions in the field amd to test whether beetles ar their
extracts were attractive ar not. Usually scme of the traps were baited
with samples and the remainder were baited as blanks so the attractiveness
of the samples could be fourd by comparing the numbers of beetles caught
in sample and blank traps.

The varicus samples used in the traps were 50 pl ar 100 ul of
phenol soluticns, 1 ml of a beetle extract in an arganic solvent,
crushed whole beetles, ard live beetles. All the liguids were applied
to discs of Whatman seed test paper 13 nm in diameter so that they could
be placed on the traps, while the beetles were crushed between filter
papers ard the live beetles were contained within hrass gauze cages
20 mm long and 20 mm in diameter.. The cawrespaxding blanks used with

these samples were 50 ul ar 100 ul of water, 1 ml of the arganic solvent,
clean filter paper a empty cages.
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Figure 4.2

Two examples of the photographs taken to
determine the relative numbers of

C. zealandica flying

The upper photograph was taken at 1814 hours on the 5th
November, 1972 and the lower cne two minutes later. They show
the top and southern side of the barberry hedge as illuminated
by the electronic flash (near position A in Figure 4.3).

C. zealandica are indicated by white arrows and numerous small
psychodid flies appear as small white specks. Moths were also
occasionally photographed but are not shown here. In practice
the number of flying beetles was determined directly from the
negatives by examining them under a binocular microscope at low
magnification. The size, shape, and especially the raised
elytra, when visible, enabled the flying beetles to be clearly
distinguished from the other insects.
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The phenol solutions were freshly prepared each fartnight fram
"Analar" phenol and glass distilled water and the extracts of beetles
were made with "Analar" chlarofarm or "Analar" diethyl ether the same day
they were used. Each extract was made by drépping 100 male or female
beetles that had been collected the previcus evening into about 50 ml of
the solvent and then grinding them up in it. The solvent was then
filtered through a Pyrex number 3 sintered glass filter and the remains
of the beetles were recovered, ground up in solvent again and filtered.
This was repeated three times and then all the solvent was concentrated
to abaut 5 ml in a rotary evaporator at less than 40°C and under reduced
messure. The final extract of 10 ml was then made up by adding the
required amount of solvent to the concentrate.

The sticky traps were made from the plastic screw-on lids of
1 litre plastic jars with sharpened stainless steel spikes mrojecting
fran the centres of their inner surfaces and with wooden dowelling handles
fixed to the centres of their outer surfaces (Figure 4.1l). Irregularly
twistad strips of black cardboard 0.5 mm thick and 25 mm wide by 105 mm
long were threaded over most of the lengths of the steel spikes leaving
the sharpened points exposed for impaling the samples. The cardboard
strips and the insides of the lids were coated with "Stickenm special"l.
Shart lengths of P.V.C. tubing were fastened to the ends of the handles
so the traps could be set quickly by pushing the hollow ends of P.V.C.
tubing over the tops of dawels previcusly pesitioned in the field. The
irregularly twisted cardboard strips therefare projected upwards when the
traps were set and resembled shoots of vegetation in outline. When not
in use ar during transpartation, the lids of the sticky traps were
screwed into their plastic jars so that the sticky surfaces were enclosed
and any beetles on them were protected against accidental loss.

Fifteen of these sticky traps were used in 1971 and 25
were used in 1972 but this was the maximum number that could be
operated simultaneously. The positions occupied by the traps in the
field are shown in Figure 4.3, Those positions along the south side
of the hedge were permanently established by fastening dowels onto
fenceposts bordering the hedge. These dowels were initially adjusted
so that the tops of the traps were level with the top of the hedge
and the hedge was then cut back to its ariginal height far more

1. Michel & Pelton Co. Califarnia
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Figure 4.3

Map of the field in which C. zealandica
was caught in sticky traps.

The traps were set in the positions indicated by circles.
These positions are identified by letters. In addition, a row
of Macrocarpa trees (Cupressus macrocarpus Gord.) about 6 to
10m high ran alongside the road in 1971, and these were cut
down before the beetles began to emerge in 1972.
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than 1m on either side of the traps whenevar it grew abcut 0.25 m ?

higher than the traps. The other trapping positions were prepared each
time they were needed by driving dowels of the required lengths into the
ground.,

The traps were only set on evenings when the wind did not blow
directly from one trapping position to another in case the samples
interfared with each other. Usually the traps were arranged in
repeating sequences of samples and blanks when they were put cut in the
field but they were moved along one position when they were set on
subsequent evenings so that traps with the same baits were not set in the
same position each time, This made the application of the samples and
blanks much simpler so that the traps could be prepared just befare
they were set.

Liquid samples and blanks were always applied to the traps in
the field just befare they were set to ensurc that they did not dry up
befare the beetles started flying, Phenol solutions and water blanks
1 and the extracts of beetles
and solvent blanks were dispensed with an autamatic pipette2 in multiple
applications of 0.1 ml allowing time fa the solvent tc dry between each

were dispensed with a 100 pl microsyringe

application. rushed beetles were also prepared in the field befare
they were put on the traps but live beetles were placed in their cages

in the labaratary and transparted to the field in them, When live
beetles were used in the traps these were set out between 30 to 40
minutes befare the start of the flights to allow time far the beetles to
settle down. All other traps were usually set a few minutes befare the
first beetles started flying although occasionally this was done when up
to a dozen a so ware already flying., Once the traps were set they were
then left alone until the erd of the flights unless cotherwise stated ard
they were only removed when no mare beetles could be seen ar heard flying.
Befare removing them plastic jars were sarewed onto the traps to contain
any snared beetles as descaribed above; then they were taken back to the
labaratary where the beetles were removed, cleaned with kerosene so their
sex could be determined and then counted. After this the traps were
repared far future use by either replacing the"Stickumremoved with the
beetles a completely cleaning them in kerosene followed by hot water
and detergent and fitting new cardboard strips with fresh"Stickum!

However, this cleaning was only done cnce every 7  to 10 days because

1. Hamilton microliter syringe, Hamilton Company, Califarnia.
2 . Scharz Mann Biopette, New Yark.



psychadid flies became snared in the traps had started to rot and smell.

Meterological data was recarded during the peak periads of
flight activity ar recarded continucusly while the beetles were being
observed. Temparatuwre was taken at grass height with a merawry
thermaneter @ a thermohyg;?ogoaphl. Jumidity was also taken with the
thermohygrograph ar with a wet and dry bulb thermometer swung above the
grass. Light intensity was taken with a lux meter? arientated vertically
upward ard wind speed was obtained with a stopwatch and an anemcmeter3
placed on a fence post.

Results

General observations,

When adult €. szealandica occwrred in the field they burrowed
in the soil ar hid urderneath low objects during the day and they were
only observed above grourd at dusk, during the night,and at dawn. If
the corditions were favamable most of the beetles flew when they
emergad at dusk, but they settled befare darkness on the grourd ar on
vegetation including pasture, trees,ard shrubs. They were seldan
observed to fly during the night and only a few flew at dawn. At dusk
many of the beetles flew towards the tops of tall plants where they
settled in dense concentrations as descaribed below but during the night
they walked about ard became dispersed over the vegetation. The beetles
were also commonly fourd eating foliage and copulating at dusk and at the
beginning of the night although the number involved in these activities
diminished as the night mogressed until they were rarely observed by
the marning. In addition, most of the beetles returned to the ground
ard burrowed back into it during the night and usually only same of
those that hal settled on taller plants remained above ground until dawn.

Mating behaviour and Copulation

Most of these observations were made during the dusk flights
when there was still sufficient daylight left far the beetles to be
easily seen ard relatively fewer beetles were observed mating at night

1, Ota Keiki Seisakusho Co. Ltd., Japan.
2. Bruno lange type S60, Germany.
3. Isuzu, Japan.
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partly because this occourred less frequently at night and also because
it was mare difficult to observe without disturbing the beetles,

Mating occurrad on plants ar on the grourd and invariably it
was the males who found the females, The females appeared to be
attractive to males ard those that were observed befare they mated either
rested ar ate foliage far a shart time befare the males arrived. They
did not, however, show any distinguishing behaviour patterns ac postures
to irdicate when they were attractive amd so this could anly be inferred
from the reactions that males showad to thems these females adopted any
posture between a level stance ard one in which their bodies were held
at an angle with their mouthparts close to the substrate and with their
abdomens raised. Often their elytra were also slightly raised when they
were in this angled posture ard sometimes one a both of their metatharacic
legs lost contact with the surface and were slowly waved about at
intervals (Figures 4.4 A,B; 4.5 A,B). However, this angled posture with
raised elytra was not adopted by females exclusively because 24 males and
59 females were identified in this stance.

Male beetles usually appeared to search far females both at
dusk ard during the night but occasicnally mating followed an
apparently accidental encounter with a femzle,

At dusk most males were observed to mate after they had first
flown towards the famales. They approached the famales by flying slowly
upwind towards them while constantly facing into the wind ard alternately
flying from one side to the other. This flight behavicur is subsequently
refaread to here as hovering and it was also shown by all beetles that
were about to settle. The only observed difference was that males took
relatively longer in approaching and alighting near females than other
beetles did when they were settling to rest ar feed. Males were also
frequently observed to fly towards females when thare were few other
beetles about ard this suggested that the males were being attracted
while in flight to the females., The following experiments were therefare
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partly because this cccurred less frequently at night and also because
it was mare difficult to observe without disturbing the beetles.

Mating occurrad on plants ar on the groud and irwariably it
was the males who fourd the females, The females appeared to be
attractive to males ard those that were observal befare they mated either
restad ar ate foliage far a shart time befare the males arrived. They
did not, however, show any distinguishing behaviour patterns o postures
to irdicate when they were attractive ard so this could only be inferred
from the reacticns that males showed to them: these females adopted any
posture between a level stance ard one in which their badies were held
at an angle with their mouthparts close to the substrate and with their
abdomens raised. Often their elytra ware also slightly raised when they
were in this angled posture and sometimes one ar both of their metatharacic
legs lost contact with the surface and were slowly waved about at
intervals (Figures 4.4 A,B; 4.5 A,B). However, this angled posture with
raised elytra was not adopted by females exclusively because 24 males and
59 remales were identified in this stance.

Male beetles usually appeared to search far females both at
dusk amd during the night but occasionally mating followed an
apparently accidental encounter with a female,

At dusk most males were observed to mate after they hal first
flown towards the females. They approached the females by flying slowly
upwind towards them while constantly facing into the wind ard alternately
flying from one side to the other. This flight behaviour is subsequently
refared to here as hovering and it was also shown by all beetles that
were about to settle. The only observed difference was that males took
relatively longer in apgroaching and alighting near females than other
beetles did when they were settling to rest o feed. Males were also
frequently observed to fly towards females when there were few other
beetles about ard this suggested that the males were being attracted
while in flight to the females. The following experiments were therefare
perfarmed with sticky traps to demonstrate conclusively that males could
fly towards an attractant and that famales could attract males.

First of all the sticky traps were given a preliminary test
ocn Y4 nights to test their effectiveness., On each night half the
traps were baited with 50 nl of water and the rest were baited with 50 ul
of agueous phenol in concentrations of up to 60 g/l to determine the
concentration ranges over which it was an effective attractant in these
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Figure 4.4

Photographs of mating in C. zealandica

All photographs were taken of beetles on a barberry
hedge during the dusk flight period.

A. A female with slightly raised elytra eating barberry.

B. A group of beetles on a shoot of barberry including one
copulating pair, two females eating, and a male running
about searching for the female identified by slightly
raised elytra and a mite on her abdamen. The male has
just stopped beating his wings but his elytra are still

raised,

C. A photograph of part of the same shoot of hedge as in B
above taken shartly after the male had found the female
with the mite. He has climbed onto her back, his tegmen
is extended, and he is in the process of moving backwards
to position the end of his abdamen behind that of the
female. He is also in the process of folding his wings.






Figure 4.5

Photographs of mating in C. zealandica

All photographs were taken of beetles on a barberry
hedge during the dusk flight pericd.
Beetle eating with slightly raised elytra.

Beetle at rest with slightly raised elytra.

A male beetle running about and beating his wings, searching
far the female lower down the shoot ard with one of her
wings not completely folded.

A male beetle photograpned on the back of a female. He is
moving about beating his wings.
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traps. The traps were then placed in position on top of the hedge ard

left thee during the dusk flight peridd.

The results of this experinent are given in Figure 4.7 and
Table 4,1 ard showad that the traps were effec‘cive\and that their catches
were to some extent quantitative. Those traps baitad with phenol in
concentrations of 0.06 g/l a higher caught mare male beetles than traps
baited with water and generally mare males were caught the higher the
concentration of phenol used (Figwe 4.7). However, relatively few
females were caught in any of the traps and they anly showed a slight
increase in numbers with increasing concentration of phenol (Table 4.1).
This, tharefare, indicatad that phenol was attractive to males and that
it was probably not an attractant far females. It was also apparent that
the best concentration of phencl to use in thesc sticky traps was
pobably 6 g/l because the numbers of beetles caught in traps baited
with this were sufficiently large to demonstrate that attraction had
ocarred when campared to the catches of blank traps and yet they were
not too large far sexing and counting conveniently. Most subsequent
wark with the traps was therefare done using 6 g/1 phenol solution as the
attractant,

Observation of the traps showed that they caught only those
beetles that had flown there and thet most of these hal hovered towards
them and alighted on the twisted pieces of cardboard coated with
'Stickem! Once caught they then struggled and slowly slippad downward
until they eventually reached the inverted lids of the traps.

Each beetle carried scme'Sticken'down with it so that later arrivals
became less heavily coated and ware mare likely to be able to arawl off
the other beetles in the lids and fall from the traps, This was
observed to start occwrring occasionally after about 40 to 50 beetles
hadl accumilatel in the lids ard then the traps became inareasingly
inefficient as mare beetles were caught even though the lids could

hold between 120 to 150 deal beetles. llowever, the numbers of beetles
caught in traps baited with 6 g/l phencl were generally within the
efficiency range ard sco no further modification of the traps was
NeCessa’ye.

The next experiment with the sticky traps was designed to
demonstrate conclusively whether o not flying male beetles were
attracted to phenol., This experiment was perfarmaed initially on two
nights early in the flight ceason and then it was repeated again later
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Numbers of beetles caught in traps cantaining a range of phenol samples.
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Figue 4.0

Photograpns cf mating in C. zealandica

All photographs were taken of beetles on a barberry
hedge during the dusk flight period.

A pair of copulating beetles and a male flying towards thenm,

A male beetle climbing over the back of a female he has just
rn towards. His tegmen is extended and he has just stopped

beating his wings.
A male beetle climbing onto a pair of copulating beetles
and beating his wings.

A male beetle on the back of a copulating male. He is moving
backward with externded tegmen and unsuccessfully attempting
the manceuvre shown in Figure #.4 C. Also his wings are in

the process of being folded.
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Figure 4.7

The relationship between the concentration of
phenol used in the sticky traps and the number
of male beetles caught in them

The data is taken fram Table 4.1.
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@ when relatively fewar beetles flew to find what effects this hal on
the catches. On each of these nights half the traps were baited with
water amd the rest were baited with 6 g/l of phenol, then the
catches were campared aftar they hal been placed an top of the hedge
over the dusk flight periads.

The mean nunbers of male beetles caught each night in the
traps baited with phenol ware always greater than the mean numbers
caught in the traps baited with water, and the differences between these
catches were significant on all of the nights except the last when a
mean of only 2.1 beetles were caught in the phenol baited traps (Table
4.2) . Few fanales werc caught in any of the traps although there was
a tendency far slightly greater numbers of them to be caught in traps
baited with phenol than in those baited with water, ard these differences
were significant on one occasion (Table 4.2), This experiment therefare
showed conclusively that males ware attracted to phenol, that males
could respord to an attractant by flying towards it, and that phenol was
also a slight attractant far female beetles.

Once the males had been shown to fly towards phenol another
series of experiments was perfarmed with sticky traps placed on top of
the hedge over the dusk flight pericds to find if the females could
attract the males. Initially, the traps were fitted with Irass cages
an the 18th November, 1971 and these were either left empty ar else they
had two live virgin, two to tiree week old male ar female beetles
placed inside them. The numbers of beetles caught in either the male o
the female baited traps did not imdicate significant attraction when
they were compared with the numbers caught in the blank traps although
a greater mean number of males were caught in the female baited traps
than in the male baited traps ard both these contained mare males on
the average than the blanks did (Table 4.3). It was possible, though,
that cne pair of females had shown attraction because 16 males were
caught in one of the traps baited with females and this was twice as
high as any of the other traps caught (Apperdix 2.1). This suggested
that if all the females did contain the attractant then they cauld control
whether ar not it was releasud. This possibility was investigated by
testing squashed beetles when the traps were next put cut on the 20th
Noverber, On this occasion some of the traps were again left blank ad
the rest were each baited with cne squashed virgin male a female beetle.
However, few beetles flew that night and therefare few ware caught in any



TABLE 4,2

Differerces in the mumbers of bsetles caught in traps conteimng 50.1 of either water
blanks or 6 g/l phenol samples.

- _ g SIGNLIFICANCE
DATE SAVPLE & g/1 PHENOL 0 g/1 PHENOL 6 /1 0 g/l T LT
15-11-71 | TRAP POSITICN E G I XK M 0 gq S FHJLNZPR MEEANT | SJD. | MEAN [ S.D. | MEANS (t-test)
iale catch 5 6201012 214 6 5 % 5 % 1 4 9.3815.83 1 4,141 2.611 0.05
Female catch 21 3 02 12 0 0 1 0 1.38 1 1.061 0,14 710.38 | 0,05
16-11-71| TRAP POSITION E G I KM O0Q S F HJ L N PR
Male catch 24 10 11 17 24 23 6 17 6 5 710 9 8 7.8816.,5712.99§ 0,005
Femle catch 4y 2 011 010 4 0 0 0 1 1.13{ 1.36{ 1.14 { 1,46 | NS
28-11-71 { TRAP POSITION E G I K M FHJL
Male catch 8 6 6 8 6 4 0 1 6.501 1,0911.50 1 1.73] 0.001
Female catch 1 02 11 0 1,001 0.7110.51§0.,58| NS
15~12-71 | TRAP POSITION F HJ L N PR E G I K MO Qs
Male catch 1 1 4 2 4 21 O 0 O 4 3 4 12)2,24]1.35]1.75}11.75] NS
Fenale catch 0O 000100 O 00 00O O 00} 0.1440.38}0.,00{0.00f NS

‘ovi
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of the traps (Table 4.3) so no conclusions could be drawn from this
experiment. There were also no more virgin beetles left after this
although cne further attempt was made on the 27th November to find if
live beetles were attractive in the field using beetles which had been
collected in the field two to three weeks previously and kept segregated
in separate containers of males and females. This time phenol baited
traps caught significantly more males than the blanks (Table 4.3)
showing that attraction had occurred that night, but there were no
significant differences between the catches of blank traps and the male
or female baited cnes. Possibly the beetles disturbed each other and
this prevented them fram releasing their attractant, but whatever the
reason this experiment did show that there were probably too many
difficulties involved in using live beetles and therefore extracts of
beetles werec used in the subsequent experiments instead,

To start with diethyl ether extracts of male and female beetles
were tested on the 29th and 30th November and on the lst December, 1971.
The extracts were freshly prepared each day from beetles collected the
previous night. On each of these occasions some of the traps were
left blank, soms were baited with 6 g/l of phenol and the remainder were
baited with the extracts. The amount of extract applied to each trap
on the first night contained the equivalent of 4 beetles and on the
next two nights contained the equivalent of 10 beetles. These
experiments were unfortunately performed late in the flight season when
few beetles flew: all the catches were, therefore, low and there were no
significant differences between any of them except for the phenol baited
ones on the 30th Hovember which were significantly more attractive
than the blanks (Table 4.4). However, it was still possible that the
female extracts were attractive because traps beited with it caught
more than twice as many males as the blanks on the last two nights
(Table 4.4). These experiments were therefore continued in 1972. This
time, however, chlarofarm extracts of beetles collected in the field the
mrevious night were used and none of the traps were baited with phenol
solutions. Instead approximately a third of them were baited with
chloroform blanks and the remainder were baited with extracts containing
the equivalent of 10 males or 10 females. The results of all these
experiments are given in Table 4.5 and show that those traps baited with
female extracts always caught a higher mean number of males than the
blanks did while those traps baited with male extracts either caught more



TABLE 4.4

Differences between the mean numbers of beetles caught in traps containing either
6 g/l phenol ar diethyl ether blanks ar diethyl ether extracts of whole beetles.

Individual trap catches given in Apperdix 2,2

Il Y .
MALE CATGIES | STGNTFICANT LEVEL BETWEEN FPRIALE CATCHES
DATE SAMPLE MEAN S.D. MALE CATCHES (t-test) MEAN S.D.
29/11/71 Blank 2.25 1.71 blanks & male extracts N.S. 0.00 0.00
k male
equivalent 2.00 0.82 Blanks & female extracts N.S. 0.25 0.50
4 female
¢ juivalent 2,00 1.56 male & female extracts N.,S. 0.25 0.50
6 g/1 phenol | 5.33 6.11 blanks & phenol samples N.S. 0.00 0.00
30/11/71 | Blank 2,25 2.63 blanks & male extracts N.S. 0.00 0.00
10 male
equivalent 2,50 2.65 blanks & female extracts N.S. 0.75 0.96
10 female
equivalent 5.75 4,99 male & female extracts N.S. 0.25 0.50
6 g/1 phenol | 8.67 6.11 blanks & phenol samples N.S. 1.00 1.00
1/12/71 | Blank 0.50 0.58 blanks & male extracts N.S. 0.00 0.00
10 male
equivalent 1,33 2.31 blanks & female extracts 0.05 0.33 0.58
10 female
equivalent 2.00 1.00 male & female extracts N.S. 0.67 1.15
6 g/1 phenol | 3.60 2.70 blanks & phenol samples N,S.
(0.06) 0. 40 0.89

12



Differences between the mean nurbers of beetles caught in traps containing chlarofarm blanks

TABLE 4,5

and chlarofarm extracts of whole beetles.

Irdividual trap catches given in Appendix 2.3

FEMALE CATCHES

MALE CATCHES
. o SIGNIFICANT LEVEL BETWEEN a

DATE SAMPLE MEAN S.D. VALE CATCHES (t-test) MEAN | S.D.
23~11-72 Blank 3.78 2.54 blanks & nmele samples N.S. 0.44 | 0.53

10 mnele

equivalent 3,38 2.88 blanks & fem. samples N.S. 0.00 { 0,00

10 femmle

equivalent 4,13 2.30 mle & female samples N.S. 0.13 | 0.35
24-11-72 -1 Blank 3.89 2.03 blanks & male samples N.S3. 0.22 | 0.44

10 mle

equivalent 3,50 3.02 blarks & fem, samples 0.001 0.13 { 0.35

10 femle

equivalent |10.13 4,22 male & femnle samples 0.005 0.25 1 0.71
27=11=-72 Blank 2.86 2.55 blanks & male samples N.S. 0.38 | O.74

10 mle

equivalent 3.63 2.97 blanks & fem. samples N.S. 0.25 1 0.71

10 femmle

equivalent 7.25 7.83 male & fennle samples N.S. 0.13 | 0.35
28~11-72 | Blank 2.25 1.67 | blanks & fen, samples 0.005 0.00 | 0,00

10 mle

equivalent 7.73 431 blanks & male samples N.S. 0.25 | 0.45

10 femle

equivalent 5013 b33 mle & fermle samples N.S. 0.00 | 0.00

vy
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males arless males on the average than the carrespording blanks. On two
of these nights the traps baited with female extracts also caught
significantly mare males than the blanks while the traps baited with male
extracts never hal significantly different catches fram the blankss In
addition, the numbers of females caught in all the traps were low ard
showed no terdencies far either male ar female extracts to be attractive
to them.

When considered together, all the above experiments with beetle
extracts demonstrated that female beetles contained an attractant far the
male beetles and that the males could respord by flying towards it,

They did not, however , demonstrate that the fenale beetles do in fact
use this substance tc attract flying males but at least they did not
mreclude the possibility of this occurring, In this way they lent
suppart to the previous conclusion drawn fram observations of their
behavioxr, that females could be attractive to flying males.

After male beetles hal flown towards the females they were
usually observed to lard within 10 an ar so of them but some occasionally
lamded directly on the females and immediately started arientating
themselves far copulation as described below. Those that larded near
the females ran about searching far than, going up ard down shoots if
they were on vegetation ar turning in irregular spirals a figures of
eight if they were on the grourd. While they ran they also frequently
beat their wings intermittently (Figures 4.4 B, 4.5 C) making shart
buzzing sourds lasting less than about 0.25 second, Lf they did not
find any fenales within 10 to 15 secands they usually took flight
again ard either began hovering towards the same females a else
flew elsewhare. Occasionally some males alsc appeared to mate at dusk
without having flown specifically towards their mate a shart time befare-
hard, Such imdividuals were observed to bechave like these of the males
that copulated during the night, running about searching far the females
and also sanmetimes periadically beating their wings after they had walked
to within about 5 caan a so of them,

As soon as a male fourd a female he usually climbed
immediately onto her and then moved about until they werealigned in the
same direction (Figures 4.4 Cy 4.5 D, 4,6 B)., Occasionally a male first
positioned himself in the opposite direction to the female but he
usually moved arcurd after one @ two secornds when he could not
copulate successfully. When the male was on top of the female he also;
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touched her frequently with his palp and often beat his wings pericd-
ically (Figures 4.4 D, 4,5 B). Soon after contacting the female the male
usually extended his tegmen so it projected fram his abdamen (Figures
.4 C, 4.5 B) ard it was always extarded by the time he had aligned
himself with her bady. After this the male moved backwards (Figuwre .4 C)
until the top of his abdamen was just posteriar to the female's abdamen
and then he moved his bady around slightly until he managed to copulate
with the female (Figuwes 4.4 B, 4.6 A). Most males achieved copulation
within 1 ar 2 seconds after first touching the females unless they
positioned themselves in the wrong direction initially @ if there were
other males with the females as describad below. On one occasion,
however, a male was observed to attempt to copulate far about 50 seconds
with a female whose abdamen was covered by a leaf, the female thenmoved
ard the male was able to copulate with her. )

Once the beetles were copulating they remained together far
variable periads of time until the males withdrew their tegmens and
walked away. However, the length of time spent in copulation was
difficult to measure directly in the field because the beetles moved
abaut. Therefare it was estimated by taking 25 pairs of beetles fram the
hedge soon after they hal started copulating and placing them in a
covered ajuarium nearby where they were subsequently observed at intervals
of 2 to 8 minutes using a tarch., The tanperature inside this aquarium
r emained within 12,0 + 0.5°C while the observations were being made ard
the pericds spent copulating by the beetles varied considerably: the
first beetles started separating after only 7.5 + 3.5 minutes, half had
separated after about 50 minutes and there were still two pairs
copulating after 90 minutes when the cbservations ware discontinued
(Figure 4.8 A). Two beetles were also obsarved to copulate a second
time 81 minutes after they were collected. The copulation times fell
into a skewed fregquency distribution having a mean after logarithmic
transfarmation of log 1.419 minutes ard a stardard deviation of log
0.429 minutes,carresponding to a uean time of 28 minutes spent in
copulation. However, all these times were only considered to be
approximations because of the possibility that the beetles' behaviour
was affectad by the treatment even though every care was taken to ensure
that they were transfared gently and that minimun use was male of the
tarch.
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A.

Figure 4.8

Histograms of the copulatory activity of
C. zealandica during the night

The duration of copulation. The beetles were collected in copula
and the numbers still paired were determined at intervals during the

following hour and 40 minutes by observation.

The propartions of beetles found copulating on a barberry hedge at
different times during the beginning of the night of the 28th
November, 1971. Each estimate was made from counts of the numbers
of single and copulating beetles during a two minute period. The
total numbers of beetles counted are also indicated.

The propartions of beetles found copulating on a barberry hedge at
different times during the night of the 3rd to uth December, 1971,
These estimates were made in the same way as far B above and the total
numbers of beetles counted are also indicated. In addition, the
cumulative numbers of beetles which fell into large trays filled with
detergent and water during the night are also shown.

Meterological data

Date Time Tanpergture Relative Humidity | Wind speed
C % km/h
27/11/71 1743 12.0 100
2010 12.0 87
28/11/71 1940 11.5 89
1945 11.4 93
2000 10.6 30 % 0.075
3-4/11/71 | 19us 17.3 96
2031 16.5 96 } >0.01
2045 17.0 95
2137 16.5 72
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Female beetles were frequently fourd with two ar occasionally
mare males on them although only one male successfully copulates at a
time with each female. Scmetimes these males arrived befare the females
hzd begun to copulate but mare commronly they were found on females that
were already copulating. In both these cases the males were observed to
climb over the females and over the other males with their tegmens
extended and they often attempted to copulate alongside each other, with
the anteriar of the female (Figure 4.6 C) @ on top of another male
(Figure 4.6 D). Usually these males flew away @ walked off after one or
two adnutes if they were unsuccessful and only occasionally «id they try
far as long as . 5 to 10 minutes. Many of the males that walked away
remained nearby eating ar resting and this occurred most frequently
towards the erd of the flight periods. These males could fam clusters
of up to 5 o scmetimes mare beetles around the copulating pairs.

The female beetles often walked about ar ate foliage while they
were copulating but the males remained darsal to the females the whole
time am were carried around in this position. Most of the males
alsc became quite firmly attached to the females by their genitalia
because they often folded their legs against their badies while they
vere being carried about arnd copulating beetles could usually be picked
up by holding onto the males alone. However, the males were seldom
obsarved to eat wnhilst copulating because they rarely twisted fram their
darsal positions; those that did eat usually only managed this when
the females moved so that leaves were conveniently placed by their
mouths.

On only one occasion was a male ever found copulating with
another male, and this occurred in a container half filled with soil where
approximately 100 males were being kept isolated from females far
bicassay wark as described in Chapter 2. The mating males were
discovered in the marning 13 days after they had been collected and
they remained fastened together in the usual copulatary position until
they died after two and four days respectively far the upper and lower
males. Usually, however, males did not show any signs of mating
behaviowr when they cane into contact with other males except when these
males were alrealy on top of ar next to attractive females.,

Estimates of the relative mropartions of beetles copulating
at different times during the night were made cn the hedge late in the
flight seasn of 1971, on the 28th November ard the 3rd to 4th December
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ad early the next flight season on the 7+h to 8th November,1972. The
results of this are given in Figures 4.8 B and C ard 4.9 C respectively
while the recards of the meterological corditions on these nights are
incluided in the explanaticns to the appromriate figures.

The propartion of beetles copulating on the 28th November,
1971 increased over the flight pericd and reached a maximum 5  to 10
minutes after they hal stopped flying when about 75% were paired. After
this the numbers copulating rapidly diminished until only about 10% were
paired an hauwr later and less than 5% a further two hours later (Figure
4.8 B). During the night the beetles also became progressively harder
to find because they dispersed over the vegetation a fell to the ground
and this was reflected in the total numbers of beetles counted. However,
these totals only gave approximate relative estimates because they were
obtained as counts per unit time and they would therefare prcobably be
exaggerated at the beginning of the night when most of the beetles were
copulating and concentrated together near the top of the hedge.
Relative changes in the total numbers of beetles on the hedge were
therefare estimated on the next two nights fram the numbers that fell
into trays of detergent and water placed under the hedge.

The relative propartions of beetles that copulated during the
night of the 3rd to 4th December followed approximately the same pattern
except that the proparticn copulating reached a maximum of about 80% five
minutes ar so befare the last beetles hal stopped flying (Figure 4.8 C),
Most of the females on the hadge probably copulated on both the abovAel
nights in 1971 because about 40% of the beetles collectad fram thehedge
in beating trays just after the dusk flights were females during the
latter part of November (Table 4.6) and this was close to the propartion
of females cbserved as copulating pairs. It was also likely that
r elatively few of the beetles mated after the peak copulation pericds
on these nights because the rate at which copulating pairs diminished
could be accounted far by the variations in copulation times determined
previously.

During the night of 7th to 8th November 1972 the relative
numbers of copulating beetles again increased to a maximum of about
75% five to ten minutes after the last cnes hal settled, but the
propartion copulating diminished mare slowly than on the previous nights
because 45% were copulating an houwr after the peak periad and about
10% ware still copulating another 4% howrs later (Figre 4.9 C).
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Figure 4.9

Histograms of the copulatory activity of
C. zealandica on a barberry hedge during the
night of the 7th to 8th November, 1971

The average number of beetles photographed flying during a series

of 5 minute periods at dusk. The original data is given in

Figure 4.13.

The proportions of copulating male beetles which were extending
their internal sacs, farming spermatophares, or withdrawing their
internal sacs at different times during the beginning of the night,
Each analysis was made from about 10 copulating pairs collected in
liquid nitrogen.

The proportions of beetles found copulating at different times
during the night together with the total numbers of beetles
caunted and the rate at which the beetles fell fram the hedge.
These estimates were made in the same ways as far Figures 4.7 B
and 4.7 C above.

Meterological data
(No detectable wind.)

TIME MEISAM{E RELATIVE HUMIDITY
C %
13800 18.5 63
2000 17.5 72
2100 17.2 74
2200 16.0 78
2300 15.2 82
2400 15.2 80
0100 15.7 81
0200 15.7 79
0300 15.3 80
o400 15.0 81
0500 15.1 79
0530 15.0 79
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Frobably most of the females mated on this night as well because 32% of
the beetles were females from a total of 187 beaten fram the hedge after
the flight pericd ard this was slightly less than the propartion of
females observed copulating. Possibly this discrepancy indicated that
paired beetles ware mare likely to be counted than single ones although
it could also be due to sampling errar. During this nighf,sarnples of
copulating beetles were also quick frozen at intervals so their
reproductive argans ard the positions occupied by their genitalia could
be examined later in ader to find how many of the beetles mated late in
the night. In the first of these samples 20% to 40% of the copulating
males had their internal sacs extended within the bursa copulatrixes of
the females ard were producing spermatophares.  The remainder did not
have their internal sacs fully exterded o had them campletely withdrawn
in their tegmens. Of these, 40% to 60% of the total males were attached
to females without spermatophares and 20% were attached to females
containing fresh spermatophares (Figwe 4.9 B). The mropartion of males
producing spermatophares then increased as more beetles copulated until
all the males in the samples were doing this by the time when the maximum
numbers copulated. However, these estimates were only approximate
because of the small size of the samples and it was therefare likely
that some males were at other stages of copulation although most were
exchanging spermatophares. When the relative numbers of copulating pairs
were also considered over this periad, it appeared that the males
usually began producing spermatophares within &  to 10 minutes from
the beginning of copulation and then they spent an average of half an
hor o mare completing the exchange. Some males, however, completed
fertilisation within about 5 to 10 minutes because they were found
on females with fresh spermatophares near the beginning of the flight
when relatively few beetles hadl begun to copulate. After the meximum
numbers had copulated increasingly mare of the males were found attached
to females containing spermatophares although scome were still found
producing spermatophares after about b hours of darkness. Rrobably
most of the males attached to females containing:fresh spermatophares
had praduced them because the volume of the cantents in the males'
reproductive argans appeared subjectively to be much less than in males
that hal not mated. If this was the case then few of the beetles mated
after dusk on this night as well ard the comparatively high propartions
of beetles fourxd copulating at this time were therefare probably due
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to their having stayed paired fao longer, However, there was still the
possibility that some of these males hal copulated previously ard were in

the process of copulating again because there was no way of determining

the number of fresh spermatophares in females and newly farmed

spermatophares were soft ard could merge together,
Erratum T 77 S e +ha hedee at a stealy rate

Paragraph 2, 1450 4

l' 3 ¢
X fell at a I S te_I’ I e t y
: ) a at LI Y " S}ZOuZd Z"ead "o fell more fl‘e l ft
o 24 quen

' cee
WEL'S v o weo .

4.9 ).

However , no male beetles were observed to be attracteu wu
females ar to mate with them at dawn and no copulating beetles were
fourd during any of the two minute counts just befare and at dawn
(Figures 4.8 C arxd 4.9 C) although an occasional pair was found by
searching a large length of hedge in the time between these counts. In
aldition, mating behaviour was never cbserved at dawn on any marning and
it also appeared from the following experiments with sticky traps that
the males were not attracted to phenol at dawn either. In these
experiments half the traps were always left blank while the remaining
ones were baited with larger quantities of phenol than was used at dusk
to inarease the chances of detecting attraction. The traps were then
placed in position befare dawn and left there during the flight peridcds.
Far the first experiment on 25th November, 1971, the traps were placed at
the top, half way up, @ near the ground on both sides of the hedge and
50 pul of 60 g/l phenol was used in each of the baited traps., No beetles
were caught in any of them (Table 4.7). Next, on the 8th November, 1972
the sticky traps were placed on top of the hedge @ at various distances
up to 20 m from it at hedge height ar near the ground. The baits used
on this occasion were 100 ul samples of & g/l phenol solution but again
no beetles were caught in any of the traps (Table 4.7). Finally, on 9th
November, 1972 the traps were either placed on top of the hedge @ near
its base arnd 100 ul samples of 6 g/1 phenol were again used as the baits.
Two male beetles were caught this time but they were both in separate
blank traps on top of the hedge and all the other traps were empty
(Table 4.7), These three experiments therefare canfirmed that the males
were not attracted to females at dawn because they did not fly towards
phenol at this time.

It therefare appears fram all the above observations amd
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to their having stayed paired fa longer. However, there was still the
possibility that some of these males hal copulated previously and were in
the process of copulating again because there was no way of determining
the number of fresh spermatophares in females ard newly farmed
Spermatophares were soft ard could merge together,

The beetles were found to fall from the hedge at a stealy rate
during the nights if the 3rd to 4th Decerber 1971 and the 7th to 8th
November 1972 until about half had fallen off by dawn. Thase
that remained fell at a faster rate a occasicnally flew away until none
were left on the hedge by the time the sun had risen (Figures 4.8 C ard
4.9 CO. However, no male beetles were observed to be attractel to
females ar to mate with them at dawn and no copulating beetles were
foud during any of the two minute counts just befare and at dawm
(Figares 4.8 C and 4.9 C) although an occasional pair was found by
searching a large length of hedge in the time between these counts. In
aldition, mating behaviour was never observed at dawn an any marning and
it also appeared from the following experiments with sticky traps that
the males were not attracted to phenol at dawn either. In these
experiments half the traps were always left blank while the remaining
ones were baited with larger quantities of phenol than was used at dusk
to inarease the chances of detecting attraction. The traps were then
placed in position befare dawn and left there during the flight pericds.
Far the first experiment on 25th November, 1871, the traps were placed at
the top, half way up, @ near the ground on both sides of the hedge and
50 ul of 60 g/l phenol was used in each of the baited traps. No beetles
were caught in any of them (Table 4.7). Next, on the 8th November, 1972
the sticky traps were placed on top of the hedge ar at various distances
up to 20 m from it at hedge height a near the ground. The baits used
on this occasion were 100 ul samples of 6 g/l phenol solution but again
no beetles were caught in any of the traps (Table 4.7). Finally, on 9th
November, 1972 the traps were either placed on top of the hedge ar near
its base and 100 ul samples of 6 g/l phenol were again used as the baits.
Two male beetles were caught this time but they were both in separate
blank traps on top of the hedge ard all the other traps were empty
(Table 4.7). These three experiments therefare confirmed that the males
were nct attracted to females at dawn because they did not fly towards
phenol et this time.

It therefare appears fram all the above observaticns ard



Numbers of beetles caught at dawn in blank and phenol baited
traps placed at various posi

ticas on a hedge a ina

All distances and heights in metres.

field

TRAFS CN BOTH SIDES OF THE HEDGE EACT BAITID WITH A 50ul SAMPLE

DATE
25/11/71 Trap position F %P %son o1 Yto Yok ouom o fman NSo
Hleiont of trap from | 2 .25 1 L 2 2 .25 1 I 2 1 .22 2 2
ground
Corcentration 1n g/l
of samnple 80 0 60 0 O O 60 O 80 O 0O 60 60 60 60
CATCH Nc beetles cayght in any trap
TRAPS AT DIFFERENT PCSITIONS IN THE FIELD ZACH BAITED WITH A 100ul SAMPLE
. 5 ; & 1
8/11/72 | Trap positien et tr e st LMYtk L
Distance of trap
fran hedge Eeight of trap fram hedge
0 2 2 2 2
0.5 2 .25 2 .25 2,25 2
6.5 2 .25 2 .25 2 .25 « 25
20 2 .25 2 .25 2 .25 .25
Cencentration in g/l
of sample C 6 6 6 6 6 6 6 0 0OO0OOO0OO0OG6 6 6 6 6 686 0 00
CATCH No beetles caught
TRAPS ON THE SOUTHERN SIDE OF THE HEDGE
FACH BAITED WITH A 100ul SAMPLE
9/11/72 Trap position {A B C D EF G H I J K K L L M M N N 0-0 P P Q Q R
Heignt of trap| 202 2 2 2 2 2 2 .25 2 .25 2 .25 2 425 2 .25 2 .25 2 .25 .25
fronm grourd
Concentraticn 0
of g/l of 06 06.086 06 06 0 0 6 6 6 6 6 0 6 6 6 0 6 6
sarple
CATCH 0000 0 0 0 0 0O 0 0O O 0 0 0 0 00
(A1 rale) 0010100 0

*¥Gl



155.

experiments that most €. zealandicq mate during the dusk flight periads. They
then mate progressively less frequently as the night mrogresses nd mating
only occurs rarely during the second half of the night and never at dawn.

Flight behaviour

Cs zealandica showed a crepuscular flight activity pattern;
large numbers of beetles flew at dusk far periods of between 15 to 40
minutes (Appendix 2.4) but relatively few flew at dawn ard they were
only rarely abserved to fly at night.

At dusk the beetles were cbserved flying either at any height
up to abaut 3 @ 4 m above the growd, in rapid mare a less straight
paths and in any direction ar else hovering slowly upwind close to the
ground ar vegetation. However, the transition between these two types
of flight was smooth and progressive, so that it was difficult to decide
at what point the change ocawrred ,although most of the beetles that were
hovering appearad to be within about 0.5 m above plants ar the ground
a less than about 1 m downwind fran elevated vegetation.

When hovering the beetles constantly faced into the wind ard
flew to ard fro approximately harizontally and at right angles to it
covering a distance of about 0.3 m a less in each direction. Their
flight paths therefare terded to follow an irregular zig-zag farwards
although occasionally they also hovered backwards far shart distances.
The' flight pattern then became progressively restricted when the beetles
were alighting until they were only flying to and fro a few centimetres
just befare they larded. This hovering flight was shown by all beetles
that were about tc settle including males that were flying towards
females as described above. The beetles were also frequently seen
hovering fraom one clump of vegetation to another ar repeatedly hovering
up to a plant and between its shoots, then flying rapidly downwind a
metre ar so and starting to hover towards it again. On the few
occasions when there appeared to be no wind the beetles approached plants
fram any direction and ariented towards the plants as if the wind was
blowing from them.

A relatively high density of hovering beetles was always found
near the edges of tall plants such as trees ard shrubs if these were
edible to them (Appendix l.l)ard fewer hovered towards vegetation that
was low @ never eaten. Usually so many hovered about these tall plants
during the large flights in the first two ar three weeks of the flight
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season that they foarmed swarms extending about 1 m dowrwind fram them
but small swarms were only very occasioﬁa]ly observed near low plants
when the largest flights occurred. Many of the beetles in these swarms
also alighted to mate, rest and this resulted in them being found most
abundantly on tall edible plants after dusk. It appeared that the
flying beetles were particularly attracted to foliage that was silhouetted
against a lighter background or against the sky when viewed fram the
direction fram which the beetles approached. Possibly the irregular
cutline of the fcliage was also important because the beetles were
rarely seen hovering towards objects with smooth outlines, such as fence
posts, tree trunks, or buildings but they were often seen hovering
towards inedible plants although they usually flew away from them after a
shart time,

Following the observations that beetles were attracted to tall
plants same experiments were perfarmed with the sticky traps to find if
the effectiveness of an attractant was affected by the position of its
source in the field. These experiments were first run in 1971 when all
the traps were baited with 50 pl of 6 g/l phenol and then they were
repeated in 1972 when the number of traps was increased enabling half to
be baited with 6 g/l phenol and the rest to be left as blanks.

When the traps were placed on top, half way up, ar near the
base of the hedge and on both sides ot it, the highest mean catches were
always in the highest traps followed by those half way up the hedge, then
those on the ground (Figure 4.10a),This effect was most pronounced in the
catches of males in phenol baited traps althoush the numbers of females
caught in them also showed it to a lesser extent. Fewer beetles were
caught in blank traps than in baitcd ones and there was a lesser
difference between the numbers of males and females caught in blank traps
although they also showed the same pattern of higher numbers being
caught near the top of the hedge than low down. The catches of the blank
traps therefore demonstrated that more beetles settled near the top of the
hedge than near its base while those caught in the baited traps also
showed that an attractant was mucn more effective when positioned ncar
the top of the hedge than lower down it. However, there was little
difference between the numbers of beetles caught in similarly placed
traps on both sides of the hedge in relation to the wind direction, so
presumably the beetles could fly between the branches and shoots to
reach those traps on the upwind side,



157.

A series of experiments was also performed on different nights
to find how the numbers of beetles caught in sticky traps an top of the
hedge campared with the numbers caught in sticky traps positioned at
different distances up to 20 m from the hedge at grass height or at
hedge height. The positions occupied by the traps on each night and their
relative catches are shown in Figure,10afar the experiments run in
1971 and in Figure %.Xbfor those run in 1972 while the means of all the
catches are shown in Figure 4.1Gc. The actual numbers of beetles caught
varied considerably fram day to day and therefore the catches have been
shown in these figures as percentages of the total numbers of male
beatles caught on top of the hedge so that catches on different days
could be compared. In these experiments the largest numbers of male
beetles were again caught in phenol baited traps on top of the hedge
followed by those near the ground and at any distance from the hedge.
Here the catches were about 35% or less than those on top of the hedge.
Traps containing phenol at hadge height caught decreasing numbers of
males the further away from the hedge they were placed up to about 6,5 m.
Beyond this distance males were caught in approximately equal numbers
although the catches were less than 10% of .those in traps on top of the
hedge. Traps with phenol placed 2 m above the hedge also caught
similarly low numbers of males. In blank traps, approximately equal
numbers of male beetles were caught at all positions except those 1.5 m
or riearer the hedge and here there was a decrease in the nunbers caught
at ground level and an increase in the numbers caught at hedge height.
In addition, fewer male beetles were caught in blank traps than in baited
traps at almost all positions except those 6.5 m or further from the
hedge at hedge height where approximately equal numbers of males were
caught in both sample and blank traps. However, only small numbers of
beetles were caught in these positions and it is possible that these
similar catches were due to chance.

Proportionally fewer females than males were caught in both
types of trap at all positions except at hedge height and 6.5 m or
further from the hedge where the numbers of females caught in baited
traps were approximately equal to the numbers of males caught in both
baited and blank traps. In general the largest numbers of females
were caught in baited and blank traps on top of the hedge or within
0.3 m of the top, no females were caught in any traps 2 m above
the hedge, approximately equal numbers were caught in phenol baited
traps at all other positions, and none or very few were caught in the
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Figure 4.10a

Pictorial representation of the mean numbers
of male and female C. zealandica caught in
sticky traps at different heights on a hedge
and at different distances fram it

The traps were baited with solutions of either 6 or 0 g/l
phenol. The area of each spot is proportional to the mean
number of beetles caught in all the sticky traps set at the
position indicated. For camparative purposes this is
expressed as a percentage of the mean numnber of male beetles
caught in the sticky traps baited with 6 g/l phenol on top of
the south side of the hedge. This accounts for differences
in the numbers of beetles which flew on the different nights.
(Data fram Apperdixes 2.5, 2.6, 2.7, 2.8, 2.9, 2.10)






Figure 4.10b

Pictorial representation of the mean numbers
of male and female C. zealandica caught in
sticky traps at different heights and distances
fran a hedge

The explanation of this diagram is the same as that
far Figure 4.10 a&. (Data from Appendixes 2.8, 2.9, 2.10)
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Figure 4.10c¢

Pictarial representation of the means of the
cambined results of the experiments shown in
Figures 4.10a and 4.10b

The explanation of this diagram is the same as
that for Figure 4.10a,
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carespording blanks., This therefare confirmed that phenol was slightly
attractive to females. The numbers of beetles caught in blank traps
also confirmed the observations that mare beetles flew near the top of
the hedge than elsewhere in the field while the numbers of males caught
in sample traps showed that the most effective position far phenol as an
attractant far males was firstly on top of the hedge amd then at grass
height whereas phenol did not act as an attractant when it was high
above the grourds. It thus appears that females are most likely to
attract other beetles when they are on the tops of tall vegetation.

The beetles rarely flew at night although occasionally same
were observed to fly towards a light. This was probably only a response
to being illuminated because they often started flying when they were
taken into a lighted room at night. If any hal flown when it was too
dark far them to have been seen they would have been identified fram
the continuous buzzing sound made by their wings during flight. Buzzes
were, however, frequently heard at night, especially from hedges
but these usually lasted much less than a second arnd were therefare
most probably either beetles falling from the hedge o males running
about searching far females. On two occasions the beetles were observed
to fly at night under narmal circumstances, This occurred on te: 13th and
14th lov.adber, 1373, two and three days after a full moan. On the first of these
nights the beetles started flying at irregular intervals after the moon
had risen two hours after dark anmd they were then seen intermittently

but with decreasing frequency over the next hour until observation
was discontinued. On the secord night very few beetles flew and these
were only cbserved over a periad of about 15 minutes after the moon hadl
r isen three hours after dark. On botiy occasiors

the beeties were cbserved either hovering ar flying rapidly on both
these occasions in the same way as they did at dusk and probably the
main factar contributing to these nocturnal flights was the moonlight
because these were the only two nights within % . days of a full moon
when the moon was not obscured by cloud. The other envirommental
corditions were unexcepticnalj the temperatures were about 1PC and 14°C
on the first and second nights respectively and there was very little
wind on either of them.

Same beetles were always fourd flying at dawn although
observations were only made on 5 mearnings between the 4§th Hovember and

4 December, in 1971 and 1972.0n all of these marnings no beetles were
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Seéen on pasture plants and they were only cbsaved on hedges.
At dawn many of the beetles on the hedge mada

brief buzzing scurds when they were observed attempting to fly ar when
they were observed falling from the hedge but relatively few actually
flew. The ones that did fly usually went directly away fran the hedge
although occasionally they flew back ard farth along the hedge a few
times first and they were rarely seen to hover towards shoots on the
hedge ard alight there. However, no beetles ware observed hovering
towards others on the hedge at dawn and nothing that resembled
pecopulatary behaviour in any way was ever observed at this time.

Empironmental factors affccting mating and flight

The environmental factars affecting mating ard flight in
C. zealandicq will be considered together because most of the beetles
mated during the dusk flight pericds and because flight plays an
impartant part in their sexual behaviowr at dusk.

The envircnmental factar that appeared to be most impartant
in determining when flight occurred was light intensity. The beetles
anly flew between a narrow range of light intensities and the relative
nunber of beetles flying at anyone time was approximately related to the
light intensity at that time. Throughout this study the first flying
beetles usually appeared soon after the light intensity had fallen
below 100 lux at dusk and only occasicnally were any seen flying between
150 lux ard 100 lux. By the time the light intensity had fallen to
about 50 lux numerous flying beetles were observed and they inareased
to a maximum between about 10 lux amd 1 lux., After this the number
flying diminished and the last ones ceased while there was still
sufficient light left far the beetles to be seen although the light
intensity was below the sensitivity of the lightmeter. These
observations were confirmed on fouwr nights in 1972 between the lst ard
7th November when estimates were made of the relative numbers of flying
beetles at different times during the dusk flights by photorpaphing
the swarm at the top of the hedge. On these occasions the first beetles
ware usually photographed when the light intensity was about 50 lux,
then the numbers in the photographs increased to a maximum between
about 10 iux ard 1 lux ard then decreased again (Figure 4.11). In
addition to the photographs, sticky traps baited with phenol solution ar
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Relationship between the light intensity at
dusk and the number of C. zealandica in flight

The relative numbers of beetles flying were determined
from photographs (see Figure 4.2) and the light intensity
was determined by placing the sensor of a light meter
harizontally and facing upward.
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with water as blanks were set out on top of the hedge on these 4
nights ard the arrival patterns of beetles to them were examined to
investigate how the responses of the males to the sex attractant varied
at dusk. The results of this are given in Figuwe 4,12 and showed that
the relative numbers of males ariving at phenol baited traps followed
approximately the same pattern as the relative numbers of beetles
flying although there was a tendency far the numbers of males ariving
at the traps to increase and decrease slightly befare the numbers of
beetles flying. Possibly this effect was due to the beetles firding
it easier to settle on the sticky traps when there was mare available
light early on in the flights.

Few beetles were fourd on the hedge during the first part of
the dusk flights when the light intensity was high and they only started
alighting in any numbers after it had dropped below about 10 lux. HMales
ard females settled apparently at the same rate because the ratio of
malss to females in beatings taken fram the hedge at various times
during the flight periads en % nights in Noverbery 18972 stayed
approximately constant (Figwe 4.13).

The timing of the dawn flight also appeared to be determined
mainly by light intensity and this was confirmed by determining the
relative numbers of beetles that flew at different times together with
the changes in light intensity on three mornings in 1971 and 1872.

The nunbers of flying beetles were estimated by periadic counts since

it was found that the nuwabers ware too low far them to be estimated
photographically. The results are given in Figure 4.14% ard show

that the beetles flew over the same range of light intensities at dawn
as they did at dusk, but that at dawn most flew when the light intensity
was between 5 lux ard 50 lux whereas at dusk most flew when it was
between 1 lux and 10 lux. This discrepancy could be due to the counts
being biased towards high light conditions when the chances of
observing the beetles in flight would be better.

The numbers of beetles that flew at dusk showed considerable
day to day variation although there was a general tendency far them to
be largest early in the flight season during the first two to three
weeks in November and after this they diminished until few beetles were
observed to fly by the erd of December. This seascnal variation
probably reflected changes in the numbers of suitable adults in the
field whereas the shart term fluctuations appeared to result fram the
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Figure 4.13

Relationship between the ratio of male to female
C. zealandica on the hedge at different times at
dusk and the light intensity

The light intensity was measured as far Figure 4,11
while the sex ratio was determined fraom beetles knocked
fram a hedge onto a beating tray underneath. The total
nunbers of beetles collected for each determination are
indicated by the small figures next to the symbols.
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Figure 4.14

Relationship between the light intensity
at dawn and the numbers of beetles
observed flying

The light intensity was measured as explained far
Figure 4.11.



O

™ o~ — e}

synuiw Jad Buik) paauasqo JsquinN D

| maasm

1

| SA0AE LN T T Tq_

—<-<<—_ T
o -

100

X[T]  =——

450

440

430

420

410

1971

4 December

o)
N )
Bulklj poasssqo JsquinN
T O—<~<<~ L Ll w—--~lﬂ T T 1——~J

XN —

500

450

440

430

25 November 1971

ﬂl]dq—\dlﬂﬂdaqddi—-——uqqqd4——44—<-—-—
@] @] (@] @)
I & -

Bbukly peaJasqo JaqunN NN
L LU T T T v Tt

mq—w L) o—-«— ﬂ O— —\ 4|ﬂ

o} -
XN e—0

510

500

450

440

430

420

9 November 1972



166.
influences of temperature, wind, and rainfall during the dusk Flight
periods. High temperatures a. this time tended ‘o favour larce flights
While strang winds or heavy rain tended to depress the numbers flying.
vften fewer beetles seemed to emerge oan those nights when the conditions
were unfavourable for large fliphts but a high propartion of the beetles
that were visible after the dusk flights werce always found copulating
so mating therefore readily occurred under all the environmental
conditicns experienced during this investiuation.

The temperatures at dusk ranged between 9.6°C and 21°C
tiroughout this study (Figures 4%.15 and 4.16) but they were never low
<nough to inhibit flight altogether because some beetles were observed
to fiy an every night once é.mergence began. The average wind speeds
over the dusk flight periods were recorded in 1972 only, when they
varied between O m/min and 245 msmin (Figure 4.16) but the beetles
usually did not fly in winds of more than about 100 m/min except when
taey were in sheltered places such as downwind from plants. Rain
Seamed to depress the numbers of beetles that flow when it was moderate
to heavy but light rain appearcd to have little effect. It was also
evident that surface water could affect the flights but this was anly
opsorved once on the 20th November, 1971 when few beetles flew even though
the temperature was 14°C and there was no wind or rain. On this
occasion a thunderstorm about two hours before dusk had left large
mreas of the fields covered by water and this had presumably stopped
many of the beetles from emerging. The only cnvironmental factor that
appeared to have no effect on the numbers of beetles that flew at dusk
~35 the relative hunidity. This was only recarded in 1971 and
varied between 80% to 100% at dusk, showing a tendency to increase
iwring the evening (Appendix 2.4).

The numbers of beetles caught in the sticky traps reflected
+i: observations on the number that flew each night to some extent. The
werage numbers of male and female beetles that were caught cach night
in blenk and 6 g/1 phenol baited sticky traps are given in Figures
L.15 end 4.16 and these show that generally all the catches declined
“fter the first two to three wecks. It was also apparent that in 1972
1 higher ratio of males were caught in pheneol baited traps than in the
5lanks early in the flight season than later on. The same effect was
\1so found in 1971 although it was not as pronounced as in 1872. It
snerefare appears that the males flew towards phenol more effectively
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Figure 4.15

The average numbers of male and female C. zealandiea
caught in sticky traps baited with solutions of 6 or
0 g/1 phenol in 1971, together with the temperatures
at dusk

The mumbers of beetles caught are taken fram the

results of all the trapping experiments whilst the air
temperatures are taken fram Appendix 2.4,
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Figure 4.16

Relationship between the light intensity
at dawn and the numbers of beetles
cbserved flying

The light intensity was measured as explained for
Figure 4,13,
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erly in the flight season and therefare mare of the males robably also
fourd females at this time.

The temperatures ard average wind speads during the dusk
flight pericds are also given far each night in Figwe 4.15 and 4.16
while the numbers of bectles caught in the irdividual traps at each of
these temparatures ard wird speeds are given in Figure 4.17. These
show that genarally the numbers of both males and females in blank and
baited traps increased with increasing temperature ard decreasing
wird spead. When these were analysed statistically, however, only the
catches of males in phenol baited traps in 1971 and 1972 and the male
catches in blank traps in 1971 were significantly carrelated with
temperature ard wird speed as shown in Figure 4.17. The relationship
of these catches with temperature was most significant when the
regression was linear while the best relationship with wind speed was
logarithmic (Apperdix 2.11). The male catches in blank traps were
also significantly carrelated with temperature in 1872 if the catches
on the first night ware excluded (Apperdix 2.11) ard this was justifiable
because the beetles had just started to emerge., In addition to these
analyses the simultaneous effects of temperature and wind speed on the
1972 catches were also investigated by multiple regression analysis
because the windy days tended to be the cold cnes amd therefare any
relationship with one would hold far the othar., This analysis showed
that wind speed only was significantly carrelatad with the number of
male beetles caught in the baited traps when the catches on all days
were considered, though when the catches of the first night were
excluded both temperature ard wind speed showed significant indeperdent
careclations with the numbers trapped (Apperdix 2.11). However, the
distribution of these catches was not narmal, possibly because there
were so many zeros, ard therefare non-parametric regression methads were
used to check the significance of the above fimdings, which they
confirmed (Apperdix 2.11). The numbers caught in the blank traps
therefare demonstrated that the number of flying male beetles
increased with increasing temperature and the baited trap catches
demonstrated that the number of male beetles that were attracted to
shenol also increased with increasing temperature and decreasing wind
speed. The non-significance of the other relationships between the
umbars of females caught and tenperature ar wind speed, and the number
of males caught in blank traps and wind speed did not necessarily mean
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Relationships between the numbers of male
and female (. Zealandica caught in sticky
traps baited with solutions of 6 ar O g/l
phenol amd the temperature ard wind speed
at dusk

Wherever the numbers of beetles caught are
significantly carrelated with an envirommental
factar (P<0.05), the regression line ard its

equation is also shown.

Note: The numbers of beetles caught, N, are

shown on a log scale of (N+l).
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that no relationship ewisted between them but rather that the numbers
significance to be apparent from the

ALl these catches did, however, tend to support
the observations thai 1re

in the catches were tooy low for
nunber of samples.

number of flying beetles increased with

ncreasing terperature and decreased with increasing wind speed

(Figure 4.17).

Discussion

Sex attraction

It has been claimed that the female C. zealandica uses
phenol as a sex attractant for the male (Chapter 1) and it has been
demonstrated in the present study that phenol is attractive to
male C. zealandica. The possibility still exists however, that the
female may liberate some synergistic chemicals along with phenol
since many sex pheromones have more than one component (e.g. Jacobson,
13725 Roelofs and Carde, 1974), and Osborne and Boyd (1975) have
recently found that the resin "Duré% 12687" contains an odour
synergist for phenol.

It is also interesting that in the present investigation more
females were caught in sticky traps baited with phenol than in blanks
although the nurmbers were very low compared with the numbers of males
that responded to phenol. In fact, with the exception of one
experiment, the female nurbers trapped on any night were too small
to demonstrate significant attraction. However, when the entire series
of trapping experiments was considered, the numbers caught in phenol
baited traps was almost always greater than the numbers caught in blank
traps (greater on 20 nights, less on 2) and this was significantly
different at the P<0.01 level using a non-parametric sign test. In
addition, the numbers of females trapped also tended to increase with
the quantity of phenol used in the traps. Thus a clear indication was
obtained that phenol is weakly attractive to female C. zealandica.

A somewhat similar result was obtained by Ladd (1970) in a field
investigation with the rutelinid Popilla japonica Newman. -+ Firstly, he
found that males were attracted to squashed females, thus demonstrating
chemical attraction; then he found that large numbers of males and some
females were attracted to traps baited with virgin females, and that the
nutbers of both cex were greater than the numbers caught in blank traps.
Smith and Hadley (1926) also reported that in the field P. Jjaponica
frequently congregate in "balls" of up to 200 struggling individuals,
and Ladd (1970) found that these either consisted of one

femile with many males, several females with meny males,
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or nunerous males by themselves., He concluded that the female releases
a powerful sex attractant for the male, and that either an aggregation
pheromone is released by the male which attracts both sexes, or a weak
pheramone 15 released by the malc which attracts the female. He did
not, however, seem to consider the possibility that males might become
attractive by previous contact with a female in a ball. This was later
resolved by Alder and Jaccobson (1971) who obtzined an indication fram
electrophysiological methods tnat the female P. japonica probably
produces a sex pheramone far the mule and that the male produces a
pheranone whicn attracts both sexes. In addition, aggregation phercmones
which are produced by the male have been fourd in other Coleoptera,
particularly amongst the Scolytidae (e¢.g. Jacobsen, 19723 Borden, 197%),
so it is tempting to suggest that a similar acting phercmone is
produced by the male of €. zealandica. Nevertheless, further research
is required to determine whether this is so because, fram the present
results, it is just as likely that the female C. zealandica is weakly
attracted by phenol, or that the male produces a weak attractant for
the female, In addition, a pheramone may not be involved at all, and
the females may be responding for instance to visual or auditory
stimuli from the swarm of male beetles flying to the phenol.

A number of female Scarabaeidae are now known to use a sex
pheramone which attracts the males. This has been discovered by
observations of males being attracted to squashed females, their extracts,
or to containers from which females had recently been removed. The
species include the melolonthinids Rhopaea magnicornis Blackburn
(Sooloo and Roberts, 1865), Phyllophaga decemlineata (Say) (Lilly and
Shorterhouse, 1971), and Plectris aliena Chapin (Roberts, 1968); and
the rutelinids Phyllopertha lanceolata (Say) (Travis, 1939) and Popilla
japonica Newman (Goonewardene, Zepp, and Grosvenor, 197C). It is also
known that the attractant is located in the abdomen of the female and
not the head or thorax in R. magnicornis (Socikx> and Roberts, 1964),
and P. decemlineata (Lilly and Shorterhouse, 1971). In addition,
Jeannel (1960) also reported that the wingless female Pachypus cornutus
Oliver (Pachypodinae) emits a pheromone which attracts males, and there
are other species with sedentary females and males with greatly
developed sensary organs amongst the Melolonthinae, Dynastinae, and
Rutelinae (e.g. Britton, 1973) which are likely to use pheromonal
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cammunication between the sexes.

At Jeast one melolonthinid might not use a female pheromone:
Tashiro and Fleming (1954) obtained neglig.ble attraction of male
Amphimallon majalis {Razoumowskiy to live virgin females or extracts of
them 1n field trapping experiments, and Roelofs, Pulver, Feng, and
Gambrell (1967) chromatographed acetone extracts of females and tested
the fractions on males in the laboratory without result. The chroma-
tography presumably ruled out the possibility of masking agents being
present in the crude extracts, but it may also have separated vital
components of the pheromone; or else the pheromone may be a highly
reactive substance which loses its attractancy.

Mating sites

Ritcher (1958) reports that the choice of mating sites in the
Scarabaeidae varies with the subfamily and from genus to genus within
the subfamilies. Amongst the Melolonthinae the genera Serica,
Diplotaxts, and Phyllophaga mate at night whilst the female continuecs
feeding on foliage (Ritcher, 1958). Females of Pyronota, which are
active during the daytime, also feed during copulation (Miller, 1925)
so that the observation that the female C. zealandica also feeds whilst
copulating is not unusual for this subfamily. A. mgjalis, a crepuscular
species, mostly mates 3 to 6m above the ground on trees (Schwardt and
Whitcamb, 1943); P. decemlineata also mates an trees at twilight (Lilly
and Shorterhouse, 1971); and Rhopaea verreuxi Bianchard will mate on
the leaves of Eucalyptus. R. magnicornis and Rhopaea heterodactyle
soror Blackburn, on the other hand, mate only on the ground (SocHoo and
Roberts, 1956). Other melolaonthinids mate on flowers in the daytime
(Ritcher, 1958); whereas P. lanceolata mates in the morning on the
ground (Travis, 1939); and Phyllotocus, and Pyronota presumably also
mate in the light (Britton, 19733 Braown, 1966). Copulation dwuring
daylight also occurs in the rutelinids Anomala aenea Geer (Rittershaus,
1927)3 Phyllopertha horticola (L.) (Rittershaus, 1927; IMilne, 1960);
and P. japonica (Ladd, 1970).

Little is published concerning mating in other Scarabaeidae.
4. tasmaniae Hope (Aphodiinae) mates at twilight apparently in dung pads
(Carne, 1956), and the Dynastinae, which are nocturnal (Brittcn, 1973),
mate either on the surface of the soil, in soil, ar beneath the surface
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of the ground (Ritcher, 1958). The Cetoniinae are nocturnal, and many
mate on flowers, whilst the valginid genus Microvalgus is only active
during daylight (Britton, 1973), and Valgus mates within termite
galleries in stumps or fallen trees (Ritcher, 1958).

General nocturnal activity

It is interesting to note that Farrell and Wightman (1972)
confirmed some of the findings of the present study concerning the
nocturnal activities of C. zealandica. They reported that mating took
place during the first hour after the cessation of flight on the
foliage of pasture plants., Furthermore they noted that the numbers of
both sexes declined at a similar rate thrcughout the night: on pasture
the time taken for half the beetles to return to the ground mostly
varied from 3 to 6 hours after the onset of darkness,whilst the beetles
remained on willow trees for longer, half returning after about 6 to 7hours,
and the greatest numbers returning at dawn. They detected no flights
away from trees during the night, but found that the beetles did fall
to the ground from them, They also never cbserved flight at dawn
perhaps because the air tamperatures were too low for this (below 10°0),
but they observed 8 adults gliding down at an angle from trees.
However, flight at dawn has been recorded during the present
investigation, and this confirms the observations of Hilgendorf (1902).

Flight and its relationship to mating behaviour

The present study confirmed that males of (. zealandica
frequently fly to females to mate with them. This had already been
irdicated fram brief comments in the literature and from the results of
field trapping studies with phenol published by other research workers
(see Chapter 1, and the introduction to this chapter), but the present
description of this behaviour is the first detailed one. Flight is
also known to occur at the same time as mating in 4. aenea Geer
(Rittershaus, 1927); 4. tasmaniae Hope (Carne, 19563 Maelzer, 1961);
and in P. horticola (L.) (Milne, 1960); whereas the male is known to
fly to the female in A. magalis \Razoumowsky! (Schwardt and Whitcomb,
19433 Gyrisco, Whitcomb, Burrage, Logothetis, and Schwardt, 1954)j
P. cormutus Oliver (Jeannel, 1960); Ralfena (hapin (Rcberts,

1968)3 P. lanceolata (Say) (Travis, 1939); P. decemlineata (Say)
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(Lilly and Shorterhouse, 1971); and R. magnicornis Blackburn (SocHoo
and Roberts, 1956).

Many of the general observations concerning flight in
C. zealandica made in the present study were la.er confirmed by Farrell
and Wightman (1972) who investigated the flight and feeding activity
of this insect in the Nelson province. They reported two types of
flight activity: weaving, apparently randomly directed flight at low
altitude (<0.5m) and more directed flight at higher altitudes (1~-3m).
The farmer was punctuated every few metres (<50m) by the beetle hitting
grass stems and falling to the ground, follow d by its climbing to the
top of a grass stem and taking flight again. The latter flight
occurred less often early in the flight season and was predaminantly
tovards the highest silhouettes on the beetles' horizon.

Farrell and Wightman (1972) examined the internal conditicn
of €. zealandica adults and found that only 6% of the apparently older
beetles feeding on pasture contained eggs, suggesting that some females
laid eggs before feeding. They also similarly cbtained evidence that
most females oviposited before flying to trees thus supparting the
evidence already noted in the introduction to this chapter which
indicates that the behaviour of female C. zealandica changes with age.

The behaviour pattern of C. zealandica is suggestive of that
of P. horticola as reported by Milne (1959, 1960). P. horticola flies
during the daytime and shows two roughly equal and half-overlapping
phasas of activity. In phase 1 there is a "feverishly busy concen-
tration" of males alternately weaving in flight close over the ground
and alighting to run around. The average height of this swarming
flight is about 22cm and it occurs over patches of ground where larvae
have developed. The female spends practically her entire life belaow
ground, caming up very briefly now and then to mate, and when she does,
she "perambulates" slowly around on the sward and copulation is quickly
initiated. In phase 2 swarming shifts to deciduous trees and bushes.
The male flight is the same as over the grass. There are, however,
more females which fly more often in short hops from one piece of
vegetation to another. Some females also fly directly towards tall
vegetation, ar avay from it towards the grass, and this was termed
"bee-lining". Male and female outgoing flight is also different: the
male outgoers keep low and generally go downward in a curving path to
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the grass 10 to 20m away, whereas females initially go in mostly
straight climbing paths and descend usually 100m or more away. They
then either "bee-line" again or dig into the soil. Male outgoers are
those that have spent the night on the foliage «nd are joining the
activity on the grass. "Bee-lining" only occurs when the sun is
shining, and the beetles go in any direction in calm weather or downwind
in a moderate breeze.

Many authors have noted that males of C. zealandica start
flying earlier in the season than females (Chapter 1) and Farrell and
Wightman (1972) confirmed this. They found that males predominated in
flight traps from the 2nd to 6th November, whereas females predaminated
in catches after the 12th November. This also tends to confirm the
change in behaviour of females with age. However, in the present study
there was only a slight difference between the relative numbers of
male and female beetles that landed on hedges during the entire flight
seascn until the numbers of beetles that settled there reached low
levels. The beetles also swarmed around the top of the hedge fram the
very first day of flight oward and this suggested that many of the
females flew to the hedges on first emergence or very soon afterwards
in the area of study. It is still possible, however, that at this
Hamilton location many of the beetles showed similar behavioural changes
with age to those at Nelson, and to P. horticola, except that the first
behavioural phase was very abbreviated.

It appears that different species of Scarabaeidae can be
arranged into a series according to their mating behaviour: this ranges
from flightless species which mate only near the ground, through species
such as P. horticola which spend the first half of their lives mating
near the ground and the last half mating in trees, and culminates with
species which apparently mate only high up in trees, such as 4. majalis
(Razoumowsky) (Evans and Gyrisco, 1958), and P. decemlineata (Say)
(Lilly and Sharterhouse, 1971). Furthermore, it appears that within
this series C. zealandica represents an intermediate step between
P. horticola and those species which mate in trees.
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Long range orientation whilst in flight

The behaviour of adult ¢. zealandica when flying towards tall
vegetation was found both by observation during the present study, and
by Farrell and Wightman (1972) who tracked the flying beetles, to be
similar to that described by a number of research workers for
Melolontha melolontha L. The principal investigations concerning the
flight of this latter insect were made by Schneider (1952, 1954) in
Switzerland, who facilitated cbservation of the beetles by tying paper
streamers to them, and by Couturier and Robert (1952, 1354) in France,
who invéstigated flight towards silhouettes by positioning lightly
coloured smoke screens to cbliterate portions of the horizon and
subsequently cbserved the direction of the beetles' flights.

According to these authors, adults of M. melolontha fly at
dusk. They first describe a spiral flight of increasing radius above
the emergence site and then fly towards a specific point. During the
preliminary flight the entire horizon is examined optically and a
certain section is selected as the primary flight goal. Usually this
is the section of the horizon offering the silhouette of maxdmum height
over an arc of 50 to 90° (a hill or woodland), but a near silhouette
is as attractive as a distant cne of double the apparent height on the
opposite harizon. In the absence of a high silhouette, the beetles
fly to neighbouring single or grouped trees. If bad weather delays
emergence the beetles prefer silhouettes offering the greatest contrast
with the sky, and if cloud lowers the contrast of a preferred
silhouette, the beetles choose another high contrast silhouette. The
beetles fly close to the ground towards these silhouettes and the line
of flight is therefore not direct. If the primary flight goal is
unsuitable for feeding, a second is selected in renewed spiral flight.
Schneider (1952) also notes that Melolontha hippocastani Fabr,
behaves in a similar way, but prefers trees or similar cbjects in the
immediate vicinity. If such vegetation is lacking, they fly towards
the highest silhouette unless this stands out against a very bright sky.

In C. zealandica it is not known whether the adults desqibe a
preliminary spiral flight before flying tc tall silhouettes, but Farrell
and Wightman (1872) reported that beetles from the same area of pasture
fly in well defined directicns towards a number of different praminent
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silhouettes, in a manner similar to the flight parting or "flascheide"
of M. melolontha described by Schneider (1954). Farrell and Wightman
(1972) also reported that the average height above the ground at which
C. zealandica flies when going towards tall silhouettes is 1 to l.5m
over level ground and 0.5 to Im when ascending a slope. These latter
authors confirmed that C. zealandica only settles on foliage and not
fence posts or tree trunks, and discriminates between different tree
species (Appendix 1.1). This, therefore, suggests that long-range
orientation toward the silhcuette of the target feature is succeeded by
a short-range behaviowral response involving acceptance or rejection of
the site in a similar manner to that repcorted for M. melolontha by
Schneider (1954), This was further confirmed in the present study, in
that the swarms of C. zeclandica were densest dowrwind of plants
presenting very irregular or finely broken up silhouettes which had
same depth to them in relation to the upwind direction of the beetles'
flight paths. It was also noted that C. zealandica swarmed around
plants of low and medium height as well as tall plants when these were
near each other, and that although the swarms of hovering beetles were
densest near the top of the vegetation, they also flew downwind fram
the side edges of isolated plants. This behaviour, therefore, suggests
that the highest silhouette is not always the preferred target, and
that the flight behaviour of C. zealandica may be closer to that of

M. Hippocastari as reported by Schneider (1952).

Orientation tovards silhouettes hia3 also been suggested to
oceur in the melolonthinids A. majalis by Gyrisco et al,(1954),

P. decemlineata by Lilly and Shoarterhouse (1971), and in three species
sof Pyronota by Brown (1866). It is also interesting to note that.
possibly the shart-range visual responses of A. majalis differ fram
those of C. zealandica and M. melolontha because Schwardt and Whitcomb
(1943) reported that A. majalis flies around telephcne poles as well
as trees.

The dusk flight behaviour of the aphodiinid 4. tasmaniae is
also of interest in that this .carabaeid apparently does not crientate
to distant silhouettes (Maelzer, 1961). According to Carne (1956) the
adults of this species all take flight at about the same time and
either fly to dung pads where they mate, or fly in broad spirals
interupted by short straight flights with changes of height.
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Occasionally they also fly in straight lines for longer distances
befare resuming spiral flight again. Maelzer (1961) also found that
A. tasmaniae which were not flying towards dung pads flew apparently

at random if it was calm, and downwind when there was a wind, irrespec-
tive of the wind direction.

The effectiveness of the sex pheromone as influenced by the position
of its source in the field

During the present study, the position occupied by the source
of the sex attractant of C. zealandica in the field was demonstrated
to have a very great influence on its effectiveness by the use of
sticky traps. By far the largest numbers of beetles were always
caught in those traps placed on top of the hedge where the beetles
swarmed followed by traps at grass level at same distance from the
hedge, whilst traps placed low down, close tc the hedge or high in the
air were relatively ineffective. The numbers of females caught in
blank traps also indicated that most females also alighted on top of
the hedge, and furthermore, since the ratio of males to females caught
in blank traps on top of the hedge was much higher than the ratio of
males to females that eventually settled on the hedge, it was also
likely that in these swarms, the females spent less time flying than
the males cr else the males settled and todk off again mare frequently
than the females. These experiments therefore indicated that aggregation
aids the male C. zealandica in finding its mate, although there may be
other advantages in this behaviour such as bringing the beetles to the
growing shoots of plants. However, it is not unreasonsble to suggest
that the females of C. zealandica are more likely to be effective in
attracting males, and therefore more likely to be mated, when they are
in any situation in the field where swarms farm and not only at the
top of barberry hedges as investigated here.

Soo Hoo and Roberts (1965) noted that the "adults of many
scarab species in Australia are attracted to a cammon food source, such
as Fucalyptus trees, where they feed and matej such species have no
need to rely on sex pheromones to bring the sexes together and are not
known to produce them'". They also noted that the North American
p. lanceolata feeds on low plants and that its pheromone is presumably
of great selective advantage as a mechanism for uniting the sexes.
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Farrell and Wightman (1972) have also noted a trend from tree feeding
to ground feeding with an accompanying loss of migratory flight.
However, as already mentioned, amongst the tree nating Scarabaeidae the
female A. majalis apparently may not produce a pheromone, whereas the
females of P. japonica and C. zealandica do. Ritcher (1958) also
reported that 8 or more different species of Phyllophaga find their
mates at night on the same trees so different sex pheromones would be
of selective advantage at least in this case.

There appears to be two likely explanations to account for the
ineffectiveness of phenol baited traps when placed high above the
ground (2m), or close to the ground and near the hedge. TFirstly, the
response of the male may be stronger to the silhouette of the hedge
than it is to the phenol at other places; and secondly, the combined
pheromone liberated by all the females on top of the hedge may be much
greater than that liberated by isolated traps at other places. This
would result in the odour from these traps being negligible by
comparison so that the beetles would respond to the stronger stimalus
fram the top of the hedge. Observations of flying beetles suggest
that the males fly to the aggregation sites using the visual stimulus
of its silhouette as discussed above, and that they then respond to the
female pheromone at shart distances of perhaps less than lm. On the
other hand, those male beetles flying close to pasture possibly came
into contact with the effective region of a female's pheramone more or
less by randaom flight. Furthermore, it also appears that the response
of many of the beetles to a high silhouette is not very strong because
many fly and are attracted to a phenol source close te the grass and at
same distance fram the hedge. However,the response to the silhouette
becomes increasingly stronger when the angle it subtends above the
harizontal increases to more than approximately 30° to 45° (<6.5 - 10m
away from a 2m high hedge).

Close range orientation of males flying towards females

In close range crientation visual stimuli from the shoot on
which the attractive female is located probably also supplements the
influence of the pheromone during the approach of the male because
females often describe a few harizontal zigzags before alighting on a
shoot of foiiage. The zigzag flightpath of a male approaching a female
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or phenol source is, however, very much more pronounced and this is

of interest because it fits the proposed mechanism of Farkas and Shorey
(19%) to explain how an insect can orient and fly towards a distant
pheramone source. This suggested mechanism is discussed more fully in
Chapter 8 in relation to the flight of male P, operculella towards its
sex attractant. In addition, it also appears likely that in

C. zealandica the short range visual stimulus is stronger the greater
the contrast between the particular piece of foliage (or sticky trap)
and its background because the highest density of copulating bectles
were found on shoots of foliage above the main mass of vegetation. The
contrast would be greatest in the natural situation when the foliage is
outlined against the sky, and this would occur more frequently from the
beetles' point of view (and depending on its flight path) the further
avay from other high objects, or the nearer to the top or edges of tall
plants the particular piece of foliage is situated. It must be stressed,
however, that these explanations of arientation towards both a distant
and a near pheromone source in C. zealandica are only suggestions and
further research is required to confirm them.

Little has been published concerning the flight of males to
females in other Scarabaeidae. Travis (19339) reported that numerous
males of P. lanceolata "were seen flying fram various directions and
suddenly alighting on the ground around a female". Milne (1960) in
describing the behaviour of P. horticola noted that in "their randam
running and flying, males were obviously searching for females. When
the male pauses in his running on the grass he not only swings his
head from side to side but also spreads open the palmate clubs of his
antennae". The female similarly spreads her antennae but Milne (1960)
considered that "it is very doubtful if either sex can recognise the
other except at very close quarters" and cites only two instances when
it appeared possible that flying males could have been responding to
females. Males, however, frequently made random changes of direction,
and collided with individuals on the grass. The beetles subsequently
scrambled over cne another and if both were male, they parted immediately
to resume searching, whereas a male and female paired immediately.
Milne (1960) concluded thut pairing in P. korticola "depends practically
entirely upon chance physical encounters (collisians) between
individuals" and added that it is a very efficient method since
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relatively few unpaired females were visible on the grass. 500 Hoo and
Roberts (1965) reported that males of R. magnicornis flew at random

in search of females if breezes were unsteady ar less then 18Ca per
minute, but in steady breezes of about 134 to 188m per minute the males
flew upwind to females, Lilly and Shorterhouse (1971) reported that
males of P. decemlineata spread their antennae, hovered in flight
when near the source of a female extract in 70% ethyl alcchol, =nd
apparently searched excitedly when they landed. This behaviour
appeared identical to that exhibited Ly males when approaching females
and indicated to these authars that the males were responding to a
chemicel scx attractant.

Influence of envirconmental factors on flight and sex attraction

In the present study light intensity was found to be the most
impartant factar in the initiation of flight both at dawn and at dusk.
The best demonstration of this was the two small flights observed
during the night when an almost full moon rose and the light intensity
increased above the tlireshold value. It is interesting to note in this
respect that Schneider (1952) reported that strong daylight immobilised
the adults of M. melolontha, that these beetles were activated at dusk,
and also that the process of immobilisation and reactivation were both
reversible. There is also the likelihood that initiation of flight in
C. zealandica is urder the influence of a circadian rhythm although this
was not investigated. Certainly Carne (1956), and Evans and Gyrisco
(1958), found that in A. tasmaniae and A. majalis respectively attempts
to induce flight by artificial reduction of light intensity was only
successful at times close to that at which flight was normally initiated
at dusk. The light intensities at which other scarabaeids fly is
"5 to 2ft Lamberts" in A. tasmaniae Hope (Carne, 1956)3; below about
50 lux in 4. majalis (Razoumowsky) (Evans and Gyrisco, 1958); and below
about 10 lux in P. decemlineata (Say) (Lilly and Shorterhouse, 1971).

In the present study concerning C. zealandica the numbers of
males caught in phenol baited sticky traps was shown to be inversely
propartional to the logarithm of wind speed and directly proportional
to temperature. The lower threshold of temperature was not determined
because the air temperature was always too high but it is presumably
about 10°C (Kelsey, 1968). In addition, relative humidity apparently
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had little effect on trap catches, and heavy rain depressed flight
whereas light rain apparently had little effect on it. On one occasion
low numbers of beetles caught in the traps was apparently due to
surface water after a heavy rainstorm.

No research has been published concerming the environmental
factors which affect attraction of males to females in other
Scarabaeldae although the following has been published concerning
flight. Couturier and Robert (1955) found that about 4°C was the
minimum temperature at which flights occwred towards forest in
M. melolontha, but a temperature of about 10°C was about the minimum
necessary for oviposition flights away from the forest. Hurpin (1956)
reported that for the same species flight of newly emerged beetles was
stimlated by a temperature exceeding 12°C at midday, combined with
sane period of sunshine, and that conditions at dusk had less influence
and flights were observed at temperatures as low as 6°C. Ellerton
(1956) noted that Pleocoma oregonensis Leach, which has peak flights in
the morning and in late afternoon, flies either in rain or with an
overcast sky and a saturated atmosphere. Carne (1956) reported that
A. tasmaniae does not fly in winds above 240 to 270m per minute.
According to Evans and Gyrisco (1958) strang winds and rain depress
flight activity in 4. majalis. Lilly and Shorterhouse (1971) reported
that P. decemlineata flew on clear evenings when the temperature was
above 15°C. Cloud and strong winds reduced flight, and a heavy rain-
storm disrupted flights for two evenings in favourable temperatures.
Finally Brown (1966) reported that flight in Pyronota appeared to be
inhibited belaw 15 to 20°C, and that flight occwrred at temperatures
above this despite light drizzle, strong winds, and a partly cloudy sky.
This author also pointed out that day flying species (Pyronota,

P. horticola, and P. japonica) have a relatively high temperature
threshold for flight and that crepuscular species (4. tasmaniae, 2nd
C. zealandica) have a much lower temperature requirement.

Influence of environmental factors on mating

Nothing has been published specifically concerning the
envircnmental factors which affect mating in other Scarabaeidae,
although presumably factars which affect flight also affect mating in
species where the male flies towards the female. In the present study,
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the environmental factors under which C. zealandica has been cbserved
to mate in the field have been noted, but upper and lower thresholds
far this behaviour were not determined. It is interesting to note that
this species will mate at the beginning of the night when it is dark
SO presumably the light requirement for this activity is lower than
for flight, and also that strong winds apparently have less effect con
mating than an flight.

Mating behaviowr

Comparatively little has been published concerning mating
and copulation in Scarabaeiodae. Sco Hoo and Roberts (1965) have,
however, very briefly described the precopulatory behaviowr of the
melolonthinid R. magnicornis, and this appears to show the closest
similarities to the behaviour of (. zealandica amongst the published
descriptions. These authors reported that the typical sexual response
of R, magnicornis consisted of "fanning out the lamellae of the
antennal club and excited walking, culminating in rapid fluttering of
the wings and searching behaviour", It is interesting that C. zealandica
males also intermittently beat their wings because rapid wing beating
is associated with the liberation of male pheromcnes in Lepidoptera
(Chapter 8). Whether a male pheromone is produced by C. zealandica
which sexually excites or supresses an escape reaction of the female is
not known, although, as noted above, there is some evidence from field
trapping experiments with phenol that the male might produce a weak
attractant fér the female. )

Conversely, the wing beating may simply represent
displacement behaviour or an intention movenrent for flight, or the sound
of the beating wings may have same possible stimilatory influence on
the female. Sound is certainly produced by the beetles when they fly
and this may act as a cue far swarming although this seems unlikely.

The buzzing or humming sounds produced by flying Scarabaeiocdea is en
ocbvious feature of their flight and has often been noted. Appropriate
organs of hearing are not, however, obvious although the sound could

be perceived through vibration of, for example, the elytra or the
substrate. The same applies for Scarabagcidea which stridulate:

males of P. decemlineata apparently do so with the edges of their wings
when they alight near females (Lilly and Sharterhouse, 1971) but whether
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th s has any sexual significance is not known. Other Scarabacoidea
which possess stridulatory organs occur in the Trogidae, Dynastinae,
Geotrupidae, and Passalidae: the latter are subsocial and their sound
is thought to have scme function in keeping the family group intact
(Britton, 1973), but the function of the sounds produced by the others
is not known.

The spreading of the aentennal club noted by Milne (1960) in
P, horticola, may occur also in C. szealandica but this could not be
determined by observation during the present investigation although it
appeared that it possibly does frum photographs of the beetles., This
bchaviour has been reported in other Scarabaepidea as noted both above
and below, and it seems to suggest some olfactory response.

The report by Henzell et ql.(1970) that male C. zealandica
attempted to copulate with squashed females, as well as with dummies
containing extract of females or phencl suggests that the sex phercmone
alcne is all that is required to elicit the full mating behavioural
response frum the male. However, apart from the pcssibilities already
noted above, visual, gustatory, or tactile stimuli may alsce play some
part both in the mating of C. zealandica and in other Scarabae idea.
This is suggested by the apparent frequency with which males will
mount and attempt to copulate with other males both in C. zealandica;
and in Lucanus placidus Say and Platycercus virescens (Fabr.)
(Lucanidae) (Mathieu, 1869)3 P. horticola L. (Milne, 1960); and in three
species of Pyronota (Brown, 1966): it is also possible that these males
had became attractive by same previous centact with a female,

With respect to mating behaviour, the fcllowing has been
reported far other Scarabaeidae:

Travis (1939) noted males of P. lanceolata often feeding on
the same leaf or plant with a female and ignoring her, but when a
female was cbserved to extend her genitalia males within a radius of
15 to. 20m immediately flew towards her.

Carne (1956) reports that in 4. tasmaniae males mount females
and perfarm characteristic precopulatory movements in which the
antennae are brought into juxtaposition with those of the female and
the hind tarsal claws are used in genital stimulaticn.

Brown (1966) reported that in three species of Pyromota, the
male mounts the female by grasping the anterior margin of the pronotum
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with his fore tarsal claws. The male extends his abdomen downwards and
extends and inserts his genitalia (parameres and basal plate) into the
female. During copulation the male's body is held at an angle to the
back of the female,

Rittershaus (1927),Hilne and Loughiin (1956), and !filne
(1960) have described the sexual behaviour of P. horticola. When a male
locates a female he immediately mounts her and clasps the edge of her
elytra with his % front legs. If the female has not laid most of her
eggs she walks dowmward as vertically as possible and hides under a
leat’ or same other object where copulation proceeds. At the end of
copulaticn (mean 12 minutes) the female vigorously shakes and shrugs
the male off her back by twisting her body and thrusting upward with her
upturned legs. When the female has laid all or most of her eggs she no
longer conceals herself, but copulation takes the same time and she
does not attempt to remove the male afterwards so that he stays on her
back for a further 5 to 30 minutes.

With respect to mating in other Scarabaeoidea, the only
detailed report known to me is that of Mathieu (1969), for *§ species
of Lucanidae. Their precopulatcory behaviour, as reported by this
authar, is more camplex than that in the Scarabaeidae discussed above,
Initial attraction often appears to be visual, sex recognition is
probably by chemotactic stimuli at close ran ¢, and the male mounts the
dorsum of the female to copulate. Precopulatory behavicur includes the
production of sound on the back of the female by the male's mandibles
in Lucanus capreolus (L.), L. placidus, and P. virescensj palpitation
of the female by the male with the antemnae and,or the palpi in
Ceruchus ptceus Walker, L. placidus, and P. virescens; and jerk-like
movements of the male in L. capreolus. In addition copulating males of
C. piceus also make genital thrusts and keep their metathoracic legs in
constant motion against the posterior of the female's abdomen. Mathieu
(1969) also reports that malce lucanids frequently show aggressive
displays to one another, followed by biting, grabbing, and head tossing.
The frequency of these displays is increased in the presence of a female,
but only when a male is mounted on a female does he become vulnerable
to side attacks and damage by other males. Aggressive displays have,
however, not been reported in Scarabaeidae and have not been observed

during the present investigation in C. zealandica.
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In conclusion, it appears that the mating behaviour of
Scarabaeoidea, although poorly known, is generally simple with few
different movements being involved, and therefare C. zealandica is not
exceptional in this respect.
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Chapter §

Investigation into bicassay methads

far the sex pheramone of ¢. zealandica

Introduction

Most of the biocassays used by various authars far the sex
pheromone of ¢, zealandica have involved field attractancy tests using
simple vane traps with bases containing water far snaring beetles which
flew into the vanes and then fell (Osbarne arnd Hoyt, 1968, 1969, 1970;
lHenzell, 1969; Henzell and Lowe, 1870; Hoyt ard Osbarne,1971; Osbarne
and Boyd, 1975). Accounts of two labaratary bioassays have, however,
been published. The first was developed by Henzell et al, (1969) ard
consisted of a "Y-choice olfactometer" made of perspex tubing with a
flat perspex track far the beetles to walk on. Traps were constructed
at the erd of each upper arm of the "Y" by placing a wire mesh gate
which comtained a small hole far the beetles to climb through near the
erd of the tubing. Air was sucked through the apparatus by an electric
hair dryer ard expelled from the room. One erd of the "Y" was left
blark and the other was baited with the test sample. The male beetles
(apparently 24 - 51) were then placed in the dowrwind erd of the "Y"
where they were confined by removable wire scareens. After a 1.5 how
corditioning periad they wers liberated into the rest of the olfactometer.
Responses were measured by the number of beetles caught in each trap
after three hours.

The secord bicassay was published by Henzell et al. (1969)
ard deperded on a visual assessment of the beetles' behaviour. The
olfactometer consisted of the top half of a 2.51litre ulinchester bottle
(about 15cm in diameter) resting on a plate of glass covered with paper
tissue. Ten male beetles were dropped into this and given a
corditioning pericd from 1300 hours until dusk. Two methods were used
far presenting the test samples to the beetles: liquids were spotted
onto dummies of paraffin wax about the size of an adult C. zealandica
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while frozen sections were applied to filter paper. Each sample was
then tested by dropping it amongst the beetles amd observing their
responses apparently from "dusk ... until about 9.00 p.m." The activity
of the samples was then estimated by the percentage of beetles that
attempted to copulate with them o with one another.

Both of these biocassays were considared by the mresent witer
to be unsatisfactary, although the "Y-choice olfactometer" came the
closest to fitting the requirements of a bioassay design which are
considered here to be desirable.(Chapter 1). These incluled particularly
the fact that 1t depended upon upwind attraction of male beetles to the
source of the sex pheromone, and the methad of trapping the beetles in
ader to measure their response. However, the beetles apparently hadl
difficulty in walking on the smooth perspex swface provided because a
photograph of the apparatus (figure 1; Henzell et al., 1969) shows that
most of the clearly visible beetles are lying on their backs. Possibly
this accounts far the long periad reguired far each bicassay. Furthermare,
it appeared possible that a roughened surface i1s mare suitable far the
beetles to walk on because Henzell et al.(1970) provided paper tissue
in the secord type of olfactametar partly because it "helped the beetles
move about".

The secord bioassay published by Henzell et al,(1969) is
subjective and since the test cdowrs are liberated into still air, it
can only be considered tc give a qualitative assessment of a pheramone.
The results obtained by Henzell ard Lowe (18970) in fact suggest that the
bicassay is not quantitative. They found that 80% of the males
resporded to each of 0.1, 1.0 ard 10.0ug of phenol when spotted onto
paraffin dummies. Also, since there is no control of air movement, the
results of such a bioassay are likely to be extremely varicble
(Chapter 1), hovever the variability of the response obtained by Henzell
et al. (1970) are not given in detail.

The evident nead to develop a better bioassay far the female
sex pherancne of C. zealandica prompted the present investigation. A
bioassay apparatus (described below) was constructed ard testal at the
start of the flight season in 1970, but it proved to be unsatisfactary.
Some experiments were then carried out in the labaratary and field to
try to determine wiy the bioassay did not wark, and the results of these
irmdicated an alternative bioassay design. This secord biocassay apparatus
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also desaribed below was subsequently tested duing the flight season

in 1971 but proved to be unsatisfactary as well. In the interim Hoyt
ard Osbarne (1971) published their identification of the females'
pheromone glamds (described in Chapter 3) and there was thus no further
need of a bioassay far the mresent investigation, so further research
was directel towards investigating the beetles' behaviour in the field.
Nevertheless, sane field trapping experiments were carried out after the
behavioural research had been campletod in an attempt to confirm the
identification of the pheramone glamds but the results were inconclusive
because the experiments were carried out late in the season.

Apparatus used for the biloassay experiments

The first apparatus constructed consistad of a large central
flight tunnel enclosed within an outer chamber and mounted on a wocden
base (Figure 5.1). The flight tunnel had a hardboard floar, amd glass
walls ard roof., A fine Ironze screen was also stretched over each erd
to prevent insects fram escaping ard to allow air to be drawn through
the tunnel. The outer chamber also hal glass sides ard roof but the
erds were closed off by two sheets of glass each with a large central
hole, The design of the apparatus allowad the two top plates of glass
to be lifted up to gain access to the central flight tunnel. Fowr holes
ware drilled in the hardboard floor at equal intervals near one erd of
the flight tunnel ard pitfall traps were fitted into these from urderneath.
Each trap consisted of two conicle flasks connected by wide diameter
glass tubing: one flask farmed the trap ard had a vertical tube of glass
which fitted the hole in the hardboard floar, while the secomd flask
farmed the sample chamber and was open to the surrouding air. The
wooden frame on which the entire apparatus rested was made airtight,
ard hal a doar far access to the traps beneath the flight tunnel.

Air was drawn through the apparatus by a domestic ventilatar
fan attached to the hole in one of the erd pieces of glass by wide
diameter plastic tubing. Air was drawn through the flight tunnel at a
rate of about 20m per minute (measured by timing smoke) and some air also
leaked into the flight tunnel through the traps which were situated at
the upwird ermd of the tunnel. In addition, air passed wderneath the
flight chamber where the traps were situated preventing any adowr from
entering the flight tunnel except by way of the traps.






Figure 5.1

The first apparatus used in an attempt to develop
a biassay far the sex pheranane of (. zealandica

Sizes of glass sheets

A
B

w

137an  x 6lcom
58.5cm x 59aom

136cm x 39cnm

59.5cm x 29cm
53,5cm x 76cm
33cm x 76cm

hole licm in diameter centred
20cm from lower edge.

Each hole 37cm fram end
and 8cm fram edge.



\.’—W’ EE’*'

elastic  fastener

hardboard base

\"_’ w> 46 —




192,

The live beetles used in each experiment were allowed to dig
into a shallow arystalising dish of moist sand and then this was placed
at the upwird end of the apparatus. The floar of the flight tumel
was also covered with moist sard to a depth of about 3mm, ard this was
replaced after each experinent. In both cases the sand was clean
boiled river sani. At the conclusion of each experiment, the traps
were removed ard tharoughly washed using'Decon 79':the flight tunnel on
the other hard, was dismantled only after every 4 to 6 experiments ard
rinsed with'Decon 75%

The secord apparatus consisted of a flat chamber supparted by
a wooden frame (Figue 5.2). The chamber consisted of two large flat
glass sheets which were held lam apart by means of glass strips along
two sides of the chamber. A large diameter hole was drilled centrally
near one ernd of the upper sheet of glass, while 4% small holes were
drilled at equal intervals near the oppcsite erd of the lower glass
sheet. Orgardie netting was stretched over the entire top surface of
the lower glass sheet so that it farmed the surface on which the beetles
walked when they were insile the chamber, and this argardie was also
folded ovar the erds of the chamber to farm a sareen to prevent the
beetles from escaping. In aidition, holes were cut in the argardie over
the holes in the lower glass sheet so that beetles could fall through
into the same pitfall traps as used with the first apparatus. The
complete chamber was placed on the wocden frame so that one end fitted
into a narrow opening in a perspex box, ard this in turn was fitted to
a damestic ventilatar fan by flexible plastic tubing. The erd of the
chamber with the traps was placed furthest away from the plastic suction
box and air was drawn through the appacatus at a rate of 10 to 15m per
minute. Live beetles were dropped into the chamber through the large
hole in the upper sheet of glass at the commencement of each experiment,
ard the hole was then covered by a glass petri dish. Also, cach time
the apparatus was used, the glass ard organdie netting was subsequently

tharoughly washed with''Decon 75"

Experimental procedure ard results

raboratory experiments with the first apparatus:
Experiments were carried out with the first apparatus evary
evening between the 2rd November ard the 9th November, 1970. The






Figure 5.2

The second apparatus used in an attempt
to develop a biocassay far C. zealandica

The brass rods placed in seams in the argandie served
far hodkong the rubber fasteners on and prevented the organdie
fraom wrinkling when it was stretched. The hole in the upper
sheet of glass is Ycm fram the end of the glass and has a
diameter of 5cm, whereas the four holes in the lower sheet of
glass have diameters of 2am and are situated 5cm away from the
end of the glass.



orgondie netting
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temperature on each of these evenings varied between 12.5°C ard 16°C ard
the only light used was that caming from the sky through the wirdow of
the labaratary. Each experiment was started at dusk as soon as the first
beetle began to dig out of the samd.

Initially the apparatus was set up next to a window in a
labaratary so that the air was sucked towards the wirdow and exhausted
outside tlrough a long plastic hose. One trap was baited with 5 live
females 5 to 12 days old, another trap was baited with twc females of
the same age which hal been sguashed onto filter paper, ard the other two
traps were left blank. Twenty labaratary reared males 5 to 12 days old
wxre usal but only 12 emerged from the sard. These all either flew ar
walked towards the light firanm the wirdow ard climbed about on the wire
mesh @ walkel on the floar of the cage at the base of the mesh. The
experiment was concluded after 1 hour of darkness, but no beetles were
trapped .

The following day the apparatus was reversed so that the air
was suckedl from the window ard exhaustedl into the laboratary. The same
live male ard female beetles were used again ard two females 3 to 5 days
old were squashal as samples. On this occasion 14 male beetles flew av
walked towards the wimdow as in the first experiment and none were
observed to show any behaviow which could be regarded as a response to
the cdours fram the female baited traps. No beetles were trapped during
the experimental pericd which concluded after 1 houwr of darkness.

On the third day the apparatus was left in the same position
ard the same male beetles were usad again. On this cccasion the female
bectles in the trap were povided with some shoots of barberry. One of
the other traps was baited with 50ml &f water with 10ppm phenol, another
was baited with 50ml of 100ppm phenol, ard the last was left blank.
Only 10 of the males came out of the sarmd amd these behaved in the same
way as on the two previous nights. The experiment was left to run
until 0900 hours the following morning but no beetles were trapped .

The decision was then male to save the labaratory reared
reetles until the bloassay had been further investigated using field
collected beetles which had been kept without contact with the opposite
sex far at least 5 days.

On the 5th November 20 male and 20 female beetles were placed
together in the apparatus and the trap holes were carked. At dusk 15 of
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the males ard 10 females came out of the sard ard 7 pairs were cobserved
to copulate on the wire mesh screen or floar of the cage by the window.
These beetles, however s only appeared to mate after a male had contacted
a female whilst walking ar climbing about apparently in a rardom fashion.
This experiment therefare demonstrated that €. zealandiar would mate in
the apparatus.

On the following two nights the apparatus was set up in the
same position as previocusly but the traps were each provided with a glass
tubular extension which hal been dipped in wax blackened with charcoal.
These extensions projected upward 10cm into the flight tunnel amd it was
hoped that it might provide the beetles with an object to fly towards.
On both nights the same 40 male beetles ware used, and 30 and 28 emerged
from the sard. Two of the traps were baited with the same quantities of
aqueous phenol as usad on the Yth November, another of the traps was
baited with 20 field collected females together with barberry, ard the
last trap was left blank. On 6th November one male was observed
hovering in a zlzzag pattern far approximately two secords about 10cm
downwird from the tip of the tube with the 100ppm phenol sample but it
flew directly to the wire mesh afterwards. On the same evening another
beetle flew into the roof of the chamber amd fell down the blank trap
tube. All the other males behaved in much the same way as those in the
first three experiments except that they appeared to fly much nare
frequently.

It appeared that possibly the directed light firan the wirdow
interfered with the behaviow of the beetles. The entire apparatus was
accordingly transferred to a glasshouse ard a small white tent was
erected over it. This tent diffused the light fram the sky, ncarby
buildings, ard lamp posts amd prevented the structwe of the glasshouse,
nearby houses, trees a hills from being seen fram the bloassay apparatus.

Two experiments were carried out in the glasshouse on the
g8th amd 9th November, but the direction of airflow was reversed on these
nights. The same samples as used on the 6th armd 7th November were set
up again far these experiments and 50 male beetles which had not been
used previously were intrcduced into the flight tunnel. The glasshouse
fans were usal to draw air past the apparatus ard expell it to prevent
contamination by the samples. On these occasions 3% ad 26 male beetles
emerged ard their flight appeared to be less directed than previously
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because they flew all aroud the cage. However, no beetles were caught
in any of the traps although in each case the experiment was left running

until the following marning.

Attempts to duplicate the observational bioassay of Henzellet al. (1970)

Late in 1870 two attempts were made to duplicate the
observational bioassay of Henzell et al.(1970) using the remaining
labaratary reared beetles (2-3 weeks old) ard the actual equipment and
constant temperatwre room used by these authars, This constant
temperature room was illuminated by means of two 80w incardescent bulbs
shining through Ilfard type 900 red filters. The temperature was set
at lSoC, the temperature which was used by Henzell et al.(1970) far the
biocassays rather than the published temperature of 8-10°C (Henzell,
pers. comm,1970). In all other respects the experimental arrangement
was exactly as alrealy described (see above in the Intrcduction to this

hapter). Three bioassays were set up on both occasions with 5 male
beetles in each. The beetles were placed in the apparatus at 13.00 hours
to allow them to become accustomed to the conditions and the bioassays
were then started at 21.00 hours. On each occasion two of the samples
used consisted of a pair of reared females that hal been squashed
immediately beforehard onto filter paper, while the third sample consisted
of a paraffin wax ball about O.5cm in diameter with 1.0ug of phenol
spotted onto it. This quantity of phenol was known to elicit sexual
responses from male C. zealandica of a similar age in this biocassay
(Henzell ard Lowe, 1870). On both occasions, however, no sexual

responses were observed from any of the beetles during a one hour period.

Field experiments carried out in 1971

It was possible that the traps used in the labaratary
experiments did not release the right quantities of attractant ar that
the beetles did not receive the carrect visual cues to aid them in flying
to the sowrce of the attractant (Chapter 4), The apparatus was therefare
dismantled ard the traps, together with the hardboard floar of the flight
tunnel, were set up on the 10th November on top of a barberry hedge
around which the beetles were known to swarm at Te Awamutu (see Chapter
2 far the location). The same samples were used in the traps as in the

previous 4 experiments but this time a peristaltic pump was used TO
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blow air through each of the traps at a rate of approximately Sml per
minute. All noise, fluctuations in ressure, am possible odours were
removed from this air by passing it through a large expansion chanber
followed by two activated charcoal filters. On this occasion, large
nunbers of beetles were observed flying near the hedge top, but no
beetles were caught in the traps and none were observed hovering within
10cm downwind of them.

Between the 1lth to 15th Hovember, ard the 17th to 18th
November a series of field experiments was carried out at the Te Awamutu
location mentioned above., On each of these evenings large numbers of
beetles were observed to fly ard each of the experiments was run over the
entire flight period.

Two types of experiments were carried out: the first consisted
of testing various samples in the traps used in the labaratary experi-
ments, and the secord type consisted of observing the reactions of
beetles towards various samples during the dusk flight periods.,

In the first type of experiment three of the traps were used
each egvening. These were attached to shoots of barberry lm apart near
the top of the hadige, ard their air supply was the same as that used on
the 10th November as described above. The samples tested were 10 ard
20mg "Durez 12687"; 10mg, lg, amd 10g of phenol arystals; 50ml of
agueous phenol in concentrations of 5, 10, 20, 50, 100, ard 500ppm, ard
0.1 g/1, amd 1 g/1; shoots of barberry together with 2, 10, ard 100 live
female beetles that had been kept in the labaratory; and shoots of
barberry together with 1, 2, 3, amd 7 females which hal been collected
the same night at the beginning of the flight pericd just after they had
been fourd by males but befare they had copulated. No beetles were
trapped with any of these samples although a female alighted on the exit
part comtaining the 1 g/ 1 phenol sample, ard both male ard female
beetles tended to cluster at an apparently higher density than elsewhere
on shoots aljacent to the traps containing samples of phenol in
concentrations varying between 10ppm and 1 g/l.

The secord type of field experiments consisted of the following
procedures. On ecach of the first two nights three female beetles were
caught after they hal attractad males, their abdomens were then cut off
ard the two portions of their badies squashed onto separate pieces of
filter paper. The 6 samples were then placed on the grass in the centre



138,

of a field ad subsequently observed, but no beetles were attractad to
any of them. The following nignht the same experiment was repeated
except that the filter papers with the samples were attached to the top
of a hedge by paperclips. Again no beetles were observed to be attracted
to any of these samples.

On the 1l4th November 4 attractive females were caught ard tied
to wooden spatulas by copper wire. The wings of two of the females
were removed ard then they were all attached to the hedge by paperclips.
Again no male beetles were observad to be attracted to any of these
females, although 1t was likely that the females could control their
attractiveness and that they ware too disturbed to release their
pheromone saince they struggled continuously.

The next evening 5 glass rads were tied to the hedge. Each
rad had a small ball of black wax with a diameter of about 7mm attached
to its top amd samples were spotted onto this wax. Two of the rods had
10ug ard S0ug of phenol applied to them in a solution of diethyl ether,
whilst the other three had extract containing the eguivalent of 5
females spotted onto them. This extract was male by grinding up 15
female beetles with about 5ml of diethyl ether, filtering it, ard
subsequently allowing the ether to evaparate to about 0.5ml. On this
occasicn one male was observed to hover towards ard alight on the wax
ball with 1Cug of phenol. The male then walked over the wax far about
3 secords befare flying off again. It also appeared that other males
occasionally may have hovered towards the 10 and 50pg pienol
samples, but no rasponse was observed towards any of the extract samples.

On the 17th Novamnbar, a saries of filter papers was attached
to the hedge by paperclips ard phenol in quantities of 0, 20, 4O, 60,
ard 80ug were spotted onto them in a diethyl ether solution at the
beginning of the flight paricd. However, the wind changed direction so
that it blew towards the side of the hedge with the samples ard few
beetles were observal flying on that side. The experiment was then
repeated on the 18th Novamber and same beetles were observed to hover
towards a settle on each of the shoots of barberry with phenol samples
attached, whereas no beetles were observed behaving in a similar fashion
to the shoots with the blank filter paper.

Finally, in 1970, a series of field experiments was carried
out late in the flight season. In each of these experiments folded
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filter papers were fastened onto the hed <~ o220
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wwilected ard courntted at the emd of the flight pericd. These results
ae given in Table 5.1 together with the quantities of phenol used.

No significant attraction was demonstrated by this method although it
was noticed that most of the beetles which alighted on the shoots flew
away again ard therefare the numbers obtainal at the erd of the flight
pericd did not give a goad representation of the attractiveness of the
samples. These experinents, however, provided the idea far developing
the sticky traps used far the field attraction experiments in 1871
desaribed both below ard in Chapter U,

Observations of the behaviour of the beetles both in the
labaratary ard in the field showed that the beetles would mate if a male
had not first flown to the female he copulated with immediately befare-
hamd, ard that even when a male did fly towards a female he usually
larded a shart distance away amd then ran about searching far her
(Chapter 4). In addition, the various experiments suggested that too
many unknown sensay reguirements hal to be provided befare the males
would fly to the females. The most likely of these appeared to be
diffused lighting ard a large irregular silhouette such as that of a
tree a hedge and both of these would be difficult to provide in the
labaratary situation. It seemed likely, however, that the males would
walk towards the sowrce of the odow fram an attractive female if they
were p:'evented from flyang. A secord bioassay apparatus which
satisfied this requirement was therefare constructed (as desaribed
above) ard tested in 1970.

Laboratory experiments with the second bioassay apparatus

The secornd apparatus was set up in the same room as was used
for bioassaying the female pheromone of P. operculella (see Chapter 9).
The suction fan was connected to the ventilatar outlet of the room and
the room was illuminated by incardescent bulbs which could be
controlled by variable resistars. One of these lights was set up
permanently urder the table on which the biocassay apparatus was placed
so that it was dwrected towards the wall opposite the downwird erd of
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filter papers were fastened onto the hedge with paperclips ard then
various quantities of phenol in diethyl etha ware spotted onto them as
soon as the first were obsarved to fly. The numbers of beetles which
rested on each shoot with an attached sample were subsequently
collected ard counted at the end of the flight pericd. These results
are given in Table 5.1 together with the quantities of phenol used.

No significant attraction was demonstrated by this method although it
was noticed that most of the beetles which alighted on the shoots flew
away again ard therefare the numbers obtained at the end of the flight
priad did not give a goad representation of the attractiveness of the
samples. These experiments, however, provided the idea far developing
the sticky traps used far the field attraction experiments in 1971
descaribed both below ard in Chapter U4,

Observations of the behaviowr of the beetles both in the
labaratary ard in the field showed that the beetles would mate if a male
had not first flown to the female he copulated with immediately befare-
hard, and that even when a male did fly towards a female he usually
larded a shart distance away and then ran about searching for he
(Chapter 4). In addition, the various experiments suggested that too
many unknown sensary requirements hal to be provided befare the nales
would fly to the females. The most likely of these appeared to be
diffused lighting ard a large irregular silhouette such as that of a
tree a hedge ard both of these would be difficult to provide in the
labaratary situation. It seemead likely, however, that the males would
walk towards the source of the odow fram an attractive female if they
were Irevente:i from flyang. A secord biocassay apparatus which
satisfied this requirement was therefare constructed (as desaribed
above) ard tested in 1970.

Laboratory experiments with the second bioassay apparatus

The secord apparatus was set up in the saae roam as was used
far bioassaying the female pheromone of P. operculelia (see Chapter 9).
The suction fan was connected to the ventilatar outlet of the room ard
the room was illuminated by incardescent bulbs which could be
comtrolled by variable resistars. One of these lights was set up
permanently wder the table on which the biocassay apparatus was placed
so that it was directed towands the wall opposite the downwind erd of
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Table 5.1

The numbers of beetles that settled on shoots of a hedge with
samples of phenol on filter papers.

Ho. of Temperature at
male female male female male female male female male female replicates end of flight

Amcunt of
pienol ug 0 5 10 20

Average No, of
beetles caught 0.33 0.67 1.0 0.67 0.67 0.67 3.00 3.33

3/12/70

Amount of
phenol ug

Average No, of
beetles caught 0 0.40 Q.40 0.80 1.20 1.20 0.80 0.50

5/12/70

Amount of
phenol ug 0 10 20 30 40

Average No, of
beetles caught 1.00 0.40 1,50 0,80 0,40 0.30 0.50 0,50 1.00 1.00

10 16°C

6/12/70

Amount of

enol 0 20 L0 650 80
& = 10 15°¢C

Average No. of
beetles caught 0.60 0.20 1.30 0.60 0,90 0.60 0,40 0.50 0.70 0.60

*00¢
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the apparatus ard 1lluminated the apparatus with approximately 0.1 lux.
The other lights were similarly placed urder the table ard pointed in
all directions. These were used far providing an artificial dusk when
the variable resistance which controlled their output was manipulated so
that the light intensity taken vertically from the table top was
reduced linnearly fram 100 lux to 0.1 lux over a pericd of 25 minutes
pria to the start of the bioassay.

The apparatus was first tested on the 16th November with
beetles which had been previously collected in the field and kept in the
labaratary separated from the opposite sex (see Chapter 2). The trap
holes were carked ard 15 males ard 15 females were dropped in at 2035
hours. At the erd of the dusk period at 2135 hours 6 copulating pairs
were observed, but it was noted that the beetles still attempted to fly
even though the low roof of the charber restrained them from doing so.
Far all subsequent experiments, therefare, the container in which the
beetles were kept was taken into the bioassay room, its lid was replaced
with a glass sheet, amd the beetles were allowed to emerge from the soil
ard fly dwing the dusk pericd. At the erd of that time only bectles
on the surface of the soil ar on the willow Iranches in the container
were usad far the bloassay experiments. In aldition, the beetles used
were replaced in the container after the experiments.

Between the 17th ard 24th November a number of experiments
were carried out using the bicassay apparatus ard field collected beetles.
The nunbers of beetles trapped are given in Table 5.2 together with the
details of the various samples usel. For ecach experiment the position
of the sample amongst the blanks was randomised ard the adering of the
results in Table 5.2 1is purely one of convenience. It is apparent,
however, that none of the samples showed attraction in this experimental
situation.

The conclusicn reached was that it was pointless attempting to
use this apparatus far biocassaying the female sex pheromone of (.,
zealandica 50 no further experimentation was carried out with 1t.

Field eaperiments using sticky traps in 1972

Two attempts were made in 1972 using the sticky traps
described in Chapter 4 in field experiments to try ©o verify that the
accessary glamds of the female containal the attractant as reparted by



Table 5.2

Numbers of male beetles trapped in experiments with a variety of samples
in the second bioassay apparatus.

Numbers of beetles trapped Mumber of male

beetles used

Description of samples SAMPLE BLANK BLANK BLANK
11 1live field collected females 4 8 6 5 30
10 1live field collected females 5 9 5 2 30

10 1live field collected females
and sane twisted willow 11 11 7 6 50

10 1live field collected females
and sane twisted willow 2 2 1 0 28

2 squashed attractive females
collected the same night 5 5 & 3 25

10 squashed attractive females
collected the same night 4 6 5 5 30

5Qul of 20g/l aqueous phenol on a
disc of seed test paper i 4 3 0 30

50ul of 20g/l aqueous phenol on
a disc of seed test paper 8 6 5 4 30

*20e
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Hoyt amd Osbarne (1971). For each of these experiments, 5 attractive
females were caught in the field just after males had foud them, ard
they were taken back to the labaratory where their abdomens were
separated from the rest of their badies and thewr guts amd accessary
glards were excised. Separate chlarofarm extracts were then male of
these parts accarding to the methad described in Chapter 4. In addition,
the traps were prepared and set out in the same manner as detailed in
Chapter 4,

The results of these experiments are given in Table 5.3, ard
it is apparent that they were inconclusive, probably because of the
lateness in the flight season when the experiments were carried out,

Discussion

There appear to be a number of likely explanations to account
far the failure of the mpresent attempts to develop a labaratory
biocassay far the female sex pheromone of C. zealandica. One possibility
is that the male requires some essential facta o factars befare
respording to the pheromone, and that these were not present in the
labaratary situations. In suppart of this Roelofs et al. (1967)
reparted that such requirements are often very precise. In the field,
however, all of the necessary factors must be present when the beetles
mate so that experiments caried out in these situations must provade
reliable results.

The field experiments demonstrated that many of the samples
used were not attractive ard this was shown to be so for squashed female
C. zealandica. The possibilaty exists, however, that the pheramcne was
covered by same other partion of the squashed beeties but this seems
unlikely since a large number of such samples were used altogether,
Another possibility is that these arule preparations contained a masking
agent ard it is also probable that some substances are present in the
bady of the female which react with phenol since 1t is a reactive
chemical, Such explanations would also account for the lack of
attraction shown by extracts of females in the field experiments. It is,
however, apparent that this masking ar reaction with phenol is not
complete because female extracts were shown to be attractive in the
experiments witn sticky traps (Chapter 4), ard Henzell et al. (1369,
1970) found that both squashed females and their extracts elicited
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Table 5.3

Numbers of beetles caught in traps containirg either filter paper blanks, SOl samples
of 6 g/1 pherol ar dried chlaroform extracts of parts of beetles..

( * Significantly different from the mean of the blank samples at 0,05 level in a t-test)

- TWIVALESNT G 5 TRIES, TUF  BUIVRE O & TS/ aan-
SAFLE BLAK 6 &/1 ADAL GUr  REMAGDER GUT ACCESS. GLNDS [EMAINTER
TAPPOSITION A H O W Y G N U X Z BIP CJ Q DKE FMT EL S
12-72} Male catch 52703 517320 375 5 3 4 2 37 1.8%5 014
T e e 351008 30380 3803 336 201 000 000
Mean 3.50 2.20 5.00 4,00 4,00 4.67 1.67
s.n. Male 2.70 1.92 2.00 1.00 2.65 3.51 2.08
Mean 0.20 0.20 0.33 0.33 1.00 0.33 0.00
s.p, Female o7 0.45 0.58 0.58 1.00 0.58 0.00
FUTVA T OF & TS/ TR ROV OF % For AL T oAF
SAMPLE BLANK 6 ¢/1 PHENOL GUT  REMATIER GUT ACCESS. GLIDS REMATIDER
THAP POSITIN B I P AHO CJQWDEKRY ELSTI FMT GUNUz
- tch 1112 4 9 11 17 6 318 2 21 61 22 7 2 3111 8 6 45
T | e eaten 00 © 210 00100000 0010 01 100
Mean .00 12.33 7.25 2.50° 3.25 5.75 5.00
s.p. Male 56 4.16 7.37 2.8 2150 171 5.9
o. 0.25 0.00 0.25 0.33 0.50
Sl pemale  9'% o3 0.50 0.00 0.50 0.58 0.58
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attraction and sexual responses fram males in the labaratory.

The field experiments in the present investigation also
imdicated that the traps may not have been effective. This could explain
why the live females were apparently not attractive when in the traps,
although, on the other hard, this could be due to them not releasing
their attractant since it is quite possible that they have precise
requirements fa doing so. One well known example, which serves to
illustrate the diversity of such corditions, occurs in the moth
Antheraea polyphemus (Cramer). Riddiford (1967), and Riddiford and
Williams (1967a, 1967b) reparted that the females of this specles must
perceive the chemical trans -2-hexanal vihich is released froa the leaves
of red-oak, Quercus rubra L. sec., befare they will release their sex
pheromone. Mony other plant species alsc liberate this chemical although
they apparently give out other cdows as well which stop the females
from releasing theiwr attractant. However, the inclusion of foad plants
with the females of ¢. zealandica in the present study presumably
discounts this as a pessible reason for the lack of attraction.
Concerning the attractiveness of live female C. zealandica, it is
interesting that Kelsey (1667) obtained an irdication that leboratory
reared females, when caged in 2.54cm3 gauze~-sided cells and placed on the
ground surface in an uminfested area, could attract males upwind towards
them, although apparently no controls were run. In addition, in the
mesent stuly (Chapter 4), the results of experiments with sticky traps
using live females did not exclule the possibility that captive females
could attract males in the field; but they did imdicate that if this
ococwrred there would be marked differences in attractiveness between
irdividual females, arnd the same conclusion was also reached by Kelsey
(1967).

It appeared possible that the traps used in the present study
may have released the attractant in the wong manner, @ in the case of
phenol, in the wrong concentrations. It can be noted that large simple
vane traps have been used successfully by other research warkers far
studying attraction in C. zealandica (Chapter 1) but these possibly
allowed the beetles to be caught by blurdering into them whilst at an
early stage of orientation to the phencl, whereas small traps have to
provide other mare specific cues in addition to the odowr source. The
offectiveness cf the sticky traps developed at a later time in this
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study (Chapter 4).suggests that a visual stimulus comprising an irregular
silhouette contributes greatly to cluse range arientation of pheromone-
stimulated male C. zealadiea.It is obvious, thecefare, that a trap far
use in a bivassay would have to be developed primarily on the basis of
field experimentation.

One aspect of this mresent investigation which is difficult to
understand, is that Henzell amd his research associates managed to
obtain both attraction and sexual responses from male C. zealandiea 1n
the labaratary. In the case of experiments with the "Y-choice olfacto-
meter'" (Henzell et al, 1969) this was even obtainel after the male
beetles had been exposed tc the pheromone clour far 1.5 howr (during the
pecorditioning period). This is of interest because many insects are
known to habituate to thewr sex pheromones (e.g. Jacobscn, 19723 Sharey,
1974). Certainly the comditions wrder which the mresent labaratcry
experiments were carried out appearad to the present weiter to be closer
to thuse at dusk than those urder which Henzell et al. (1369, 1970)
carricd out thewr experiments. These authors usel a constant temperature
room which was "illuminated by means of two 60 watt incandescent bulbs
shining through two Ilford type 900 red filters having a transmittance
above 6,200 A " ard they adjusted the intensity of thas light by means of
a variable resistance until it "approximated corditions at dusk when
mating is known to cccuw". The lighting corditions in the field at
dusk, however, were never observed to be as red as those used by these
authars. Possibly the failure to duplicate the secord biocassay of
Henzell ot al.(1970) using their actual eguipment could have beaen due to
chance because only 6 replicates were run. This failure also suggests
that perhaps there was some detrimental influence affecting the beetles
reared in the present study although the rearing methad was very similer
to that usel by Henzell gt gl.(1970) (see Chapter 2).

It is interesting to note that male scarabaeid beetles vary
in their responses to caged live females, to arushed females, amd to
extracts of females. Travis (1939) found that in Phyllophaga lanceolata
(Say) "exposure of a crushed female initiated flights of males, but
praiuced no visible responses fran the females" and that "(arushed)
males produced no apparent response fram either sex". Sootioco amd
Roberts (1965) reparted that male Rhopaea magntcornies Blackburn were
attracted to caged females, cups which had housed 4 to 15 day old virgin
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females, ard abdomens dissected from females. lLadd (1970) fourd that
males of pPopilla Japonica Newman were attracted to tethered ard squashed
females, amd attempted to copulate with females held in the hand.
However, they fourd that although males were attracted to glass jars
which had recently held virgin females, extracts of females in ethyl
acetate, acetone, benzene, methylene chlaride, and ethyl alcohol were
not attractive. In contrast, Roelofs et gl. (1967) could fimd no evidence
of a sex pheramone in Amphimallon majalis{Razoumowsky) even though they
tested caged virgin females aged between 1 ard 8 days, crule ethyl
alcohol extracts of them, and separate acetone extracts of males amd
females after elution on Flarisil columns with varying propartions of
diethyl ether amd petroleun ether. They also tested these cliromato-
graphed fractions in the labaratary but obtained negative results,

The chromatography was carried out in arder to remove possible masking
agents from the crude extract but chromatography may not always do this,
as far example, when the masking agent 1s an optical isomer of the
pheromone, In addition, chromatography may also separate components of
the pheromone which act together in eliciting a response. These
experiments are therefare inconclusive in demonstrating that A. majalis
does not have a sex pheromone. It can be further noted that since

C. sealandica uses the reactive chemical phenol as its sex pheromone,
ard that both this insect amd 4. mqjalis &e in the Melolonthinae,

A. majalis may also use a reactive chemical far this purpose which is
rapidly deactivated during extraction. Nevertheless, the conclusion
reached by Roelofs et al.(1967) was that A.majalis probably does not use
a sex pheromone, and the results presented in this chapter, when
considered by themselves certainly suggest a similar conclusion with
pespect to (. sealandioa,amd yet 1t is known that the female of this

insect does produce a sex pheromone.
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CHAPTER 6

Materials and rearing methods for P. operculella

Included in this chapter is a section on the nethods employed
for tansferring live adults from cne container to another, and a
sectian an the investigation into rearing methods. The latter incor-
porates estimates of the mortality and the duration of the various
stages in the life cycle of P. operculella reared in the laboratory.

Materials

The original culture cf P. operculella was started fram
specimens supplied by Mrs M, Foote, Plant Diseases Division, Dipartment of
Scientific and Industrial Research, Mt. Albert, Aucklend. After this
larvae were collected two or three times a year from potato plants
growing at Tamahere Gardens, Cambridge Road, Tamshere, Hamilton, end
new cultures were started from them. This ensured that laboratory bred
moths were cenetically similar to wild moths even if the rearing
procedure imposed som2 selective pressures on them.

The possible importence of starting new cultures is demonstrated
by the various sclective effects shown to have occurred in other insects
after they had been reared in the laboratory for some generations.

Fye and Labrecque (1966) cobserved differcnces in mating behaviour of
laboratary reared male Musca domesticg L. in competition with wild ones.
Alley and Hightower (1860) noted differences in mating frequency of the
screw-warn £ly, Cochliomyia hominivoraz (Coquercl) which were attributable
to their labaratcory colonization, and Spates and Hightower (1967) found
that laboratory rearing also affected the sexual aggressiveness of males of
the same flies. Guthrie and Carter (1972) obscrved that the moths
Ostrinia nubilalis (Hubner) lost their ability to survive on their
natural host after extended labaratcry colonization. However, by
backcrossing the laboratory strain to a wild one, they were able to
recover the survival ebilities of this inscct on its natural host.
Recently, Raulston (1975) reparted that in the laboratory, females of

the laboratary adapted strain of the moth e liothis viresceng Fabr. had

a higher percentage of matings than the wild strain and that this
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effect was noticeable within three generations. This data irdicatel
that the selection presswe and comditioning producel by artificial

labaratary systems altered the mating ard oviposition behaviour of the
moth.

Rear*ing of P, operculella

All moths were reared by the method desaribed below because
this proaduced a homogeneocus population ard therefare helpad to ensure
that experimental results ware as repeatable as possible. This methad
was basel upon the ones used by Finney et al. (1947), ard Platner ard
Oatman (1968) with minar malifications that were aioptel after being
examined far adverse effects on the moths.

The moths were kept and reared in a darkroan where the
temperature was usually between 19°C amd 22°C but varial onrare
occasions between extremes of 15°C ard 26°C, ard the relative humid ity
rangel between 46% ard 85%. Flucrescent ceiling lights were usel far
light periads being controllel by a time switch to provide a constant
photopericl of 14 hours 45 minutes of light to 9 hours 15 minutes of
darkness. Dwing the day the insects received about 150 lux, amd in
the dark periads they were irdirectly illuminated with about 0.1 lux a
less from a 40 W bulb supplied through a variable resistance. In ader
to reduce accidental interference with experiments perfarmel at the
beginning of the dark pericds, the lights were timel to switch off each
day at 2100 haumrs.

Moth larvae ware reared in continuous cultwes on potatoes
loosely packed with arumpledl paper towelling in transparent plastic
1 litre jars @ 10 litre muaria covered with argardie netting.
Potatoes of any variety ard size as sold by a greengrocer ware used
ard their skins were punctured using the points of a bed of nails set
vertically into a lead base (flower holder) because the larvae bare into
the potatoes to feel ard these holes providel easier access far newly
hatchel ones. The potatoes were replacel with fresh cnes as they dried
aut a went rotten.

Pupae were collected once a week by campletely unpacking the
cultwes. They were fourd in cocoons which the matwe lacvae hal spun
amongst the potatoes amd paper towelling after emerging fram the
potatoes. Many of the cocoons were ripped open while being unpacked
thus exposing the pupae and those that remained intact were carefully
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openel with fine farceps.

Virgin moths were always obtainel firan pupae that hal been
reviously segregatel by sex. Male ard female alults, thaefare, never
came into contact with each other until they were put togethe far the
experiments. The sexes of the pupae were clearly distinguished uder a
dissecting miaroscope by the relative positions occupial by the genital
scars an their last abdominal segments as shown in Figure 6.1 . Male
pupae also terdel to be mxre taperel, slimmer, ard lighter than females
but these latter charactaristics were not reliable far accurate sexing.

The pupae were always sexel twice because erars of up to
3% ocarred the first time. The process of sarting the pupae was male
considerably easier by placing two plastic trays next to the miaroscope
stage, cne fa males amd one fa femdlzs, and learning their positions so
that the operata could drop pupae into them without having to loock
away from the miaroscope. This reducel eye fatigue ard therefare
allowad the sexing of large numbars of pupae.

Pupae ware kept in Drosophila cultwre jars in a small amount
of damp sard @ vermiculite. This prevented the adults fram drying cut
while they were emarging ard thereby gave high yields of urdamaged
insects suitable far experimental puwrposes. Newly emarged alults were
transfarea to 1.2 litre wide mouthel glass containers (2 pint "Agee"
jars) with argardie netting fastened over the openings by sarew bamds.
Each container hal a 12 mm hole drilled through its side to facilitate
the intraluction of moths when using an aspirata (desaribeadl in the
following section) ard to enable deal moths to be removed easily. When
not in use the holes ware cacked . Filter papers were placel on the
argarie and dampened initially with 10% suarose solution, amd then with
water on every subsequent day to provide foad ard moistuwre. The moths
were kept together with the opposite sex after they hal been used for
exper imental paurposes ard then the females realily laid their eggs
through the wgardie onto the filter papers. Filter papers with eggs
ware removal every few days ard left in the potato cultwes fa the

larvae to hatch.

B ansfer of Live Moths

Live moths were transferral with the aspiratar desaibed
below, and when using this advantage was also taken of their behaviow
towards light. The moths' initial reactions when distwbed by movement






Figure 6.1

Sexual dimorphism in the pupa of P, operculella

Note the differences in the positions occupied by the
genital scars of male and female.
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@ by jarring were to fly towards light amd then after a few minutes to
seek arevices a» darker aeas torest. Agee ja containers were
therefare opened without losing the moths by holding their bases towards
the light amd periadically tapping them. Alternatively, the containers
were opened near a wirdow @ sheet of glass with a light shining from
the other side, ard the moths aspiratel fram the glass when they flew
towards it. This methad was also usel fa removing moths fram canplex
pieces of apparatus.

The aspirata was basel on a cammon design shown in Figwesg ,?
using two rubber bungs each with a central hole to plug a glass tube.
The erd of a flexible clear P,V.C. tube was insertel through ane of the
bungs as an inlet tube while the hole in the other bung was countersunk
on its inner swface and covered with grale XXX bolting silk to seive
most of the moth scales fram the air. Those scales that remained were
removed befare the air was inhalel by a dust filter consisting of a
glass expansion chamber that tapared at one erd to an inlet tube fitting
into the bung on the aspiratar. This inlet tube was exterded into the
expansion chamber ard bent so that air impinged against the wall as
it was suckel through, ard the scales alhered to a coating of "Stickem
Special’on the walls ard cn cumplel filter paper loosely packel inside
the expansion chamber . The erd of the dust filter was closed by
another rubber bung with the erd of the P.V.C. mouthpiece tubing fixed
through it. This also provided easy access fa cleaning the filter.

Moths were gently sucked into the aspiratar which was large
enough internally far them to slow down and remain urdamaged. Once
inside they hal no difficulty clinging o walking on the glass. They
could then be counted by sucking air ttrough the aspirata moderately
fast because this caused them to remain in one place. The moths were
transferred fran the aspiratae by holding its inlet tube downwad then
similtanecusly tapping and blowing so that the moths fell toward the

inlet opening ard were blown out.
This methal of transferring the alults proved very quick amd

convenient. It also avoided damaging the moths by direct hardling. ar the
possible harmful ard variable effects of chilling o using an anaesthetic

such as cabon dioxide.






Figure 6.2

An aspirator for use with adult P. operculella

Note the filter chamber with inlet tube bent so as to

direct air cnto the side of the chamber.

(x3)
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Investigation into the rearing methals fa P. operculella

This section deals with the investigation of madifications
of the mass rearing methals of Finney et al. (1847), arnd Platner and
Oatman (1968) . These malifications were rincipally cancernal with
obtaining virgin moths; however, other malifications were male to the
rearing containers, the methad fa obtaining pupae, ard the conditions
wder which the insects ware reared. These changes requirel that the
durations of the stages in the moth's life. cycle were determined together
with the martality so that the rearing pocadwe could be managed
efficiently. In addition, an attempt was male to fird whether @ not
s ting the pupae adversely affectel them. This was done by determining
the total dwation amd martality of the insects that heal been collectal
as larvae when they emerged fram the potatoes ard sarted when they
pupated ,and compar ing these against insects that hal been left urdisturbed.
An experiment was also cariel out to determine whether the larvae were
affected adversely by the degree of arowding experiencead urder the
rea ing procedwe.

Both Finney et al. (1847), ard Platner ard Catman (1968)
collectal pupae that hal been infestel by parasites by allowing matwe
larvae to drop framn the potatoes into trays of samdl where they spun
cocoons. Salium hypochlarite solution was then used to dissolve the
cocoons liberating the moth ard parasite pupae. These authars did not
determine the yield of viable moth pupae. In the present stuly, the
referrel methal was to obtain pupae directly fram their cocoons by
opening them with farceps. Thus, any hamel by this method were cbvious
ard could be discarded, whereas possible chemical damage might be
4ifficult to detect. However, attempts were male to facilitate
collecting the pupae by providing the larvae with artificial sites in
which they could spin cocoons, these sites being so arangsd that they
coull be easily openel up later to expose the pupae.

It was clearly alvantageous to keep martality to a minimum
after the tadious pocadwre involveld in sarting the pupae amd therefare
the effects of keeping pupae in empty containers @ with damp
vermiculite was also investigatad to fird which treatment producsl the
highest propation of aults. Finally, the availability of foad ard
water on the life expectancies of virgin alults was investigated to

enswre they were sustainel in goad cordition.
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Methods

The corditions ard methcds used far rearing the moths were
dentical to those desaribal in the preceling section on the rearing
methal, except for the folloving instances reyjuirel fa the purposes
of this investigationis The insects were examined daily. Incubation
times were fourd by placing the filter papers with eggs in clear
plastic pots, 4 cm high by 5 cn in diameter, with snap-on plastic lids.
The eggs and newly hatchel larvae used in each experiment were 11
either laid o hatched on the same day. When the dwation of the
larval stage was being deterrmined the potato cultwes were unpacked
daily far examination ard only those larvae that hal startel to spin
cocoons were removel amd counted. This was necessary because immature
larvae often came cut of the potatoes and later burowed back into them.

The effects of awomding cn the larvae was investigatel by
placing different numbers of newly hatched larvae on known quantities
of potato in separate containers. The densities of larvae usel
rangegd fraon 1 to 4 per gram of potato and they were ariginally placed
on the potatoes using a camel hair brush. All the containers were
subsequently left alone fa 30 days, then they were opened amd the
nunbers of larvae, pupaec,ard adults amongst the potatoes were counted .
In all other respects the rearing methad was exactly the same as
desaribed in the previcus section concerned with this.,

Carugated cardboard ard holes drilled into woad were trisd
as alternative pupation sites. The carugated cadboard was cut into
15 strips, 3 cm wide by 20 om long, at right angles to the
carugations. They were placed at rardom in a newly prepared larval
cultuwre where they were left far 30 days befare being examined . Holes
drilled into woal were provided in three special containers consisting
of opague plastic tubes, 10 am in diameter amd 20 cm long, closed at
cne emd by argamdie netting ard at the other by removable circular
plugs each cut from two flat pieces of wood 12 mm thick ard bolted
together . One hurdred holes 4 mm in diameter were drilled through the
inmner boards amd 3 mm into the outer ones so that when they were
unbolted ard pulled apart any cocoons inside the holes were also opened.
Freshly preparel potatoes with larvae that hal just hatchel were placed
in these containers and they were then left lying on their sides for
30 days befare being examined .
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The number of days taken fram eclosion to hatching by the
aults was determined by two methals:~ In the first, the potatoes were
unpacked daily ard matwe larvae that hal just begun to spin pupation
chambers were collectal ard kept individually in the same type of
plastic pots usel far the eggs. They spun their pupation chambers in
these in the angles between the walls and the floar whare they could be
examined through the clea plastic. In the secord methal the potato
cultures were left urdisturbed except fa opening the containers each
day ard firmly tapping them to make the alults fly cut so thdt they could
be collected ard countead.

Adults were also kept in the same type of plastic pots used
far the eggs. However, the centres of their lids were removel and the
rims were then used to fasten argardie netting over the pots. Filter
papers were placed on the argandie netting ard either left dry, wet with
water daily, a initially wet with 10% suarose solution ard subsequently
remoistened with water every day. The filter papers were replaced if
mould appeared on them ard the procedure was restarted . Measwread
quantities of liguids were not usal fa this experiment because this
was felt unnecessary far rearing and the experiment was designel to
similate rearing methals.

Virgin moths were kept in the plastic pots in groups of up
to 5 individuals of the same sex provided they hal all emerged on the
same day, whereas moths that were allowal to mate ware kept as one
male ad female of the same age per pot.

Fosults

The eggs hatchel on the average about 7 days after being
laid with a range of 6 days to 1l days, amd up to 80% of them died
(Table 6.1). It was also noted that most of these eggs, incluling
those that hatched, shrivelled a small amount after being laid.

The larvae i’apent a mean time of 20 days feading in the
potatoes with a r*angé of 15 to 38 days (Table6.3). They then left the
potatoes ard began to canstruct silken cocoons. At this stage they
were collected ard placed in individual containers where they spun
their cocoans ard pupated after about 2 to 5 days. There was no
significant difference between the duration of the larval stage of
males ard females. On the average 16% of the larvae died befare they
ware collectad amd a further 22% died after being hardled (Table&3).



TABLE 6.1

Incubation pericd far the egg of P, operculella (in days)

NUMBER OF % NOT
TRIAL NUMBER { MEAN S.D. RANGE EGGS HATCHID HATCHED
1 7.30 | O.us 7-9 139 R
2 7.25 O.u45 7-9 172 50.6
3 6.93 0.28 6-8 143 58,7
4 6.75 0.51 6-9 182 36.5
5 s.u2 | 0.78 7-11 125 NRY
TOTAL 7.27 | 0.75 6-11 761 (47.89%)
lNR = number not recaded
Zrotal martality from known samples only
TABLE 6,2
Interval between the larvae leaving their potatoes ard
pupating (in days).
SEX MEAN S.D. RANGE NUMBER % THAT DIED
Male 4,20 1.11 2=-5 43
13.95
Female {4.23 1.50 2-7 43
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In ancther experiment where larvae were collected after emerging from
their potatoes ard kept in separate containers, they took 2 to 7 days
with a mean of 4.2 days to pupate (Table 6.2). The martality after
this treatment was 14%.

Yields of insects varying from 45% to 78% were obtainel when
larvae were reared at densities between 1 per gm amd 4 per gm of
pctato (Table 6.4). However, within the scope of the experiment, no
increase in martality was detectable at the high larval
densities.

The effect of rearing larvae at higher densities than this
was not irvestigateld because the intention was always to use excess
potato far rearing the  insectsfar this stuly.

o adva.ntages‘ were conferred by providing the larvae with
alternative pupation sites. When strips of carugatel cardboard were
made available few larvae spun their cocoons inside them ard these
cocoons were still difficult to open. In aldition, when given woad
with drilled holes usually mare than 88% of the larvae pupated
elsewhere (Table 6,5). Thus this technique was not considered warth-
while,

Male pupae required significantly longer to mature than
females ard hatched after 10 to 14 days with a mean of 12,5 days,
while females hatchel after 9 to 13 days with a mean of 11.2 days
(Table 6.7. Mare than 77% of the pupae kept in damp vermiculite

hatchel successfully but less than 56% did so when kept in empty
containers because many of these moths were unable to detach themselves
from their pupal exuviae. However, dry conditions affectel malesmare
than females with respective losses of 54,8% ard 44.4% whereas the
respective losses in damp vermiculite were 22.9% ard 20.4%.

A total martality of almost 60% occurrel during the larval
ard pupal stages when the pupae were collected, sexel under the
microscope, ard kept in damp vermiculite until they hatched, whereas no
martality was observed in urdisturbed cultures when the adults were
collectel as they emerged (Table 6.6 ). However, there was no
significant difference between the two treatments far the time taken
from eclosion until the adults emerged fram their pupae.

The life expectancies of virgin moths deperded on whether
they were starvel, given water, @ given 10% sucrose solution

(Table §.8). Their life expectancies increased with significant



Results of rearing Phthorimaea operculella on

TABLE 6.4

different quantities of potatoes

INITIAL AVERAGE % REDUCTION NUMBER OF WEIGHT OF % ADULTS
WEIGHT WEIGHT IN WEIGHT OF NEWLY HATCHED POTATO THAT HATCHED
OF ar POTATO AFTER LARVAE PLACED PER WITHIN 30

POTATO (gm) POTATOES (gm) 30 DAYS ON POTATOES LARVA (gm) DAYS
200 66.7 42,5 200 1 66.0
476 68.0 27.3 239 2 58.7
371 61.8 24,3 185 2 u5.4
496 70.9 20.2 198 2.5 54,5
39y 65.7 23.6 134 3 664
503 83.8 20.3 168 3 52,4
695 77.2 50. 4 235 3 51.1
331 82.8 17.2 110 3 68.2
402 80.4 20. 4 134 3 67.9
407 81l.4 15.0 123 3.3 49,6
43y 86.8 21.7 109 4 78.0
697 174.3 15.4 175 4 60.0
469 117.3 17.3 117 Y 744

*0ce



TABLE 6.5
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Data from experiments in which larvae of P, operculella

had access to holes far pupation

NUMBER OF TOTAL YIELD OF PROPORTION PUPATING WEIGHT OF POTATC
NEWLY HATCHED PUPAE AND INSIDE HOLES TO EACH ILARVA
LARVAE EXUVIAE (%) (% OF YIELD) (gm)
233 58.6 13,28 1.99
198 54,5 5.56 2.51
200 74,0 8,78 2.97
TABLE 6.6

Interval between eclosion and the emergence of the adult,

$ NOT

TREATMENT SEX MEAN S.D. RANGE n HATCHING
Collected as Male 32.37 1.99 28-37 30
larvae ard 57.1u4

ed after *
S exed Female | 31.55 1.66 30-35 28
pupaticn
Moths
collected Male 32,04 2.16 29-38 23 .
after Female | 31.05 2.19 29-38 17
emerging




TABLE 6.7

Number of days taken far pupae to hatch, when

kept with a without d vermiculite.

% NOT
TREATMENT | SEX MEAN S.D. RANGE NUMBER | HATCHING
Kept in Male 12.u45 0.89 10~-14 31 54,8

empty
containers | Female| 11.26 0.86 9-13 27 bu.y
Kept with | Male 12.66 0.80 11-14 35 22.9
damp verm-
iculite Female| 11.11 0.65 10-12 49 20,4
TABLE 6.8

Relationship between length of adult life amd
diet in virgin P, operculella
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SIGNIFICANCE LEVEL
LIFESPAN IN DAYS BETWEEN MALE & FIMALE
DIET SEX MEAN S.D. n RANGE LIFESPANS (t-test)
stapved Male 9,75 | 2.12 | 20 | 5-1u 8. Lok
Female 22.05 6.21 21 8-35
Male 17.u45 5.97 31 3-35
water 5,69%%*
Female 26.48 6.52 31 8--34 *
10% sucrose Male 33.61 113,32 21 115-67 0.084
in water Female | 33.41|14.78 | 23| 5-7u
TABLE 6.9
Length of adult life of mated P. operculella
when fed 10% sucrose in water
SIGNIFICANCE LEVEL
LIFESPAN IN DAYS BETWEEN MALE & FEMALE
SEX MEAN S.D. n RANGE LIFESPANS (t-test)
Male 12.70 5.47 u7 2-23
3, 78%%
Female| 16.39 4,02 ug 7=26




differences between each treatment in the arder of those starved,
those given water, and those given sucrose soluticn, When males and
females were provided with sugar and water their lifespans were not
significantly different with mean lengths of 32.6 days and 33.4 days
respectively. However, females lived significantly longer than males
when either given water cr starved, and their respective mean lifespans
were 17.5 and 26.5 days with water and 9.8 and 22.1 days when starved.
In contrast tc virgin moths, both male and female moths that
were allowed to mate had very much reduced lifespans even though
all were provided with sugar and water. The mean lifespan of mated
moths was 12.7 days and this was significantly shorter than that of the
mated females which was 16.4 days (Table 6.9).

Discussion

The known host plants of P. operculella larvae are listed by
Cunningham (1963). All belong to the Solanaceae and are closely
related: they comprise 15 species of Solanwnm including S. tuberosum L.
(potato) and 5. melongena L. (egg plant), 12 species of Wicotiana
including #. tabacum L. (tcbacco), Capsicum frutescens L. (chili),
Lycopersicon esculentum Mill. (tamatc), 4 species of Physalis including
P. peruviana L. (Cape gooscberry), 3 species of Datura, and 5 other
species fram different genera. The larvae are mostly leaf miners in
these plants but they also attack the fruit of L. esculentum; the stems
of N. tabacuwn, Solwwum nigruml.and Physalisy and the tubers of S.
tuberoswn (Cunningham, 1969), Finney et al.(1947) noted that the
favoured food plants were potato and tobacco, while potato tubers have
been widely used for rearing P. operculella in the labcratory,

According tc Finney et al. (1947) there appears to be little
advantage in using cne variety of pctatc in preference to another for
rearing P. operculella although they repcrted that the larvae matured
on the average a day earlier when reared on the Russet variety, a mealy
pctato, than on White Rose, a non-mealy cne. In addition, it has alsc
been noted by Platner and Oatman (1968) that the Russet variety of
potatoes are more fully consumed by larvae than White Rose. Both Finney
et cl. (1847), and Graf (1817) also reported that the development of the
larvae seemed to be affected by the quality of the food rather than the
amount, and that larvae in leaves and stems of potatc develop more rapidly
than in tubers. However, all these effects were only very minar and
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therefore any potatoes supplied by a greengrocer were used in the
present study.

Finney et al. (1947) noted that small sized potatoes must be
used when rearing P. operculella because they have the greatest surface
area for the larvae to infest. This was confirmed by Platner and Oatman
(1968) who found that the most desirable potato size was between "2.25
and 4 inches" in length and that each potato can suppart an average of 75
and as many as 90 to 100 larvae. Both Finney et al. (1947) and Platner
and Oatman (1968) were concerned with rearing parasites of P. operculella
as economically as possible, whereas in the present study size of potato
was considered to be of no consequence since thie larvae were always reared
an an excess. The majority of potatoes used, however, fell within the
recommended size range of Platner and Oatman (1968). Furthermore, in the
present study the skins of the potatoes were punctured to allow the
larvae ample opportunity to gain entrance because this has been the normal
practice of many authors (for example Finney et al.1947; Platner and
Oatman, 1968, 19723 Broodryk 1971).

Larvae were reared at low densities in potatoes during the present
study to ensure they were as healthy as possible. Foote (pers.comm., 1970)
advised that rearing at low densities tended to prevent excessive mortality
due to disease, and Broodryk (1971) concluded that crowding and consequent
malnutrition apparently increased susceptibility to mortality factors such
as disease. The latter author reparted that when the larvae were crowded
above 1 per 5 g of potato the percentage that survived to pupate decreased,
and the mean weight of the resulting pupae also decreased. He found, for
exanple, that the percentage that survived and their mean pupal weight were
97% and 1l.4 mg respectively at a density of 1 larva per 5 g of potato,
75% and 10.7 mg at 1 per 3 g 56% and 10.3 mg at 1 per 2 g, 43% and 9.7 g at
1l per 1 g and 23% and 8.2 mg respectively at 1 per 5 g of potato. The
percentages that swvived at densities betwcen 1 per 1 g and 1 per 3 g of
potato differed from the results of the present study although this is
probably due to chance variation since Broodryk (1971) only used 39 to
157 larvae at each density between 1 per 2 g and 1 per 5 g of potato, and
replicates in the present study each with from 109 to 235 larvae showed
variations of up to 18% (Table 6.4). Broodryk (1971), however, used 618
to 2552 larvae at each density between 1 par 1 g to 5 per 1 g of
potato so possibly his results are correspondingly closer to
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mean values., When the results of both this and the pesent sty are
considered together they clearly imdicate that the larvae ae mare
healthy when reared at low densities.

It appears probable that the optimum temperatwre for
rea ing P, operculella is nea roomtemperatwe if it is not necessary
tc treed them quickly. Broairyk (1971) reparted that male ard female
alults fel honey praduced twice the nunbers of egps (an average of
71.5, range 0-232) when they were kept at 21 C than they did at any of
the temperatures 11, 16, 25, 29 and 3d°c, However , this authar noted
that the eggs, larvae, amd pupae all develop apparently narmally at
temperatures between 11°C ard 32°C but they all die if kept at 39C.
Finney et al. (1847), however, stated that cuthreaks of disease could
result fromrexring the larvae at temperatwes above 30.6°C, but
noted also that a suitable temparature was 28°C ard that the moths
attained their greatest size at temperatures lower than this,

The mean times spent by P. operculella in the egg, larva,
ard pupa in the present stuly wece canparei with the times determined
by other warkers at different temperatures by plotting the reciprocal
values of developmental time against temperature as shown in Figwe 6.3
This makes the relationship between time ard temperature lineap
(Uvarov, 1931), ard therefare makes comparisons easier. Figuwre 6.3
demanstrates that the mean developmental periads in the present study
generally compared well with those of Finney et al. (1947), Elbadry
(1965), Broadryk (1970, 1971), and Santarini (1971) although the
developmental pericd of the larva accarding to Santarini (1871), amd
the pupa accarding to Broadryk (1870, 1971) were markelly sharter
than those determined in the present stuy anil by other warkers.,
Possibly these differences are due to physiological alaptation to the
genaral temperature characteristics of the area in which the
population of moths has existedl for same time. Brociryk (1871) has
also suggestel this to explain why the threshold of development of
South African tuber meth eggs (9.5°C) is 4.25¢F below that of
Ezyptian cnes. A further point of difference notal between the pupae
observel in the present stuly ard those examined by Santarini (1971)
was that the males took siznificantly longer to develop than females
in the present stuly whereas Santarini stated that they both took the
same time (mean of 8.5 days) at 27%C. Other warkers, hawever, did
not examine males ad females separately.



226,



Figure 6.3

Comparisons between the mean durations of
egg larval and pupal stages of P. operculella
determined in the present study with the
values published by other research workers

Since the other research workers used different temperatures
the camparisons have been facilitated by plotting the reciprocals
of development time against temperature which makes the
relationship linear.
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It was notel that the propartion of egps that failedl to hatch
in the present study (Table 6.1 ) appeared to be rather hith when
canparel with those of Brocdryk (1971) which ranged from 7% to 13%.
Desiccation was prabably not the cause of this even though the eygs
shrivellel a certain amount because Brocdryk (1971) fourd that the
percentage of eggs that hatched at 26.5°C was approximately the same
over arelative hunidity renge from 11.1% to 100%. Large numbers of
epgs were, however, always availableduring the present study ad
thaefare the cause of this hiph loss was not investigated

Diring the present stuly a hijhe propartion of narmal moths
was cbtainel from pupae that were kept in dampened sard when campared to
those kept in dry sard . However, it appears from the data of Broairyk
(1971) that relative hunidity alone has no effect on the propartion
cf pupae that die o became defermed alults. This authar kept pupae at
5 different relative humidities between 11.1% and 100% at 26.5 C
ard repartel losses ranging firam 14.0% to 22%. These losses ware close
to those cbtained in the present stuly when pupae ware kept in damp
sanl ard therefare it appears likely that the detrimental effect of dry
sand was due to excessive water loss resulting from drasion ard that
this was minimised by damp corditions.

Santarini (1971) reparted that the lifespans of alult male ard
female P. operculella deperdel on whether they received foad aml water.
e gives the mean number of days spent by male ad female moths as
3.4 ard 8.8 days respectively when provided with no fod @ water, 8.5
ard 9.0 days with water, 9.5 ard 11.8 days with 8% hcney, ard 11.6 ard
11.0 days respectively when provided with 8% "Biopol", a foad used in
apicultwe. These moths were, hawever, kept at 27°C and allowed to
mate so the results camnot be compared directly with those cf the present
study, but they do show the same tremds. The only other published
iata fourd on the lifespan of alult P. operculella was that of
rookeyk (1970) whorepartel that the average for males amd females was
13 tays when fed honey ard kept at 26.5°C, It is, howéva*, not clex
whether this autha means that the lifespan is 13 days fa both male
am female moths a whether this is far a mixed population,ard he does
not specify their mated state,

Overall, the data obtained in the present study on the
development of P. operculella compareld well withtiose of other warkers,
and therefore it was unlikely that the present rearing procedure was
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detrimental to the insects in any way. It was, however, particularly
impartant that the adult moths were kept in a healthy state because
they were the e}qva‘in‘.entzil subjects in the present stuly. Most alults
were usel when they were agel less than 5 days ¢ their longevity
unde the reax ing comditions imdicatel that they were very healthy.
Alditional confirmation of this was also obtaincd far the females from
the investigaticn of ovipositicn (Apperdix1.2), since the nunbers of
eggs they laid compared favorably with the iumbers determined by other

wakers,
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CHAPTER 7

The repraductive argans of P. operculella

Imroduction

The internal reproductive argans of P. operculella have not
been desaribed elsewhere although the structure of the male amd part
of the female externzl genitalia have recently been reparted by
PovolRy (1964) far taxonomic purposes. Part of this stuly was
therefare a detailed description of the marphology amd histology of
the imternal repraductive argans of the adult to provide backgrourd
infarmation both far any futuwe wark on the repraduction of this moth
ard also far those aspects dealt with here in the following chapters,
A full investigation of the testes ard ovaries was not done although
general observations made on them during the course of this study are
presermted here. Also included here, is an investigation into sexual
dimarphism of the imago ard complete descariptions of the external
genitalia because these constitute essential basic information far
studies of the sexual behaviouwr of these moths.

Methaods

The methods include all those used during the investigation
of the reproductive argans of C. zealandica which.  are desaribed in
Chapter 3. However, there were two minx differences:- Firstly, the
moths were used wher_l aged between 1 ard 3 days old unless otherwise
stated. Secordly, the copulating moths were quick frozen by first
allowing them to copulate in small glass tubes covered with argardie
netting over each erd, then, after one of the pieces of argardie was
removed, they were dropped into ligquid nitrogen.

The fixatives listed far C. zealandica generally warked well
with P, operculella. However, they gave powxr results far the ovaries,
spermathecal glands amd accessary glards in the female ard therefare
Altmann's fixative with chrome alun (Humason, 1967) was used far them,
These argans were fixed in this far 2 howrs, then transferred directly
to 70% alcchol followed by the narmal dehydration, clearing amd
embedding procedure as used for C. zealandica. Goad fixation of ova
complete with charions was not achieved ard they also shrank badly.
This could have been solved by puncturing the eggs as is narmal
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procedure when preparing them far sectioning (Humason, 1967), but this
was not considered necessary far the present study since the structure
of the egg was not investigated.

The moths' genitalia were externded, in ader to be examined
urder the scanning electron microscope, by placing the moths between
strips of plasticene sardwiched between glass microsccope slides ard
gently squeezing the slides together. When the genitalia were visible
the moths, together with plasticene ard slides, were dropped into liquid
nitrogen ard subsegjuently allowed to warm up to -35°C, The moths were
then removed firom between the slides ard prepared for examination as
desaribed in the methods section of chapter 3.

Sexual dimarphism in the adult

Adult male amd female moths are best distinguished by their
external genitalia which are described in detail below wder appropriate
section headings.

Both sexes are very similar in general shape ard colour, but
they can be easily distinguished with the unaided eye by the shape of
the abdomen., When viewed vemtrally, that of the female is relatively
Iroad ard tapers to a point (Figure 8.8B), whereas that of the male is
narrower ard of a mare unifarm thickness along most of its length
except the tip which is road ard spatulate shaped (Figure 8.8A) -

This thickening is caused both by elongated scales which arise fram the
8th sternite ard by tufts of elongated scales that arise firam the
posteriar lateral edges of the 7th segment. The latter are termed
caremata ard normally lie laterally alongside the other terminal
structures. All the scales at the erd of the male's abdomen are
colowred a slightly yellww to orange grey campared with the rest of the
moth which is brownish grey. Povelny (1964) also notes that, in the
male, the colour of the erd of the abdomen ard the macrosccpically
visible caremata sharply define the genus Phthorimaea from the other
genera of the tribe Gnarimoschemini.

The other sexually dimarphic structures are the hair pencils
consisting of long thin scales which arise darsally on each himdwing
near the anteriar edge arnd close to the base. Povolfy (1964) also notes
these ard terms them "osmeteriches". In the present study (Chapter 8)
they were found to be used during mating behaviowr and they constitute
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part of the male sex pheromone orgens. They are described in detail
in Chapter 10.

No other sexually dimorphic structures were found in the
present study although a small scale morphometric investigation was
made during the search for them, The dimensions of the parts examined
are given in Table 7.1 and show that most measurements did not differ
between male and female, The male, however, «id have a significantly
longer total body length, prothoracic leg length from femar to tarsus,
and metathoracic tarsus length, while the eyes were significantly
further apart and of larger diameter (Table 7.1).

Tae male internal reproductive syston

The morphology and histology of the male internal reproductive
system of P, operculella has not previously been described. lowever,
there is a fairly extensive literature on the internal reproductive
systems of other lepidoptera. This includes morphological descriptions
for various microlepidoptera (Stitz, 1901, lasioccampidae (Villiams,
1940), Tineoidea (Williams, 1947), and Noctuidae (Callshan, 1958, 1360;
Callahan and Chapin, 1960). Detailed descriptions are also available
for Zygaena (Hewer, 1932); Plodia, and Anagastia kuwmiella (Zeller)
(Norris, 1332); Galleria mellonella (L.) (Khalifa, 1950); Colias
philodice eurytheme (Boisduval) (Stern and Smith, 1960); Riyacionia
buoliana (Schiffermuller) (Shen and Berryman, 1967); Laspeyrestia
caryana (Fitch) (Tedders and Calcote, 19€7); and Diatraea grandicsella
(pyar) (Davis, 18¢8). iiorphological descriptions together with some
histology are available for somz Saturniidae (Ruckes, 1919), Leucinodes
orbonalis Guen. (Srivastava, 1960b), and #Hzliothis zea (Boddie)
(Callahan and Cascio, 1963}, while detailed histclogy is given for A.
kuhmiella (Zeller) (Musgrave, 1937) and Choristoneura fumiferana
(Clemens ) (Outram, 1970).

The internal reproductive system of the male P. operculella
is basically the same as that found in all the higher Lepidoptera
Imms, (1960). The terminology used here follows that of Callshan (1958).

The internal reproductive system (Figure 7.1) consists of a
pair of testes fused into a single structure, two vasa deferentia and
their seminal vesicales, a pair of accessory glands, a ductus
ejaculatorius duplex and a ductus ejaculatorius simplex. The latter
joins the endophallus whicn leads to the exterior through the penis or









Figure 7.1

The internal reproductive organs of the
male P. operculella
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phallus, Some of the dimensicns of the above parts are given in
Table 7.2.

The testes

The fused testis is a conspicucus approximately spherical
argan which is colowred a mottled deep reddish rown.. Its maximum
diameter varies between 0.50 mm ard 0.88 mm (Table 7.2) ard it lies
darsally in the 2rd to 3rd abdominal segments just beneath the
pericard ium,

Each testis consists of 4 follicles enclosed within their
own connective tissue sheaths (Figwe 7.2) which have an inner layer
of pigmented cells, Arcwrd the cutside these sheaths are fused into a
commen sheath @ scrotum which encloses and bimds together both testes.
The scrotum consists of a tough layer of connective tissue filres amd
muscle about 2 u thick with an inner layer of pigmented cells.,

The follicles are mostly filled with sperm burdles but there
is a relatively small gé*mar*iwn situated darsally followed by a
region cantaining cysts of cells at varicus stages of spermatogenesis
(Figwe 7.2). The sperm burdles consist of closely packed parallel
spermatozoa enclosed within their cysts along approximately their
entire lengths. Each sperm burdle is between 10 to 13 u wide by
about 550 p long amd it is coiled into a left-harded spiral of 9 to 10
turns with an ocuter ralius of about 30 u.

The vasa deferentia

The paired vasa defarentia are transparent to slightly
translucent white tapering tubes which arise next to each other an the
ventral surface of the testes amd then run in a ventral direction in
the abdomen. Where they arise from the testes they have an average
width of 0.14 mm ard this reduces to an average of 0.075 rm where they
join the seminal vesicles. The left vas deferens is also usually
longer than the right one with respective mean lengths of 0,71 mm amd
0.69 mm but occasicnally in individuals they are the same length
(Table 7.2).

Each vas deferens 1is composad of a single layer of
columnar epithelial cells cells which rest on an cuter basement
memtrane ard are swrourded by a sparse netwark of of miuscle filhres.



TABLE 7.2

Dimensions of the male internal reproductive

argans of Phthorimaea operculella.
Measurements taken fram 10 males.
All measwrements in mm.

RANGE
MEAN S.D. max. min,
Testis max, diameter]0.720 0.132 0.875 0,500
Vas deferens max. width 0.138 0.029 0.175 0.080
min, width 0.075 0.024 0.100 0.030
length of left 0.708 0.116 0.875 0,500
length of right |0.689 | 0.115 | 0.875 0.500
Seminal vesicles
max. width 0.140 0.035 0.200 0.088
min., width 0,039 0.016 0.063 0,020
length of left 2.288 0,543 3.250 1.625
length of right }1.805 0.698 2,550 0.625
Accessary glards length 9.90 1.63 12,3 7.8
width 0.0u8 0,018 0.075 0,025
Ductus ejaculatarius duplex
length 1.040 0,276 1.750  0.750
width 0.165 0.029 0.225 0.125
Ductus ejaculatarius simplex
region 1 width by ductus ejaculatarius
duplex 0.125 0,018 0.125 0,100
regions 1 ard 2 length 5,076 0.636 6.30 4.00
average width 0,060 0,013 0,075 0.038
region 3 length 2,328 0.681 3.20 1.25
max, width 0.174 0.059 0.225 0.100
region 4 length 0.577 0,093 0.75 0.50
width 0.085% 0.027 0.13 0.06
regions 5 ard 6 length 0,u421 0.0u2 0.58 0.38
max. width 0,206 0.033 0.23 0.15
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The epithelial cells vary slightly over the length of the vas deferens:
Those of the thinner region (Figure 7.3 A) are between 21 n ard 24 u
tall, their nuclei are rouned with diameters of 8 +to 9 u amd situated
basally while their cytoplasm is densely basophilic in their basal
regions faling to lightly basophilic apically where same eosin staining
is visible. The intercellular memiranes of these cells are distinct
apically but are mare difficult to distinguish basally amongst the
basophilic cytoplasm. The epithelial cells of the thicker region of
the vas deferens are generally between 14 to 16 u tall, their rourded
to oval nuclei are also basally situatel but slightly smallar with
maximum d iameters of 5 to 8 u; their cytoplasm is densely ard evenly
basophilic. These cells tharefare resemble those of the thinner region
except that they lack the apical lighter staining region.

The epithelial cells grow together at the junction with the
testis to apparently close off the vas defarens (Figure 7.2 A) but there
are probably distendable spaces between them which are narmally occluded
because sperm bundles can often be observed passing between the cells.
At the other erd of the vas deferens the epithelial cells are enlarged
to fam a plug which occludes the lumen. However, these cells probably
are not joined apicaily, thus allowing the sperm bundles to pass through.

Ruckes (1919) reparted that the epithelial cells of the vas
deferens in sane Satwniidae were crowded ard grouped into ridges @
clusters which he termed pseudonidi, ard that the cells were distarted
as a result of this. However, this epithelium is unifarm amd camposed
of columnar cells in A. kwmiella, L. orbonalis, H. zea, ard
C. fumiferana accading to Musgrave (1937), Srivastava (1860b),
Callahan ard Cascio (1963), ard Outram (1970) respectively. In
A. kuniella their intercellular memtranes are figuwed by Musgrave
(1937) as only being distinct apically, amd they appear to be entirely
irdistinct in C. fumiferana from the diagram by Outram (1970). These
cells have also been reparted to have a distinct brush boarder in
L. orbonglis by Srivastava (1960b), anl to have one anly when close to
the testes in A.kufmiella accarding to Musgrave (1937). Ruckes (1919)
described the cytoplasm of the cells in the lower partions of the vas
deferens in Saturniidae as appearing filrous with prominent apical
vacuoles. Similarly, the free emds of the cells of the upper vas
deferens in C. fumiferana are densely vacuolated and form an irregular
boarde with the lumen where large“gobbets’ of secretion are budded off
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(Outram 1970). However, Strivastava (1960b) did not cbserve any
vacuoles in these epithelial cells in L. orbonalis.

The muscular layer surourding the vas deferens may be absent
a thin in Lepidoptera: Stitz (1901) states that the majority of male
agans are entirely devoid of musculatire ard Musgrave (1937)
tentatively referredl to the thin layers of deubtful arigin suwrrourding
most of the repraductive argans in 4, kuhmiella as basement memhrane.
In addition, Srivastava (1960b) makes no mention of muscle in L. orbonalis
except around the cuticular simplex of the ejaculatary duct. Nawris
(1932) , however, suggested that Stitz (1901) was incarect in his
fimdings. Ruckes (1919) fourd one muscle layer swrourding the vas
defarens of some Saturniidae, Callahan ard Cascio (1963) cbserval a
single layer of circular muscle in this position in H., zeq, ad
Outram (1970) reparted a well defined but thin circular muscle layer
there in C. fumiferana.

Vesiculae siminales

The seminal vesicles of P. operculella are laong thin tubes of
varying diameter . Near their junction with the vasa deferentia they
are relatively wide, averaging 0,14% mm in diameter but they taper to
an average diameter of 0.039 mm (Table 7.2) after approximately 0.5 mm
to 1 mm. After this they continue as thin tubes until they came to
within about 0.5 mm of the ductus ejaculatarius duplex when they
gradually expard slightly again. They became attached to their
respective branch of the ejaculatarius duplex one quarter to cne third
along its length from its posteriar erd ard run alongside them to enter
posteriarly. Most authars consider the upper dilated partion of the
seminal vesicles to be part of the vas deferens while Callahan ard
Cascio (1963), ard Outram (1970) considered it to be a first seminal
vesicle in H. zea ad C. fumiferana respectively., These authars called
the dilation near the ejaculatorius duplex the secord seminal vesicle
because it differed histologically firan the first. In P, operculella,
however , there is no significant histological difference between these
two regions (see below) amd therefare the entire duct is simply called
the seminal vesicle,

As with the vasa deferentia, the left amd right seminal
vesicles differ in length, the left having a mean length of 2.29 mm
ard the right one of 1.81 mm (Table 7.2). The left seminal vesicle
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also traverses a mare camplex path through the abdominal argans than
does the right but these paths vary in different imdividuals. Generally,
the first swollen region of the left seminal vesicle continues in a
ventral direction fram its vas deferens to the left of the folded
ejaculatary ducts, it then berds under the rectun amd tums darsad again
to the right of the ejaculatarius duplex amd darsally over it to attach
to its left-hard side., The ductus ejaculatarius duplex is itself
usually placed ventral ard to the left of the testis but it is rotated
ard twisted arcurd so that its ariginally ventral swface is darsal ard
its ariginally anteriar erd now faces posteriarly: this tarsion accounts
far the left seminal vesicle running darsally over the ejaculatarius
duplex to attach to its left Iranch. The right-hand seminal vesicle
simply runs first in a ventral direction from its vas deferens ard then
folds back on itself to attach to the right side of the ejaculatarius
duplex.

Each seminal vesicle is histologically similar throughout its
length., It consists of a layer of cuboidal to flattenal cells which
rests on an cutar basement memhrane surouwdsd 'by a well developad layer
of circular muscle (Figwre 7.3 B)., The cytoplasm of these epithelial
cells is densely basophilic, their intercellular walls are fairly
distinct amd their rourded to oval nuclei ae centrally a slightly
basally situatel ard have a maximun diameter of abaut 5§ to 7p. Far
the most part these cells are approximately cuboidal ard have heights
of between 7p and ily deperding on how stretched out they are. Near
the d wctus ejaculatarius, however, these epithelial cells beccme
flattened and their heights range between 5 u amd 7 u.

The contents of the seminal vesicles consist of sperm burdles
ard a few free spamatozoa floating in either a non-staining ligud o
one containing small eosinophilic globules of less than 0.5 u in
diameter . No evidence was fourd as to the arigin of this searetion
but possibly the nan-staining liquid is seareted by the epithelial
cells of the vasa deferentia o seminal vesicles while the eosinophilic
globules possibly ariginate from the accessary glands because they
resemble their searetion. In aldition, when the seminal vesicles were
cbserved during dissection they often appeared clear o slightly
wanslwent nex the vasa deferentia but contained inareasingly larger
areas of a slightly milky liguid near the ductws ejaculatwrius ard
this closely resemblad that filling the accessary glamds ard ductus
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ejaculatarius duplex. In addition the sperm burdles could also be seen
within the clear regions of the seminal vesicles.

The epithelial cells of the seminal vesicles of same
Satuwniidae are columnar ard are not grouped into pseudonjdi accard ing
to Ruckes (1919). In 4. kuhniella, those of the seminal vesicles are
irregularly shaped amd frequently separated basally but fuse apically.
In this insect the cells of the lower vas deferens are also irregularly
shaped amd their intercellular walls are only sametimes visible
(Musgrave, 1937). Low columar to cuboidal cells constitute the seminal
vesicle epithelium of K. zea accarding to Callahan amd Cascio (1963).
In C, fumiferana as desaribad by Outram (1970), the epithelial cells of
the first seminal vesicle are columar and their secretion is liberated
into the lumen in fine droplets while the cells of the secord seminal
vesicle are low to cubcidal. Ncne of the above authars except Outram
(1970) notel vacuoles in the seminal vesicle cells ar those of the lower
vas deferens amd Srivastava (1960b) states that none ocawr in L. orbonalis.
Finally, a thin layer of circular muscle surourding the seminal vesicles
has been repartel in some Saturniidae, H, zea, ard C. funmiferana by
Ruckes (1919), Callzhan amd Cascio (1963), ard Outram (1970) respectively.

The ductus ejaculatorius duplewx

The ductus ejaculatarius duplex of P, operculella consists
of two swollen sausage shapel tubes which lie aljacent to each other
(Figwe 7.1). Anteriarly each of these drains a seminal vesicle ard an
accessay gland ard posteriarly both join the end of the ductus
ejaculaterius simplesx. The ejaculatarius duplex farms a reservoir far
both the accessary glamds and seminal vesicles ard it therefare appears
a translucent pale white colowr because of their seaxetions. In size
the ejaculataius duplex varies in length between 0,75 ard 1.75 mm
ard the irdividual branches vary in maximum width from 0.13 to
0.23 mn (Table 7.2).

Each branch of the ejaculatarius duplex is composed of a
single layer of cells similar to those of the seminal vesicles, which
rest on an cuter basement memirane surourmlal by a well developed layer
of circular muscle (Figure 7.3 C). Possibly the circula muscle overlies

a sparse layar of longitudinal muscle but this cannot be detected at all
in the sections.
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The epithelial cells of the ductus ejaculatarius duplex have
been reparted by Ruckes (1913) to have prominent apical vacucles in
some Satuniidae, but no vacuoles were repartal in those of I, orbonalis
by Srivastave (1960b). In Z., zea the cytoplasm of these cells cantained
granules ard clear globules which move apically ard bul off
accard ing to Callahan ard Cascio (1963). Outram (1970) notel that in
C. fumiferana this cytoplasm was dense but containel small apical
vacuoles ard he also obsarved that the cells ware in a very active
sexretay state ard no distinct inner boarder was visible. Both
Callahan ard Cascio (1963), ard Outram (1970) reparted that these
epithelial cells degenerate duwring the life of the alult in H. zeq,ard
C. fumiferana respectively, until at okl age only the basement memkr ane
ard muscle is left. However, no evidence of degeneration in these
cells was fourd in P, operculella during the present study.

In same Saturniidae the ductus ejaculatorius duplex was
repartel by Ruckes (1319) to be swroundel only by a layer of circular
muscle but in H., zea amd C, fumiferana it is enclosed by inner
longitud inal muscles amd an cuter layer of circular muscle accard ing to
Callahan ard Cascio (1963), ard Outram (1970) respectively.

Anteriarly the walls of the ejaculatarius duplex of
P, operculella merge imperceptably into those of the accessary glamis
ard seminal vesicles, ard the lumens of all are continucus, but
posteriarly these cells enlarge where the two Iranches come together ard
they almost occlude the lumen.

In A. kumniella the lumen of each lranch of the ductus
ejaculatarius duplex is separatel, at least partially, fran that of the
accessay glard by a partition accading to Musgrave (1937) ard he
resumes that this is broken down during copulaticn., However, this is
the only specific description of what happens at the erds of these
argans in other (epidoptera anl therefare their lumens are probably
continuous with those of the aljoining structures.

The accessory glands

The paired accessay glands are closely bourd together along
their whole length. They are long thin blind erding tubes which vary
in length between 7.8 mm ard 12.3 mm and in width between 0.13 mm ard
0.23 mm (Table 7.2). They arise from the ariginally anteria erd of
the ejaculatarius duplex which is twisted to face posteriarly ard run
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repeatally back ard farth at least three times within the 2rd to 7th
ablominal segments, coiling as they do so.

Histologically they are camposel of an inner epithelial layer
of approximately cuboilal cells resting on a basement membrane ard
bourd tocgether by a cammon connective tissue sheath with a netwark of
muscles in it (Figwe 7.3 D).

The epithelial layer consists of two types of cells which
intergrade with one another . Both types vay in height from 3 to 9 u,
have mare @ 1less distinct intercellular walls ard have rourded tc
slightly oval nuclei with maximum diameters of 6 to 8 u. The first
type of cells are indistinguishable from the epithelial cells of the
ejaculatarius duplex, except that they are usually smaller, while the
secord type have ecosinophilic cytoplasm ard are actively searetary.
Dense clusters of globules of non-staining searetion can be seen to
arise from the middle of their apical surfaces whare the cell walls are
imdistinct. Vacwles, however, occwr singly ard rarcely in these cells,
All intermeliate stages ocoxr between these two cell types although
searetal globules are only found arising fram cells with non-basophilic
cytoplasm a with cytoplasm containing only a few small scattered
basophilic granules. It is therefare possible that these cell types
represent the same cells at different stages of a searetary cycle.

The searetion swrouding the non-staining globules in the
accessary glamds is a pale hanogencus liguid which stains lightly
eosinophilic but as it moves proximally it gradually changes to a dense
mass of deep staining eosinophilic droplets with diameters of up to
0.25 u swroundal by clear space @ non-staining liguid . These
droplets probably cardense from the hanogenous ligquid although they
could possibly also be artifact.

Musgrave (1837) recognizel 4 regions in the accessary
glands of A. kumiella on the basis of their searetions ard Outram (1370)
similarly recognizel three regions in those of €. fumiferoma. Iowever,
accad ing to these authars the accessary glards of these insects are
histologically similar throughout their lengths. Callahan and Cascio
(1963) also fourd this epithelium was histologically unifarm in H, zea
and suggested that the apparent differences between the various regions
are due to physiological changes in the searetion.

Ruckes (1919) desaribes the cytoplasm of the accessary glard
cells in same Saturniidae as spangy ard not obvicusly vacuolated, and no
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vacuoles were repartel in these cells in 4. kulmiella by Musgrave (13837),
@ in L. orbonalis by Srivastava (1960b). However , Callahan ard
Cascio (1963) desaribe these epithelial cells in [. zea as low columnar
with central nuclei, ard their secretion accumulates in apical vacuoles
which rupture liberating the searetion intc the lumen. After this the
cell walls refarm leaving an even barder. Outram (1970) reparts that
in C. fumiferana these cells are also low columna and their cytoplasm
contains many vacuoles which are periadically dischargel as fine
droplets into the lumen of the glard in a similar process to that
lesaribed by Callshan and Cascio (1963) fo H. zea.

Ruckes (1919) reparted that the accessary glands of same
Saturniidae were swrourdel by a single layer of longitudinal muscle.
Callahan ard Cascio (1963) male no mention of any muscle surrourding
these argans in 4, 2ea, Outram (1970), however, desaribad an inner
longitud inal layer of muscle and an auter circular layer investing each
accessary glard in C. fumiferana.

The ductus ejaculatorius simplex

In P, operculella the ductus ejaculatarius simplex arises
from the ariginally postaia erd of the ductus ejaculatarius duplex,
ard farms a long thin tube which runs back amd farth longitudinally
three times within the 2rd to 7th akdaminal segments and finally
disappears into the darsal side of the base of the penis.

Externally, it is dividel intco 5 regicns by its width amd by
the appearance of its contents; the first 4 of these can be grouped
together as the primary segment since they are not lined with cuticle
while the last one has an intima ard is therefare termed the cuticular
segment.

The first region is usually a transparent ar occasicnally
slightly translucent white duct with a unifarm @ slightly tapering
diameter of 0.075 to 0,038 mm along most of its length although this
Iroalens to a mean diameter of 0.13 mm immed iately befare it joins the
ejaculatar ius duplex. Posteriarly it runs into the secord region
without any change in diameter but this is marked by the searetion
inside taking on the appearance of a number of closely packel clear
globules, The total length of the cambinel first ard secard regions
varies from 4.0 to 6,3 m (Table 7.2) but the secard region is only
about 0.2 mm @ less in length. The third region farms an exparded
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starage argan fa a lijuid containing small dense white droplets. It
varies in length from 1,25 to 3.2 mm ard in maximum diameter from

0.06 to 0.13 mm. The fowth region is a clear unifarm tube with a
mean width of 0.095 mm which varies in length fram 0,50 to 0.75 mm,

All these 4 regions of the primary segment of the
ejaculatarius simplex are histologically similar. They consist of an
inner single layer of low columa to cuboilal cells resembling those
of the ejaculatarius duplex (Figawres 7.3 E, F). These cells rest on
an outer basement memirane swrounded by an inner layer of longitulinal
muscles ard an outer layer of circular muscles. The cells of all
regions vary in height fram 4 to 9 u amd contain large rouded to
oval nuclei with maximum d iameters of between 5 ard 8 u. The inter-
cellular walls &e fairly distinct and the cytoplasm is molerately
basophilic, although that of the cells in the first two regions stains
slightly deeper with haemotoxylin than the cytoplasm of the third ard
fourth regions. Furthermare, in the third region the cytoplasm by the
intercellular walls sametimes stains lighter than in the rest of the
cells (Figwe 7.3 F). In sections the seaxretion of the first region
appears finely granular o sametimes contains eosinophilic globules
similar to those fourd in the third region desaribel below. In the
secoril region the searetion appears as closely packed large clear
refractive blocks with irregular sides amd with widths of about 5 u.
The sexretion in the third region consists of densely packed
spherical globules which are malerately eosinophilic ard vary in
diameter from 1 to 12 u although most lie in the 2 to 4 u size
range. In the fouwth region the secretion appears to be largely
clear but it sametimes contains a few imdividual spermatozoa scattered
irregularly through it.

The primary simplex is generally considered to be the area in
which the spermatophare precwrsars are praduced (Outram, 1870). The
epithelial cells of the 4 regions of the pimary simplex in
P. operculella are mrobably glamdular although no vacuoles can be
cbserved in their cytoplasm. Rrcbably their searetion is liberated as
extremely small droplets ard it is therefare difficult to determine
how many different glardular regions there are., On the basis of
secretion alone there would be a maximum of t« However, Callahan
ard Cascio (1963) concluled that there were only two glandular regions
in the primary simplex of #., zea insteal of the ariginal 4  suggested



245,

by Callahan ard Chapin (1960). What had been previcusly cobserved was
the searetion urdergoing physiological changes during the repraluctive
life of the moth ard therefare a similar physiological change could

also occur in the searetion in P. operculella. Among other Lepidcptera
there is also doubt as to whether marphological divisions of the primary
simplex represent disarete glardular regions. Stitz (190Ddivided the
whole duct into tlree glams with a varying number of intermed iate
pxrtions, termel "Schaltstucke". Naris (1832) consilered that there
were W seretary areas ad no intermediate ones in A. kwiniella,
basel on the diffarent types of searetion, whereas Musgrave (1937)
considerel that there were L sexwetary areas plus 4  intermeliate
ocnes in the same insect. khalifa (1950) concludad, fran the searetions,
that there were only two disarete seaxretary regions in the primary
simplex of G. mellonella even though it was camposed marphologically of
8 sections. Srivastava (1960b) Jdescribes three distinct marphological
regions in L. orbonalis. Outram (1970) fourd 7 rar phologically
distinct regions in €. fumiferana which ware also distinguishable by the
sexetions they contained.

The appearance of the sexetions of the primacy simplex in
histological sections have been describel far 4. kwmiella, H., zea,
ard C. fumiferana by Masgrave (1937), Callahan ard Cascio (1963), ard
Outram (1970) respectively., They vary considerably firan a hamogenous
material, sametimes with vacuoles o globules in it, to one that was
composel solely of granules o glabules. In both 4, kukniella and
C. funiferana, there was also aregicn filledl with angular blocks of a
homogenous secretion similar to those fourd in the present study, in the
secord region of P. operculella.

Ruckes (1919) notel that the epithelium of the primary
simplex of some Saturniidae was columnar , ard S ivastave (1960b)
observed no vacuoles in any of these cells in I, orbonalis, Musgrave
(1937) reperted that the epithelial cells of the various regions of the
primay simplex of A. kukniella were colurna @ Irregular in shape,
ard that scmetimes those of the fouwrth intermeliate region hal a faint
‘striated bade next to the lumen. Callahan ard Cascio (1963) fourd
that the cells of the seconl (anteriar) seaxretary region in H. zca were
low colurna to cuboilal with smooth apical swfaces, but they
degenerated completely in old moths. These authars also desaribe the
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cells of the first (posteriar) searetary region as being columar ard
ralucing sewetion by bulding! Outram (1970) reparted that the cells
of all regions of the primary simplex of C. fumiferana were histologi-
cally similar, being columa with even barders next to the lumen,

ard with granular cytoplasm which stained darkly with haematoxylin. In
old moths all these cells degenarated considerably, but not canpletely.

Ruckes (1919) noted that the primary simplex of same
Saturniidae was invested by longitudinal muscle only. Callahan ard
Cascio (1963) reparted that the’secord” (antericr) seaxetary region of
H, zeq is surroundel only by a layer of circular muscles whereas the
“first  (posteriar) seaetay region has an inner longitulinal layer
swrourded by circular muscle. In C. fumiferana the entire pimary
simplex is swrourded by a layer of longitulinal mascle filres amd a
thin outer layer of circular muscle accading to Outram (1870) .

In P, operculella the cuticular segment of the ductus
ejaculatarius simplex varies in total length fram 0.38 to 0.58 mm
ard it is translucent white in colowr. The fifth region forms a
ventral swelling of the duct which is laterally compressel ard reaches
a maximum width between 0,15 ard 0,23 mm. Usually this region is
bent into a "C" with the widest part of the swelling occurring on the
middle ard inner part of the "C". Anteriarly and posteriarly the
swelling tapers amd gralually assumes a rourded oross-sectional shape.
Poster iarly this becames praducel into a rouded duct to the penis.

The epithelial cells of the entire cuticular segment are the
same as those of the emdophallus (Figuwres 7.3 G, H). They ae flattenal
cells 1 to 3 u in height with eosinophilic cytoplasm ard with deeply
staining oval nuclei 3 to 5 u in maximum diameter . Their inter-~
cellular walls ae irdistinct but apically they secretd a thin intima
about 1 u in thickness which lines the lumen of the duct amd they rest
basally on an ocuter basement membrane. This epithelial lining is
usually foldel into longitudinal ridges inside its cuter muscular
layers.

A thin sparse inner layer of longitudinal muscle swrownds
the epithelial cells ard this is enclosed within a well developad layer
of circular muscle. At the anteric erd of the 5t region (Figwe7.2 B,
7.3 G) the circular muscle layer is between 18 to 25 u thick ard is
enclosal within a thin connective tissue sheath. The muscle is
thickest posteriarly ard fa'ms a sphincter which controls the flow of
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fluil out of the primary segment of the ejaculatarius simplex.
Posteria to this sphincter the rest of the cuticular seguent is
completely encircled by a tubular epidermal sac with thin flexible
walls which arises from the edges of the foramen at the base of the
sclerotised penis through which the ejaculatary duct enters. The
anterixr erd of this epidermal sac joins the connective sheath which
surourds the anteria sphincter. Most of the length of the cuticular
segment is therefare covared by a thin wallel egpidermal sheath.

The eircular. muscles show basically the same arangement
in the rest of the cuticular segment. However, they became rearganized
to run ventrally urder the epithelial lining of the duct from insertions
on either sile of the epilermal sheath (Figwe 7.2 C). In the region
of the swelling this muscle layer becomes enarmously developed so that
it is about 10C u thick amd 80 u wide but it tapers posteriarly until
it is only abaut 10 to 20 y thick just befare the duct enters the penis,

The cuticular simplexes of most Lepidoptera, whose internal
repraductive argans have been described in detail, resemble each other,
except fa sane Tineoilea described by Williams (1847), This authar
reparted that Iischeria tinctoriella (Chambers hal a sac~like structwe
which joined the ejaculatary duct just befare it enterel the penis,
while that of TZscheria baditella (Chambers) was similarly joined by a
long coiled structwe. Histologically, the cuticular simplex of
P. operculalla is very similar to that founl in 4. kuwmiella ard
C. fumiferana accading to the desariptions of Musgrave (1837), amd
Outram (1970) respectively, anl it is similar to that of H. zea as
describel by Callahan ard Cascio (1963) except that this moth has a
small diverticulum which hranches fran the ejaculatary duct in the
anteria of the bulbous muscular part. In 4. kwmiella, he cuticular
simplex is enclosel by a double cuticular wall (Musgrave, 1337),
whereas Callahan amd Cascio (1963) only mention & single outer
cuticular sheath in H. sea ard Outram (13870) desaribed a single outer
cuticulae sheath in C. fumiferana swroudel by a Jouble connective
tissue sheath. Callahan ard Cascio (13963) suggestel that the
ejaculatary duct which lies entirely free within the surrounding muscles
and cuticular sheath, is thereby allowed to stretch ard follow the
eversion of the endophallus dw ing copulation., However, no evidence
was four in the pesent study that the emdophallus of P, operculella
everts duwring copulatian.
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The process of spermatophare praluction has been followed by
other warkers in a number of moths. Accard ing to Narris (1934), in
Plodia it is partly fourd within the bursa copulatrix of the female
ard partly within the ejaculatary duct of the male. The searetion fram
the posteriar segment of the primary simplex flows into the bursa amd
hardens into a gelatinous mass whereas the secretion fram the middle
segment flows into the cuticular simplex where it is mouldel to farm
the neck ard harns of the spermatophare. The outer layer of this
secretion hardens ard the searetion from the anteriar segment is then
farcel down, followed by the sperm arrd accessary gland secretion,
pushing the soft care of the neck into the bursa thereby distending the
first gelatinous sexretion into a sac. Finally, the neck ard harns are
expelled fram the cuticular simplex into the bursa to complete
spermatophare transfer.

Spermatophare farmation in H. zea has been followed in detail
by Callahan (1958), ard Callahan ard Cascio (1963). At the onset of
copulation the erdophallus is locked into the bursa by evertion of the
emophallic caecae amd the searetion fram the first searetary region of
the primary simplex is discharged into the bursa copulatrix. Simulta-
neausly the sperm burdles in the duplex begin to break down ard the
sperm mix with the secretions there. A gel praducel by the secord
secretary region of the simplex is then moved posteriarly by contractile
movements. It becomes progressively mre resilient amd farms on its
outer surface a rad-like spermatophare mrecursa in the muiscular region
of the cuticular simplex. This is moved on by waves of contraction
from the transverse muscles. The mass of sperm trails the precursar
ard mixes with same of the internal care of the precursar in the
cuticular simplex. As the spermatophare coils down arourd the emdo-
phallus the immer care moves towards the tip of the spermatophare amd
the sperm follow the retreating care. As the tip reaches the carpus
bursae the care draws progressively into the tip amd expards it into a
bulb-like carpus. At the completion of copulation, the core COmes
up to the top of the spermatophare carpus ard hardens to a plastic-
like consistency. Beneath this ard down into the necj; -of ‘the
spermatophare is the sperm mixed with accessary gland ard duplex
secretions.

A similar but samewhat simpler process of spermatophare
praduction has been desaribed far Laspyresia pomonella L. by Fervo and
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Akce (1875). In this moth the primary simplex secrete: the sparmatophare
precuwrsa ard this forms as a resilient tube in the cuticular simplex.
Within 15 minutes of copulation it is pushel into the bursa copulatrix
via the emdophallus ard once insile, it expands with the aldition of a
clear liquid urder pressure. After 4O minutes the male ejaculates the
seminal fluid which is firstly a milky fluil containing free sperm ard
later a compact substance with sperm burdles. Sperm transfer is finally
canpleted 50 to 60 minutes aftar the initiation of mating.

Furthe study is required to determine how the spermatophare
of P. operculella is farmel but it could be similar tc any of those
desaribed above. Any spermatophare precwrsar would , however , have to
be shaped into a thin rail to allow it to pass through the namrow
tubular penis (described in the following section). In aldition, the
structural simplicity of the spermatophare of P. operculella, as
described in the section on the female internal repraductive argans,
could irdicate that it is entirely discharged as a liguid o plastic
gel into the bursa copulatrix where it hardens after discharge of the
sperm. If this occwrs, then the resulting structwre could no longer be
strictly termel a spermatophare since it is not formel within the male
ard passed to the female but it is generally accepted, that in same
insects the spermatophare only assumes a definite form within the bady
of the female (Iraxs, 19603 Chapman, 19%). If the male sexretians
haden after being intrcluced as a liquid into the female then this
would represent a methal of sperm transfer intermeliate between direct
spa'm transfer and insemination by means of a sparmatophcre.

Jhen considerel overall, the intaernal repraductive argans of
the male P. operculella have no unusual histological featuwres compared
with other Lepidoptera; almost every detail having its counterpart in
anotha species. A particularly close histological similarity exists,
hwwaver, between the primary simplex of €. fumiferana arnd that of
P. operculella, while, to a lessa extent, the cuticula simplex of
C. fumiferana, A. kwmiella ard P. operculella although complex structuwres,
are also similar., The vas deferens, seminal vesicles ard ejaculatarius
duplex of P. oparculella show the closest resemblance to those of
L. orbonalis, Of particular note is the lack of direct histologice
evidence of sexretary activity in the epithelial cells of these argans
in P. operculella, It seems unlikely that this was due to the technigue

usal in preparing the sections because sections of the entire abdomen
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show, far example, vacuoles in the cells of the mid-gut, and a brush
barder in the Malpighian tubules. The possibility therefare exists that
the accessary glards praiuce all of the secretion and the differences
in different regions are due to physiological changes that ocowr with
time. The explanation favarel hare, however, is that the epithelial
cells of these regions are sexretary and that the seaxetion is
liberatel as very fine droplets from the surfaces of these cells, but

the use of the electron miaroscope is reguired to confirm this.

The male external genitalia

Although the male external genitalia have been figured ard
briefly desaribel by Povolny (1964) a mare detailel marphological
investigation was made of them in the present study. This included
the use of the scanning electron microscope to show the three dimen-
sional relationships between the various parts. The terminology used
here is that of Povolnlly (1964), ard Klots (1970).

The 7th abdaminal segment of the male is the last one with a
typical sternum ard tergum. It differs only from the mare anteriar ones
in possessing a conspicucus tuft of elongated. scales, @ carematis, on
either side (Figuwre 7.4 B)., These arise from the extreme posterio-
lateral elges of the segment ard reach approximately 1 mm in length.
Narmally they lie laterally alongsile the other postericr abd ominal
structures but they become exterded laterally during precopulatary
behaviour when a male approaches a female. (Chaipter 8).

The remaining tergite ard sternite of segment 8 are produced
into hoad-like flaps (Figuwre 7.4 A, B) which narmally project caulally
arml enclose the external genitalia darsally ard ventrally. They
articulate with each other only by narrow lateral extensions, ard
posteriarly they taper into thin flat plates with cuwvel aross~sections.
A row of slightly elongatel scales arises from the postario-lateral
elges of the 8th tergite while the 8th sternite is clothed ventrally by
elongated scales. The largest of these reach approximately O.4 mm in
length ard arise from the anteriar region, while those posteriarly
become progressively sharter (Figure 7.4 B). Both tergite ard sternite
are moval through approximately 30° tc 45° darsally ard ventrally
respectively during precopulatary behaviowr when a male approaches a
female. Together with the caremata they then farm a splayed ring of
scales suwrowding the central genitalia.
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Figure 7.4

Scanning electran micrographs of the male
external genitalia of P. operculella

The sterma are indicated by raman numerals and the
terga by arabic nunerals.

A, Ventro-lateral view of the genitalia

B. Darso-lateral view of the genitalia.
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The parts of the external genitalia immediately posteriar to
the 8th segment are the dorsal tegumen and the ventral vinculum
(Figures 7.4 A, B; 7.5 A, B). These articulate laterally and form a
transverse ring around the abdomen within the bases of the 8th tergite
and sternite. The teguren forms a tube which is elongated caudally and
open ventrally. At its ventral posteriar edges it articulates with the
anterior lateral edges of the gnathos, an oval dished area of sclerotised
cuticle with numerous short bristles. Normally the gnathos lies
rotated so that its anteriar end projects ventrally but when the
structures pesterior to the tegumen are extended, it cames to lie
within the posterior part of the tegumen, with its anterior end
cephalad. Darsally the tegumen ends bluntly and articulates with the
flattened triangular wncus. Also arising from the caudal margin of the
tegumen but ventral to the uncus are a pair of soft rounded socii -
densely covered with shart bristles., These join together ventrally and
the tuba anus opens posteriorly between them and the uncus. The uncus
is narmally flexed ventrally to lie parallel with the gnathos but it
can be extended to project posteriorly from the tegumen.

Externally, the vinculum is a thin sclerotised band which
runs from cne side of the anterio-lateral end of the tegumen to the
other in a "V". " Internally, it is produced into a wide flattened
invagination, the saccus, which has the same "V" cross section as the
rest of the vinculum but runs cephalad and ends bluntly. The
vinculum is joined posteriarly by the valvae along its entire edge.
These fuse veritrally but are divided into two dorsal arms, one on
either side, which form the functicnal claspers. The dorsal arms have
mean lengths of 1.20 mm (Table 7.1) and they articulate with the base of
the valvae and the anterio-ventral tips of the tegumen before extending
caudad as long thin tubular arms. They expand at their posterior tips
and turn medially and slightly darsally towards the uncus.

The base of each valva is represented only by the sacculus,
all the other regions having been lost (Figure 7.5 A, B). Each
sacculus is, however, divided posteriarly into dorsal and ventral lobes,
These are provided with numerous short bristles and their posterior
edges _urve medially and are serrated intc a series of short wide teeth.
Ventrally, the sacculi are almost separated by a deep cleft between
them but they fuse anteriarly to this,
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Figure 7.5

The external genitalia of the male
P, operculella

A. The separate camnponents.

B. A whole mount after maceration.
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The el of the ablomen, between the tegumen ard the valvae, is
sealel off by the diaplragma farmed of thin cuticle (Figwe 7.4 A, B).
This also exterds darsally between the ventral elge of the tegumen to
the anteriar elges of the gnathos. The penis projects posteriarly
through the centre of the diaphragma, between the sacculi: it is a long
thin tubular sclerite with a mean length of 1,27 mm ard a width of
0.072 mn (Table 7.1). Anteriarly it projects into the abdamen ard emds
with a slight swelling, the caecum penis, Postericrly, it emds with a
roudel flap on the left side amd a heavily sclerctised shart spine which
curves darsally on the right side. The penis is also cwvel so both ends
ae darsal to the middle region. It is joinel about a third of its length
fram the anteria erd by the diaplragma which runs posteriarly a shart
distance close to the penis as the manica and then folds back on itself
as a cone-shapel anellus befare joining the rest of the diaplragmna
(Figwe 7.5 A). This allows the penis to slide anterio-posteriarly to
some extent.

The cuticular simplex of the ejaculatary duct enters the penis
tlhrough a darsal faramen on the casoun: penis. However, befare it eni:ers,
it is suroudeld fa a shart distance by a double wallel tubular sleeve
of thin cuticle arising fram the elges of the faramen as alrealy
describal in the previous section, Within the penis, the cuticular
simplex joins the emdophallus a vesica which runs as a straight tube of
thin cuticle ard opens at the posteriar erd of the penis. Sections of
the penis (Figure 7.3 H) reveal that a sclerctisel bar runs anterio-
poster iarly within the posteriar wall of the erdophallus amd this serves
far the attachment of numerocus ruscle filres that run anteriarly from
it ard insert on the internal suwrface of the copcwa penis. This suggests
that the erdophallus may become everted out of the penis to same extent
aml that these muscles then withdraw it again, but no evidence of this
was fourd by examining serial sections of copulating moths.

The male external genitalia are of great taxonomic impartance;
the detailed shape of the parts serving far identifying the species ard
the genaral shape of some of them serving to distinguish the genus. The
latter aspect has been dealt with by Povolrly (1964) who states that the
macroscopically visible caremata alone sharply define the genus
Phthorimaea from the remaining Gnarimoschemini while the oval shapel
gnathos also makes it distinct. This authar also notes that the long
pouch farmel by the 8th tergite ard sternite is mare strongly developed
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than in the other genera, wiilile the shape of the asdeagus, and the loped
processes of the sacculus clearly deronstrate its inclusion in the

Gnorimoscherini.

The female internal reproductive organs

The female intermal repraductive system of P, operculelila has
not been described elsewhere, although those of cne other gelechiid,
5itotroga cerealella Qliver, have (Joubert 196u4a, 196u4b),  There is,
however, a fairly extensive literature on these organs in other
lepidoptera. Williams (1947) described and compared those of a number
of Tinecoidea, while Eidmann (1929), and ‘eidner (1934) treated a variety
of species from a total of 9 families of Lepidoptera. Detailed
descriptions also include those of Plodia and Anagastia kuhniella
(Zeller) (Norris, 13832), Zygaena (Hewer 1932), Heliothis zea (Boddie)
(Callahan, 1958), Pseudaletia wnipuncta (Haw.) and Peridroma margaritosa
(da7.) (Callshan and Chapin, 1960), Coltas philodice eurythene (Boisduval)
(5tern and Smith, 1960), Leuctnodes orbonalie Guen. (Srivastava, 1960al,
Pectinophora gossyprella Saunders (Wellso and Adkisson, 13962), and
Choristoneura fumiferana (Clemens) (Outram, 1971). Some histology is
available for the internal reproductive crgans of the female of
Porthetria dispar L. (Behrenz, 1852), L. orbonalis (Srivastava,
1360a), and #. zea (Callahan and Cascio, 1963), while good histological
descriptions have been given for theose of 4. kwimiella (Musgrave, 1937)
and C. fumiferana (Outram, 1871ia).

The female internal reproductive system iz typically ditrysian
(Imms, 1960, Klots, 1970; Cammon, 1973) having two separate openings,
the ostium oviductus situated on the ovipositor and the ostium bursa
situated ventrally on segment 8. These serve for egg laying and for
copulation respectively.

The internal reproductive organs of P. operculella (Figiare
7.6A,B) consist of paired ovaries, paired lateral oviducts, median oviduct,
vagina, spermatheca and associated gland, two accessory glands each with a
reservoir, bursa copulatrix, and a ductus serinalis with a bulla
seminalis.

The ovaries lie within the 2nd to 6th obdominal segments.

Tney are folded back on themselves dorsally about midway to two thirds
along their lengths so that their distal ends run anteriorly. Occasionally
the ends are folded a second time to run posteriorly. Lach ovary consists
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Figure 7.6

The internal reproductive organs of the
female P, operculella

A, Ventral view after exusion fram the female.

B. The organs after camplete dissectimn.
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of 4 polytrophic ovarioles which are fa the most part separatad irom
each other although they are bound together by a common connective
tissue sheath at their distal enis. There is no terminal filament, the
ovaricles simply erding at their germaria which lie free in the
abdominal cavity. Generally the ovarioles of each ovary do not end at
recisely the same point but same terminate slightly befare the others
so that their emls became somevhat staggered.

Most of the remaimler of each ovariole canstitutes the
vitellarium which connects by a shart palicel to the lateral oviduct.
Within a vitellarium the developing ova can be seen graiually
inreasing in size as they move down the ovariole. The most distal are
not at first apparent but by about a quarter of the way down they can
just be discernal as slightly denser white regions within the trans-
lucent white of the ovarioles. The mare mature ova acquire an opajue
white colowr and cause the walls of the ovarioles to bulge ocutward. It
is possible to see fram 5 to 20 ova and mature eggs in each ovariole
but when an ovariole is full with eggs, the pelicel also becames filled
with them and then it is impossible to distinguish visually
where the palicel erds ard the vitellarium begins. Typically, though,
the pedicel is a shart thin translucent white tube (Figure 7.6 A),

The ovarioles range from 2.5 to 7.2 mm in total length.

At their distal terminations the ovary has a width of between C.03 rm
and 0.08 mm but the maximum diameter reachel by any one ovaricle ranges
from 0.25 to 0.38 mm deperding on the degree of matwrity of the last
ovum within it (Table 7.3). The pelicel varies in width from 0,075

to 0.113 mm ard the largest of these dimensions is only attained when
it is filled with mature eggs which have became arientated with their
long axes at right angles to the walls of the pedicel (Figure 7.6 B).

The germarium of each ovaricle is a small tube-like sac
consisting of a thin wall of connective tissue which encloses loosely
packel udifferentiatel oogonia and occasional small interstitial cells
(Figare 7.7 A). These interstitial cells have relatively small’
nuclei that stain darker than those of the wgonia and which prabably
become the follicular epithelial cells (Bonhag, 1958). Both types of
cell pass down the ovariole ard begin to differentiate and farm groups
when they are about 0.0l mm from the distal emd of the ovariole. Each
group consists of an oucyte with eosinophilic cytoplasm, §
nutritive cells ar trophocytes with basophilic cytoplasm and, surourding



TABLE 7.3

Dimensians of the female internal reproductive

agans of Phthorimaea operculella,
Measurements taken fram 10 females.

All measurements in mm.
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RANGE
MEAN SeD. max. min.
Ovary
Terminal filament width 0.047 0.016 0.075 0.030
Ovariole camplete length 4,430 1.653 7.2 2,5
max. width 0.350 0.050 0.375 0.225
Number of eggs in
ovary (average of both) 8.30 4,18 20 5
Pedicel width 0,088 0.014 0.113 0.075
Lateral oviduct length 0. 400 0.142 0.625 0.125
width 0.239 0.081 0.375 0.175
Median oviduct length 0.972 0.133 1.188  0.813
(to junction with ductus :
seminis) width 0.109 0.028 0.175 0,075
Vagina (from junction with
ductus seminis to ostium length 2,044 0.433 2.813 1.500
oviductus) width 0.128 0.028 0.175 0.075
Accessary gland length 1,738 0.312 2.25 1.19
width 0.053 0.010 0.063 0,045
Accessary glard reservoir length 0.u475 0.125 0.775  0.325
width 0.178 0.079 0.325 0.100
Accessay glard duct length 0.478 0.135 0.750 0.250
width 0.036 0.013 0.050 0.020
Spermathecal gland (to length 1,728 0.u425 2,41 0.94
canstriction) width 0.072 0.018 0.100 0.050
S permatheca length fram constriction 0.288 0.078 0.450 0.200
max. width 0.163 0.040 0.225 0,100
Spermatheca duct fram
spermatheca to scleratised length 1.125 0. 311 1.75 0.88
part of duct width 0.038 | 0,010 | 0.083 0.025
Scleratised part of
spermathecal duct to length 0.553 0.083 0.700 0.u475
vagina max, width 0,099 0.010 0.113 0.075
min. width 0.027 0.006 0.038 0.020
Ductus seminalis length 1.125 0.185 0.38 0.75
min,. width 0.038 0. 009 0.050 0,025
max, width (bulla seminalis) } 0,108 0.029 0.178 0.075
Carpus bursa max. width 0.u488 0.077 0.563  0.344
length to scleratised part of
ductus bursa 1.203 0.208 1.56 O.94
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Figure 7.7

Histology of the ovaries and oviducts of
P. operculella

Oblique section through the germarium passing through
different regions of the four ovarioles. These are
indicated in order fram anteriar to posterior by the
numerals 1 to u.

Longitudinal section through the vitellarium. HNote the
material passing fram the trophocytes into the ovum to
the right.

Lateral oviduct. (T.S.)

Median oviduct. (L.S.)
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all of these, prefollicular cells still with small darker staining
nuclei and eosinophilic cytoplasm. The connective tissue walls of the
garmar ium also fold inwards to act as a supparting memtrane fa the
prefollicular cells (Figure 7.7 A).

The groups of cells grow in size amd pass into the vitellarium
sheath +hich contains a few circulsr muscle fibres and is continuous with
that enclosing the germarium. However, the cuter connective tissue
sheath which suroumds the distal erd of the ovary is lost

Within the vitellarium (Figare 7.7 B) the trophocytes ard their
oocytes continue to grow in size. The trophocytes become irregularly
shaped, their nuclei enlarge ard also become irregular in shape but
their cytoplasm retains its basophilic nature amd stains evenly. The
cocyt:: stays ovoid in shape, yolk droplets become visible within it, a
vitelline memlrane farms as a thin unifarmly eosinophilic layer next to
the follicular epithelium,amd its nucleus enlarges and contairs..
r'elatively; large nucleolus-like balies. The nucleus is nos termed a
germinal vesicle (Bonhag, 1958) ard is situatel close by the vitelline
memirane about halfway along the ova. The folliaular cells multiply,
grow arourd the group of trophocytes and the oocyte, aml aguire a
distinct basement membrane. They also grow as a flat plate between the
oocyte ard its trophocytes but a central hole is left far comunication
between the two. Through this hole an evenly basophilic substance
appears to flow fraom the trophocytes into the ovum where it eventually
lreaks up into small granules ard looses its basophilic property
(Figure 7.7 B).

The cytoplasm of the follicular cells becomes bascphilic in
the vitellarium ard these cells at first both multiply ard grow to
enclose the exparding cells beneath them. However, they only reach a
maximum size of about 12.5 u high ard 17.5 u wide. When the oocyte
reaches approximately 200 u in diameter the follicular cells apparently
stop diviling ard become gralually flattened cut as the oocyte continues
to grow. By this stage the trophocytes which have previously stapted
degenerating are representel by a small basophilic mass at the antericr
el of each ovum. These eventually degenerate canpletely, the follicular
epithelium secretes a structueless charion arourd the oocytes ard then
becames continuous with the walls of ‘the pelicel, Here the epithelium
is mostly abcut 3 u in thickness reaching up to 7.5 n where nuclei bulge
outward. The cytoplasm of these cells is still densely basophilic.



261.

Surrourd ing the epithelium of the pedicel is a connective tissue sheath

with occasional circularly arientated muscles which is continuous with
the sheath arcurd the vitellar ium.

The lateral oviducts

The lateral oviducts are usually samewhat flattened tubes of
a translucent white colour, but they can contain eggs when the ovaries
are full, They vary in length from 0,13 to 0,63 mm,ard in width fram
0.18 to 0.38 mm (Table 7.3). The maximum width occurs only when they
are disterdead with eggs.

The lateral oviducts consist of a single layer of epithelial
cells resting on an irdistinct basement membrane (Figure 7.7 C). This
epithelium is usually camplexly foldel but longitudinal folds
redominate. The intercellular membranes ae also irdistirct, the
cytoplasm eosinophilic ard the nuclei rourdel o distarted where the
epithelium is foldel. Where the cells are flat they vary fram 2 to
7 u in thickness.

Surrourd ing the epithelial layer is a well develof;ed layer of
circular @ obligue muscle. Longitudinal muscle is not apparent in
P. operculella, but it occurs sparsely in C. fumiferana (Clemens)
(Outram, 197k, and 4. kwimiella (Zeller) (Musgrave, 1937).

Outram (197k) desaribes the epithelium of the lateral oviducts
of C. fumiferana as being composed of low columnar cells with irdistinct
walls ard no lining of cuticle. Musgrave (1937) desaribes these cells
in A. kwwiella as columa but he is uncertain as to whether a not
there is a very thin lining of cuticle, Srivastava (1960a) , however ,
notel an irdistinct lining of cuticle in these argans in L. orbonalis.

The median oviduct and vagina

In P. operculella, the median oviduct ard vagina farm a
continuous tube which resembles the lateral oviducts in appearance,
being flattenel ard translucent white. The melian oviduct merges
imperceptibly with the vagina ard there is no infurdibulum separating
them as occws in same other Lepidoptera (Klots, 1970), Therefare, the
term median oviduct is used here to refer to that part of the duct
anteriar to the junction with the ductus seminis and the term vagina
to the posteria part. KXlots (1970) notes, however, that some
taxonomists refer to the entire duct as the oviduct @ oviductus. The
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med ian oviduct varies in length fram 0.81 to 1.19 mm, ard the vagina
fram 1.50 to 2.81 mm (Table 7.3). Both vary in width fram 0.08 to
0.18 mm although on the average the vagina is the slightly wider

(Table 7.3). Anteriarly the vagina also bulges slightly both darsally
ard ventrally where it is joinel by the spermatheca and accessary glands
respectively.

The med ian oviduct ard vagina are very similar histologically
(Figure 7.7 D). Both are lined internally by a thin layer of cuticle
less than 0.25 u thick ard the epithelial layer lying on this is
similar in all respects to that of the madian oviduct. Surrouding
both ducts is a layer of longitudinal muscle filres enclosed within a
layer of circular muscle.

The arrangement of cammon oviduct ard vagina in P, operculella
is similar to that desaribed in L. orbonalis ad C. fumiferana by
Srivastava (1960a), ard OQutram (1$71e)respectively. In these insects
the rectum is also separate from the‘vagj.na ard both this ard the
camnon oviduct are lined with cuticle. In L. orbonalis, the cammon
oviduct has an inna layer of longitudinal miscle ard an outer layer of
circular muscle. These also exterd . over the vagina but here they are
swroudel by an alditiocnal ocuter layer of longitulinal muscle
(X ivastave, 1960a). In C. fumiferara the columar epithelial cells
lining these argans have indistinct intercellula walls ard ace
swrouded by a layexr of circular muscle interspersed with a few
longitulinal filres. These argans ae histologically similar to the
lateral oviducts except that the muscle layer is thicker (Outram, 1871a),
In contrast, A. kwmiella has a vestibulum ard its vagina fuses with
the rectum which run together as a coman tube to the emd of the
ovipositer (Musgrave, 1937). This arangement is, however, often fourd
in Lepidoptera (Klots, 1970) . Musgrave (1937) is also uncertain whether
the common oviduct of A, kukniella has a cuticular lining, but he notes
that it is "straggly" in the vestibulum ard well developel in the vagina.
He desaribes occasional intercellular bourdaries in the epithelial cells
of the common oviduct amd vestibulum, an irdistinct basement membrane
in the vestibulum, amd a definite amd regular hypalermis in the
postericr region of the vagina. The common oviduct is figuwed by him
as being saurourdel by a layer of circular muscles with occasional
longitudinal filres running through it. He also desaribes the
vestibulum ard upper part of the vagina as being suwrouded by a thick
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layer of circular aml longitudinal musculature, which gradually
disappear posteriarly.

The accessory glands

The accessaxry glards of P, operculella ace long thin
translucent white argans which coil about within the 7th amd 8th
abiominal segments. They range in length fran 1.29 to 2.25 ma ard
have a mean diameter of about 0.05 mm (Table 7.3). Posteriarly, each
narows slightly and empties into a reservoir which in turn camunicates
with the vagina by a shart thin duct. However, both reservoir ducts
fus: immed iately befare joining the vagina so they share a cammon
opening. The reservoirs amd their ducts are campletely transparent and
are difficult to see except far small circular areas surouding the
opénings of the accessary glamds. These have a similar colowr to the
acceé;scry glands centrally but fale to transparency arourd their «lges.
The reservoirs vary in size depemding largely on the amount of clear
secrction they contain. Their maximum length ranges between 0.3 ard
0.8 mm, while their maximum width ranges between 0.1 ard 0.3 mm.
The reservoir ducts have an average length of 0.5 mm ard an average width
of 0.04 mm (Table 7.3).

The accessary glamds of P, operculella, together with their
reservoirs amd ducts resenble those of most Lepidoptera whose internal
repraluctive systems have been descaribal in detail. They differ,
however) fram those of S. aerealella as reparted by Joubert (196u4b).
This authar describes a single long glard ar "flagellum" which is
drainel by a narow duct fram which two reservoirs a "sacculi" arise
as diverticulae, one at the emd of the glamd amd the other halfway
along the duct. In addition, the accessary gland reservoir ard duct
system of C. fumiferana differs from that of P. operculella accarding
to Qutram (1971a). He desaribes two long paired accessary glards which
empty into a single bilobel reservoir, ard this in tuwn is drainel by
a single shart duct.

Each accessary glamd of P. operculella amnd the white area
swrounling its opening on the reservoir differs histologically fram
the remainier of the reservoir amd its duct.

The accessary glards (Figure 7.8 C) are linel by an intima
approximately 0.25 u thick. This is surrouded firstly by a single
epithelial layer which is in turn swrouddl by a layer of searetary
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Structure of same of tne female internal
reproductive organs and histology of the
accessary glands of P. operculella

A. A whole mount of same of the internal reproductive

organs.
B. Accessory gland reservoir. (T.S.)

C. Accessary gland. (T.S.)
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cells resting an a baserent membrane. Ho nuscle layer is visible and
none occurs in A. k Antella, H. zea and C. fwrferana according to
Musgrave (1337), Callenhan and Cascio (1963), and Qutram (1971a)
respectively.,

The epithelial layer of the accessory glands in P.
operculella cansists of poorly defined cells which vary in thickness
from 1 to % u. Their cytoplasm is eosinophilic and they contain flatt-
ened or irregularly shaped nuclei which stain deeply and have a
maximum diameter of 2 to 6 m. The secretory cells swrrounding these have
better defined walls and vary in thidmess fraa 7 to 11 u. Their
cytoplasm is also eosinophilic but contains apical vacuoles with diameters
of usually 3 to 5 u. The nuclel are rounded, about 5 u in diameter,
and are situated close to the basement membrane.

Histologically, the accessory glands of P. operculella
closely resemble those of C. fumiferana as described by Outram (1971a).
This author cbserved an inner poorly defined layer of epithelial cells
with irregular deeply staining nuclel surrounded by a layer of tall
glandular cells resting on a distinct basement membrane. These
glandular cel’s had large round nuclei and large secretion filled
vacuoles which were apically situated. A similar histology of the
accessory glands was also reported for P. dispar by Behrenz (1952) but
this author in addition observed fine canals, the "Sekretkanalche",
which pass through the inner epithelial cells or "Kanalzelle" and
drain apical vacuoles or '"Binnenblaschen" in the secretory cells or
"Drusenzelle".

The arrangement of two layer of cells in all these insects
and particularly in P. dispar suggests an organisation similar to
that described for the spermatheca of Periplaneta americana L. by
Smith (1968), and Gupta and Smith (1863). This is treated in detail
below when discussing the spermathecal gland of P, operculella.

A cuticle lining of the accessory glands has also been noted
in A. kuhniella by Musgrave (1937) and in P. dZspar by Beiwenz (1952),
but it was nét tentioned by Srivastave (1960a) in L. orbonalis, or
by Callehan and Cascio (1963) in H. zea. The accessory glands are
also composed only of a single layer of cells in the other Lepidoptera
investigated. In L. orbornalis, these cells have basal vacuoles
(Srivastava, 1960a), and in #. zea they are cuboidal with highly
vacuolated cytoplasm and medial nuclei (Callashan and Cascio, 1963),
while these cells have large apical vacuoles in 4. kuhniella
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(Musgrave, 1937).

In P, operculella the areas immediately surrounding the
openings of the accessory glands are similar, histologically, to them.
However, the remainder of the reservoirs and their ducts (Figure 7.8 B)
are lined by an intima less than 1 u thick. This is overlain by a
single layer of thin flat epithelial cells mostly between 0.5 u and 1 u
thick, which are continuous with the epithelial layer of the accessory
glands and rest on a basement membrane. In same parts of the reservoirs
and more frequently in the ducts no epithelial cells are visible at all
and it appears as if the intima farms the camplete wall. It is, .
however, possible that in these regions the cells are so thin that
they cannot be resolved at the magnification available. Where epithe-
lial cells can be seen their intercellular membranes are indistinct,
their cy't:oplasn'i is eosinophilic, and their nuclei are flattened.

A sparse muscle layer surrounds the reservoirs and its duct
but muscle fibres are only occasicnally visible in the sectimns., -

No differences were observed between the epithelial cells
of the accessary gland reservoirs and their ducts in newly emerged
and old moths corresponding to the differences observed by
Outram (1970a) in C. fumiferana. In this insect the epithelium is thick
and actively secretary in young moths but the cells degenerate rapidly
within 2 to 3 days of emergence and becane reduced to a thin syncitium-
like sheet of tissue with a few scattered vacuoles and nuclei.

Possibly a similar change may occur in the pupa of P. operculella but
this was not investigated. Degeneration of the cells may also explain
their apparent non-existence in same regions of the reservoirs and their
ducts of P. operculella.

The epithelium of the accessory gland reservoirs in
L. orbonalis is also formed by very flat cells which are not clearly
distinguishable, but the walls of the ducts are composed of praminent
cells surrourded by imnmer and outer longitudinal muscle with a circular
layer between them (Srivastava, 1860a). In H. zea same of the cells
of the reservoirs resemble those of the accessary glards with highly
vacuolated cytoplasm but they became low' and disappear altogether in
the centre porticn of the reservoirs. They then oconsist of a cuticular
"pectinate" membrane surrounded by a single layer of circular muscle
(Callahan and Cascio, 1863). In A. kuhniella, Musgrave (1937)
describes the wall of each reservoir and its duct as "extremely
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difficult to distinguisin* and it "apparently consists of a baserent

membrane upon whici: lie scattered epithelial cells".

The spermatieca of F. oper.ulella, its distal gland, and

proxdmal duct forna a relatively camplex structure as shown in

he spermatiecal gland is generally a simple straight tube
but scmetimes it branches once near its distal end as shom in

Figure 7.6 B. Detalled records of the proportion of moths with
brancaing spermatihecal glands were not kept because of the difficulty
involved in digsecting out the organ to check if it was straight or not.
However, 3 of the 10 females carefully dissected to obtain the reasure-
ments given in Table 7.3 had branched glands.

The spermathecal gland coils around within the 7th and 8th
abdominal segments usually towards the left side of the female. It
is translucent white in colour, being similar to most of the other organs,
and it varies in length from 0.9 to 2.4 mm and in width from 0.05 to
0.10 mm (Table 7.3). However, irmediately befare it joins the
spermatheca it constricts.

In most Lepidoptera the spermathecal gland is usually a
blind tube with approximately uniform sides which entwines among the
other argans, altiwougl in Tischeria malifoliella (Charbers) and
T. badiiella (Coamwers) it is helically coiled (Williams, 1947).

C. philodice eurytneme, howaver, has a complexly branching spermathecal
gland (Stern and Smith, 19t0).

The histology of the spermathecal gland in P, operculella
reserbles that of the accessoary glands. It is lined by a thin intima,
less than 0.25 u thidk, surrounded by two concentric layers of cells,
the outer anes of which are secretory &nd rest on a basement membrane.
No muscle layer surrounds the gland (fig. 7.94).

The cytoplasm of both layers of cells is amongst the deepest
staining in the abdomen. It 3 strongly ecsinophilic and also contains
numerous basophilic granules, but these are slightly more closely
;}acked in the basal regions of the outer cells than :lsewhere.

The inner epithelial cells have poorly defined intercellular
membranes and are from 1 to 4u thick., Their nuclei stain deeply
and have slightly irregular shapes witi: maximum diameters of betwecen

-~ ™

5 and 5 u. e outer secretory cells are larger than thiese, being
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Figure 7.9

Histology of the spermatheca of P. operculella

Spermathecal gland. (T.S.)

Duct of spermathecal gland. (T.S.)

Anterior region of the spermathecal duct showing the
sclerotised chamber and the alternately arranged main and
fertilization canals. (L.S.)

Posterior region of the spermathecal duct showing a
transverse sectiaon through the fertilization canal. The

luren of the main canal is to the right. (L.S.)

Spermathecal diverticulum. (L.S.)
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generally about 16 w thick although they can vary from 5 to 26 u.
Their intercellular walls are better defined than those of the
epithelial cells although they are still somewhat cbscured by the dense
staining cytoplasm. Often gaps are also apparent between these cells
which are probably artifactual. The nuclei of the secretory cells are
rounded with diameters of 3 to 7 u and they are situated near the
centre of the cells ar slightly basally. Their chramatin is also
granular and evenly dispersed compared to other nuclei, and this makes
the nuclei harder to see in the cytoplasm. Apically, each of these
cells cantains a large single vacuole with a diameter ranging from 2
to 8 u and occasicnally there are other smaller vacuoles elsewhere in
the cells.

The functian of the spermathecal gland is most likely to
provide an exogenous nutrient for the spermatozoa (Davey, 1365) while
the general arrangement of the cells of the spermathecal gland and
especially the fact that the glandular cells are separated from the
gland lumen by another inner layer of cells suggest that they may have
a similar organisation to those described in the spermathecal bulb of
P. americana by Smith (1968) and Gupta and Smith (1969). These
authars showed by electron microscopy that the spermathecal bulb is
lined with cuticle surrounded by a layer of epidermal cells and each
of these cells is flanked on its basal surface by an elongated secretary
cell. Each pair of cells warks as a unit in which the products of the
gland cell are afforded a channel allowing them to pass through the
intima of the spermatheca. Each gland cell is furnished with an
extracellular duct which traverses the intima and is made up of two
distinct parts; a distal one inserted into the searetary cell and a
proximal one encircled by the underlying epithelial cell.

An histological structure of the spermathecal gland very
similar to that described here for P, operculella has been reparted
far A. kuhniella by Musgrave (1937), P. dispar by Behrenz (1952), and
C. fumiferana by Outram (197la). In P, dispar the histological
structure shows additional similarities with that of P. americana
described above since Behrenz (1952) also reparts that a fine secretion
canal is visible penetrating each epithelial cell or "Kanalzelle" and
ends in a terminal vesicle ar "Endblaschen" surrounded by secretion
in the apical region of the secretary cells. However, the spermathecal
gland of L. orbonalis and H. zea 1is composed of cnly a single
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epithelial layer (Srivastava, 1960a; Callshan and Cascio, 1963). All
the above authors do not mention any muscle surrounding the spermathecal
gland.

The spermatheca of P. operculella consists of a short tube
with an expanded sac-like diverticulum arising from cne side near its
posteriar end. The diverticulum varies in shape from a broad longit-
udinal swelling along the tube to a rounded sac with a relatively narraow
opening. Posteriar to this the spermatheca generally tapers slightly
and merges into the spermathecal duct but this junction is often not
apparent.

The spermatheca of lepidoptera is frequently a simple tube
which expands samewhat. However, a sac-like diverticulum was cbserved
to arise from it in Dendrolimus pini L. and Panolis piniperda Panz
by Eidmann (1929) who termed it the lagena receptaculi. A similar
structure was reported in Bombyx mori L. by Weidner (1934) and in H. zea
by Callshan and Cascio (1963).

The spermatheca in P. operculella is transiucent white in
colour except sametimes far its diverticulum which may be transparent
when distended with fluid and sperm. The marphological appearance of
the diverticulum also varies with the degree of distenticn: when empty
its walls are folded and puckered but when full they are smooth. The
total length of the spermatheca was difficult to measure because its
posteriar limit was often cbscure. However, its length to the posteriar
end of the diverticulum varied fram 0.20 to O.45 mm. Its width
through the widest point by the diverticulum was 0.23 to 0.10 mm
and this largely depended an how much fluid and sperm it contained
(Table 7.3).

The epithelial wall of the spermathecal diverticulum is flat
a folded into gentle ridges but in the main tubular region it is
thrown internally into numerous narrow transverse folds which project
10 to 15 u into the lumen (Figure 7.9 E). The entire spermatheca is
lined by cuticle less than 1 u thick and this is thrown into small
secondary folds on the transverse folds. These secondary ones run at
right angles to the transverse folds, and are concentric with the outer
surface of the spermatheca. The epithelial cells, themselves, lie on
a basement membrane arnd are usually about 1 to 2 u tall in the non-
folded regions. ‘However, they became very distorted and stretched
inside the transverse folds since the basement membrane follows the
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outer surface of the organ and does not enter the folds., The cytoplasm

of these cells is eosinophilic, their intercellular walls are indistinct,
and their nuclei generally occupy positions near the bases of the
transverse folds. The spermatheca is surrounded by an inner layer of
longitudinal muscle fibres and an outer layer of circular ocnes. The
epithelial lining of the spermatheca is smooth in g, zea (Boddie)(Callshan
and Cascio, 1963), and S. cerealella (Joubert, 196ub). It is slightly
folded intc transverse ridges in L. orbonalis (Guen.)(Srivastava, 1960a),
farmed into numerocus villi in C. fumiferanc (Clemens)(Outram, 1971a) and
into longitudinal folds in A. kuhniella (Zeller)(Musgrave, 1937). Possibly
the spermathecae of D. pini, P. pintperda, Plodia , and B. mori are also
similarly folded since they are carefully figured with transverse lines
which make them distinct from the other organs by Eidmann (1929), Norris
(1932), and Weidner (1934) respectively.

The muscular layers around the spermatheca in C. fumiferana
as reported by Outram (137la) are similar to those described here for
P, operculella. They differ from those of 4. kuhniella which are complex;
filwes in both layers running circularly and turning longitudinally
(Musgrave, 1937); and in H. 3ea where there is one loocsely connected
layer of circular and longitudinal muscle (Callahan and Cascio, 1963).
No muscle was found in L. orbonalis by Srivastava (1960a).

The spermathecal duct is morphologically divided into a number
of regions (Figures 7.6 B, 7.8 A). Anteriarly, it is a straight tube
which becames bent into approximately ane whirl of a helix and then joins
a thickened region. This tapers posteriorly and becomes a relatively
straight tube which is twisted into a slight spiral before joining a
swelling on the vagina, termed the infundibulum by Musgrave (1937).
Internally, at the anterior end of the thickened region is a sclerotised
spheroidal chamber which is compressed somewhat anterio-posteriorly.

The helical region enters this anteriorly and to ane side, but just
before it does so its lining becames progressively sclerotised. Within
the tapering region posterior to the sclerotised chamber the lumen is
just visible coiled into a helix but this internal structure will be
described below under the histology.

The spermathecal duct is mostly coloured the same translucent
white as the other organs, except for the sclerotised region which is
brown. The first region, from the posterior end of the spermathecal
diverticulum to the sclerotised chamber, varies fram 0.88 to 1.75 mm
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long ard from 0.025 to 0.063 mm wide. The remaimder of the duct to
its junction with the infurdibulum cn the vagina is fran 0.u48 to

0.70 mm long, 0.075 to 0,113 mm in diameter at its widest part, ard
0,020 to 0.038 mm in diameter at the narow postericr tube (Table 7.3).

In the posteriar region of the duct the lumen becomes
distincly divided into two canals which intercammnicate along their
entire lengths (Figure 7.9 C, D). One side of the duct, termel the
subsiduary fertilization canal is linel with thick cuticle, reaching 5 u
at its widest place. Fine eosinophilic strams also traverse the cuticle
here. Overlying it is an epithelium of cuboidal cells 5 to 11 p thick,
with large rowded nuclei ard slightly basophilic cytoplasm. The other
side of the duct is termed the main canal. Its cellular lining is less
well developel , being 0.25 to 0.5 n thick, amd apparently hanogenecus.
It becames foldel gently into one to three shallow longitudinal ridges.
The epithelial cells overlying it, in contrast to the fertilization
canal, are mare irregular, ard vary fram 5  to 11 u thick, have less
distinct intercellula membranes ard a cytoplasm that is eosinophilic
only. The cells of both canals rest on a cgmmon basement memhrane.

In the thickenal taparing region of the sparmathecal duct,
postericr to the sclerotisel chambear, the main amd fertilization canals
are aranged into helical spirals which alternate with each other
(Figwe 7.8 C3 D). A longitudinal section through the centre of the
entire region, therefare, shows alternating aross sections through these |
canals along one side ard diagonally opposite ones along the other side i
(Figwre 7.9 C). The two ducts are packed close together near the
sclerotisel chamber but the path of each lengthens towards the narow
regicn ard the main canal eventually straightens out, The fertilization
canal, however , retains its helical path ard continues in a lengthened
spiral arcurd the main canal to the infurdibulum. Its lumen narows
considerably befare it enters the vagina (Figuwre 7.9 D) but it retains a
thick "harseshoe" lining of cuticle along its entire length overlain by
a mere @@ less regular auboidal epithelium. The main canal remains as
a wide canal with slightly folded internal walls lined with a thin intima
until it reaches the infurdibulum.

Suwrrourd ing the entire structure in the thick tapering region
is an imner layer of circular muscles ard an cuter layer of longitudinal
ones. These longitulinal ones become rearganised in the posteriar region
ard run circularly, combining with the imner layer to farm a thick
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complex ciocular shweati 5 to 10 u thick.

In the infunwibulum the fortilization canal becares smaller
and opens out before finally losing its distinction with e otacr cells,
The lumen of the main canal, nozever, continues undinminished inte that
of the vagina. All the cells become very Hiin and tall end the winole
epithelial layer varies from 7 to 35 u thick. As in the vagina and
spermathecal duct their apical swfaces are covered by intima and they
rest an a basement menbrane. Their cytoplasn i cosinophilic and their
nuclei are aplcally situsted. The epitheliun is surrounded by a layer
of circular ruscle wnalch joins these of the vagina end gradually
becomes recorganised into Twir orientations.

The spaxrmatizcal duct of P. operculella rescnoies fairly
closely that of Operopithera brumata L. reported by Wdeldner (1934),
ani 5. cerealella described by Joubert (1804b),  Otner lepidoptera in
whicdh it is helically coiled, but not in the same nanner as P,
operculella, include 4. kwniellg(Zeller) (Musmrave 1937), I
badiiella, T. malijolieila and Lithocolletis fitchella Clemens

Williams, 1947), L. owbonuiic (Guen) (Srivastava, 1960a),

C. philodice eurytlene (Boisduval) (Stern and Smith, 1960), and

Hy zea (Boddie) (Callahan and Cascio, 1963). Ilistologically, the
anterior part of the spermatincal duct of P. operculella is very
similar to that of €. furnferaba as described by Outram (1871a),
whnile the remainder of it with spirally intertwined main and
fertilization canals resenwles those of 4. kuiniella, . zea, and

C. fwnijerana as described by IMusgrave (1937), Callahan and Cascio (1963),
and Outram (187l1a) respectively. A aclerotised charber also exists
in A. kuhniella, but is absent in the other Lepidoptera mentioned
above.

The ductus seminalis and Bulla serninalis

The seminel duct connects the vastibulum of the bursa
copulatrix to the vagina, and like most of the other organs it is
translucent white in colour. It varies in total length from 0.75 to
1.38 mm and shows a consistent variation in width along its length.
The first half of it, from the bursa copulatrix is narrow, ranging
between 0,025 ma and ¢.05 ma in diameter, then it expands into a broad
tubz reaching between 0.075 m and 0.179 mm in naximua diameter
(Table 7.3) to form a bulla seminalis. This constricts again before
it joins the vagina.
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The entire saminal duct is linel by a thin cuticular intima
less than 0.25 u in thickness. This is smooth except far a narow bard
where it is praluced into fine sclerotisel hristles. These run along one
side in the middle of the duct exterding over about a quarter of its
total length amd running part way into the bulla seminalis (Figwe 7.8 A).
The Iristles vary from 7.5 to 14 p in length amd lie close to the walls
of the duct, pointing towards the opening to the vagina.

The epithelium of the narrow region is thrown into large
longitudinal folds (Figure 7.10 B). It consists of a single laya of
porly definad cells between 1 u ard 3 u thick, with slightly rregularly
shapal nuclei ard eosinophilic cytoplasm. Swrourding this is a thick
layer of closely packed muscle filrres which make observation of the
basement memtrane on which the epithelial cells rest difficult,
Irdividual fibres also are difficult to distinguish it they appear tc be
circularly arientated .

The epithelium of the bulla seminalis resembles that in the
remairmder of the seminal duct (Figwe 7.10 A). When empty it is also
thrown into longitudinal folds, but when disterdel the cells are between
14 and 5p tnick, Their intercellular walls are mare distinet than those
of the narrow region

The ductus seminalis ad bulla seminalis of P, operculella
ae very similar to those of 0. brumata as repartel by Weidner (193W),
ard H., zea as desaibel by Callahan (1958). Freguently, however, in
lepidoptera the bulla seminalis arises as a diverticulum o sac-like
structre from the ductus seminalis ard the cuticular lining of both
agans ae often providel with various sclerotisel spines a plates
(Klots, 1870). In H. zea the epithelium of the ductus seminalis is
degenerate ard b 5 bards of circular muscle swrourd it
(Callahan al Cascio, 1963) while circular muscle only is desaribedl by
Srivastava (1360a) as swrowding that of L. orbonalis. Musgrave (1937),
however , reparts that its musculature in 4. kwmiella is camplex. bthere
it is attachel to the bursa copulatrix it is composad at first of
scattered longitudinal filres but these entirely disappear ard circular
muscles reappea just befare the duct moves fram the bursa copulatrix.
This then gradually assumes the farm of the layer swrourding the bulla
seminalis, being composed of both circular ard longitulinal filres.

Occasionally, in the present study, an egg was observal in the
bulla seminalis of P, operculella., This has also been recardel as
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Figure 7.10

Histology of the bursa copulatrix and ductus
seminalis of P. operculella

Bulla seminalis.(Oblique section,)
Narrow region of ductus seminalis.(T.S.)
Anterior region of bursa copulatrix.(Obligque section.)

A longitudinal sectiaon of the bursa copulatrix in the region

of the signum bursae.
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vceuwrring in Hydrocompa nymphaeata L. by Stitz (1802). Tus
author only observed it in one specimen and considered it
accidental. Probably this is also the case in P. operculella.
Norris (1932) cbserved several cases of one or two eggs being
present in the bulla seminalis of both Plodia and Ephestia,
but alse found an egg in the vestibulum of most specimens killed
during oviposition. Their cephalic po.es were pressed against the
entrance of the ductus seminalis and he therefore considered that fertil-
ization took place there. Joubert (1964b, 1969) usually found at least
one egg and scometimes up to 4 or 5 in the bulla seminalis of
S. cerealella, Cadra cautella Walker, Plodiu interpunctella (Etbner)
and A. kumniella., e also reported that sperm was only
excepticnally found in the spermathecae of thesc insects and concluded
that the bulla seminalis of each plays a primary role in the process
of fertilization.

The bursa copulatricx

The bursa copulatrix or corpus bursae of P. operculella
Figures 7.6 A,B; 7.8 A) is a large sac-like and pear shaped structure
which tapers posteriorly to a vestibulum and then joins the anterior end
of the ductus bursae. Its size varies largely on the number of sperma-
tophores it contains but its length, from the end of the ductus bursae,
ranges from 0.94 to 1.56 mm and its maximum width from 0.34 to
0.56 mm (Table 7.3). Ventrally the wall of the vestibulum is sclerotised
intowé ‘shield shaped plate and the ductus seminalis enters the vestibuium
dorsally and often towards the left hand side. About cne third of the
way along the bursa copulatrix from the ductus bursae a tooth-shaped
signum or signum bursae arises as a sclerotised invaginatia of its wall
(Figures 7.6 A, B2 7.8 Aj 7.11). This projects inwards and caudad aud
has a circular cross section. It vardes in length from 80 to 100 u
and in diameter fram 18 to 25 m.  Two short sclerotised arms run from
opposite sides out of the base of the signum in the wall of the bursa
copulatrix and curve outward at thelr tips.

The bursa copulatrix is usually a translucent to trangparent
white colour except for the browm sclerotised regions, but it can
cantain slightly yellow coloured spermatophores on occasion. It often
has a slightly lighter band running transversely around it about midway
and any spermatophores within it can be easily seen through its walls.
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Figure 7.11

The external genitalia of the female
P. operculella

A whole mount after maceration. The cuticular lining to same
of the internal reproductive organs have been amitted for
clarity.
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Where the cuticular lining of the bursa copulatrix is
unsclerotisel it is smooth ard between 1.5 u amd 2 u in thickness
(Figwe 7.10 C, D). The epithelial cells which sexrete it have rourded
basal swfaces and lie on a well developed basement membrane. However ,
they only attach to the basement memhrane centrally sc there are gaps
between it amdl the regions of their intercellula contacts (Figwe 7,10 C).
These gaps became pronaunced when the epithelium is compressel because
the basement membrane often folds cutward fran the cells. The epithelial
cells themselves usually vary fran about 1 u at their algeswhen stretched
ad flattenel to about 20 p when compressed but they are generally between
6 to 11 u in maximum thickness. Their intercellular memhranes are
fairly distinct ard their nuclei are rowded with diameters of 10 to
12 u unless the cells are flattenel. They occupy basal positions
swroundel by basophilic cytoplasm which stains deeply in newly emerged
moths ard less so in moths olda than about 7 to 11l days. Apically,
about midway along the cells the cytoplasm changes sharply to eosinophilic
ard then often appears to cansist of stramds running at right angles from
the cuticle (Figawe 7.10 C). This transitional region is always distinct
in both young ard ol moths.

Suroading the epithelial layer posteriarly are two layers
of muscle which run diagonally aroud the bursa copulatrix but at an
angle to each other ard they both attach to the a'ms which arise fram the
signum. However, anteriarly, to the lighter transverse bard, only one
thin connective tissue sheath can be discerned swrourding the bursa
copulatrix amd this has only occasicnal muscle filres running over it.

Although the bursa copulatrix may be abseant in Lepidoptera
it is commonly enlarged andl sac-like; ard possesses sclerotisel signa
varying from irward projecting teeth to sccbinate patches (Klots, 1970).
Péjrai signa in the farm of teeth occwr in some Gelechiidae, as for
exainp"]:e in S. cerealella Oliver (Joubert, 196Ha, 1964bi, and Stegasta
boéquella .(Chambeos) (Klots, 1970). The functions different authars
have asaibel to the signa have been reviewal by Callahan ard Cascio
(1963) ard include being excitatawy @ stimilatary, serving to tear up
a saw open the spermatophare, ard holding the smooth baly of the
's:pe:*matophcr'e in the busa. These authars consider the latta is carect
fo H. seq ard it probably also applies far P, operculella, serving to
position the spermatophare opening near the ductus seminalis. However,
the sclarotisal ard narow ductus bursae in 2. operculella must also
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mrevent the hardenel spermatophare fran moving vay much.
Histologically, the bursa copulatrix of both H. zea and
Co fumiferana is unifarm. That of F. zeca is swrourdel by 4 to 8 layers
of muscle ard the basement manirane of the epithelial layer is
imlistinct (Callahan ard Cascio, 1963). In C. fuiferana it has a heavy
coat of rmuscle which is particularly thick by the signum, amd its
auticular lining has a distinct epicuticle ard procuticle (Qutram, 1971y).
In contrast, the bursa copulatrix of A. kwiniella ard L. orbonalis 1is
divided histologically into three regions, showing similarities to that
of P. operculella. The anteriaxr part in A. kwhniclla has no muscle,
and the epithelium is camposel of cuboidal cells which are partially
separatel by auticular infoldings ard have apically striated cytoplasm.
In the region of the signum the cuticle is thickar, the epithelial cells
&re Irregularly shapel and are swroudel by inne longiturdinal amd
arter circula miscle layars. Posteria to this, the epithelial cells
are no longer separated by cuticle ard their intercellular walls becane
irdistinct. In aldition, only a layer of circular muscle is present
(Musgrave, 1937). In L. ordonalis, the anteria regicn of the bursa
copulatrix also has no musaulature, the middle one has thin inner
longitwdinal and ocuter circular layers of muscle, while both layers
become thickenel in the posteria region ard the intercellular ‘membxranes
of the epithelial cells became imdistinct (Srivastava, 1960a).

The spermatophore

The sparmatophare of P, operculella takes the shape of the
bursa copulatrix it is farmed within., It consists of two regions, an
auter hard and generally transparent region which encloses an inner
posteriar sac. The had transparent part can saretimes be slightly
clody white @ yellow, while air bubbles often become incarparated into
it ard small cacks fom within it running in different directions
giving it an irregularly aystalline appearance, The inner sac is almost
always visible,inside the spermatophare. It opens postaricrly, is
opmue white in colour, amd sections of it reveal that it alene contains
the spermatozoa which are both free swimming ard bourd into cysts.

When mare than one spermatophare was observed within a bursa
copulatrix the last one hal displacel the oXa ones anteriarly so
that it occupied the posteria space with its inner sac opening nea the
Aductus seminalis. The ultimate fate of spermatophares in the bursae
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copulatrices were not investisated here, so it was not determined if
they eventually becane absorbed or not.  Possibliy they do not or this
cnly occwrs very slowly since ferale noths copulate infrequently ofter
their initial moting (Cuiapter 8) and this may be dus to their pursae
copulatrices being already distended.

The spermatopnores of Lepidoptera frequently take the shape
of the bursas copulatrices they e deposited in and sometimes they also
extend into the ducts leading fran thoem (Jilliams, 1933,1941).  In
S. cerealella, hogever, the spermatopherce is quite unlike that of
F.operculella: 1t is long and thin, and 1s coiled into tk: bursa
copulatrix, thereby distending it because of its resiliency (Jouvert,
I364b). It also appears that the spermatophares of Lepidoptera are
often permanent in tne pursas copulatrices of the females once deposited
there. Jilliars (1939) stotes that the "presence of a spermctophere in
the bursa copulatrix indicates that the fenale has mated onece; and when
more than one is prescnt cach one indicates o different matine if the
mating behaviour is tue same as in Ephestia kueimiella Zell.”
Callahan and Cascic (1963) believed that it was hichly unlikely that any
secretion, or conversely material within the bursac, copld pass throuch
the thick epicuticle lining of tiie bursa copulatrix of Z. zea. Landa
(1960), however, maintained that the digested spermurtopnore of the
scarabaeid, Melelontia melolonthal.penetrates the ciltinous lining of the
bursa copulatrix. Possibly this occurs in G. meilanellu, since Khalifa
(1350) reports that its spermatophore completoely disappears 10 days
after copuiation. It is also possible that, if the spermatopnore is
digested, the products could pass along tie ductus seminalis and be
absorbed elsenliersz.

In conclusicn, the morphology and histolory of the internal
r;eproductive or-ans of the ferale P. operculelia siod no unusual
structures wien coampared with those descrived for other lLepidoptera.
Howvever, when they are considered in detail as o whole they show some
diffarences with all other moths, althoug) wicn each organ is consildered
individually it has its counterpart somewhere. The bulla seminalis in,
P, operculella is, nauever, an exception but tids is most probably only
because this organ arises as a diverticulum from the ductus seminalis
in each of tne other noths in which it has bpeen examined histologically.
A3 regards the otier orzans, remackable sirdlaritics ocour, if size

alone is impored.  Thus the oviducts, vagina, accesSory glands,
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spermathecal gland and spermatheca of C. fumiferana, the spermathecal
gland and spermatheca of 4. kwniella, and the bursa copulatrix of

L. orbonalis closely resenble the carresponding organs in P, operculella.
In additian, the accessary gland reservoirs and duct, and

the spermathecal duct of 4. kuhniella also bear close resemblances
histologically to these argans in P, operculella.

The female extérnal genitalia

The female external genitalia have only been incompletely
described befare by Povolly (1964) who figured and briefly described
the sclerotised structure consisting of the fused apophyses antericres,
8th sternite and ductus bursas. The terminology used in the present
description is that of Povolfy (1964), and Klots (1970).

The 7th abdaninal segment in the female is the last with a
typical sternum and tergum but both these sclerites possess a raw of
slightly elongated scales that arise from their posteriar edges
(Figure 10.1 A). Together, these scales and the posteriar region of
the 7th segment form a chamber which encloses the other terminal
abdominal structures when they are withdrawn.

Posterior to the 7th segment is a thin walled ovipositor which,
when extended, reaches a mean length of 0,98 mm (Table 7,1). This IS
farmed from the dorsal part of segment 8, together with segments 9 and
10. The posteriar’ boundaries of these segments are probably marked by
transverse rings which become visible around the ovipositar when it is
not quite fully extended. The tergal and sternal areas are not clearly
delimited since each segment forms a camplete tube of thin cuticle.
Between the dorsal parts of segments 9 and 10 is a large eversible fold
of +thin cuticle which normally lies withdrawn anteriorly under the
darsal surface of segment 9 where it farms a pocket or invagination
(Figure 10.5 A, B). This is the location of the female sex pheramcne
gland which is described in detail in Chapter 10.

Caudally fram the 10th segment arise a pair of soft broad and
thick lateral lobes, the papillae anales, which are cowvered in long
bristles (Figures 7.11). Anteriorly, they fuse together where
they join the 10th tergum at a constriction and posteriorly they enclose
each side of a genital chamber into which the darsal anus and ventral

vagina open.
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A pair of apophyses posteriares arise laterally from the
constriction at the posteriar erd of the 10th segment ard run anteriarly
within the ovipositar into the abdamen (Figure 7.11)., These are long thin
rais of heavy cuticle with a mean length of 1.27 mm. They are joine
anteriarly by numercus muscle filres which are responsible, at least in
prt, fa exterding the oviposita by pulling caudally from~thair imsertions
an the apophyses anteriores.

The above interpretation of which areas of the ovipositar
carespord to which abdominal segment is open to question. A stuly of
the musculatire could perhaps resolve this, but in its absence the
interpretation of Klots (1970) has been followal here, This differs,
however, from that of Adeesan et al. (1969) who namel the regions here
termed the 10th amd 9th segments as the Sth ard 8th segments respectively.

Ventrally, at the base of the ovipositar, a sclerotiseal
sternite of the 8th segment cwves transversely around urderneath the
ovipositar (Figure 7.11). This tapers ard fuses meliallywith the
sclerotised tube of the ductus bursae ard fuses laterally with the
apophyses anteriares. These latter also project posteriarly from the
elge of the 8th sternite as shart flat blales with roudel ends
(Figwe 10.38), Ventrally and darsally, the 8th sternite is arnamented
by closely packed pits with broad rims which have depths of abaut 7 u
ard widths of 4 to 10 u. They each also frejuently have a shart Iristle
pojecting fram their posteriar rim (Figare 10,38),

The 8th sternite, at the point where it is joinel by the
apophyses antericres has a mean hreaith of Q,44 mm, while the total
distance from the anteriar erd of the ductus bursae to the posteric
alge of the 8th sternite is a mean of 0.72 mm (Table 7,1),

Immed iately darsal to the 8th sternite is a Ixoal invaginated
sinus vaginalis, Ventrally ard laterally it is bourded by the
sclerotisal 8th sternite ard apophyses posteriares but darsally it
consists of thin cuticle except far a palr of posterio-lateral ocblong
sclerotised plates which run anterio~posteriarly, These plates together
with the thin wallel posterio-darsal cuticle of the sinus vaginalis ace
anamented with pits and spines similar to those on the 8th stearnite,

The sinus vaginalis tapers anteriarly and joins the posteriar erd of
the sclerotisel ductus bursae at the ostium bursaey, Internally, all
these parts ae armed with shart spines between 10 u ard 14 y in length
which project posteriarly.
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~
Povolny (1964) notes that the female genitalia of all gencra
in the tribe Gnar imoschemini are relatively unifcem.
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CHAPTER 8

The sexual behaviour of P, operculella
and the environmental factors that affect it.

Introduction

Very little has been published concerning mating in
P, operculella. Adeesan et al. (1969) reported that the female moths
attracted the males by means of a pheramone and they described the
behaviour of the males when they were caged with newly emerged females
as becaming "highly excited, exhibiting sexual responses such as clasper—
extension, fluttering of wings, and spinning flight".

Before commencing work on a behavioural biocassay a detailed
investigation of the sexual behaviour of P. operculella was made.
Initially the moth's diurnal pattern of copulatory activity was
investigated in the laboratory and related to mating to determine when
the moth was most sexually active. This knowledge was essential for all
subsequent experiments on mating behaviour. Two experiments were next
carried out in constant illumination to investigate the relevance of
photoperiod to sexual behaviour. The effect of temperature was also
examined to obtain some indication as to how the moths might behave in
the field. When these laboratcry experiments had been completed the
pattern of arrival of male moths to females in the field was determined
using sticky traps baited with live moths or their extracts. These
field experiments were carried out to check that the results of the
laboratory studies accounted for the behaviour of this insect under natural
conditions, but they indicated that certain temperatures have an
important influence on the timing of sexual behaviour. The effects of
temperature changes were therefare further investigated in the
laboratory with the result that they enabled a method to be devised to
induce the moths to mate in daylight so that this behaviour could be
observed and described.
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All observations ard photographs of mating behaviour taken in
the labaratary were made when the moths were enclosad in a flat obser-
vation chamber shown in Figure 8.1. This had n.rrow sides, an agardie
top and a removable perspex lid which was used far removing the moths amd
cleaning out the chamber aftéan experiment. Drilled through one side of
the observation chamber was a 12 mm diameter hole fitted with a cark ard
this was used far inserting the aspiratar when the moths were introduced.
Observations and photographs ware taken through the perspex lidj; the
distance between the top and the 1lid of the observation chamber was small
(2 cm) to minimise the depth of field required when taking photographs.

The diurnal mating activity in the labaratary and the effects
of temperature on this were studied by placing the moths together in the
cbservation chamber and photographing them at intervals throughout the
night., The dbservation chamber was placed on a sheet of glass supparted
between two tables ard an autamatic camaa with an electronic flash was
mounted urderneath on the floar (Figwre 8.1). A clock ard a wall
thermometer were placed next to the observation chamber so that the time
ard temperature were recarded on each photograph. Sheets of black paper
(not shown in Figure 8.1) were used to shield the dbservation chamber
fran the sides and the top, partly as a photographic background ard also
to screen the moths framn the rest of the roam because they were easily
disturbed by the sight of moving objects. During the day illumination
was provided by an incaidescent lamp placed urder the table and
controlled by a timeswitch. Variations in the intensity of illumination
were made by using different wattage bulbs and placing the lamp at
different distances from the moths. During the night the moths were
also illuminated indirectly with less than 0.1 lux fram a lamp operating
through a variable resistance. The photographs were taken initially by
hard operating the camera but eventually an automatic triggering device
was _(-:onstoucted to allow photographs to be taken every half howr a
hor over long pericds of time. However, if additional photographs were
required these were taken by manually activating the camera. The
aperture of the camera and the output of the electronic flash were
adjusted so that the flash provided most of the light far exposing the
film ard therefare the photographs taken in the daytime differed very.
little -fr*om those taken at night.
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Upper

lower

Figure 8.1

Equipment for determining when
P. operculella copulates

Experimental arrangement far automatically photographing
P. operculella every hour or half-hour. The observation
chamber was placed 1lid downward on a sheet of glass next
to a dial thermometer and a clock. The automatic camera
was positioned beneath so as to photograph all three,

Black cardboard was used to shiel the observation chamber
from the top and front but was removed far this picture.

Canstruction details of the observation chamber. The
lid and sides were made from clear perspex, and the
moths were observed or photographed through it. Also
organdie netting was dyed black to contrast with the
light grey of the moths.
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Observations on the moths' diurnal copulatary activity gt
room temparature were all made in the darkroon used far rearing the moths
in, but the roam lights were switched off and the moth cultures were
illuminated by a lamp controlled by the same timeswitch that operated
the experimental lighting because this avoided any possible erars in
synclronising beth sets of lights. A constant temperature room ard a
refrigerated stareroan were used when temperatures down to 1PC and
o°c respectively were required ard both of these rocams were large
enough far the entire apparatus to be set up inside them. However, when
the moths ware placed in the refrigerated stareroom it was also necessary
to enclose the cbservation chamber fraon the top and sides with a
polystyrene foam box to eliminate cyclical fluctuations in temperature
that ware large enough to start same of the moths mating., Temperature
changes during the experiments were usually effected by moving the
entire apparatus to the appropriate room. When a temperature change was
mxde during darkness the observation chamber was kept enclosed inside
a lightproof photographic bag until the equipment had been moved.

When the cbservations were made on mating behaviowr the
cbservation chamber was inverted so that the moths could be cbserved
from above, and the results of the experiments desaribed here on their
diurnal copulatary activity patterns made it possible to make these
observations during daylight. This was accomplished by keeping the male
ard female moths in separate containers overnight in a damestic
refrigeratar at approximately SOC, then placing them together in the
observation chamber at roam temperature at dawn when they mated.
Photographs ware taken of these moths by mounting a Nikon F camera ard a
Rollei computer electronic flash unit onto a frame which could be freely
moved over the parspex lid of the observation chamber. The camera was
therefare kept at a fixed distance from the moths so that the focusing
and flash cutputs could be preset and photographs could be quickly taken
by positioning the camera over the subject,

Sticky traps were usad in the field to study the arrival
patterns of moths to virgin females and their extracts. Each trap was
constructed from two clear plastic 1 litre jars bolted together base to
base with a wide central hole drilled through fram cne to the other
(Figwe 8.2). The baits were placed in a glass tube pushed into the
central hole ard argardie netting was fastenei over both erds of the
tube by rubber bards when live females were used as bait. These females
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A sticky trap used fa P, cperculella
ard its positioning in a potato field

A sticky trap.

Two clear plastic jars were bolted together by their
bases. A glass tube in which the sample was placed
was inserted tihrough a hole drilled in the bases.
"Stickem special" was applied to the insides of the
jars. During transpart the lids were kept on the
jars.

Positioning of sticky traps in the field. Each
sticky trap was placed on top of a mound ard
shielded by a potato plant.
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were also only used in groups because this counteracted individual
variability and helped to ensure that the traps were attractive. The
extracts consisted of the equivalent of 30 females in 100ul of
chlarofarm prepared in the same manner as the oxtracts for C. zealandica,
described in Chapter 4., These were sealed into flat bags of 0.002mm
thick polythene, 6cm wide by 14.7cm long together with lgm of perlite
which kept the sides of the bags apart and socaked up the extract.
"Stickem Special" was applied to all the imner surfaces of the traps
except the glass tubes; the screw top lids of the plastic jars were used
for closing the traps during transit.

All the field wark was done at the Tamshare location given in
Chapter 6. The potato patches consisted of 15 ar more parallel
mounds of earth approximately 0.5m apart and over 150m long in which
the potatoes were planted, and the traps were placed on the central mounds
at least 10m apart under large potato plants where they were protected
fram the weather to same extend (Figure 8.2)., During the day it was also
necessary to place half cylinders of aluminium foil over the traps to
mrevent the sun from overheating and killing any live moths used as bait.
The configuration in which the traps were positicned in the patches
varied depending on the direction of the wind: when this was greater
than about 45° to the direction of the mounds the traps were arranged
down the middle mound but when the wind direction was less than 45° to
the direction of the mounds the traps were distributed equally ltetween
the central mound and the 4th mound on either side of it in a regular
sequence of three diagonal rows of three traps. The traps were therefore
arranged across the wind,or so that there was at least 30m between cne
trap and the next one dowrwind.

Experimental procedure and results:

Initial laboratory experiments

The diurnal copulatcory pattern of the moths was determined
firstly by photographing groups of them at regular intervals over ane or
more days and then counting the nuiber copulating in the photographs.
The copulating moths were readily distinguishable from the single ones
because they were attached to each other by the tips of their abdamens
and faced in opposite directions (Figure 8.7 C, D).
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Initially the diurnal copulatory pottern was determined with
the moths under natural light conditions. Fifteen pairs of virgin moths
between 0 and 11 days old were placed together in the fiat observation
chamber in a room with flocr to ceiling \;indows forming its northern wall
and photographs were taken of them over a period of 31 hours. All these
moths were found to remain single until night time where the light
intensity had dropped well below 1 lux (the minimum reading of the Lux
meter) except for those pairs that begen copulating soon after they were
placed together at 1200 hours and separated again within 4 hours (Figure
8.3 A). Once it was dark, however, the proportion copulating reached a
maximum within an hour when 73% of the moths became paired. This
proportion remained copulating for a further two hours and then reduced
during the rest of the night except for occasional small increases due
either to more moths mating, or to errors in counting caused by pairs
becaming temporarily cbscured. By the time dawn arrived only one pair of
moths was copulating and these remained together for less than an hour.
After this no other moths mated until it became dark again on the second
night when one pair copulated far less than an hour. This experiment,
therefore, showed that the majority of moths copulated at the beginning
of the dark period and only a small proportion copulated later in the
night and in the morning.

Five similar experiments were then performed to determine
what time the moths copulated when they were kept in the rearing room
where the light intensity changed abruptly from 150 lux to approx. 0.1 lux
fram day to night. Equal numbers of virgin male and female moths
between 1 and 3 days old were again placed together in the observation
chamber for cach experiment and photographed at intervals over 1 to 4
days. The electronic flash was, however, covered by a Kodak 1A red
filter during the first two experiments and left uncovered during the
last three to determine if the colour of the light affected copulation.
However, there were no apparent differences in the copulatory pattarns
between these two treatments (Figure 8.3 B, C, D, E, F). In each
experiment few or none of the moths copulated when they were first
placed together during the day and those that did separated again within
two hours. After this all the moths remained unpaired until the lights
went out. The proportian copulating then reached a meximum during the
first one to two hours of darkness when between 45% to 85% of the moths
became paired. Following this the proportion then decreased until less






Figure 8.3

Time of day when P. operculella copulates

Each histogram rerresents the percentage of females photographed
copulating at 20°C.

A in natural light.

B to H in artificial light; H also in total darkness at night.

B & C: Kedak 1A filter over electronic flash.

Number of moths used in experiments:

Male Female
A 15 15
B 34 34
C 11 11
D 30 30
E 17 17
3 20 20
G 39 13
H 32 16
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than 20% were paired after three to four hours of darkness and then it
remained at a low level for the rest of the night. The proportion of
copulating moths did, however, show a tendency to increase slightly
during the last half of the night and decrease again before the lights
turned on. In the morning the propartion copulating increased once again
although usually less than 20% of the moths became paired and most of
these separated within 4 to 5 hours. A few of the moths continued to
copulate until the second night when there was another small increase in
copulation during the first two to three hours of darkness but this
involved less than 20% of the moths. The propartion then decreased
again until few copulating pairs were found by the end of the second night.
Some moths also copulated at the beginning of the third day but these
usually separated within two hours (Figures 8.3 D, F). Photographs of
the moths were only taken over 4 days on one occasion (Figure 8.3 F) and
then no moths were found to copulate between the morning of the third day
and the start of the Wth night. Those that copulated on the 4th night
all separated again within 2.5 hours.

These 5 experiments showed that most of the moths copulated
during the first night after they were placed together and that the
largest proportion copulated soon after the lights were turned off on
any night, although some copulated at other times later in the night and
when the lights were turned on in the morning. This copulatory pattern
was close to that of moths kept under natural lighting conditions so that
abrupt changes in light intensity between day and night did not appear to
affect the moth's copulatary behaviour except for the possibility that in
artificial light a larger proportion copulated when the lights turned on
when campared with the number that copulated at dawn under natural light.
This latter observation could, however, also have been a chance occurrence
since anly one experiment was carried out in natural light.

The similarities between the copulatory patterns of moths
photographed with red and white light suggested that the light from the
electronic flash did not affect their copulatory behaviour. However, it
was possible that the moths could be equally sensitive to both colours
and therefare it was necessary to establish whether or not the light
flashes affected them. This was investigated by keeping three groups of
20 pairs of moths in undisturbed darkness for different periods of time
and then camparing the propartions found copulating with those in the
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previous experiments. Each of these three groups of moths consisted of

15 virgin males and 15 virgin females placed in a 1 litre jar covered
with organdie netting. All three jars were kept in the rearing roam
until the lights were turned off; they were then removed in turn after
1.5, 3, and 7 hours of darkness. The proportions of moths found
copulating after these times were 80%, 10%, and 20% respectively and
since these were within the range of proportions found copulating at

the same times when they were photographed, it appears that the electronic
flashes did not significantly affect their copulatory behaviour.

All the experiments performed so far were only concerned with
copulating moths and therefore no estimates of the diurnal mating
pattarn could be made until it was known how often they copulated in a
night. This was therefore determined by placing 40 male and 20 female
virgin moths, 1 to 3 days old, in the observation chamber, and keeping
them in the rearing roam until all the moths had separated the following
day. The females were then dissected so that the number of spermatophores
in the bursa copulatrix of each could be counted. More males than females
were used on this occasion to increase the chances of multiple
copulations being detected should they occur, but even so only 18 females
each had one spermatophore inside them and two females had none. This
demonstrated that the females mated once during this period and when
related to the previous experiments, it also showed that most of the
females mated soon after the light was turned off at night and only a
few mated during the remainder of the night or in the morning. The
relatively slow changes in the proportions of moths copulating in these
experiments also indicated that the moths copulated for long periods of
time ranging fram possibly less than an hour to over 13 hours. This was
confirmed by many photographic sequences in which copulating pairs
occupied identical or very similar positions.

The diurnal copulatory pattern of P, operculella was then
investigated when there were more males than females to check that this
did not affect the copulatary behaviour of the females. Initially 32
male and 16 female virgin moths between 1 ard 3 days old were placed in
the observation chamber and the proportion that copulated at different
times over three days was determined using the same photographic method
as used above. In addition, it was later found that the lamp producing
the night time illumination had been accidently removed by another
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student near the start of the experiment and therefore the moths
received no light during the dark periocds. The copulatory pattern of
the moths, however, was still similar to those previously cbserved
(Figure 8.3 H) and this therefore demonstrated that the moths could mate
in total darkness and indicateg that an excess of males did not affect
the copulatcory behaviour of the females.

This experiment was repeated again for completeness using the
usual night-time illumination and the results were similar to those of
the previous experiment (Figure 8.3 G). This, therefore, confirmed that
the copulatory behaviowr of the females was unaffected when there were
more males than females.

Following this, a similar experiment was perfarmed using 10
males and 30 females to find how often the males copulated. On the first
night this was similar tc the previously cbserved patterns but the
initial pattern was repeated again on each of the following two nights
although the maximum number of males that copulated at the beginning of
each night decreased slightly each time (Figure 8.4 G). This, therefore,
indicated that the males only mated once in 24 hours and that they mated
again on subsequent days whereas the females usually only mated once anc
subsequently did not mate for at least three days.

All of the above experiments were performed at 20°C but it
was likely that the moths usually experienced lower temperatures than
this in the field if they mated at night. It was therefore decided to
determine their diurnal copulatory activity patterns when they were kept
at 15°C, 10°C, and 5°C. Virgin moths between 1 and 3 days old were again
used in the observation chember in each experiment but more milcs were
used than females and the observation chamber was kept in a constant
temperature roam. The moths were then photographed over a period of
three days except for the experiment at 10°C which only ran for two days
before the refrigeration unit iced up and the temperature rose to 15°c.
However, the experiment was conmtinued at this temperature for another
two days. The results of these experiments (Figure 8.4 B, C, D) showed
that the proportion of moths that copulated after the lights went off
became progressively smaller the lower the temperature, whereas
approximately the same prcportion copulated at dawn at all temperatures,
and therefore at 10°C and 5°C relatively more moths copulated at dawn
than at the beginning of the night. The moths also showed a tendency to
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Figure 8.4

The influences of different temperatures and
constant light on the time of day when
P, operculella copulates

Each histogram represents the percentage of males photographed
copulating. Artificial light was used in each experiment.

The copulatory pattern of 10 males at 20°C, when provided with
30 females O to 1 day old.

The copulatory pattern of 22 males and 40 females at 15°C.

The copulatory pattern of 20 males and 40 females at 10°C for
two days followed by 15°C for a further two days.

The copulatary pattern of 30 pairs of moths at 5°C.

The copulatory pattern of 42 pairs of moths 1 to 4 days old
in a constant light of 150 lux.

The copulatory pattern of 17 pairs of moths 1 to 4 days old,
in a constant light of 250 lux.
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begin mating three or more hours befare the lights turned off on the first
night and there was z noticable time lag before they started mating
after the light turned off on subsequent nights. At the lower
temperatures they also tended to spend increasingly lenger periods in
copulation than at 20°C.

The possibility that the mating activity of the moths was
influenced by an endogencus circadian rhythm was breifly investigated
by keeping equal numbers of males and females, 1 to 3 days old, in
constant light and photographing them over a period of threec days. Two
separate experiments were perfarmed under light intensities of 150 lux
and 250 lux. In the first experiment the moths began copulating just
befare the narmal dark period (Figure 8.4 E) after which their numbers
increased steadily until they reached a maximum at 0200 hours the next
day and then gradually declined again over the next 20 hours., Following
this they only copulated occasionally at irregular times. During the
second experiment the moths did not begin copulating until 0300 hours on
the secaond day when the propartion copulating increased to a maxinmm
after two hours and then fluctuated irregularly over the next 24 hours or
so (Figure 8.3 F). Following this no moths copulated until 0300 hours on
the third day when one pair were found to do so for about an hour. The
first experiment, performed under the same light intensity as that in
which the moths were reared, showed that the moths' mating activity was
possibly influenced by a circadian rhythm, while the higher than normal
light intensity during the second experiment probably inhibited mating
and caused the observed delay. However, no further investigations were
carried out on endogenous rhythms although these experiments did
Jemonstrate that it was essential to keep the moths under constant
photoperiod conditions for behaviowral experiments.

Field trapping experiments

When the laboratory experiments described above had been
completed a study of the diurnal sexual activity of the moths in the
field was undertaken to investigate whether their behaviour under
natural conditions was similar to that cbserved in the laboratory., It
was, however, difficult to find many moths in the field and also
difficult to cbserve their sexual behaviour and therefore an indication
of their diurnal sexual activity was ocbtained by studying their arrival
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patterns to sticky traps baited with live virgin moths cr their extracts.

Initially, three sticky traps were constructed and tested in
the field to find if they were effective. Two of these traps were each
baited with 10 live females and the other was baited with 10 females
crushed between two pieces of filter paper. All three traps were then
placed 1n a potato patch on the evening of 13th April, 1972 and
collected the follawing day. The two sticky traps beited with live
females were found to contain 20 and 25 male moths respectively and no
female moths, wnile the trap baited with crushed females caught no moths
at all (Table 8.1). The sticky traps were therefore shown to snare moths
and so a further 6 were constructed.

The next day all 9 sticky traps were used to check that
female moths only atiracted males in the field and that females were not
attracted by males or females. Three of the sticky traps were therefore
each baited with 7 live males between 1 and 2 days old, three were each
baited with 7 live females of a similar age and the remaining three were
left blank. The traps were then set in the potato patch before dusk and
examined periodically during the night.

The results of this experiment (Table 8.2) showed that no
moths were caught in the male baited traps and no females were caught in
any of the others whereas a total of 48 males were caught in the three
female baited traps and two males were caught in the blank traps. In
addition, it also appeared that most of these males were caught soon
after dark although same were also caught later in the night or in the
morning. On analysis the female baited traps were found to be signifi-
cantly more attractive than either the male baited traps or the blanks
(P<0,05) whereas the catches of male baited traps and blanks were not
significantly different fram cach other. This therefore confirmed the
laboratary studies in Chapter 9 which showed that female moths were only
attractive to males and that males were not attractive. It was, however,
difficult and time consuming identifying the sex of every moth snared in
the sticky traps because they became entangled in the adhesive.
Therefare, in subsequent experiments no attempt was made to do this and
all the trapped moths were considered to be males.

The sticky traps were next used on Y4 separate occasions to
determine the arrival patterns of male moths to live virgin females.

In each of these experiments three of the traps were always left blank.
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TABLE 8.1

Numbers of male and female moths caught in 3 sticky traps containing
samples of 10 live a 10 crushed females,

The traps were set in the field at 0635 houmrs on 13/4/72
and collected at 0845 hours on 14/4/72.

Sample 10 live 10 live 10 crushed

in trap females females females

No. of males

caught 20 25 0

No. of females

canght 0 0 0
TABLE 8.2

Numbers of male moths caught in sticky traps during different times

over a two day peridd.
The sticky traps contained either 7 live males, ar 7 live females,

a were left empty as blanks.

The traps were set ocut at 0630 hawrs on 15/4/72,

(o]
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However, 7 females between 1 and 3 days old were used to bait each of
the other & traps in the first two experiments, and three females of
a similar age were used to bait each of these traps in the last two
experiments. The traps were placed in the potato patch and examined at
intervals over one or more days.

The individual trap catches for these 4 experiments are given
in Appendix 2.14 and the individual catches per houwr of both blank and
baited traps are given in Figure 8.5.

In the first experiment on 17th and 18th April, 1972 no moths
were caught in any of the blank traps and only two were caught in the
baited traps during the first night; one between 0200 hours and 0400
hours, and one between 0800 hours and 0800 hours. However, the
temperature was mostly below 10°C during the entire night and this
possibly accounted far the low catches. The traps were then left until
1900 hours the following night when 5 more moths were found in the
female baited traps and it was possible that these moths had been caught
during the daytime when the temperature was high.

In the second experiment on 20th and 21st April, 1972 most of
the moths were caught in the mornings when the temperature was above 10°C
and only two moths were caught during the two hour period cver dusk when
the temperature fell below 10°C. However, 18 were caught later in the
night when the temperature rose above 10°C. This experiment therefare
confirmed that attraction of males to females was inhibited at
temperatures lower than about lOOC, and the results also suggested that
possibly attraction was stimulated again when the temperature rose
above 10°C.

On the last two occasions when the sticky traps were set out
an 24th to 26th February and 27th to 29th February, 1973 the temperature
stayed above 10°C except for short periods at the ends of the nights.
Most of the moths were also caught in the female baited traps during the
first two hours or so of darkness while few were caught at other times
during the nights. The numbers caught did, however, increase slightly at
the end of the nights or during the dawns but the increases when the
temperatures rose above 10°C were only slight compared with those
observed previously. It therefore appeared likely that big catches at
dawn probably only occurred if the moths had been inhibited from being
attracted to females at the beginning of the night. In addition, this
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Figure 8.5

The arrival pattern of P. operculella
to sticky traps baited with live virgin
females
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increase in the numbers caught on 25th February occurred betwesn
temperatures of 8°C and 10°C so that inhibition probably occurred just
below 10°C, Apart from the moths caught at dawn only two others were
caught in baited traps during tne daytime between 1230 hours and 1600
hours on 25th February and no moths were caught in any blank traps
between 2u4th to 26th February, while a total of 9 were caught in them
between 27th to 29th February. However, 8 of these were caught during the
2 hour period at the beginnings of the nights and one was caught at dawn
indicating that the moths were also most active at these times.

These experiments confirmed the findings of the previous
labaratory experiments when the temperature was above 8°C to lOOC, and
showed that at temperatures below this attraction was inhibited. However,
the labaratary experiments showed that mating still occourred at low
temperatures and therefore this inhibitary effect was probably the result
of the moths not flying belaw 8°C to 10°C.

It was possible that the arrival patterns of moths in the
previous experiments were influenced by two behavioural factors since
live females were used as the baits in the traps. The females might have
definite periods when they are attractive and the males might likewise
respand to the females at definite times. If this is the case then the
observed behaviowr occurs when these periods overlaped. One last
experiment was therefore perfarmed on 20th to 23rd March, 1973 using
extracts of virgin females as bait in the sticky traps to determine when
the males were sexually responsive. In this experiment three traps were
each baited with 100 ul of chlorofarm extract cantaining the equivalent
of 10 females, three more traps were each baited with three live virgin
female moths between 1 and 3 days old, and the remaining traps were left
blank. The traps werce then placed in the potato patch at 1700 hours on
20th March and examined at intervals afterwards. Also, the live female
baited traps were removed at 2315 hours on 21st March but the extract
baited traps and the blanks were left for a further 31 hours to check -
whether the extract lost its attractancy over this period.

The temperature stayed above 11°C during the pericd when the
female baited traps were set in the field and the arrival pattern of
moths to them was similar to those in the previous two experiments with
maximum catches occurring soon after dark and with smaller numbers being
caught at other times during the night and in the morning (Figure 8.6).
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Figure 8.6

The arrival pattern of P. operculella to
sticky traps baited with live virgin
females and chlarofarm extracts of them
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The arrival pattern of moths to the extract baited traps, however,
differed fram these; the maximum numbers of moths were still caught

at approximately the same times as they were caught in the female baited
traps, i.e. at the beginning of the night and in the morning (Figure 6.6
B) but they started being caught in the extract baited traps one to two
hours before they were caught in the female baited traps at night and
they were also caught during most of the daylight hours. It was also
apparent that the extract baited traps became progressively less
attractive during the trapping period, probably because the attractant
was gradually lost. During the first 13 hour trapping period, between
1700 hours and 0800 hours, a mean of 12.7 moths were trapped per trap
per hour while a mean of only 2.5 moths per trap per hour were caught
during the samc period the following night. In addition, the mean
catches per trap per hour during the 24 hour pericds from 0800 hours to
0800 hours were 6.88, 2.28, and 2.01 respectively over the three days
not counting the moths that would have been caught during the 9 hours
before the traps were set. It was also possible that the large numbers
of moths caught during this experiment significantly lowered the number
of moths left in the potato field so that catches later on were lower
than if the population had been undisturbed, and therefore the numbers of
moths caught during this experiment are considered to give only an
approximate indication of the relative responsiveness of the males to the
female attractant.

The results of this experiment, therefore, demonstrated that
males reach their peak responsiveness to females at about the same times
as live females release their attractant. However, the males were
capable of being attracted to females at any time during the day and
since this did not occur when live females were used the conclusion was
reached that females control the release of their attractant and are
responsible for non-attraction occwrring during most of the daylight hours.

In this last experiment, fewer moths were snared in the blank
traps than in any of the other baited traps (Figure 8.6) and most of
these were caught at the beginning of the nights whereas only a few were
caught during the rest of the nights or during the dawns. These results,
therefare, confirmed thosc of the previous experiment and demonstrated
that the moths flew mostly at the beginning of the night when the
temperature was above about 10°C although some also flew at other times
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during the night, and that there was a small increase in flight activity
at the end of the night or at dawn.

Laboratory experiments imvo Wing temperature changes

The results of two of these field trapping experiments
indicated that the moths would mate when the temperature rose if they
were prevented fram mating at their normal times by low temperatures
and therefore this was investigated further in the laboratory. It was
hoped that this investigation would provide a method far allowing the
moths to be observed mating during the daytime. A series of experiments
was therefare performed in which equal numbers of virgin male and female
moths, 1 to 3 days old, were photographed at intervals when placed
together in the cbservation chamber and kept at between 0°C and 1°C in
a refrigerated room for various lengths of time. They were then
transferred to another roam with a temperature between 20°C and 22°C.

The times when the temperature change was made in each experiment are
given in Figure 8.7 together with the resulting copulatory patterns of
the moths.

Few of the moths were found to copulate when the temperature
was belaw 1°C except in the last experiment when up to 20% of the moths
copulated (Figure 8.7 K). In this case it was likely that the insulating
polystyrene foam box had not been correctly positioned over the
observation chamber and this had allowed the temperature inside to
fluctuate enough far some of the moths to copulate. When a transfer was
made, it usually took approximately 15 minutes for the temperature inside
the observation chamber to change and soon after this there was always an
increase in the proportion of moths that copulated. A maximum of between
37% and 45% of the moths were found to copulate within 1 to 2 hours after
the temperature change if this occurred 3.5 hours before or after dark on
the first ar second nights, and when the lights turned on after the first
night or an hour after this (Figures 8.7 A, C, D, E, G, I). However a
maximum of only about 20% of the moths were fourd to copulate during the
same period of time if the temperature change occurred when the lights
turned cut on the first and second nights ar when the lights turned on
after the second night ar 4 hours after this (Figures 8.7 B, H, J). In
addition, less than 10% of the moths copulated when the temperature
change occurred three hours after the lights turned on after the first






Figure 8.7

The effects on the copulatary behaviour of
P. operculella of a rise in temperature
above a previously inhibitory level at
different times of the day

Numbers of pairs of moths used:

A 13
B 14
C 16
D 21
E 25
F 17
G 21
H 15
I 21
J 25
K 23
erratum: in key
"... when sampes taken ..." should read

"... when samples taken ..."
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night (Figure 8.7 K). The moths also showed similar copulatory patterns
when the temperature changes ocaurred at the same times on the first and
secord days, showing that it was unlikely that these observations were
chance extremes and that once the moths had been cooled their subsequent
behaviour was not affected much by the periocds of time they were kept
cold. Since the results of the last experiment were questionable, it
therefore follows that the results of the 6th experiment (Figure 8.7 F),
in wnich the temperature change occauwrred three hours after the lights
turned on were not confirmed. Nevertheless, such a low percentage of
moths copulated when the temperature changed three hours after the
lights turned on that it was unlikely many would ever do so at this time.
This investigation therefare demonstrated that if the moths had been
prevented from mating by low temperatures many of them would copulate
when the temperatures rose at most times during the day, with the
exception that few would copulate if the temperature change occurred at
the start of the night or in the middle of the day.

Nine of the above laboratory experiments were continued into
the night following the temperature rise and these showed that most of
the moths which did not copulate in the period immediately following the
temperature change did so at the narmal times during the following night
and morning.

Mating behaviour

Female moths seldam move just before copulation and they
appeared to be attractive to the males who searched far them and
perfarmed characteristic sexual displays before copulating. Occasionally
a male was also observed to copulate with a female which ran or walked
close by whilst he was searching for another female, but this only
occurred if the female stopped after the male had intercepted her.

Before copulation attractive females are normally found in a
resting posture with legs and wings close to the body and with antennae
divected backwards. Only occasionally are they seen in an alert
posture with legs splayed out and with their antennae held anterio-
laterally. In this latter position the antennae are waved dorso-ventrally
at a rate of 5 to 10 beats per secord; the antennae on either side of
the head being moved in opposite directions with short pauses at the top
and bottom of each stroke. However, both these postures are also
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adopted by males and non-attractive female moths, and the only charactcr-
istic which distinguishes attractive females is that their ovipositars
are usually extended so that up to half their lengths project from the
tips of the abdomens (Figures 8.8 B, C). The ovipositors arc not visible
when the moths are examined dorsally and they can only be seen if the
females are standing on glass ar perspex ard are examined from underneath.
Each attractive female also fully extends her ovipositor at intervals and
expands its mid region before partially withdrawing it again. Sametimes
the female also bends her ovipositor ventrally at the junction of its

9th and 10th abdominal segments before withdrawing it, and in this
position it is usually possible to see that the dorsal intersegmental
membrane between the 9th and 10th segments is dilated dorsally into a
pad with an approximately hemispherical shape. Each complete extension
and withdrawal movement of the ovipositor is usually accomplished within
one second, and most females perform these movements up to about 4 times
within a period of 10 seconds. Same of the females which eventually
copulated were, however, never cbserved to move their ovipositors but
only left them half extended.

Male moths usually approach attractive females by either
flying to within about 0.25m of them and running the rest of the way, ar,
if they are already within about 0.5m or so of them, by running only.
Occasionally a male was cbserved to begin flying ar running towards a
female fraom a resting position and then he either started immediately
fram the resting posture or else he first tock up the alert posture as
described above far a female and waved his antennae about. However,
because of the rapidity of the antermmal movements it was not possible to
decide from observation whether a male in the alert posture beat his
antennae any faster than normally when about to move towards a female.

vhen males were observed to fly towards females in the
labaratory each followed a more or less direct flight path which gently
zigzagged from one side to the other on an approximately harizontal
plane. Usually the males also alighted close by the females without
flying about near them. In the field, however, the only males observed
flying towards females were those seen approaching females in sticky
traps in the mornings. They flew slowly upwind towards traps,
constantly facing into the wind, and going alternately from one side to
the other over a total distance of up to 10cm. These males also
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Figure 8.8

Photographs of mating in P. operculella

A male waving its antennae in the alert posture

A female in the resting posture with its ovipositar extended.
A pair of copulating moths together with a male and a female
in the resting posture. Note also that the resting female

has its ovipositor extended.

A copulating pair.

E and F. A pheramone stimulated male beating its wings whilst

G.

running about with its abdamen curved dorsally, and
its caremata and genitalia splayed out.

A male with hairpencil extended approaching an attractive
female.
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frequently alighted on vegetation in their flight path and rested or ran
doout at intervals for a few secands before continuing to fly. As they
approached within about 0.25m or so of the sticky traps the amplitude of
their side to side flight movements tended to decrease progressively and
they usually alighted on or very close to the sticky traps before
running into them and becoming snared.

The running behaviour of a male approaching a female changeu
as he comes nearer to her: initially he runs in more ar less straight
lines with few changes in direction but the frequency of his turning
movements increases the nearer he gets to the femzle until when he is
within 5am ar so of her he almost continuously turns in curves and
spirals with radii of about 0.5 to 2cm. He then begins to display the
first distinctive behaviour pattern of mating referred to here as the
"fluttering dance". Up until the perfarmance of this it is impossible
to determine with certainty if the male is responding to a female or not,
because males perform all the other behavioural patterms when females
are not present. However, the behaviour described below was only
cbserved when a male was close to a female. During the fluttering dance
the male continues to run abaut in curves and spirals as he does before-
hand but he beats his wings rapidly as if he were flying, moving them
over a wide arc so that they almost meet dorsally. At the same time he
curves the end of his abdamen dorsally and opens out the large scales of
the coremata (Figures 8.9 E, F). Sometimes the male alternates short
periods of running with pericds of the fluttering dance, but usually he
perfarms the fluttering dance continuously until his circling movements
bring him within cane or two centimetres of the female. At this distance
he folds his forewings slightly posteriorly over his hindwings, while
still continuing to beat them, and opens out the two tufts of long thin
scent scales fram their anterio-darsal pockets on his hindwings
(described in Chapter 10). When extended the scales of each hairpencil
padiate out from their attachments to the wing and form a hemispherical
brush (Figure 8.3 A, B). Eventually, when the male contacts the female,
he usually moves sideways or Tuxns until he is posterior to and slightly
to cne side of her. He then twists his abdomen to the side nearest the
female so that its tip is directed laterally (Figure 8.9 E) and often
slightly anteriorly. From this position the male moves forward along-
side the female so that his abdomen passes under her wings and he usually
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Figure 8.9

Photographs of mating in P. opercule lla

A male approaching an attractive female.

The male has temporarily folded his wings but his hairpencils
are still extended. He has also bent his abdamen towards the
right where it is hidden by the wings (c.f. Figure 8.9C).

A male approaching an attractive female.

The male has bent his abdamen to the right as in Figure 8.9A,
but he is still beating his wings. His hindwings have been
slid back over his forewings and his hairpencils are extended.

A pheromone stimulated male approaching two females.

"The male's hairpencils are extended and he is bending his

abdamen to the left and also beginning to extend his left wings
in preparation to adopting the posture shown in Figure 8.9D.

A male attempting to copulate with a copulating pair.
Note that his left wings are extended over the back of ane of

the copulating moths and that his hairpencils are still extended.

A ventral view of a male approaching an attractive female.
Note that his abdamen is curved towards the side nearest the
female, and that his hairpencils are extended.

Two pairs of copulating moths, one of which has just started

copulating. The male of the latter pair has hairpencils extended

and abdamen bent into a "C" prior to thrusting it toward the
female.
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moves it about, sometimes by moving his whole bady, until his genitalia

contact the erd of the female's abdomen. While the male is moving

alongside the female, he also Stops beating his wings and partially folds
them, but he still usually leaves his hairpencils extended (Fipures 8.8
G; 8.9 A). In aldition, when he has positioned himself alongside the
female he extends the pair cf wings nearest to her so that they go over
her back and toucn it (Figure 8.9 D). As soon as the male's genitalia
contact the end of the female's abdom:n he Tastens them on and then he
usually t.xc,cutes one or two quick thrusting movements by bending his
abdamen into a' ¢ (Fi lgure 8.¢ I) and subsequently pushing it tiwards the
female. Once the mole is copulating firmly he straightens ocut his body
80 that he is facing in the opposite direction to the female (Figure 8.8
Cs D) and at the same time he also usually shuffles his winps to fold
them properly. Sometimes, when a male is unsuccessful in his first
attempt to copulate, he either backs to his farmer position posterio-
laterally to the female and moves towards her once more, ar else he noves
away and begins his fluttering dance agzin.

Males responding to attractive females also try to copulate
with any other moths they contact including other males, but only once
were two males ever found copulating with cach other. These were
discovered at the end of a biocassay (Chapter 9) after both had entered
a trap in response to the odour from two squashed females. However,
they never succeeded in separating; one died after two days and was
then carried around for a further two days until the other also died.
Males were also frequently dbserved trying to copulate with females
which were already copulating (Figure 8.9 D) but they were never
observed to be successful., However, they displayed all the norml
mating behaviour and even usually moved their abdomens about in the
vicinity of the females' abdomens once they had closed with them, rather
than near the heads of the copulating moths (Figure 8,9 D).

The mating behaviour of the male moths described above is
performed fairly rapidly and usually takes between 2 and 5 seconds from
the time they begin their fluttering dance to the time they copulate.
However, on occasions this can be campleted within one second or take up
to about 30 seconds. In addition, male moths also often try to copulate
with paired moths far periods of up to about 5 minutes although this is
done intermittently, each attempt seldum lasting more than about 15 to

30 seconds.
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The role of the hairpencil organs and the antennae during mating

At attempt was made to demonstrate the role of the nale
hairpencil organs in courtship by removing them and subsequently
vbserving what effect this had on their mating behaviour. Nineteen
pairs of male moths aged between 1 and 3 days were used for this
experiment. Each pair was anaesthetised with carbon dioxide, and one
moth was then kept as a control while the hindwings were dissected off
the other. Huwwever, dissection without demaging the rest of the moth
proved difficult because the insects were small and their scales made
them slippery. These difficulties alsc resulted in the operaticns often
taking Y or mare minutes during which the effects of the anaesthetic
frequently ware off. Vhen this occurred both the control moth and the
one being dissected were anaesthetised again. Overall, only three
amputatiuns were cunsidered to be satisfactary end the moths which were
successfully operated on were kept together with the controls until the
following night when they were placed in a refrigerator at 4°C. The
next morning they were transferred tc an observation chamber at room
temperature anl 12 females, 1 to 3 days old, which hal alsc been held in
the refrigerator overnight, were alded. These females began extending
their ovipesitars as they warmed up, and the males began reacting to them.
~he three control male moths copulated within 2, 3 and 5 minutes <f the
females being introduced, while the ones without hindwings perfurmed all
the usual preccpulatcry behaviour patterns, including fluttering and
partially folding their farewings. However, whenever cne touched a
famale or placed his wing un her back, the female usually moved avay a
few paces «r ran away sc¢ that the mile was unable tc copulate. These
males frequently attempted ccpulaticn until they lcst the femcle and then
they often rested for a periul before starting tc search for cthers. All
three amputated males did eventually copulate after 15, 16 and 25 minutes
respectively, and this was significantly longer (P < 0.005) than normal
males tock. This experiment therefore indicated that the hindwings were
involved in subduing the escape reaction of the females during mating
and this was attributed to a phercamune dispensed by the hairpencils.

Another experiment was perfarmed to find if the removal of
antennae from females had the same effect as removing the hindwings of
males. The experimental procedure was the same as that used in the
previous experiment, and the moths were again aged fram 1 to 3 days old.
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Dissections were performed until three moths were satisfactarily operated
cn and then these moths, together with their respective controls, were
kept overnight in a refrigeratur at 4°C and intraduced into the Ubservat-
ion cage together with 12 males in the murning. On this occasion the
three control females copulated within 3, 4, and 4 minutes of being
placed with the males while those withwut antennae showed similar escape
behavicur to females being courted by males lacking hindwings. They '
copulated after 2, 8 and 15 minutes but these times were nct significantly
different from those of normal moths. However, the sample was small and
the behaviour of these females supparted the hypothesis that amputaticn
of the males' hindwings deprived males of a pheromune organ. It also
indicated that some recepturs for this pheramcne were located on the
females' antennae.

Lastly, an experiment was performed to determine the effect of
depriving males' of their antennae. Again, the same experimental
procedure was followed with moths of 1 to 3 days old. Three males whcse
antennae had been removed were used with three controls and 12
females. This time the males lacking antennae were not cbserved to show
any mating behavicur within one hour of being placed with the females,
whereas the contrcl males copulated after 1, 3 and 4 minutes. This
indicated that in the male, the only receptars for the female sex

pheromone are located on the antennae.

Discussion

ating in moths, as in all insects, may be influenced oy a
mmber of factors including the physiclogical variables of age of the
individual, mating history, previous exposure to the sex pheramone, time
of day, and circadian rhythmicity; together with envirommental variables
such as light intensity, temperature, wind speed, and host substrate
(¢.g. Jacobson, 1S72; Birch, 187%). The importance of some of these
factors in relation to mating in P. opercutella has nod been detgmdned,

together with the conditions under which this speclies mates.

The time of day when mating occurs
The time of day when P. operculella is sexually active has
been investigated in the present study both in the field, by determining

the pericdicity of male attraction to virgin females in sticky traps;
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and in the laboratory, by determining the diurnmal pattern of copulation.
The conclusions as to when mating occurs are in close accard, and
therefore the diurnal periodicity of sexual activity in P. operculella
can now be considered as fairly well established.

Sexual activity in P, operculella is greatly influenced by
temperature, but since most of the adults of this species occur in the
field in New Zealand from late spring, through summer and into mid
autumn, they will usually experience evening temperatures higher than
about 10° to 15°C. Under these conditions most mating activity occurs
during the first hour of darkness ard drops rapidly dwuring the second
howr to a very low level for the rest of the night. At dawn there is a
small increase in mating activity for one or possibly two hours but after
this the moths rarely mate again until the next evening. Mating also
occurs at definite times of the day in other moths but varies depending
an the species. For example it ocaurs in the late afternoon or early
evening in Choristoneura fumiferana (Clemens) (Sanders, 1971; Sanders
ard lucuik, 1972), Laspeyresia pomonella (L.) (Wong, Cleveland, and
Ralson, 1971), Diatraea saccharalis (Fabr.) (Walker, 1965), and Platynota
stultana Walsingham (AliNiazee and Stafford, 1971); in the middle of the
night in Desmia funeralis (Hubner) (AliNiazee and Staffard, 1973); in
the latter part of the night in Dioryetria abietella (Denis &
Schiffermiller) (Fatzinger and Ascher, 1971), Heliothis virescens Fabr.
(Gentry, Lawson, and Hoffman, 1964), and Manduca sexta (Jchannsan)
(Allen and Hodge, 1955); or in the early morning in Hyphantria cunea
Drury (Hidaka, 1972).

The timing of mating behaviour in Lepidoptera is also
frequently reflected in the timing of male flight. Many moths apparently
exhibit differences in the timing of nocturnal flight activity amongst
the sexes (Williams, 1935, 1939; Beck, 1968) and the peak flights of
males of a number of species occur near the time when mating is known to
occur (Graham, Glick, and Martin, 1864; Saario, Shorey, and Gaston,
1970). Edwards (1962), however, has also demonstrated that characteristic
peaks of male activity in certain Lepidoptera may occur both in the
presence and absence of females. However, nothing has been published on
the flight activity of male and female P. operculella except for
Rothschild (1972 - 1973) who noted that males predaminated in the catches
of suction traps and gave no other details. Recently Mr S.L. Goldson
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reported far three species of Hemerocampa by Crant et ui. (2375)

and for Porthetria dispar (L.) by Carde, Doane, and Roelofs (1374). In
these cases the time of mating may be controlled by a periodicity in the
sexual activity of the male rather than the female. Another exception
has been reparted for Plodia interpunctella (Hubner) by Brady and
Smithwick (1968). This species mates at any time of day, and no
rhythmicity could be found in either female calling behaviour or male
response to the sex pheramone.

It also appears probable that mating in P. operculella is
partly influenced by an endogenous circadian rhythm because in one
experiment virgin moths, when kept on a normal photoperiod and then
placed together in constant light, mated approximately 24 hours after the
start of the previous scotophase. Further experimentation is, however,
required to demonstrate whether or not mating does follow a circadian
pericdicity.

Considering that almost every aspect of the life of an insect
may be influenced by a circadian rhythm (Beck, 1968), then the suggestion
that mating behaviour in P. operculella is also under the influence of
one secems quite reasonable. Furthermore, such an influence on mating
has been demonstrated in every moth where this has been investigated,
except for P. interpunctella (Hibner) (Brady and Smithwick, 1968) which
mates at any time of the day ar night. Calling behaviour of the female
Anagast; kuhniella (Zeller) has been reported to follow a circadian
rhythm by Traynier (13870), and strongly photoperiod entrained circadian
rhythms of pheromcne release have been reparted for Holomelina immaculata
(Reakirt) by Cardé and Roelofs (1973), Trichoplusia ni (Hibner) by Sower,
Sharey, and Gaston (1970, 1971), and far D. abietella by Fatzinger (1973).
The male P. operculella may, however, also show a circadian periodicity
of response to the female sex pheranone because this has been demonstrated
in the male A. kuhniella by Traynier (1970), and in Autographa californica
(Speyer), H. virescens, Spodoptera exigua (Hibner) and T. nz by Sharey
and Gaston 1965.)

The effects of light and temperature on mating activity

The female periodicity in T. ni is entrained by a lights-on
stimulus (Sower et al., 1971), and this may also be the important factor
in entrainirig the female rhythm in C. fwniferana (Sanders and Lucui}:, 1972).
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In contrast, Cardé (1J74) rencrts that tie critlcal cues fov
initiating calling behaviour in H. Zmmaculata is lights-off and a
decrease in temperature. The latter signal also overrides the apparent
inhibitory effect of constant light.

In the present study light and temperature have also both
been shown to be impartant factors in determining when mating occurs in
P, operculella. Sexual activity in this species takes place in the
field in the evening when it is quite dark, and this is supparted by the
results of a laboratory bicassay experiment which indicated that male
attraction to the pheramone is inhibited by a light intensity between
1.0 and 0.1 lux (Chapter 9). The moths, however, also mate after dawn
in the field or after the lights twrn on in the labaratory so light is
not altogether inhibitary. Possibly, in this species, a change in light
intensity from either day to night, or night to day is the stimulus
which triggers mating behaviour although the onset of darkness is the
most effective of the two. Temperature, however, has a very impartant
modulating effect on light change:- In the laboratary under the usual
photoperiod at which the moths were reared, progressively lower constant
temperatures decrease the proportion of moths that mate. This is due to
a reduction in the number that mate at the beginning of the scotophase
and not to those that do so at the start of the light period, because
this proparticn stays approximately constant fram 15°C to 5°C.
Additicnal effects of low temperatures are that suame of the moths begin
mating befare the onset of darkness at temperatures of 15°C and below,
and that the period spent in copulaticn is increased. In the field,
on the other hand, male attraction to females in sticky traps ceases
samewhere between 8 to 10“C apparently because flight is inhibited at
temperatures below this. This is supparted by Mr S.L. Goldson (pers.
comm., 1975) who found that the lower t aeshold for flignt occurred at
10°c. In additicn, Rothschild (1972-1973) alsc reported that the catches
of P. operculella in sucticn traps and traps baited with virgin females
were both influenced by temperature but he gave no details, whereas
Langfard and Cary (1932) reported that the adults of this species are
active flyers between 14 4°C and 15.6°C but that they cnly crawl at
11.1°C. These latter authors also noted that mating occurs between
17.8°C snd 35°C while Graf (1917) reported that it cecurs between 15°C
and 18.3°C. In the present study the moths were found to be capable of
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mating at all temperatures between 1 to 2°C and 20 to 22°C, although
they rarely did sc at the lowest of these.

The field trapping experiments also revealed that a rise in
temperature stimulated sexual activity in P. operculella, if the
temperature fell below about 10°C before dusk and rose above this in
the morning. No tendency was discovered for the moths to mate while the
tamperature was falling prior to nightfall so that the low level of
mating activity cbserved at low temperatures in the laboratory, was
possibly a result of the female moths being only very slightly attractive
at these times, and that this was accentuated by the confined cages in
which the moths were held. Confirmation that an increase in temperature
stimulated mating activity in P. operculella was obtained from the
laboratory experiments. However, for these experiments the temperature
had to be lowered to about 1 to 2°C before mating was sufficiently
inhibited for the purposes of the investigations and this was presumably
the temperature which inhibited the males froum walking to the females.
These luw temperatures probably did not adversely affect the mouths
because Langford and Cory (1932) reported that P. operculella could be
exposed to temperatures as low as -8.3°C for several hours without this
affecting their ability to lay eggs.

The laboratory investigations showed that mating activity was
trigegered by a temperature rise if this occurred about three hours
before the onset of darkness, during the dark pericd, and soon after
the lights switched on, but that it had relatively little effect if it
occurred in the middle cof the light period or if it coincided with the
onset of darkness. In addition, if the temperature rise occurred during
the dark pericd then same of the moths also mated later during the
following light period. Possibly this accounts for those male moths
which were occasionally attracted to females during the daytime in the
field,

In the natural situation, the temperature probably drops to
an inhibitory level at some time during the late afternoon or night and
the temperature rises again the next morning. The field trapping
experiments, however, indicated that such a temperature rise is only
effective if the moths were prevemted from mating by law temperatures
during the previwus evening, because when the temperature drop occurred
after the mating period then very little attraction was observed when it
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rose again in the marning. Presumably the adaptive significance of this
behavicural response is that it alluws the moths to mate during the
cooler months of the year when the temperature only rises abuve 10°C in
the daytime.

In other species of nocturnal moths high light intensities are
generally considered to be inhibitory to sexual behaviocur although it
will ccour in high light intensities in scme circumstances. For example
Sharey (1966) reported that T. nZ will sumetimes mate in the labaratory
above 0.3 lux, the normal inhibitury threshold value for this species,
However, only a relatively small propartion will do su, and they show
an inverse coarrelation with light intensity up to abcut 300 lux.
Generally, the males cf moths also have a broad time period when they are
responsive tu the female pherumone, as already mentioned, and this period
frequently extends well into the light periocd. For example Bartell and
Shorey (1969a) reported that male Epiphyas postvittana (Walker)
entrained to a 1u4L:10D phutoperiod reached their maximum responsiveness
fran 2 hours befare until 6 hours after the onset of darkness. Other
examples are cited by Jaccbson (1972), but no reports were found of
cther moths with similar mating behaviour patterns to P. operculella
with respect to light. Perhaps the clusest was that of Fatzinger (1973)
who investigated the effect of a diel light cycle on the precopulatary
behaviour of the phycitinid D. abfetella. The male is responsive to the
female pheramone mainly during the last 8 haurs of the scotophase when
entrained to a 12L:12D photoperiod, but alsc shows ancther minor peak
in responsiveness during the first 6 hours of the light pericd. In the
female calling mostly takes place during the last 6 or so hours of
darkness but continues with diminishing frequency into the first hour of
light. Both of these ubservations suggest that a small amount of mating
behaviour may occur in this species after dawn. It is of further
interest in this respect, that Fatzinger (1973) fcund that the calling
pericds of females entrained to a 6L:6D photopericd were approximately
24 hours apart but cccurred only in the light periuds, so that light is
not altogether inhibitory to mating activity in this species.

Relatively few studies have been carried out un the effects of
temperature on mating behaviour, and many of these are concerned only
with the lower threshold for sexual activity. Shoarey (1966) cbtained a
significant correlation between temperature, within the range of 10 to
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15°%C and the percentage of 7. n¢ that mated. He also found that
inhibition of wing vibration and flight of males exposed to the female
sex pheromone increased within a similar temperature range and suggested
that the inhibitory effect of lov temperature on mating may be
attributable in part to a reduction in male pheromone responsiveness as
the temperature decreases fraom 15 to 9°C. Male responsiveness to

virgin females in P. stultana is also influenced very much by prevailing
temperatures accarding to AliNiazee and Stafford (1972), with the
threshold far stimulation being close to 9.2°C. These latter authars
also suggested that possibly this temperature was the one at which male
flight capacity becames very limited. For (. fumiferana, Sanders and
Lucuik (1972) reported that the optimum temperature for mating is 18°C,
although these moths will mate readily between 15 and 24°¢C, Furthermore,
they noted that even at the low temperature of 9°C same individuals
mated but copulation times increased, being two times as long at 9°c
than at 28°C.

Same influences of changing temperatures on the sexual activity
of moths have also been reported. Sparks (1963) noted that 100% mating
could be attained with Ostrimia nubilalis (Hubner) in the labaratory if
the temperature was varied from 31.1°C to 18.9°C fram day to night, and
suggested that a decrease in temperature may enhance male responsiveness
to the sex pheramone. Klun (1968) found that, in this species, the male
respansiveness to the phercmone in a bioassay is greater at 20 to 23%
than at 27°C. In addition, it is interesting to note that Klun (1968)
reparted that male 0. nubilalis were inactivated by cooling to 4°C and
did not respond to the sex pheramone when warmed up, although they
resporded if kept at 27°C for a further 24 hours. This appears to be
quite different fram the situation in P. operculella which responds
almost immediately it is warmed up.

A number of authars have reparted shifts in mating time due to
temperature., Sower, et ai. (1971) found taat tie mean time
of calling by 7. ni fumales occuwrred 4 hours earlier at 18°C as
campared with 24°C, although much fewer moths called at any given time
at 18°C. In other cases the temperature effect can shift sexual
activity into the daytime. Comeau (1971) reparted that attraction by
male Argyrotaenia velutinana (Walker) to live females ar synthetic
pheramcne tock place in mid-afternoon at temperatures lower than 15°C,
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whilst it occwrred after sunset at temperatures above 20°C. He also
found that the females cammenced calling at approximately sunset at 20°C,
and at 2, 4, and 8 hours pricr to sunset at 17°C, 15°C, and 12°C
respectively. Sanders and Iucuik (1872) found that in C. fumiferana, the
time at which 50% of the females called when compared with the results at
20°C occurred 1 hour earlier at 180C, 2 hours earlier at 12.50C, and 4
hours earlier at 11°C. Cardé et al. (1975) found that in P.despar the response
of male attraction to synthetic female pheramone in the field occurs
approximately fraom sunset to 4 hours after sunset on a warm day and night
(17-300C), but cammenced two hours pricr to sunset on a cool day and
night. Moreover, these shifts tock place even if the temperature was
decreased one houwr prior to normal lights-off, indicating that long term
temperature canditioning is not necessary for temperature-induced changes
in the calling rhythm. These latter authors also found that at constant
15°C initiation of calling by the female occurred approximately two hours
earlier than at 24°C in either a 16L:8D, car 12L:12D photoperiod regime.
A temperature decrease, however, can modify to suame extent the initiation
of calling within the diel cycle for this species and can induce calling
during a photophase, apparently acting in a manner similar to the lights-
off cue. A similar effect was reported to occur in Cadra cautella
Walker by Hagstrum and Tomblin (1973) although in this instance it was
oviposition that was stimulated by the fall in temperature and acting
like the lights-off cue. They concluded that it is "not unreascnable to
suppose that an insect should respond to both temperatwre and light,
since in many natural situations the midpoint in the falling portion of
the temperature cycle typically occurs at about the same times as onset
of darkness". Generally, however, temperature has been found to have
little effect on the periocdicity of rhythms although it has been found
to influence activity, eclosion, oviposition, pupation, and diapause in
at least 15 species of insects. Of these phase-setting influences of
temperature on endogenous rhythms have been reviewed by Beck (1968), and
the publications concerning the influence of thermoperiod on the timing
of a variety of behavioural patterns are listed by Hagstram and Tomblin
(1973).
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The effect of humidity on mating

The effect of humidity on mating in P. operculella was not
investigated in the present study although mating did not appear to be
impaired at the relative humidities experienced by the moths in this
study (from approximately 40% to 100%). Possibly, it may not have any
effect because the moths will oviposit at all relative humidities
between 3% and 100% (Langford and Cory, 1932). However, the effect of
relative humidity on sexual activity in other moths has been investigated
very little but it may or may not affect it. Snow and Callshan (1962)
reparted that successful mating of Feliothis zea (Boddie) in captivity
was never achieved when the relative humidity fell below 80%, whereas
Shorey (1964) found that the low humidity within a glasshouse (30% to 50%)
did not appear to affect copulatory efficiency in T. ni, and he later
could find no correlation between night-time relative humidities and
mating frequency in 7. ni (Shorey, 1966).

The relationship between age and mating behaviour

The ages at which male and female P. operculella are most
sexually active was not investigated in the present study although it
appears fram observations of their sexual behaviour and egg laying
(Appendix 1.2) that most normally mate during their first and second
days after emergence. It is also evident from the investigation with
the bicassay (Chapter 9) that virgin females contain pheramone at all
ages and that males are not very responsive to the female pheromone
during their first day after emergence but that they became strongly
attracted by it when aged from two days to about two weeks.

In other species of moths the female can be most attractive
at any age from immediately after emergence to 3 or 4 days old, but
attractiveness usually declines after this. Females which are at their
most attractive within their first day after emergence include
C. fumiferana (Clemens} (Outram, 1968), Gypsonoma haimbachiana (Kearfott)
(Payne and Stewart, 1371), and Synanthedon pictipes (Grote and
Robinsan) (Wong et al., 1969); whereas the female of Crambus trisectus
(Walker) is most attractive 2 to 3 hours after emergence and remains
attractive for 2 to 3 days (Banerjee and Decker,1966): and the females of

D. funeralis and D.saccharalis are most attractive during their entire first
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1 to 2 days of life (AliNiazee and Stafford, 1973; Perez and Long, 1964,
respectively). In other moths attractiveness of the female increases
initially with age, and this occurs for example in Adoxophyes orana
Fischer von Roslerstanm which reaches a plateau of attraction fram two
days onward (Minks and Noordink, 1971); in Orgyia leucostigma J.E. Smith
which is most attractive when 2 to 3 days old (Percy, Gardiner, and
Weatherston, 1971), and in L. pomonella which reaches peak attraction at
3 days of age (Butt and Hathaway, 1966). Dickens (1936) also reported
that attractiveness of females increases with age in many of the
Phycitinae.

Variations in the quentity of pheranone with age of the female
have also been determined for some moths. Examples of this include 7
species of Noctuidae, in which Shorey, McFarland, and Gaston (1968a)
found a rapid increase in the quantity of sex pheromone within 0.5 days
after emergence, and the amount present subsequently stayed at the same
level ar declined slightly 5 days or so after emsrgence; Vitula edmandsae
(Packard) (Phycitinae) in which Weatherston and Percy (1968) found that
pheromcne production reached a maximum at twe days and then declined;

0. leucostigma (Lymantridae) in which Grant (1875) found that the
pheromcne concentration is highest in 1 tc 2 day old moths; and Mamestra
configurata (Walker) (Noctuidae) in which Struble, Jaccbson, Green,

and Warthen (1975) found the greatest amount of pheromcne was present

in 7 to 9 day old females. Mating may alsc cause a decline in attractive-
ness of the female or pheromone productiun, as it does in C. fumiferana
(Clemens) (Outram,1968), D. saccharalis (Fabr.) (Perez and Long, 1964), and
0. leucostigma J.E. Smith (Grant, 1975) but in other mcths, such as many
noctuidae (Shorey et al., 1968a), mating has very little effect.

The male's respcnse to the female phercomone usually increases
to a peak within a few days of emergence and often stays at this level
until death. This occurs for example in a number of Noctuidae (Shcrey,
Morin, and Gaston, 1968b); and E. postvittana (Walker) (Bartell and
Shorey, 1969a); and in M. configurata (Walker) (Jaccbsen, Green, and
Warthen, 1972). In other species responsiveness increases to a peak and
then declines again, as it does for example in 4. velutinana (Walker)
(Roelofs and Feng, 1967), and C. fumiferana (Clemens) (Outram, 1968).

Notiiing else is published about the other factors which may
affect the sexual behaviour of P. operculella although Goldswn (pers.
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comm., 1975) found that wind speed had very little effect on the catches
of this species in the field and this may indicate that wind speed also
has little effect on sexual behaviour. However, it was found in the
present study that the moths could be more or less immcobilised in an
aspirator by sucking air through it sufficiently fast (Chapter 6), but
P. operculella may possibly mate amongst low foliage in the natural
situation where the wind is drastically reduced.

Other envirommental and physiological factors may of course
influence mating in P. operculella but further research is nccessary to
establish the impartance of these. However, those factors which have
been found to influence sexual behaviour in other Lepidoptera have been
reviewed by Shorey (1S74).

Mating behaviour

Moths show a considerable amount of diversity between different
species in their mating behaviour. Typically, this usually involves a
female sex pheramone which attracts the male and elicits courting
behaviour. When close to the female the male also usually produces an
"aprodisiac pheromone"” (Birch, 197¢) which either stimulates the female
or subdues her escape reactions thus allowing the male to effect
copulation. There are, however, a few exceptions: the male of Achroia
grisella (Fabr.) produces a sex attractant for the female whilst the
female apparently does not produce a pheromone although she is also
guided by sound perceived through abdaminal tympanic organs (Dahm, Finn,
and Roller, 1970). In some species, the male may also produce an
attractant which is effective at short distances whilst the long distance
sex attractant is produced by the female. This occurs for example in
Galleria mellonella (L.) (Roller, Biemann, Bjerke, Norgard, and McShan,
1366), and in Phlogophora meticulcsa (L.) (Fard, 1955). A sligmtly
different method of sexual cammunication again is employed by Hepialus
humuli L. accarding to Warren (1969); the male of this species attracts
the female visually, and the female then emits a pheramone which is

effective at close range.

Precopulatory behaviour of the female

The female of most species of moth, when receptive or when
releasing sex attractant, adopts a characteristic posture which is
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usually referred to as "calling". In P. operculella this is very
difficult to observe because the female takes the normal resting position
and alternately fully extends and partially withdraws the ovipositar
from the tip of the abdomen. A similar calling behaviour has been
reported for Prionoxystus robiniae (Peck) by Solamon and Neel (1973), and
for Tineoiabiselliella (Humel) by Roth and Willis (1952). The latter
insect will, however, also occasionally bend the abdamen dorsally so that
the tip protrudes slightly between the wings and then vibrate its
ovipositor, and it will raise the abdamen and protrude its ovipositor if
it is stimulated by a male and then separated from it (Roth and Willis,
1952). Possibly Hofmannophila pseudospretella (Staint.) shows a

similar behaviour to P. operculella because Woodroffe (1951) reports
that the female has no calling attitude.

Usually, the calling position is quite distinct from the
resting position in moths. Frequently the calling posture adopted is
with wings parted but resting along the dorsal side and with the tips
often touching the substrate, with the abdomen bent dorsally into a "C"
so that it protrudes between the wings, and with the ovipositar extended.
The behaviour is shown, for example, in Podosestia syringae syringae
(Harris), and Podosesia syringae froxini (Lugger) (Nielsen and Balderston,
1973); and in V. edmandsae (Packard) (Weatherston and Percy, 1968).

A similar posture is also adopted by 7. ni, but the wings are vibrated
at intervals (Shorey, Andres, =nd Hale, 1962; Shorey, 19643 Shorey and
Gaston, 1970), and in D. saccharalis the antennae are vigorously moved
between bursts of wing movement (Walker, 1965). Other calling females
may hold their wings vertically over their bodies as does Lambdina
fiscellaria lugobrosa (Hulst.) according to Ostaff (1874), and H. cunea
according to Hidaka (1972). In addition, the female H. zea cxtends the
wings out at about 45° to the body and vibrates them with the abdamen
exposed, whilst the wingless female of 0. leucostigma raises the last
few terminal abdominal segments (Percy, ct ai.,1971).

Rhythmic extension and retraction movements of the ovipositor
apparently occurs cammonly in calling female moths. It has been
reported in the Lymantridae Dasychira fascelina (L.)y Dasychira seleutica
(L.) and Hypogymma morio (L.) by Gotz (1951), and P. dispar by Doane
(1968); in the phycitinid genera Ephestia, Anagastia, and Plodia by
Richards and Thompson (1932), Dickens (1936), Gotz (1951) and Brady and
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Smithwick (1868); in 0. leucostigma by Percy et al., (1971)3 in

P. robiniae by Solamon and Neel (1973) and in species in the Yaurantiaca
camplex" by Roelofs and Carde (1971). Birch (1970a) alsc reported that
caged P, meticulosa repeatedl; curled the abdam.n ventrally to toich the
gland to the surface of the cage. However, no such ovipositor movements
were observed in C. fumiferana by Sanders (1969) or Veatherston and
Percy (1970a); ar in V. edmandsae by Weatherston and Percy (1968). In
general, release of pheromone by the female is considered to occur
during ovipositar extensticon, but as far as I have determined fram the
literature, only in Orgyia antiqua (L.) has liquid droplets been
observed on the surface of the everted glands, and these, when collected
on absarbent paper, elicited an intense sexual response from the male moths
(Freiling, 1909).

Generally female moths remain passive ar only walk a few steps
before the male copulates, as occurs in P. operculella whereas if they
are unreceptive they usually run cr fly away. In same moths the female
may, however, take an active part, as for example does the female T, .
(Hubner) (Shorey and Gastan, 1970), and P. interpunctella (Hubner)
(Grant and Brady, 1975).

Male precopulatory behaviour

The male moth generally takes the active part in mating, but
there is a paucity of information on their sexual behaviour, and in
particular on their courtship. This is prabably due, at least in part,
to the moths being nocturnal, and this makes observations of mating
behaviour difficult (Grant, 1970; Grant and Brady, 1975). Same thoroush
studies have been published, however, and in addition many authors have
noted a few particular aspects of male sexual behaviour. A failure to
mention a particular behavioural response by these latter authors does
not necessarily mean that the species concerned does not exhibit it, and
therefore the following account is mostly limited only to behaviour which
has been described.

The responses of a male to the female pheromone apparently
consist of a fixed chain or sequence of several components which are
added in a fixed order, or replace cne another temporally. These can be
divided into preflight behaviour when the resting male first perceives
the pheramone, an orientated flight towards the female, and courtshiyp
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behaviour culminating in copulation. This is discussed in mare detail
below, and some examples are given in Table 8.3,

In many species the female sex phercmone alone is all that is
required to elicit the behavioural steps of matii.g in the male, and this
is evidenced by the wide use of behavioural biocassays. It has also been
generally assumed that the initial steps in the behavioural sequence are
elicited by the lowest threshold of pheramone concentration, and that
each successive step has a higher threshold than the preceding cone
(Schwinck, 19583 Guerra, 1968; Traynier, 1968). This has also been
demonstrated to be the case in E, postvittana by Bartell and Shorey
(1969b). In same cases the pheromone is apparently species specific
but many moths share the same pheramone with related species, or the
males are attracted by famales of other species. In these cases other
factars must account far reproductive isolation, and these can include
the use of mare than one chemical in the pheromone, or differences in
the relative quantity of chemicals in the phercmone mixture, as well as
differences in release rates, circadian rhythms, and additional cues
such as auditory ar visual ones (Roelofs and Cardé, 197:). Habitat
selection may also play a part (Krehoff, 1974), and recently Grant,
Smithwick, and Brady (1975) have shown that differences in courtship
behaviour, male phercmones, and mechanical and physiological barriers to
insemination also play important isolating roles between P. <nterpunc~
tella and C. cautella. It therefore appears likely that all of the
isolating mechanisms, as listed far example by Mayr (1966) may be
important in one species of lepidoptera or another.

Preflight sexual behaviour of the male

When first exposed to the female's pheramone the resting male
may bring the antennae forward, move them about (often referred to as
antennal "vibration"), and vibrate their wings (Table 8.3 ). Presumably
the wings are vibrated to warm the thorax to the required level for
flight (Heath and Adams, 1967), but P. operculella was never cbserved to
do this. However, it was frequently observed to bring the antennae
forward and then wave them alternately befare taking flight although
this may be no different from narmal active behaviour.
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Argyrotaenia velutinana (Walker) Tartricidae + -~ - - e e e = = - - Roelofs and Fe;,ng(1967)
Acleris gloverana (Wlsm) Tartricidae -~ . = R I R e baterman(1370
Bombyx mori L, Barbycidae - ¢ - ‘gﬁ’ + + + + -+ -+ Kellogg(1907) jChen & Young(13947)
Cadra cautella Walker Pyraiidae + - - E,@ Y o+r - o+ o+ o+ + Grant & Brady(1975)
Diatraea aacchclwau? (Fabr, ) Pyralidae L +  Walker(1965)
Epnestia elutella (Hubner) Pyralidae R T S S R SR Richards and Thampson(1932)
Epiphyas postvittana (Walker) Tortricidae + - + & - - - = + + + + Bartell and Sharey(1969a)
Grapholitha molesta (Busk) Olethreutidae = - = T3 + + & 4 - + - + Dustan(19u6) ;Roelofs & Feng(1968)
Heliothis zea (Boddie) Noctuidae + -+ :’@' - = = = #t + +  Callahan(1968)
Lambdina fiscellaria lugubroas (Hulst.) Geametridae - + + E e T T T S PO Ostaff(1974)
Mamestra configurata (Walker) Noctuidae MR & S - - - Chisholm et al,(1975)
Orgyia leucostigma J.E. Smith Lymantriidae + - - ‘i - - - - - - - Percy et al, (1971)
Ostrinia rubilalis (Hubner) Pyralidae - - - B + - = + = + + 4+ Klun(1968)
Phlogophera meticulosa (L.) Noctuidae + - 4 a - - = = = - - = Birch (1970a)
-Phthorimaga operculella (Zeller) Gelechiidae + ? Mo o + + M + + + + 4 Present study
Plodia interpunctella (Hubner) Pyralidae t - - W+t NoNo + + + + + Grant & Brady(1975)
Prionoxzyetus robiniae (Peck) Cossidae -+ + ARSI G G Solanmn & Neel(1973)
Prodenta eridania (Cramer) Noctuidae + - + + o+ o+t -+ -4 Redfern et al,(1370)
Tireola bidelliella (Hummel) Tineidae - - - i + + = + - + + + Roth & Willis(1952)
Trichoplusia ni (Hubner) Noctuidae + - 4 - - =ttt o+ o+ Sharey et al,(1962);Sharey(1964)
Vitula edmandsae (Packard) Pyralidae - - = AR A S ST S Weatherston & Percy(1968)

*T, ni only alights once copulation is achieved

*62¢
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Flight of the male towards the female

Flight by the male to the attractive female is usual in moths
as evidenced both from the many dbservations of this, and fram the great
number of field trapping experiments with female moths, extracts of
them, and synthetic female sex pheranmmes (e.g. Jacobson, 1972). The
observatian, in the present study, that male P, operculella approach
sticky traps containing carude female extracts ar virgin females in a
lateral zigzag flight path is of particular interest because many insect
species exhibit such a flight pattern when approaching a sex pheromone
source (the species are listed for example by Farkas and Shorey, 1972,
19743 and Farkas, Shorey, and Gaston, 197%), and this type of flight
behaviour has been proposed as a means by which the insect stays within
an aerial odour trail (Farkas and Shorey, 197%). Farkas and Shorey
(1974) have reviewed the mechanics of orientation to a distant pheramone
source and the means by which flight is arrested. They have also
proposed an integrated system for the behaviour of a hypothetical insect
in response to a pheromecne. This is based an "bits and pieces™ of
infarmation fram a variety of sources, and since it summarises much of
what is known about flight orientation, a brief resume is included heres-
If the insect is stationary and perceives an above threshold concen-
tration of pheramcne flight is initiated and it flies in the general
direction of the source perhaps by anemotaxis. If the insect is a long
way off it steers more or less in a straight line and turms only when in
the vicinity of the boundaries of the "active space" of the pheromcne.
As the insect flies near to the source, the cancentraticn of pheramcne
increases, and the active space becomes narrower. Consequently the
angle of twrning becames smaller and a zigzag flight pattern results.
Possibly the turning response, back towards the centre of the aerial
trail is regulated by chemotactic mechanisms, an anemotactic response,
detection of a concentration gradient of odour molecules or odour
filament pulses with time, a preprogrammed turning respense in which
right and left turns are alternated, cr a combinaticn of these factors.
As the insect progresses along the aerial trail there is also a decrease
in its forward flight speed, angle of turn, and lateral amplitude of the
zigzag pattern, and when the insect perceives a high concentration of
odour it is stimulated to either alight or visually search far the
attractive insect or far another appropriate object such as a tree trunk,



Courtship behaviour of the male

The male of most species of moth alights and then runs about
searching fur the female after he has flown close to her (Table 8.3 )
and the same behavicur is shoun by P. operculella. One excepticn is the
male of 7. nZ which usually remains in flight until copulation is
achieved so that its courtship behaviour differs from that of other moths.
A full descripticn of this is, however, available fram Sharey et al.
(1962), Sharey (1964), and Sharey and Gaston (1970).

Once alighted the males cof most species run sbout rapidly
beating their wings in what is referred to as "circus movements" or a
"copulatary dance". They may also evert scent scales and open their
"genital claspers", so that their behavicwr shows many similarities to
that of P. operculella (Table 8. 3). Huwever, the moth which apparently
shaws the most similarity in its couwrtship behaviour to that of
P, operculella is T. biselliella as described by Roth and Willis (1952).
Here the male walks about "rapidly and erratically, continually
vibrating or fluttering his wings ... with his abdomen extended slightly
dorsad". Contact with the female takes place from any directicn and the
male continues to vibrate his wings the entire time. After touching the
female, the male stops wing vibration, flexes his abdomen sideways, and
attempts to grasp her genitalia. The photographs of courting moths
included in the publication by Roth and Willis (1952) also clearly show
that the male's external genitalia are extended while he searches for
the female, and that the male approaches the female from behind and to
cne side whilst he attempts copulatiun., In addition, he alsc slightly
extends the wings nearest the female sc that they cover her posteriar
region in exactly the same manner as described far P. operculella.

It is interesting to note that during courtship the male
P. interpunctella moves so that the female's antennae rest on his fore-
wing scent scales (Grant and Brady, 1975), whilst the flying male T. n¢
may touch the female's pheromone gland several times with first cne and
then the other antennae, and sometimes also with the tarsas of one
prothoracic leg (Sharey et al.,1962; Shorey and Gastcn, 1970). However,
nc similar behaviowr involving antennal touching was cbserved to occur
in P. operculella.

It can be noted that the courtship behaviour of the male
D. saccharalis as described by Walker (1965) differs slightly from other
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moths:~ The male eventually positions himself below and beside the
female whilst he vigorously moves his antennae in between short bursts
of wing beating. The male then mounts the the female with his head
facing in the same direction as the female's, and gradually moves the
front of his bedy laterally away from the female whilst keeping his
abdomen close to hers. When his body mekes an angle of about 307
antennal contact is made, and the male subsequently ccntinues his
movement until his genitalia make contact. After seizing the female's
abdumen, the male moves his claspers vigorously and stimulates the
female to make peristaltic~like movements with her abdomen.

Finally, the male H., cunea, which mates during the day, has an
entirely different behaviour fram that of the moths menticned abowve, and
it apparently lacks anything which can be desaribed as courtship.
Hidaka (1972) reported that the female's sex pheramone is only effective
in a limited sphere with a radius of 2 to 3m around the female. The
male flies randamly over a wide area, and when he comes into cantact
with an effective phercmmne sphere, he seeks, in a searching flight, a
white "courting-postured cbject" (the female calls with wings held
vertically over her bedy). When he finds this he "leaps" wn it,
touches it with his antennae, and copulation then takes place.

Copulation

The copulatary position adopted in all moths is with the heads
facing in opposite directions and with the wings folded in the normal
manner. However, Ostaff et al. (1974) reparted that L. fiscellaria
lugubrosa holds the wings vertically cover the body during ccpulation,
Very little is knwen about the behavicur of moths during copulaticn:
Callahan (1958) noted that during the first 20 minutes of copulation
pairs of H. zea pushad against each other every 15 secands Or so
causing an up and down movement of their abdamens and they eventually
separated by turning sideways to each cther and pulling apart. Walker
(1965) reported that copulating D. saccharalis usually remained
stationary but the female did sumetimes pull the male after her, cr
even flew with the male being carried with his wings folded. Ostaff
et al. (1974) reparted that pairs of L. fiscellaria lugubros: remained
motionless for the duration of copulation, but immediately price to
separation, the females began walking, dragging the males behind until
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they released their holds. After separation the males remained
motionless far about 5 minutes with their copulatory apparatus still
visible, whilst the females moved about and scmetimes began ovipositing
almest immediately.

The length of time taken far copulation in moths varies
enormously both between different species, and between different
individuals of the same species. For example, copulation in T. btselliella
varies fran 12 to 18 minutes, with a mean of 15 minutes (Roth and Willis,
1952)3 in 7. n7 it varies between 19 and 44 minutes with a mean time of
33 minutes (Sharey, 1964); in D. saccharalis it takes fram 0.5 to 1 hour
(Walker, 1965); in H. zeq it varies fraom 1 hour tc 1 hour 45 minutes
(Callahan, 1958); and in C. fumiferanu it averages 4 hours (Outram, 1968),
but can vary frum 3 tc 7 hours depending on temperature (Sanders, 1975).
In addition, Sharey (1964) reported that scme pairs of 7. ni were never
observed to separate successfully, and if the male died first, the female
was seen flying and ovipositing with the dead male still attached.

Location of the pheromone receptors in the male and female

In the present investigation of P. operculella the male
receptors for the female pheramcne were shawn to be situated on the
antennae by experiments involving the removal of the antennae from males.
Removal of the antennae of 4. velutinana (Walker) (Roelofs and Feng,
1967), 0. nubilalis (Hubner) (Kiun, 1968), and 7. ni (Hubner) (Shorey,
1964) have also resulted in the male not responding to the female sex
pheromone. However, males cf Bombyx mori L. apparently searched far
females if their antennac were removed after they were excited by the
female pheramone, but they copulated only if their abdomens touched a
female (Sengin, 1954). Also, Sanders (1975) reparted that C. fumiferana
males rarely copulated after the complete removal of their antennae.
Further suppart that the receptors far the female pheromcne are located
an the antennae of the male is provided by the many investigaticns using
electroantennagrams (detailed by Jacobson, 1972).

In the present study, removal of the antennae frcm female
P. operculella resulted in an increase in their rejecticn behaviour when
contacted by males, but it is perhaps surprising that the females
continued tc copulate. A similar rejection behaviour was cbserved
by Birch (1870a) in female P. meticulosa deprived cof their antennae,



334,
whereas Grant and Brady (1975) found thet in female P. interpunctella
removal of the antennae resulted in rejecticn behaviour but 30% copulated,
and in female C. cautella the same treatment had no observable effect on
courtship. Grant and Brady (1975) suggested that the copulaticns which
occurred with female P. interpunctella deprived of their antennae
largely resulted from the male trapping the female against the side of
the container in which they were cbserved (a petri dish) and then
succeeding in gaining the "head under" positicn. They also note that
the male sex phercmene is perhaps not necessary for courtship in
C. cautella and suggested that there may be sufficient olfactory
receptars far the male pheromone elsewhere ¢n the female's body. A
prebable site for these receptars, according to Grant and Brady (1975)
is the flask-shaped pit found in the terminal segment of each palp.

Dahm et «l. (1971) removed both the antennae and the palps fram female
A. grisella to demonstrate the velatile nature of the male's sex
attractant, so presumably remcval of the antennae alone was not
sufficient to eliminate the female's response. In the present study,
trapping of the female P. operculella by the male appeared tc be cf
minor impartance during the mating of females without antennae, and it
therefare appears likely that there must be receptars for the male
phercmone elsewhere on the female's bady, as was suggested by the latter
authcars for €. cautella. .

The function of the male scent organs

The function of the wing glands of the male P, operculella
were investigated by removing the hindwings of male moths and subsequently
observing their mating behaviour. These experiments made it apparent
that the glands secrete a pherancne that subdues the female escape
reactions and causes them to remain staticnary. Dam et al. (1971)
have, however, shown that the pheramone pruoduced by the wing glands of
male A. grisellc is unly effective when sourd is alsc present, but the
technique of remcving ¢nly the hindwings of the males in the present
study makes it unlikely that the scund of the beating wings is altered
very much. Furthermore, the structure and glandular cells associated
with these wing hairpencils of P, operculella (Chapter 10) indicates
that it is likely that they are involved in dispersing sume chemical,
and this together with their dcbserved use cnly during courtship makes
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the only reasonable conclusion as to their function, cne of producing and
dispersing a male sex pheronone.

The production of a pheramone by a male moth which acts to
cause the female to remain stationary has also been attributed to a
rumber of Noctuidae (Birch, 197Ca; Clearwater, 19723 and Grant, 1970),
and Grant and Brady (1975) also concluded that this was the majar
function of the wing glands of P. interpunctella and €. cautella. In
addition, however, the male phercmones of these latter tio p.grcitinids
appears to induce the female to adopt an acceptance posture (Grant and
Brady, 1975) and a similar function has also been attributed to the
male sex phercmone of the plutellinid Acrolepic assectella Zeller
(Thibout, 1972).

Other possible uses of a male sex pheramone are listed by
Birch (1970c, 1974): they may constitute a species specific signal which
prevents cross mating between species that use the same female sex
pheromone; trigger variocus harmonal processes in the female such as
priming oogenesisj repel other males; ar repel predators. The latter
two functions are suggested by the fact that many of the chemicals
isolated fram the male abdominal scent brushes of noctuids are low
molecular weight, volatile, reactive chemicals (Jacobson, 19723 Birch,
1974) and at least one of these, benzaldehyde, is also found in
defensive secretions of some arthropads (Weatherston and Percy, 19700).
Birch (1970a) has recently reviewed the possible roles and the various
evolutionary theories concerning male aphrodisiac pheromones in
Lepidoptera.

Other poseible cues invelved in mating

The demonstration that P. operculella can copulate in total
darkness suggests that vision is not essential for mating. Vision may
still, however, play same part under normal circumstances as evidenced
fram studies on the noctuid 7. ne. The male of this moth can also
orient to and successfully copulate in complete darkness (Shorey, 1964),
but Sharey and Gaston (1970) found that visual orientation may occur at
low light intensities (0.2 lux). Using dried females ar black paper
silhouettes as models and placing these next to spots of pheramone they
found that models did not influence the frequency of orientation
behaviour. The models, however, influenced the direction of orientation
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(86% of all copulatory attempts were directed towards a model; 14%

towards the pheramone source), and all arientaticn and copulatory attempts
were directed towards the lower apex of the model. In addition, black

was less effective than the normal moth colour, smaller silhouettes werc
less effective than normal moth sized silhouettes, and the shape of the model
had to be varied cansiderably from a shape similar to a female to cause

a diminution in effectiveness of direction of crientation. Doane (1968)
also faund that males of P. dispar approached and attempted to copulate
with female decoys upwind, but not downwind from a pheramone source, while
Traynier (1968) cbserved that pheramcne stimulated males of 4. kuiniella
attempted to mate with clay models of females, and Sanders (1975) found
that although males of C. fumiferanc would attempt to copulate with dead
males or females when in the presence of female theromone experiments with
cardboard shapes were all negative.

The observation that male P. operculella, when stimulated by
female pheramone, will pursue and attempt to copulate with other males may
also suggest a possible visual role. Males of 7. ni will similarly try to
copulate with other males when in the presence of female pheramone
accarding to Shorey (1364) who proposed that these males move the
odorous air towards each other by means of their fanning wings. Many
other moths have been reported to similarly attempt copulation with other
males of the same species in the presence of female pheromone. These
include 4. kuhniella (Zeller) (Traynier, 1968); C. promethea Drury
(Soule, 1902); G. molestu (Busck) (George, 1965); T. biselliella (Hummel)
(Roth and Willis, 1952); and M. eonfigurata (Walker) (Chisholm et al.,
1975). Shorey (1970) notes several other reports of pheromone-stimulated
moths attempting copulation with each other and adds that such behaviour
has also been occasicnally used as the basis for female pheromone bioassays.

Many other stimuli may of course be involved to some extent in
mating behaviouwr of P. operculella. The sound of the beating wings of a
courting male may have some effect on the female, since the presence of
sound has been demonstrated to be essential before the male sex
attractant of 4. grisella is effective (Dahm et ql.,1971). Tactile
camuriicaticn may also be a means of commmication during mating in
P, operculella. Sanders (1975) for example has recently suggested that
in C. fumiferuna the antennae are involved in a tactile role in close-

range detection of other insects, and also in determining the orientatim
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of the perceived insect so that copulatory attempts by the male are aimed
at the posterior of its intended mate. Further research is, however,
necessary before the relative importance of the above stimuli or other
possible cues are determined in the mating behaviour of P, operculella.
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CHAPTER 9

Bioassay of the female sex pheromone of
P. operculella and the identification of
the pherancne gland.

Introduction

The only research published on the location of the pheramone
gland in P, operculellae is a very brief study by Adeesan et al. (1969)
who reported that it is situated on the darsal intesegmental membrane
between the 8th and 9th abdominal segments. These authors used a bicassay
which involved dissecting samples from females, crushing them on filter
paper discs, then introducing them into plastic cages holding unmated males
and observing their behaviour. The full experimental procedure and
results were not available and thersfore it was decided to completely
reinvestigate the identification of these glands, starting by first
conclusively demonstrating the exdstence of a sex pheromone.

The lack of experimental detail by Adeesan et al. (1969)
makes evaluation of their work difficult. For example they do not
mention what controls they used, or whether any part of the female other
than the ovipositor was attractive, if even by occasimal cross
contamination., In addition, they give no data on the lighting conditicns
under which the male moths were observed during the biocassays and this
is particularly important in behavioural work.

In the present investigation an dbjective biocassay was
developed for the sex preramone; the behaviour selected as an indication
of attraction was the upwind moverent of male moths towards attractive
females, but this was also supplemented by observations of the male moths
at the end of the biocassay far signs of their sexual display.
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Methads

Preparation of Samples

Strict cleanliness was observed during the preparation of all
the samples to ensure that no aross contamination occurred between them.
However, since blanks were usually used in the biocassays, they were
[repared alternately with the samples and given identical treatments
except fa the application of the moth samples to them. This resulted in
the blanks also being used to check that no aross contamination occurred
during preparation.

All samples except far the frozen sections and extracts
discussed below were prepared far bicassaying by arushing usuallgtwo @
mxe specimens between a folded piece of 4.25 cm Whatman mmber 5 filter
paper which was then opened again so -air circulated over the sample.
Multiple specimens were usel in samples to inarease the chance of
detecting slight attraction. The same type of filter papers were used
as the blanks far these experiments.

Moths destined to be used in samples were first anaesthetised
with chlarofarm so they could be handled with farceps. - Whole moths were
immediately crushed, but when they were cut into pieces, they were first
frozen rapidly in liquid nitrogen, transfered to a aryostat at -20 C
ard cut into the required partions with a razar-blade, . The parts were
then placed on filter papers ard allowed to thaw befare being arushed.
Repraductive argans were dissected out under insect saline and as each
part was separated, it was placel on filter papers in the aryostat until
the samples were camplete,Thay were then allowed to thaw befare being
squashed. Ovipositars were obtained by placing the anaesthetised moths
between strips of plasticene on microscope slides in such a position that
the tips of their abdamens were at the edge of the slides, then gently
ressing another slide over them until their ovipositars extended and
cauld be cut off . Frozen sections of the ovipositars were cbtained by
first dropping moths with extended ovipositars, still sjueezed between
slides, into liguid nitrogen, recovering them and immediately transferring
them into a cryostat at -20"C vhere they were arientated and embedded in
Lipshaw mounting fluid on a rapid freezing stage and cut into sections.
The microtome knife was wiped with acetane after each section hal been
cut ard the secticns were melted onto cold strips of miaroscope coverslip
by momentarily placing a finger underneath the glass. Strips of
coverslip were also used as the blanks far these experiments. All these
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repared samples were stared far up to one day at ~20°C inside individual
glass vials until they were required.

The extract of female moths in chlarofam was prepared using
the same technique as describad in the methads section of Chapter 8.
Samples of this extract were prepared far biocassay by using a micro-
pipette (Hamilton Company; 0-50 ul microsyringe) to drip the required
amounts onto filter papers and then they were waved about in the air
far one minute to let them dry. These filter papers were then immediately
sealed in their sample chambers,described below,until they were biocassayed.

Bioassay gpparatus

The bicassay apparatus described below was replicated §
times ard all were used simultanecusly, mounted on a frame and projecting
into a suction manifold. They were constructed in sections of glass
3 + 1 mn thick, connected together with'Quickfit ground glass joints for
easy dismantling ard cleaning. Their dimensions were within + 5% of the
scale drawing of Figure 9,14 unless otherwise specified in the following
description,

Each bicassay apparatus consisted of a central chamber, two
traps and two sample chambers (Figure 9.1 A, B). Each sample chamber
was connectal to cne of the traps.These in turn were connected low
down on opposite sides near one end of the central chamber., Qrgandie
was fastened over each end of the central chamber ard inserted between
the junctions of traps and sample chambers to prevent moths fram
escaping from the apparatus. Suctiaon was applied to the erd of the
central chamber furthest away fram the trap junctions threrudy causing alr
to flow in through the other erd of the central chamber and through the
sample chambers and their traps. The central chamber was also dimly
illuminated from the suction ernd causing the test moths to congregate
where .air from both sample charbers blew over then.

The central chambers of each biocassay apparatus was a 30.0
+ 0.5 am length of wide diameter glass tubing flanged at both erds ard
with an inlet tube projecting down 45° below the harizontal from both
sides, near cne end; far connecting to the traps. Two shart flanged
clamping tubes of the same wide diameter glass tubing were used far
holding the argandie over the ends of the central chamber when fastened
to it. This was accamplished by bolting together perspex plates wiic)
fitted behind the flanges'of both the central chamber and clamping
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Figure 9.1

Bioassay apparatus for the female
sex pheramone of P. operculella



central chamber.

organdie ne"ing/

glass stopper

glass tubing

air
flow

01 metre

T Pyrex 4




342,

tubes. All the flanges were ground flat so the joints were almost air-
tight when the argandie was in place.

The traps each consisted of two glass bulbs, one above the
other, which intercammnicated through a hole with an upward projecting
lip. The capacities of the upper ard lower bulbs were between 95 to
120 =i and 75 to 135 rl respectively., On top of the upper bulb was a
stoppered cane through which moths were removed at the end of
experiments and for 6 to 8 cm long pieces of 0.5 cm internal diameter
glass tubing were also placed in the upper bulb to act as additional
resting sites fa the moths. The lower bulb was comnected on one side
to the sample chamber by a harizontal tube ard an the opposite side to
the central chamber by a 12.5 an long tube that exterded inside the
bulb as a lip ad projected down 45° below the harizantal then twisted
up to cne side so the trap was vertical when fitteld to the central
chamber ., The cconnecting tube on the trap joining the opposite side of
the central chamber twisted up in the opposite direction so both traps
were upwind of the central chamber inlet tubes and paralilel.

Each sample chamber was a vertical tube with a stoppered cone
on top ttrough which samples were inserted, usually on filter paper. A
shart harizontal inlet tube that also could be stoppered, joined cne
side of the sample chamber near the top and a harizontal outlet tube
incarparating a wide diameter stopcock joined the other side near the
bottom. Aring of 4 Jndentations in the sample chamber wall just
above the cutlet tube prevented filter papers with samples fram slipping
down ard occluding the airflow. During a bioassay, the inlet tubes
were left open to allow air to be drawn tlrough by suction from the
central chamber, riginally they were intended to be connected to an
air supply but this was found to be unnecessary.

Bioassay pparatus design comsiderations

Glass was used as the majar campcnent in constructing the
biocassay apparatus because moths realily gained enough purchase even to
be able to run upside down on it amd it could be cleanel easily. In
aldition, each apparatus was also mxile so anly glass and argandie were
cantacted by air being sucked through it. These features enabled the
following cleaning procedwe to be carried out to avoid any possibility
of alsarbed adours interfering with subsequent bicassays:- The equipment
was dismantled after every bioassay, the argardie was discarded and the
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glass sections were immersed in 4% Decon 75“until the following day:.
They were then tharoughly rinsed under running tap water followed with
distilled water and finally dried in an oven at 100 C. The.time required
far this cleaning was available because the bicassays were only started
at the same time as the lights turned off each night in the room where
the moths were reared.

Fach bicassay apparatus was designed to prevent most moths
from entering the airstreams by chance while still allowing them free
admission when following an attractant. Consequently few moths were
caught in the blank @ non-attractive airstreams and therefare the
differences between these and the attractive airstream catches were
inareased ., This made the bioassays efficient and therefare reduced the
numbers both of trials amd wmoths required to demonstrate attrection
significantly. In addition, comparisons between two ar mare biocassays
were simplified because the blanks could be ignared.

The spatial arrangement of each biocassay apparatus resulted
in low catches in non-attractive airstreams and was also responsible
fa the effective warking of the traps. The low entry points where the
traps joinel the central chambers and the dim illumination fram the
opposite emd contributed to the unlikelihood of moths entering by chance
because they kept mostly to the upper surfaces nearest the light. Once
moths entered the traps and alapted to the adours they usually moved
into the upper bulbs where there were ample resting sites. The position
of the bulbs one above the other amd their relatively small entrances
with upward directed lips reduced the moths' chances of finmding their way
back down into the central chamber again. This physical methad of
trapping avoidel any alditianal odours being introduced into the air-
streams ard the moths could be recovered at thie end of the experiment.

The physical trapping method employed in these biocassays
enabled them to be run independently of an operatar. Variable effects
due to disturbance fram an operatar were therefare avoided and there was
no need far the environment to be manipulated to allow observation. In
aldition, the bicassays could be perfarmed in the dark during the first
part of the nights when the moths usually mated (Chapter 8) as this
was therefare also the time when the best responses could be expected.,
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Bioassay i oom

All bicassays were perfarmed in a room reserved exclusively
far this purpose situated on a floar without labarataries to minimise
cdours. A centrally located room without windows was available far all
the biocassays except the first series in which the equipment was tested.
This latter roam hal floxr to ceiling winrdows along cne side which were
left uncovered to provide natwral light both at night ard in the day
although the fluarescent ceiling lights were also used at night until
the bicassays were due to start. Fluarescent ceiling lights were
similarly used far daylight in the centrally located room ard here dim
diffused night-time illumination was praduced fram a lamp controlled by
a variable resistance, situated under the bicassay egquipment and pointed
towards one wall., The bicassay equipment was placed on a table in the
centre of these roams ard directed so the suction erd was nearest either
the windows a the wall illuminated at night. Air was sucked through it
by a domestic fan inside a sealed pipe lealing to a ventilatar ard
replacement air was drawn from the room whichiias kept shut so that its
ventilation system was isolatel from the rest of the building as much
as possible. The use of suction tlrough the equipment ensuwred that no
air could escape from it and contaminate the air in the room, while
-positioning the fan inside the exhaust system also ensuwred there were no
possible cdours from it.

The coditions inside these biocassay roams closely resembled
those in the darkroom where the inoths were reared . The temperature was
always between 19,5 C ard 23°C, while the relative humidity was between
47% and 87%. The light intensity, measured in the centre of the
bicassay table, vertically upwards, was 150 + 10 lux when the
fluarescent lights were on,while the lamp under the table produced
0.10 + 0.02 lux unless otherwise stated. The natural night~time
illumination was less than 0.1 lux but in this case lights such as
street lamps would also have been visible to the moths thraugh the
Wwirdows.

Bioassay ;.rocedure

Live virgin moths only were used in groups of 20 to cecn
biocassay apparatus except when specified otherwise. When their ages
were not given they were between one ard two days old and each moth

was only used once except in the first series of bioassays when the
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equipment was tested.

The bicassays were timel to start at 1100 howrs to coincide
with the lights being turned off in the rearing room. All the moths
were conditioned to the bicassay enviromment far at least half an howr
i to a bicassay, by being placed in the assembled equipment with
the suction on but with the traps disconnecteld amd replaced with
stoppars. During the corditioning period the sample chambers were
prepared in another building, then sealad with glass stoppers amd
caried into the bicassay room. The traps and sample chanbers were
fitted to the central chambers approximately 10 minutes befare the
bicassays were due to be started. The starting procedu: was first
to open the sample chamber stopcocks, then unstopper their inlets ard
finally leave while twrning off the room lights. The roam was then
left unatterded far half an hoxr o an hour while the bicassays
poceaded, At the erd of the bicassay periads the numbers of trapped
moths were counted immediately after the lights were switched on.

The position that each bicassay and its apparatus occupied
in the manifold and the allocation of samples ard blanks to sample
chambers were randomised. A sample known to be attractive was always
usel as a positive control on every night bicassays were perfarmed.
Usually these samples were crushed virgin females although partions of
them were used after these were shown to contain all the attractant.
The bicassay results far any night were all discarded when every one
was negative, whereas they were all considered if any bicassay was
positive, regardless of whether it was the control ar not. Two
aiteria were required far a positive response:

(a) that 15% a mcere of the live test moths were caught in the
appropriate trap;

(b) that at the erd of the bicassay periad, while the traps
were being examined o within 5 minutes after this, at
least ane of the moths trapped performed sexually by running
about in circles fluttering its wings as desaribed in
Chapter 8,
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Results

The bicassay was given a prelirinarv test forr aulf an hiowr with
groups of 20 male moths between 6 ard 7 days old and samples of 1 to 4
squashed male o female moths less than a day okl. The results given
in Table 9.1 showed that males were attracteld to all the female samples
but not to any male samples while the blanks were similarly unattractive,
The male moths therefare became trapped as expected after attraction ard
this encouwraged further wark with the apparatus.

The bicassay was next tested using all combinations of sexes
as live moths armd samples to fird if attraction occourred in any other
situation apart from males to females., Groups of 20 moths were
bicassayel far half an howr on 2 . successive nights but the same live
moths were used again each time as this inaeased the chances of de-
tecting attraction. One group of males that Wi 7 days old to start
with were given 2 squashed newly emerged females every night as a
positive control. The remaining two groups of males ard two of females
were initially less than a day old and one group fram each sex was
given a sample of 2 squashed males while the other was given 2 squashed
females. All these sample moths were newly emerged.

The results showed that only males older than cne day were
attracted to females ard no clear attraction was found in any other
cambination (Table 8.2). In aldition, no moths ware trapped in any
bicassay including the positive control on the 7th day so all these
results could have been rejected although no cause was discovered. On
the fourth day no response to the positive control was obtained even
though the other group of males given a female sample still showed
attraction. This latter ocoawrrence sametimes happened in later
experiments ard could have resulted fram the attractant becaming
covered by sane other partion of the moth when it was squashed.

On analysis of these catches, the numbers cf young males
caught responding to females were significantly different from their
respective blanks, both when all nights were considered (P < ,002) o
when the 7th night was amitted (t = 4,803 P< .001l) ard the positive
controls were similarly different from their blanks on all nights
(t = 4.26; P < ,001). However, no significant differences were fourd
between the catches from both these groups of males (P > .60) o fram
males to females (P > .20), and females to both males and females
(P > .70 in both cases) when all nights were taken into account.



TABLE S.1

Responses of 20 male moths in the bioassay
to different numbers of squashed male ard
female moths.

SAMPLE BLANK
Number of Number of Number of
sjuashed moths live moths | live moths
in each sample trapped trapped
1 female ) 0
2 females 9 0
4 females 7 0
1 male 0 0
4 males 1 2

3417.



TABLE 9.2

Responses of male and female moths in the bicassay to squashed
moths of either sex.

In each bicassay 20 live moths were tested against 2 squashed
sample moths, ard the same live moths were used each day far 9 days

Live experimental moths
MALE
MALE FEMALE control

cenone | 93 | % | 9B | 2 | 3R] % | g A & conor
indays | 88 | & |28 | 4 || 23| 2 | 28| 4 ]

0 0 0 0 0 1 0 0 0 12 0 7

1 6 1 0 0 0 0 0 G 13 0 8

2 14 0 0 1 0 0 1 0 b 0 9

3 8 0 0 2 0 0 0 0 0 0 10

4 10 0 1 0 1 0 0 2 11 0 11

5 4 1 0 0 0 0 0 0 11 0 12

6 0 0 0 0 0 0 0 0 1 0 13

7 2 2 0 0 0 2 0 0 9 0 14

8 15 0 0 0 0 0 1 1 13 0 15

‘ghe
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huwrther evidence far the sexial nature of this male to female respanse
was cbtained by observing the spiralling and fluttering 'dance' of the
males, desaribed in Chapter 8, when the catches were being counted and
the moths removed from the apparatus. This dance was freguently
perfarmed by males in female baited traps ard occasicnally by those that
remainel in the central chambers, but it was never observed from males
given male samples o fram females. In all subsejuent bicassays at
least one of the males caught in an attractive female baited trap was
observed to perfarm this dance.

At this stage in the investigation another roam located
centrally in the building became available and the bicassay egjuipment
was installed into it because tuz ligiting could be precizaly controlled.
However, the light conditians under which attraction ocarred were not
sufficiently well known so the responses of males ard females to samples
of both sex were therefare investigated using half hour bicassays at
light intensities of 1.0 lux, 0.l lux (namal rearing conditions), and
0.01 lux. Again only males were caught in female baited traps whereas
no attraction occuwrred among the other combinations urder these
differing comditions (Table 9 .3). However, a higher than namal light
intensity of 1.0 lux inhibited the responses of males to females but
there was no apparent increase in response when a lower than namal light
intensity was used. All subsequent bicassays were therefare perfarmed
uder a light intensity of 0,1 lux.

The evidence frram the experiments caried cut so far imdicated
that only males respanded to females but as final proof of this a series
of half hoxr biocassays was perfarmed with naive moths using both live
ard sample moths of different sex amd age. These bicassays were run
whenever sufficient moths became available and this often necessitated
grouping them together because mass rearing hal only recently been
started. In this experiment only males aged 1 day a older were
attracted to female samples and no responses ware obtained fram the
remaining combinations (Table 9.4) . However, two ancmalous results
were observel; in cne biocassay tlree males were attr?iacted to a female
sample while 5 were cayght in the carrespording blank trap, ad later
on three males were caught in a male baited trap. The latter result
could have been due to chance but this was an unlikely explanation of
5 males becaming trapped in a blank. iHero it was more reasonable to

assume that same contamination had occured despite the precautiaons



TABLE 9.3

Relationship between light intensity amd the responses of male ard
female moths to squashed moths of either sex in the biocassay.

Far each bicassey 20 live moths were tested against 2 squashed
sample moths. '
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Table 9.4

Responses of male and female moths of different ages when bioassayed
against squashed moths of both sex and of different ages.

(20 live moths bioassayed against 2 squashed sample moths)

NUMBERS OF MALES TRAPPLD NUMBERS OF FEMALES TRAPPED
R~ QY Q . Q Q Q B o~
FART OVRNE] m A 5 = SV = ='o = <583
0 0 0 1-2
1 0 0 0 3
0-2 3 5 0 0 0 1 1 0 0
11 0 1-2
11 0 1-2
0 1 1 0 0
1 0 0 0 0
3 0 0
1-8 1 1 0
0 0 0 0 1-2
2-9 7 0 0
3 7 0 1 1 0 0 3
0 0 0
3-5 0 0 1-3
3-10 8 0 0
4-6 10 1 0 0 2-4
5-7 14 0 0-2
0 0 7-10
9 0 1 0 1-2
6-7 9 0 0 0 0
9 0 1 2 0
7 0 0
7-3 0 1.2 0
7-10 12 0 0
0 0 0-2
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taken. TFollowing this biocassay the "Decon" baths were cleaned out and
replenished.

Analysis of these results showed that the catches of males
attracted to females were significantly different fram their blanks
if the responses of newly hatched males were excluded (t = 10.1;P<,001)
a when all results were considered (t = 7,03P<.001). The catches
for all other cambinations showed no significant differences fram their
blanks with probability values of P > 0.54 far male to male samples,
P> 1.0 far female to male samples, and P > 0,45 far female to female
samples, These experiments therefare conclusively demonstrated that
only male moths were attracted by the cdours of females.

Once attraction had been demonstrated two additicnal
experiments were performed to investigate how the biocassay warked.

In the first of these the effects on the responses of male
moths of different light treatments immediately befare a biocassay
were investigated to find if this was a possible explanatian of why
occasicnally all the biocassays on a night were negative. In this
experiment, none of the moths were conditimed to the camplete biocassay
enviranment befare it was run but all were placed in the central
chambers cane hour befarehand. One group of moths was used as controls
and was given canstant light during this time while the other males were
placed for varying pericds inside lightproof bags where they were in
the dark. The timing of these dark pericds and the results of the
bicassays are given in Table 9.5 and it can be seen that the males'
respenses were inhibited by darkness befare a bicassay and that this
inhibition could be lost if there was a sufficiently long light pericd
between the dark ane and the bioassay. This experiment demonstrated
the impartance of keeping the moths in constant light befare running a
bicassay and gives one explanation far biocassay failure if the lights
were inadvertantly switched on and off without my knowledge by students
ar cleaning staff during the bioassay procedure. The lights were
saretimes found switched off at the end of the conditioning pericd and
in these circumstances the biocassay was cancelled.

In the second experiment the biocassay was investigated to
find if it was quantitative. This was done by biocassaying different
quantities of cne chlorofcrm extract of 30 females far half an hour.
Different quantities of the same extract were used to ensure that
precise differences were obtained in the amounts of attractant in the



TABLE 8.5

The effects of different light treatments immediately before

a bioassay on the responses of male moths to females

Each group of 20 males was given 2 squashed females

Sample
blank
Sample
blank
Sample
blank
Sample
blank

TIME

2000

2035

2055

210
4

LIGHT TREATMENT
Dark areas indicate when lights were turned off
period

Bioassay

&

4

2200

Number of males
trapped Y 1
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samples. This extract was reduced to 5 ml and the samples usced had
the equivalent amounts of attractant contained within 0.6 females, C.12
females, and 0,06 females. The results of thesc bioassays
gaven In Figure 3.2 siiow that there was a wide variation in the
numbers of moths attracted to the same sample but after analysis
significant differences were found between the 0.6 equivalent female
sample and both groups of 0.06 equivalent female samples (P < .0l and
P < .005). The results from no cther groups of samples showed
significant differences at the 5% level but this experiment did show
that the numbers of moths trapped were related to the amount of
attractant in the sample. Illowever, the effective quantitative range
of the biocassay was relatively small since a tenfold difference fram
0.6 to 0,06 equivalent females reduced the mean catch of available
males from 73% to 34.5%. Consequently it would have been increasingly
difficult to detect and significantly demonstrate smaller amounts of
attractant whereas much larger quantities would still give positive
results that were not comparably quantitative until possibly the
amount was so great that its odour inhibited or disrupted the males
behaviour. .

Once the bioassay had been shown to work effectively it was
then used for finding the location of the attractant in the female.
The bioassays were therefore used only to indicate attraction so they
were all run for one houwr to increase the nunbers of moths that were
trapped. The parts of female moths used as samples in this inves-
tigation and the sequence of their bioassay are shown in Table 9.6
together with the results. In each experiment except the last two,
the remains of the moths after the samples had been removed were also
tested on the same nights so complete moths were bioassayed in parts
and therefore whole squashed females were frequently not used as
controls. In addition, attraction was so cbvious that statistical
significance was not sought at each stage and instead, confirmaticn
was obtained in the subsequent experiments.

Initially the abdomens were removed from female moths and
biocassayed against what was left instead of blanks to save time.
Therefore in each biocassay, an abdomen was used as a sample for one
trap and the remainder was used for the other. The abdomens were
found to be significantly attractive (Table 9.6) but the catches of
male moths in the traps baited with the remains of the females were






TABLE 9.6

Isolation of the region containing the sex pheramohe gland

of P. operculella.

Canplete moths were always bloassayed as parts so controls
were not always run. When they were, each consisted of

two camplete squashed female moths.

The parts of the moths bicassayed are shown pictarially
next to the bioassay results.

A - J:

S:
T.U.W:

cut when frozen.

last part of abdamen with ovipositar exterded

by pressure.

Ovaries, lateral ard median oviducts.

Spermatheca, spermathecal glard and associated ducts.
Bursa copulatrix.

Accessary glands, reservoirs, ard ducts.

Anterior region of vagina with apophyses anteriares.
Ovipositor amd posteriar region of vagina ard rectum.

Partions of ovipositor.

XE to XA: Frozen sections of ovipositor.
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Figure 9.2

Relationship between the numbers of male P. operculella
responding in the bioassay and the amount of female
extract

The standard errors are indicated and the ra+ data is

given in Appendix 2.15.
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no greater than could be accounted far by chance. The possibility
that the rest of these females contained same attractant whose effect
was masked by the relatively greater attraction of their abdamens was
disproven on the next two nights when blanks ware used with samples
consisting either of female abdamens or the rest of their badies.

When the abdomens were shown to contain the attractant
they were then cut into varicus partions and bicassayed with conflicting
results although the attractant appeared to be located samewhere in the
posteriar part. This apparant variation in position, however, suggested
that it was either on one @ mare infolded partions of the integument Or
ir internal argans. Attempts to remove and bicassay parts of the
integument were inconclusive but when the abdomens ware sjueezed some
darsal intersegmental membranes including the one between the 3tn and
10t segments on the ovipositar were dbserved to be relatively large.
The cvipositars were tested first and samples were male by cutting them
off with the tips of the abdamen after exterding them with pressure.
The two bicassays done on this also give inconclusive results so it
appearad that the attractant was locatel in some internal argan where
its position could vary. The repraductive argans were therefare next
dissected into parts and these were bicassayed with the result that
the attractant was founi to be located in the ovipositar. However, all
the samples on one night were positive probably because they became
aross contaminatel during their preparation, ard this could also be the
explanation of why both results were positive in one of the above
experiments in which oviposittrs and the rest of the moths were
bicassayed.

Attempts were then male to locate the attractive region in -
the ovipositar. Tirst extended ovipositars were removed ard carefully
cut with iris scissars into three parts. The bicassays of these showed
that the attractant was contained within the middle region consisting
of the posteriaxr end of the 3th segment and the anteriar end of the 10th
ablominal segment. Its position within this region, however, coull not
be satisfactarily located further by dissection although after
ractice, the extended darsal intersegmental memlrane between the 9ta
ard 20th segments was cut off amd bicassayed, but it was felt that these
results were errcneocus because dissection was difficult, relatively
Irutal, and took so long that aross contamination almost certainly

occwrred, An attempt was then male to bicassay frozen sections of the
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exterded ovipositar but most of the sections appeared to be attractive
in two trials so it was again concluled that contamination had
occwrred during the preparation. Finally, histological methods were
used to firmd the attractive region and these wnd their results are
described in Chapter 10. The gresent experiments, huwever, narvowed down the
location of the attractive region to a small part of the moth that
was relatively simple anatamically, thereby making the histological
search considerably easier.

Discussion

The presence of a sex pheromone which is produced by the
female P, operculella to attract the male has now been conclusively
demonstrated in the labaratary. This is in agreement with the
conclusions drawn fran field experiments ard observations of the
moth's sexual behaviow in the labaratary (Chapter 8).

The use of squashed moths as samples far testing in the
bioassay eliminated the possibility of attraction being a response to
other -than olfactary stimuli. At the same time it ensured that all
components of the pheranone were present. FPurthermare, attraction
towards a food source seemed unlikely when it was shown that only
males were attracted to squashed females, whereas males of any age
were not attracted to squashed males, and females of any age were
not attracted to either sjuashed males ar squashed females. However,
the unequivocal demonstration that this behaviouwr of the males was
a sexual response was made by observing their precopulatory "dances"
which they performed after being attracted to the cdowur.

The other primary use of the bioassay was to locate the sex
pheromone glard in the female, amd this was accomplished with
satisfactary precision. The pheromone was demonstrated to be present
only in the ovipositar, amd a strong irdication was also obtainal that
it is producead in the middle third ar so of the ovipositar. As far as
is known to me fram the literature, this partion of the moth's body
corntaining the glard is as small as any located by bioassay.
Certainly P. operculella is amongst the smallest moths which have
been investigated in this respect, ard most researchers only narow down
the location of the gland to the ovipositar ard then identify it by
histological methads.
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Apart fram the initial experiments for testing whether ar not
the biocassay was suitable, only two hrief alditional experiments were
carriel out to check impartant aspects of the moth's behaviow in
relation to the bioassay. The first of these was carried out to
determine the effects of different light treatments imediately before
a biloassay. This demonstrated the possible detrimental effects of
subjecting the moths to a dark pericd followed by ancther light pericd
before a bioassay. This, therefare, gives one demonstration of the
impartance of care being taken to avoid subjecting the moths to
enviromental factors which they normally do not exparience in their
natural habitat.

The secord experiment provided an imdication that the moths
resporded to a sex attractant in the biloassay at light intensities of
0,1 ard 0,01 lux, but that they did not at 1,; lwt. Since Beck (1968&)
reparts that moonlight seldom exceeds C.2 lux, ard that starlight
values are usually about 0,001 lux, this experiment terds to confirm
the fileld observations that the males are attracted to famales at the
beginning of the night and not during the low light intensities at
cusic., However, the use of sticky traps biited with extracts of females
demonstrated that same males will respond to high concentrations of
sex attractant in the field during the day (Chapter 8) so it was
therefore likely that the concentrations of pheromone in the biloassay
ware not unduly high. There is also the chance that the pherancne
was negked 1in some way in the particular sample glven to‘ the male moths
ot 1l.01lux because this experiment was not replicated.

Possibly P. operculella shows a behaviowral response to light
similar to the noctuld Trickoplusia ni{Hlibner) which alsc mates at night.
Sharey ard Gaston (1964) testad the males responsiveness to the
pheromone by bioassay at light intensities of 0.1, 0.3, and 1.0 lux
ard fourd that it was gereatly inhibited above about 0.3 lux., Shorey
(1966) later found that although light intensities above 0.3 lux
were inhibitory some of the moths would mate at higher lavals. In
aldition, he reparted that within the range of 0.3 lux to 300 lux the
mropartion of moths that did mate was inversely carrelated with light
intensity. Further research is, however, rajuired to determine

whether @ not P. operculella does show such a behaviowr,
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Most of the published laboratory biocassays for female sex
pheramones of lepidoptera have depended upon cbservation of male
behaviour: each of the major behavioural steps leading towards
copulation (described in Chapter 8) having been selected by ane
researcher ar another as their biocassay criterion (Jacobson, 1972).
Far example activation from rest has been used with Epiphyas
postvittana (Walker) and 7. nz by Bartell and Shorey (1969a), and Shorey
et at., (1964) respectively; wing vibration has also been used with
T. ni by Shorey et al. (1364); precopulatory "dances" have been
selected for Bombyx mori L. by Karlson and Butenandt (1959); and
copulatory movements have been used with Porthetria dispar (L.) by Block
(1960) and with three species of Hemerocampa by Frech and Grisdale
(1875). Upwind attraction of males to females has also been chosen
as the bioassay criterion for the noctuids Prodenia litura (Fabr.), and
Agrotis ipsilon (tiufnagel) (Flaschentrager and Amin, 1950), and 7. nz
(HUbner) (Toba, Kishaba, and Wolf, 1968); and for the phycitinids
Plodia interpunctella (Hibner) and Anagasta kuhniella (Zeller)
(Schwinck, 1953). The bioassay developed by Toba et al.(1968) is of
interest because these authors obtained a linear response of the males
over a 15-fold increase in pheromone quantity when plotted against log
concentration, This is a similar effective concentration range to
that obtained in the present study. Their bioassay consisted of a
Y-tube and depended on the upwind migration of the male 7. nZ into one
arm of the apparatus. layer (1973) later demonstrated that a biocassay
based on upwind attraction of male moths can give a considerable
improvement in the amount of information obtained when compared to
other methods. He used a "tunnel olfactoreter' similar to one used
with mosquitoes (Mayer and James, 1964). This consisted of a long
square section tube with the ends closed by fine wire mesh so as to
confine the moths and to permit the suction of room air through the
apparatus. In addition, it was separated into 12 equal compartments
by dividers that could be raised to give the moths uninterrupted
access throughout the tunnel, ar quickly closed to trap them. The
pheromone was dispensed in an upwind diffusion chamber and the
dividers were later dropped so that the number of moths in each
compartment could be counted to assess their response. Mayer (1973)
used the intensively studied species T. »n¢ and reported that his
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biocassay gave the added advamtage of permitting the measwament of
attraction to the pheranone over the entire range of activity fram
threshold to the point where the concentration of pheramone began
supressing activity. The number of moths that resporded to the
pheramone increased linearly over a 40 to 50-fold increase in the
concentration of pheromone in the air. This carresporded to a 10"-fold
increase in the quantity of pheromone in the dispenser. In the present
study a linear response was only demonstrated over a tenfold
difference in the amount of pheramone extract mresented to the moths,
ard upper ard lower limits of the bioassay were not determined. In
addition, the method of dispensing the pheramone was differert raa
used by Mayer (1873) and the concentration of pheranone in the air was
not determined, so the results are therefare not camparable.

During the present investigation it was evidemnt that the
responses of the male moths terded to inarease as the partion of the
female's body containing the pheramone glard was progressively
narrowed down to a smaller ard smaller region. Obviously the total
anount of pheromone present could not increase in the preparations
unless it was due to chance variations in the amounts present in
different irdividual moths. It therefare follows that the pheromone
was being partially masked in same way in large samples, and that
the masking agent was progressively removed as the sample containing
the pheranone became smaller, A likely explanation is that the
pheranone is soluble in fat so that in arushed specimens containing
large amounts of fat much of the pheromone dissolved amd as a result
became ineffective. The abdomen comtains the largest stares of fat
in the moth, principally in the ova ard fat boady, ard its removal
should therefore increase the amount of available pheramcne in the
samples, if in fact this is the carect explanation. It does,
however, seem likely because Rothschild (1971-1972) reparted that the
pheranone of P, operculella is an acetate, and furthermore, it is
probable that this pheromone is an acetate of a straight chain mono-
a di- unsaturated alcchol of 14 to 16 carbon atoms because this is
the structure of most pheromones that have been identified far female
Lepidoptera (Jacobson, 1972).

Another possibility is that the masking of pheramone is due
entirely to its being covered by some other part of the crushed
sample ard that this either blocks ar slows down the rate of
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evaparation of pheromone into the atmosphere. Both the elfects of
covering a pheromone and affording it a medium in wnich it dissolves
may act simultaneously in masking.

Generally squashed female moths or crude extracts of them are
attractive to males of their awn species (Jaccbson, 1972) although a
nurber of cases of megking or innibition of the males response to the
female pheromone have been reported. An extreme example, which occurs
when complete moths are used as samples, was described by Kellogg
(1907). He found that excised glands of B, mori attracted males,
whereas complete mutilated females were not atiractive. In some cases
masking or inhibition have been traced to contaminants or impurities
in the sample being tested. This has been reported for P. dispar (L.)
(Waters, and Jacobsan 1965); Samia cyathia (Drury) (Jacobson and Smalls,
1967); and Heliothis zea (Boddie), and Heliothis virescens (Fabrs)
(Berger, McGough, and Martin, 1965). However, Shorey and Gaston (13G7)
reinvesitigated the presence of masking compounds in crude extracts of
H. zea and H. virescens using quantitative bioassays for their
pheromones, and could find no evidence of their existence. There is
alsc an indication that an additional compound may be present in the sex
pheromone of P, <nterpwnctella which inhibits male Cadra cautella
(Walker) from responding to their o+sn females, because Ganyard (1970)
found that this inhibition occurred in the presence of calling P.
interpunctella and both phycitnids use the same pheromone cis~9, trans-—
l2-tetradecadien-1-~ol acetate (Kuwahara, Kitamuwra, Takahashi, Hara, Ishii,
and Fukami, 1971, brady, Tumiinson, Brownlee, and Silverstein, 1971
Dahm, Richter’, ikeyer, and Roller, 1871),

Masking agents or innibitors of responses to pheromones can
either be chemicals which are entirely different from the sex pheromone
or chemicals that have a closely related structure. These latter
compournds can sometimes be synergists, but the fact that many are potent
inhibitars is interesting in that they give support to the stereo-
chanical theory of olfaction as discussed by Amoore (1964, 1970).
Presumably they have the required molecular configuration to react with
the binding sites on the male antennal receptars. They do this with
varying degrees of affinity, thus competing with the attractant or
modulating the sensory input it produces. One example of such an
inhibition is given by Jacobson {(1869) who found that as little as

15% of the cis-isomer of "propylure" (10-propyl-trans-5, S-tridecadien-
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1-0l acetate) will completely nullify the activity of the trans-isamer
of male Peetinophora gossypiella Saunders. OCther examples include
inhibitors for sex pheromones of Grapholitha molesta (Busck) (Roelofs,
Comean, and Selle, 1969), Argyrotaenia velutinana (Walker) (Roelofs
and Cameau, 1971), Choristomeura rosaceana (Harris) (Roelofs and
Tette, 1970), and P. interpunctella (Hubner) (Brady, 1969); and to
"hexalure", a synthetic attractant of male P. gossyptella Saunders
(Berocza, Staten and Bien, 1971).

Samples for bioassay which consist of squashied females
or crude extracts of them are also likely to contain chemicals, such as
food attractants or repellants, that affect males in cother ways.
It is therefore, perhaps, surprising that such samples elicit anly
sexual responses in so many cases.
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Chapter 10

The male ard female sex pherancne
glands of F. operculella

Introduction

Adeesan et ¢1.,(1969), in a brief repart, noted the existence of
a female sex pheromone in r.operculella which attracts amd excites the
male, ard they stated '"that the tissue sowrce of the pheromone is a glard
which is in the farm of a darsal invagination of the intersegmental
memirane between the 8th ard 9th abdominal segments ... In the
glardular region the epithelial cells of the intersegmental membrane are
mdified into closely packed cuboidal cells with large spherical nuclei.
The cuticular covering of the intersegmental memirane exterds over the
glardular cells, but in this region the cuticle is uneven ard varies in
thickness ..." Adeesan et al. (1969) made no mention of a possible male
pheromone although structures which may liberate such substances have
been noticed in P. operculelle by Povolfly (1964). This latter authar
considered that the  ..irpencil argan on the hirdwing of the male was an
"osmeterisches Qrgan" ar an argan concerned with dispensing adours, but
he did not describe its structure. Povolfly (1964) also noted the large
macroscopically visible scales ar caremata at the erd of the male's
abdomen but did not mention a probable function for them, although such
structures are generally mresumed to function in scent distribution
(Tuxen, 1870).

Earlier in the present study, the female P. aperculella was
demonstratel to produce a sex pheromone which attracts the male, and the
glard which produces it was shown by bioassay to be situated within the
middle third ar so of the ovipositar (Chapter 9). In aldition, observa-
tions of the male's behaviowr showed that during cowrtship both the
caremata ard the wing hairpencel argans were splayed out. Furthermare,
removal of the himdwings, on which the hairpencils are located, was
obser*ilai to cause a considerable reduction in the efficiency with which
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males initiated copulation, suggesting that thesc argans dispensed a
pheromone which subdued ar suppressed the escape reactions of the female
ard thereby facilitated copulation (Chapter 8). This led to the
histological search far pheromone glards in botl: the male and female

P, operculella which 1s the subject of the present chapter. Also
included here is a desaription of the external morphology, histology,
ard ultrastructure of these glards.

Methads

Normal histological methods were used as described in
Chapter 3.

The male pheromone glards were prepared for examination with
the scanning electron microscope by affixing the wings to aluminium
stuls with a corducting adhesive, freeze drying them at -35°C to
minimise berding ard distortion of the thin cuticular structures during
drying, ard then coating them with a thain layer of a platinum gold alloy
urder high vacuum.

The female pheronone glamd was mrepared far examination with
the scanning electron microscope using the same method as that desaribed
in Chapter 7.

The male ard female sex pheramone glamnds were embedded ard thin
sectionad far examination with the transmission electron microscope by
Mr N.G. Leet of Meat Research Institute, Hamilton. The female gland
was first dissected away firam most of the ovipositar except far the
darsal surface, ard 1t was then processed using the narmal methodl as
described in Chap‘t:a? 3. This methad, however, did not prove satisfactory
with the wing glamds of the male because the hydrophobic cuticle reduced
penetration. A number of treatments were tried to overcome this:-
unsatisfactary results were obtained by cutting out a very small
section of the wing containing the gland armd holding it uwrder each of
the solutions. Attempts to remove the lower surface of the wing
damaged the pheromone glard. Washing the moths in toluene, followed by
‘teepol; and then water resulted in damage to the ultrastructure.
Eventually gocd results were obtainel by the following method. A very
snall area of wing containing the pheromone gland was cut from the wing.
This was then placed far 48 hours 1in 4%glutaraldehyde in CaCodylate
buffer (pH 7.3) to which a trace of teepol had been added, sufficient to
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just wet the cuticle. Further processing was carried out by Mr Leet
and this consisted of a modification of the narmal procedure which is
detailed in Apperdix 3.2 . Briefly, the major changes consisted of
&lding an 0.05% agueous solution of “Decon 75";dropwise to each liguid
which did not wet the cuticle until the wing fragment submerged, of
inreasing the time the specimen was kept in each of the solutions to
assure good penetration, amd of using Spirr's low viscoclty epoxy
embedding medium (Spurr, 1969). Once embedded the region of the wing
fragment which contained the gland cells was located by cutting sections
1 to 2y thick on the ultramiarotome ard preparing these for examination
with the light microscope.

Identification of the pheromone glards

Female

In arder to identify the pharomone glard of the femsle complete
transvarse ard longitudinal serial sections were mxle of the tip of the
abdomen with ovipositar exterded. The anatamical structure of the
ovipositar was found to be relatively simple, amd consisted of an outer
integument which enclosed a pair of laterally situated apophyses
postericres, a mass of muecle fibres, a darsal rectun, ard a ventral
vagina (Figwe 10.5). The rectum armd vagina are both histologically
unifarm along the léngth of the ovipositar ard since there was a strong
indication that the pheromone sowrce was situated only in the middle
third of the ovipositar (Chapter 9) then i1t follows that it is unlikely
these argans play any part in pheromone production. However, an exami-
nation of the integument revealed that the epithelium lining the darsal
sac~-like invagination of the intersegmental membrane between the 9th and
10th abdominal segments con the ovipositor was much thicker than the
hypodermis elsewhere in the cvipositar ard abdamen (Figure 10.5). The
hypadermal cells are generally flat when not actively involved in the
processes associated with moulting unless they are concerned with some
secretary activity (Wiggleswarth, 1974, It appeared, therefore, that
the darsal invagination of the ovipositoar was the pheromone glard as
reparted by Adeesan et al. (1969). It must be noted that a different
terminology fram that of Adeesan et al. (1969) is used here for the
segments of the ovipositar, but as explained in Chapter 7 the musculature
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of the ovipositar requires investigation befare the carrect relationships
can be determined between the segments of the ovipositar amd the
abdominal segments.

In addition to the histological searct., the surface of the
entire oviposita was carefully examined with the scanning electron
microscope but no obviously parous areas of cuticle were foud. The
swface structure is desaribed in the following section on the female
pheromcne glard.

Male

The search for possible male phercmone glands was more
difficult than the search far the female gland because, apart from the
experiment involving removal of the hirdwings, there was no evidence
other than from morphology amd histology of their possible whereabouts.

Complete transverse and longitulinal sections were made of
the hirdwings and these demonstrated that the cells at the bases of the
hairpencil scales were different from the cells at the bases of narmal
scales, being bigger armd having larger nuclei (Figure 10.21 ). The
histology of these glards is described in detail in the section below
on the male pheromone glards. In aldition, the cuticle of the hairpencil
scales was eosinophilic (Figure 10.21 ) ard this was not observed else-
where in the insect suggesting that this cuticle was in scme way
different from the rest. The fact that these hairpencil argans are
displayed ard opened ot only during courtship, together with the
observation that removal of the himdwings results in disturbance of the
narmal mating behaviour leals to the conclusion that these organs are
male pheromone glards. Thelr glamdular structuwre was also later
confirmed by an examination with the transmission electron microscope
(described below in the section on the male pheranone argans).

A morphological search of the forewings, abdomen ard tharax
of P. coperculella irdicated that the only other probable sites for
male pheromone glards were the caremata. Camplete transverse serial
sections were male of the forewings, tharax ard abdamen; and the abdomen
was also sectioned longitulinally, but all these preparations failed to
show any region of the integument, including that near the caremata,
which was likely to be glandular. It was therefare conclided that the
hirdwing hairpencil argans are the only male pheromone argans of
P, operculella.
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The pheromone gland of the female

The pheromone gland of the female P. operculella is a sac-like
enlargement of the dorsal intersegmental menbrane between the 9th and
10th abdominal segments on the ovipositor (Figuie 10.1). Normally, when
not in use, the pherancne gland is withdrawn into the ovipositor where
it farms a deep flattened invagination ciose to the darsal integument of
the 9th segment. Wwhen the female is calling and releasing her pheromone
as described in Chapter 8, the ovipositor is fully extended at intervails,
its tip is bent ventrally, and the pheromone gland is everted as a
white bulbous structure. The gland can also be everted by applying
pressure to the female's abdamen, and then it forms an approximately
hemispherical dilation of the intersegmental membrane with a slight
apical depression running transversely across it (Figure 10.1 B). The
gland rolls irward as the pressure is released by forming a slit in the
depression which progressively deepens until the gland entirely
disappears from sight.

When examined with the scanning electron microscope the
surface of the pheromone gland has a different appearance from the rest
of the ovipositor. The glandular surface is irregularly thrown into
small ridges or rounded hemispherical protruberances both of which have
smooth crests (Figure 10.2). The depressions between them are mostly
relatively smooth, but branching crevice-like infoldings also occur and
these are particularly frequent in the region of the transverse apical
slit in the gland (Figure 10.2 B). However, these crevice-like infoldings
do not penetrate very deeply into the cuticle and no obvious pores are
visible anywhere on the surface of the gland.

The surface elsewhere on the ovipositor is mostly folded into
slightly wavy longitudinal grooves and ridges. Occasionally the ridges
branch and anastomise but mostly they are approximately parallel and lie
about 0.5 to 3u apart (Figure 10.3 A)., Generally, the sides of the
grooves meet at a sharp angle, and where the ridges come close together
the grooves can have the appearance of shallow pores (Figure 10.3 A).
These ridges and grooves impart a striated appearance to the cuticle of
the ovipositor at low magnification.

In the intersegmental membranes on the ovipositor the ridges
and grooves become somewhat disrupted and irregular, whilst ventrally
at the base of the ovipositor there are short spines and the surface
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Figure 10.1

Scanning electron micrographs of the
ovipositor of P. operculella

The sterna are indicated by roman numerals and the terga

by arabic numerals.

A. Lateral view of the entire ovipositor. Note that the
genital chamber has also became everted.

B. A dorso-lateral view showing the everted pheromone
gland. The material on the pheromone gland is prabably

some of 1ts secretion.
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Figure 10.2

Scanning electron mircrographs of the surface
structure of the pheramone glard of the female

P, operculella

Swface of the anteriar side of the pheromone
glard

Surface of the darsal part of the pheromone gland in

the region of the transverse groove (see figure
10.1 B).
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Figure 10.3

Scanning electron micrographs of the
suwrface structure of the ovipositar of

P, cperculella

Ventro-lateral partion of the 10th sternum

Ventral view of the base of the ovipositar

in the region of the opening to the sinus
vaginalis,
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gradually transforms into that of the sinus vaginalis (Figure 10.3 B).

The surface of the papilla anales is exactly like that of the
intersegmental membranes elsewhere on the abdomen excluding the
ovipositar. It consists of large regularly spaced blister-like
protruberances with smaller rounded protruberances between them
(Figure 10.4 A, B). Elongate bristles also occur over the surface of
the papilla anales which are probably tactile sensillae.

All the above regional differences in the surface structure
of the ovipositor cuticie can also be readily cbserved in sections of
the integument.

Histologically, the phercmone gland consists of a single
layer of modified hypodermal cells which secrete a non-staining,
colourless cuticle about 2 to 3u thick (Figure 10.5). A number of fine
miscle fibres also join the gland in the region of the transverse
apical groove which presumably function as retractor muscles. They run
anteriorly and dorsally in the ovipositor and appear to insert on the
intersegrental membrane between the 8th and 9th abdominal segments.
However, it is difficult to trace individual muscle fibres in serial
sections because of the large number in the ovipositor, so this
interpretation may not be correct. The glandular cells are cuboidal
and usually 5 to 6u tall, but can vary fram 3 to 8u. Their inter—
cellular membranes are indistinct, their basal surfaces are somewhat
rounded, and the basement membrane cannot be resolved from the cell
wall by means of the light microscope. The cytoplasm is densely
eosinophilic and somewhat fibrous, but occasionally clear apical
vacuoles with indistinct walls and diameters of up to about 3u are
visible. The nuclei are central, rounded to oval and large, having
maxamunm diameters of about 5 to 7u. In addition, their chromatin is
granular and evenly dispersed.

The histology of the rest of the integument of the ovipesitor
differs markedly from that of the pheromone gland. The cuticle is for
the most part only 1.0 to 1.5u thick, and the hypodermal cells are
flattened and only about 1 to 2u tall. Thelr nuclei are also flattened
discs with maximum diameters of about 5 to 10u and their chromatin
stains densely. In addition, the cytoplasm which is densely eosinophilic
does not contain visible vacuoles,
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Figure 10.4

Scanning electron micrographs of the
surface structure of the ovipositor of
P.operculella

A. Dorsal view of the region between the 9th and 10th
abdaninal segments.

B. The same region as in 10.4A at higher magnification.









Figure 10.5

Histology of the ovipositar of P. operculella

All sections stained with haematoxylin and eosin.

Upper: longitudinal section through the anteriar
partion of the ovipositar showing the
withdrawn pheromone glard

Middle: transverse section through the ovipositar
in the region of the pheromone glard

Lower: longitulinal section of the erd of the
pheramone glamd at high magnification

Ap Post apophyses posteriares

Cut cuticle of pheramone glard
Int outer integument

Pg pheromone glard

R rectunm

S Vg sinus vaginalis

Vg vagina
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Under the transmission electron microscope the cuticle of the
pheramone gland has a camplex structure consisting basically of 4 layers
(Figures 10.6, 10.7). There is an outer thin electron dense layer of
epicuticle followed by a thicker homogeneous layer of medium electron
density which is probably cuticulin. The third layer forms the bulk of
the cuticle and consists of numerous large cavities within a fibrous or
irregularly granular endocuticle. In addition, finger-like extensions
of cuticulin penetrate between many of the outer cavities. The cavities
themselves vary a lot in size but have irregular and somewhat circular
snapes. Their walls are camposed of a thin layer of material which is
more electron densc than the endocuticle and it can occasionally be seen
to have a layered structure (Figure 10.6). A homogeneous material of
light 2lectron density occurs within the cavities which is possibly fat.
Often it is partly missing from the cavities presumably from shrinkage
or from loss during embedding. The imner layer of cuticle has the
structure of normal endocuticle, and occasionally pore canals can be
seen within it. However, these canals could not be identified in the
outer three layers of the cuticle.

The gland cells, when examined with the transmission electron
microscope (Figure 10.6) can be seen to rest on a basement membrane
about 0.13u thick which sametimes penetrates between the cells far up to
about a quarter of the distance to the cuticle. The basal cell walls of
the gland cells are more or less smooth but occasionally are raised into
small folds. In contrast, tiie intercellular merbranes appear pleated
and they are also more or less straight basally, but become increasingly
folded apically (Figure 10.6). Long septate desmosomes occur apically
whilst tight junctions and desmosomes of the macula adherens type are
frequent elsewhere.

The nuclei of the gland cells have the usual nuclear
structure except that their envelopes are folded into low ridges, and
this presumably increases their surface area (Figure 10.11).

Apically, the gland cells are bounded by a zone of microvilli
Which are packed together and often run horizontally to the cuticle for
part of their lengths (Figures 10.6, 10.7). Their diameters vary from
c.1 to 0.2y, and some microvilli have been followed for 1.3u in thin
sections so that they are probably samewhat longer than this., Many also
have central tubules which may represent extensions of the endoplasmic
reticulum,
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Figuwe 10.6

Transmission electron micrograph of the pheromone

glard of the female P, operculella at low

magni fication

The areas imdicated by black boundaries are shown at higher magni-

fication in the following three figures. Note, in particular, the
basement memlrane which often exterds far a shart distance between
adjacent pheramone gland cells; the intercellular membranes which are
approximately straight basally but which became camplexly folded
apically (one is indicated by the black dots); the apical microvillij
amd the cuticle composed of 4 layers. The diagonal lines are
sectioning artifacts, ard the artifactual space between epicuticle ard
embedding resin (irdicated by large black arrow) is praduced by the
resin not wetting the epicuticle.

Inset: A partion of the outer edge of the cuticle at high
magnification. Note the thick cuticulin layer, the outer epicuticle
which appears to have a very fine outer layer, ard the lining of the
cuticular cavity which appears to consist of a number of layers in the
region near the small black arrow.

BM basement membrane

Cul cuticulin

Cut cuticle

Cv cavity in cuticle

epi outer epicuticle layers

Mv microvilli
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Figure 10.7

Transmission electron micrograph of the apical
region of the pheromone glard cells of the

female P, operculella

The area of this micrograph i1s irdicated in the low magnification
micrograph of Figure 10.6.

The 4 regions of the cuticle are clearly visible. There is
an outer dense epicuticular layer followed by a thick layer of cuticulin,
a region of erdocuticle with numerous cavities partly filled with a
lipid-like material, and an inner layer of dense erdocuticle. The
cuticulin can also be seen to penetrate between the outer cavities in
the erdocuticle as finger-like rads, ard pore canals ae occasionally
visible in the inner layer of emdocuticle. Lying next to the cuticle
ace the apical microvilli, and one septate desmosame appears as a dark
intercellular junction at this magnification. The cytoplasm is packed
with ribosomes, smooth emdoplasmic reticulum, and microtubule-like
structures (see following micrographs). A number of vacuoles are also
visible which contain a variety of materials. Mitochordria are
numerous, and two can be seen which are associated with small vacuoles
caontaining complexes of membranes. In addition, to the left of the
micrograph is a large memlrane camplex which is partly swrounded by
laminae of memlranes in the shape of a"J"bearing some resemblance to
Golgi.

cul cuticulin
Cv cavity

L lipid-like material

MC memhrane complex

M mitochordrion

MiVel mitochondrion with memhrane complex

Mv microvilli

Pc pxre canal

SD septate desmosamne

Vel electron lucid vacuole

123 vacuole containing a floccular material

Vgr vacwle containing a granular material
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The apical vacuoles observed with the light microscope can be

seen with the electron microscope to be large vesicles with microvilli
projecting into them (Figures 10.6, 10.8). These microvilli arise most
frequently from the surface of the vesicles closest to the cuticle, and
their diameters are similar to those of the apical microvilli close by
them. The vesicle microvilli alsc have a central tubular structure
within them. A clumped granular material occurs scattered sparely
within the lumen of the vesicles but no opening was cbserved through
which this material coculd escape from the vesicles. Possibly openings
exist which arc narrov and were therefore missed even thougn about 40O
sections were cxamined fram about the same region of gland.

The cytoplasm of the glagd cells contains many small particles
with diameters of about 200 to 230A., These are probably ribosomes since
glycogen should have been removed by the uranyl acetate treatment.
Numerous long straight tubules are also present which resenble micro-
tublélles except that their diameters are larger and vary fram about 270 to
330A (Figures 10.7 to 10.11 inclusive). Elongate mitochondria with
transversely arranged cristae occur commonly whilst other mitochoridria
are also found which have less regularly organised cristae and which are
situated very close to electron lucid vacuoles (Figures 10.7, 10.9).

In some cases these vacuoles can be seen to occupy a distention of the
outer membrane of the mitochondria (Figure 10.9). A variety of vacuoles
are also scattered amongst the other cytoplasmic crganelles. Many of
these, about the size of mitochondria, contain a granular material
similar to that in the mitochondria, and in same cases mitochondria
with much of this material but few cristae are also visible. This
suggests that these vacuoles may be derived from mitochondria. Electron
Jucid vacuoles are also common, but the smaller vacuoles close to the
microvilli contain a scattered floccular material. The endoplasmic
reticulum is well developed and consists almost entirely of smooth
membranes. Golgi is also frequently observed and in addition there are
also large myelinated figures or onion bodies consisting of concentrically
arranged membranes. In same cases these surround a central region of
granular material similar to that within the mitochondria, whilst in
others they appear to be associated with large electron lucid spaces
with camplexes of membranes within them (Figures 10.8, 10.9, 10.11).
Same of these membranes traverse the space in an irregular or whorled
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Figure 10.8

Transmission electron micrograph of the apical
region of the pheramone glard cells of the
female P. operculella showing a large apical
vesicle containing microvilli

The area of this miarograph is partly shown in Figure 10.6 at
low magnification.

The apical vesicle cantains a floccular material amd numerous
microvilli project into it fram its apical surface. These microvilli
contain a tube of memhtrane which is probably an extension of the
erdoplasmic reticulum, amd they have a similar appearance to the
microvilli which lie adjacent to the cuticle (compare the microvilli
indicated by black arrows). The intercellular memixrane of the cell
caontaining the vesicle also closely invests the vesicle.

The cytoplasm of these cells has a similar appearance to those
in the previous micrograph. One mitochordrion which is located near
the lower edge of the field is associated with a vacuole containing a
granular material. Also, the dark object in the membrane complex ard
associated mitochordrion which occupies the upper left carner is a
nunber of memhranes lying close together.

ER ermoplasmic reticulum

G Golgi

IM intercellular memixr'ane

MC membxrane complex

M mitochondrion

MiVgr mitochomdrion associated with a vacuole containg a
granular material

Mt microtubule-like structure

Mv microvilli

jole pare canal

Rb ribosame

Ves Mv microvilli-lined vesicle

vVgr vacuole containing a granular material
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Figure 10.9

Transmission electron miaograph of the basal
region of the pheramcne gland cells of the
female P, operculella showing same of the large
canplexes of membranes

The area of this micrograph is partly shown in Figure 10.6 at

low magnification.

The two labelled membrane complexes both lie aljacent to
intercellular memlranes. A region of granular material similar to
that fourd in many of the vacuoles is also associated with the largest
memrane canplex. Small rod-like structures in the centre of this
canplex are plates ar tongues bourded by membrane which have become
flattened until the memhrane folds back closely upon itself, while
the dark regions are areas of closely applied memlranes. This entire
large membrane complex appears to be one erd of the myelinated figwe
shown in the following micrograph (Figure 10.10).

Note also that the two memtrane camplexes at the top of this
micrograph appear to be associated with mitochordria.

BM basement membrane

G Golgi

M intercellular memhlrane
MC memlrane camplex

M mitochordrion

MiVel mitochordrion associated with a memtrane
Mt microtubule~like structure

N nucleus

Rb riboscmes
Vegr vacuole containing a granular material
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Figure 10.10

Transmission electron micrographs of myelinated
figuwres foud in the pheramone glard cells of
the female P. operculella

The myelinated figure shown in the upper miarograph was
apparently associated with the large memirane camplex shown in
Figuwe 10.9, since both occupied the same relative position in
sections which were very close together.

Note the electron lucid spaces associated with these
myelinated figures, amd the memhranes crossing the one in the
lower micrograph.
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Figure 10.11

Transmission electron miarograph of the middle
partion of pheramone glard cells fram the
female P, operculella

This micrograph shows the folded nature of the nuclear
memtrane, and a number of electron lucid spaces traversed by
camplexes of memlranes. Three of these are also associated
with mitochomdria whilst another is associated with stacks of
memtranes samewhat resembling the cisternae of Golgi.

MC memhrane complex

M mitochordrion

MiVel mitochordrion associated with a memirane camplex
Mt microtubule

N nucleus

Rb ribosames
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manner whilst others form folded plates or tongues in which the membranes
fold back upon themselves and become closely applied to each other.
Possibly these entire regions of electron lucid space are artifactual
and are derived perhaps from same osmotically unstable crganelle
because the fixation is good elsewhere., In addition, U-shaped figures
of laminated membranes also occur which either surround a central
region of granular material or surround an clectron lucid space
containing camplexes of membreanes (Figure 10.7). These probably
represent transverse sections of the myelinated figures described above.
In sane cases the spaces containing the membrane complexes appear to
extend out fraom the open end of the "U", whilst in others the spaces
appear to be associated with one side of the figure (Figure 10,10).
Often they are also associated with the intercellular membranes (Figure
10.9) whilst other complexes of zlectron lucid spaces and membranes
are associated with stacks of membranes (Figures 10.11, 10.12).
However, the three-dimensional structure of all these caomplexes
associated with stacked membranes, electron lucid spaces, and myelinated
figures really needs to be warked out by serial reconstruction before
the relationships between them can be clearly understood. It appears
that same of the myelinated figures observed in the pheramone gland
bear a close similarity to other organelles as found for example in the
intrinsic secretory cells of the corpus cardiacum of Carausius morosus
Br. and which are considered to perhaps represent mitochondria of
unusual farm (Smith, 1968), and to the vacuoles in the pericardial cells
of Calliphora erythrocephala (Meig.) which contain multiple unit-
membrane whorls (Crossley, 1872).

In contrast the ultrastructure of the integument elsewhere
in the ovipositar is much simpler (Figure 10.13). The cuticle lacks the
third layer of cavities which is present in the glandular region, and
the hypodermal cells have much less well developed apical microvilli,
their intersegmental membranes are largely scptate desmosares, and their
basal walls are somewhat folded and rest on a basement rembrane about
0.2u thick. The cytoplasm resembles that of the gland cells in that it
is packed with granules which are probably ribosames and large micro-
tubule-like structures. ilowever, there are fewer mitochondria or
vacuwoles, and most of the latter are small and contain a floccula.r'*
material, although some are electron lucid. In addition, no myelinated
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Figure 10.12

Transmission electron micrograph of the
middle of pheromone glard cells fram the
female P, operculella

This micrograph shows a number of Golgi-like stacks
of smooth erdoplasmic reticulum, amd three of these (marked
by large X's) are on the edges of electron lucid spaces which
are @obably artifactual,

M mitochardrion

MiVel mitochordrion associated with a memlrane camplex
N nucleus

Vgr vacuwole containing a granular material
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Figure 10.13

Transmission electron micrographs at low ard
high magnifications showing the integument of
the ovipositar of P. operculella close to the

pheramone glard

The grooves in the cuticle shown in swface view in
Figures 10.3 A ard 10.4 appear here in cross section. Note
also that the cuticle has a very similar structure to that of
the pheromone glard except that cavities are absent in the
erdocuticle. The hypodermal cells also rest on a thick basement
menlrane, ard are much thinner than the pheramone glard cells.
Their apical microvilli are much less well developed, their
intersegmental membranes are largely septate desmosomes, amd
there are no large apical vesicles with microvilli. The cytoplasm
is similar to that of the pheromone gland cells in that it
corntains numerous free ribosomes, large microtubule-like structures,
mitochordria, and vacuoles containing a variety of materials. The
emoplasmic reticulum, however, is not well developed, amd no
myelinated figures ar electron lucid areas containing membrane
camplexes were fourd.
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figures, camplexes of membranes, or electron lucid spaces were cbserved
in these cells.,

The sex pheromone organs of tiie male

The male sex pheromone organs of P. operculella consist of a
pair of scent brushes or clusters of long thin scales, together with
shallow pouches into which these scales can be folded. Each organ is
situated proximally and close to the anterior edge of a hindwing, on its
dorsal surface.

Each pouch is a shallow elongate lenticular depression in the
hindwing which is situated immediately distal to the base of the
frenulum and anterior to the combined subcostal and radius 1 vein. The
pouch extends along the antericr edge of the wing for approximately
2-4rm and reaches a maximum width of about O.lmm. There is a gap
anterio-proximally an the side of the pouch over a distance of about
0.6mm where the pouch opens anteriorly. The elongate scales of the scent
brush also join the wing in the proximal 0.65mm or so of the inner
surface of the pouch so that most of their insertions are opposite the
anterior opening.

Each scent scale is approximately 1.0 to l.Hmm in length but
all the scales of a particular scent brush are of a similar length.
These scales are hollow cylinders of cuticle which have uniform
diameters of between 3.2 to 4u over most of their lengths, except that
they taper samewhat at their distal and proximal ends.

A total of 14 scent brushes were carefully dissected and the
nutber of scent scales comprising them ranged from 105 to 239, with a
mean of 177.1, and a standard deviation of 35.0. There was undoubtedly
same error in these counts because the scales were easily blown away by
the slightest wind despite precautions, and they also appeared to gain
static electrical charges which made them fly about and stick to nearby
abjects.

when not in use, the scales of each scent brush lie packed
together in a parallel bundle within the depression formed by the pouch.
Here they are normally covered darsally by the ventral surface <.3f tl.me
forewings both at rest or during flight. Each fore- and h::.ndwlng 15'
coupled together in flight by a frenulum on the hindwing which hooks into
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a retinaculum on the farewing (Common, 1973). The frenulum is a long
spike of modified scales (Figures 10.14 A, B which arises near the base
of the hindwing fram its anterior edge, whilst the retinaculum consists
of a single row or comb of sh-rt spines which arise ventrally from the
radius vein and curve anteriorly (sce Common, 13733 Figure 36.4 F).
When the forewing moves anteriarly the frenulum is therefore hocked by
the r*etinacu_lwn thus keeping the hindwing closely applied to the ventral
and postericr surfice of the forewing. However, when a pherumone
stimulated male appreaches a female as described in Chapter 8, his
precopulatcry beh:viour includes sliding his forewings posteriorly over
his hindwings so that the leading edpes of the hindwings are exposed.
The scent brushes are then opened out to form a hemispherical tuft of
radiating scales, which are approximately evenly spaced from each other
(Figure 8. 9) and the antericr gap in the scent pouches alsc allwws
many of the scales te point antericrly. Whilst doing this the male
continues to flutter his wings and run sbout excitedly so that the
eversion of the scent brushes is frequently very difficult to observe.

The surface of each scent brush scale, when examined with the
scanning electron micruscope, is found to be raised into 6 to 9
preminent longitudinal ridges with twe types of smaller ridge running
transversely in the spaces between them (Figure 10.15 A). The longitu-
dinal ridges are serrated and lie about 1.3 to l.4u apart. They are
connected by large transverse ridges which are fairly evenly spaced
apart at about 0.7p, and run at approximately right angles to the
longitudinal ridges. However, these transverse ridges cccasionally
branch or run at an angle of up to almost 46° to the longitudinal
ridges, and sore vary in their spacing from almost touching each other
to being almecst 1u apert. The second type of transverse ridges are only
about 0.3p long, and they lie packed together, about 0.05u apart, on
the edges of the longitudinal ridges where these join the flat surface
of the scale. A series of shallow pits makes the flat surface of the
scale slightly uneven, but no holes were found which penetrated deeply
into the scale.

An examination of the scales found elsewhere on both male and
female P. operculella revealed that the surface structure of the scent
brush scales is quite distinct fram any of the others although they all
show basic similarities since most of the other scales have lengitudinal
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Figure 10,14

Scanning electron micrographs of the scent scale
hrushes on the hirdwings of the male P, operculella

Both A ard B are darsal ard somewhat lateral views of
the moth loocking from sligatly posteriorly.
The right farewing has also been removed.

A A low magnification view showing the hairpencil ar scent
scales projecting from the darsal swface of the hindwing.
Note also the elongate scales, to the left of the pictwe,
which fringe the posteriar edge of the wing.

B A higher magnification view of the hirdwing rotated
slightly from A above, showing the anteriar gap in the
scent scale sheath amd the bases of some of the scent

scales.









Figure 10.15

Scanning electron micrographs of the surface
structure of the elongated wing scales of
P, operculella

A, A scent scale fram the male pheromone glands on the
hindwings.
B. One of a series of scales which fringe the posterior

ard lateral edges of fare- and hindwings in both male
and female. (Taken from a female hindwing).






ridges with densely packed transverse ridges running between them
(Figures 10.15 B, 10.16 A). The coremata scales, however, have a
surface structure closest to that of the scent brush scales, and this
consists of longitudinal ridges with a camplex pattern of both large and
small ridges between them (Figure 10.16 B). The larger transverse
ridges have cross connections between them, and additional diagonal
ridges run up the longitudinal ridges. Also, the transverse ridges

were never observed to be as praminently developed as those on the scent
brush scales.

The only region of the scent brush sheath which differs
histologically fram the rest of the integument of the wing is the area at
the base of the pheromone scales. Here, the cuticle is only about 0.2u
thick except where it is thickened to form the sockets into which the
scent scales insert. FEach socket is sunken into the wing to a maximum
depth of 1 to 3u whilst its lip is produced into a thin slightly flared
hood. The edges of this hood are smooth but vary iniwvight from being
barely raised above the surface of the wing anterio-laterally (when the
wing is extended laterally from the insect), to a maximum hoight of 10
to 11lu posterio-medially. The low portion of the hood allows the scent
brush scale toc fold into the sheath along the wing.

Examination of the cells in this region of the wing with the
light microscope proved unsatisfactory because of the small size of the
cells, ard because their intercellular membranes could not be clearly
distinguished (Figure 10.21). However, by using the transmission electron
microscope this region was fourd to consist of the following layers
(Figures 10.17 to 10.20 inclusive):- On thc outside there was thin
cuticle which apparently lacks endocuticle and has scent scale sockets
arranged at intervals in it as already described. ielow this is a
single layer of flattened hypodermal cells and next to these is a layer
of irregularly packed cells which are camposed mostly of enlarged
trichogens belonging to the scent scales although occasional cells of
unknown function are interspersed 8etween them. Finally there is a thin
basement meribrane about 350 to 750A thick which apparently does not
penetrate between the trichogens to the hypodermis. Septate desmosames
occur cammonly wherever hypodermal cells meet, and where trichogens
meet hypodermis near the scent scale sockets, but elsewhere intercellular

junctions are infrequent and there are often large intercellular spaces
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Figure 10.16

Scanning electron micrographs
of body scales of P, operculella

Narmal body scale of male ard female., (Taken
fram abdomen of female.)

A scale from the caremata of the male.
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Figure 10.17

Low magnification transmission electron
micrograph through the wing of a male
P, operculella in the region of the
pheromone glard

This transverse section was taken close to that shown in
Figawe 10.18 C. The areas shosn at higher magnification in
the following three figures are irdicated approximately by the
black bourdaries.

Included in the field of this micrograph is a section
through the medial hood which exterds from a pheromone glamd
scale socket (PScS), a number of sections through narmal wing
scales, amd a region of upper wing integument. A trichogen cell
belonging to one of the narmal wing scales is shown at Y, ard
one of the large necrotic cells of unknown function is shown

at X.

Ax nerve

erd erdocuticle

exo exocuticle

hyp hypadermis

m muscle

N nucleus

PScS pheromone scale socket
Sc narmal wing scale

tr trachea









Figure 10.18

Transmission electron miarographs of
the male pheromone glard of P, operculella

The areas of these micrographs are shown in the low magnification
electron micrograph of Figure 10.17.

The general arrangement of the cells is clearly visible in these
micrographs. The cuticle is thin except where it is praduced into
sockets far the pheromone scales. A single layer of thin hypodermal
cells lies beneath the cuticle, ard this is followed by a loosely packed
layer of enlarged glamdular trichogen cells. These contain large nuclel
and apical vesicles which are lined with microvilli, ard which cammunicate
with the lumens of the hollow scent scales. A very thin basement membrane
covers the basal surfaces of the trichogen cells but does not penetrate
between them.

The cytoplasm of both the glandular frichogen cells and the
hypadermal cells in this region has a vesicular appearance due to the
mitochomiria, armd numerous vacuwles within it. Some of the vacwles are
electron lucid, others have ribosomes attached to part of their memirane,
while others contain a floccula material ar granular materials of varying
electron densities. In addition, some electron lucid vacuoles can be
seen within the memtranes of the nuclear envelopes, and large vesicles
are occasionally visible within the hypodermal cells one of which is
shown at X. Occasionally ribosome coated vacuoles can be seen opening

into these vesicles (not shown on this section).

BM basement membrane

erd erdocuticle

epi epicuticle

exo exocuticle

Hyp hypadermis

IS intercellular space

m muscle

Mb mitochordria

N nucleus

PScS pheromone scale socket

Rb ribosomes

SD septate desmosaome

tr trachea

TRC trichogen cell

VesMV microvilli lined vesicle

Vgr vacwles containing granular material
23 vacuoles containing floccular material

Vrb vacwles coated with ribosomes
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Figure 10.19

Transmission electron micrograph through the apical
partion of a glamdular trichogen cell from the male

pheramone argan of P, @erculella

The area of this micrograph 1s shown in Figure 10,17 at low
magnification.

The vesicular cytoplasm of the trichogen cell ard the adjacent
hypodermal cells is packed with ribosomes amd microtubule-like
structures similar to that in the female pheromone glard cells, but
the erdoplasmic reticulum is not well developed. Occasionally
tubular structwes are visible within the microvilli lining the
vesicle, ard these are possibly extensions of the emdoplasmic reticulum
(arrow), Mitochordria, and different types of vacwles are also
visible as in the previous micrograph. Septate desmosames character-
istically occur where the trichogen cell joins the base of the scale
socket, ard samne of the folds in the cell membtrane of the trichogen
cell wall are visible by the basement memirane in the lower left
carner of the field.

BM basement membxrane

Hyp hypodermal cell

IS intercellular space

Mb mitochondria

Mt microtubule-like structure

N nucleus

Rb ribosomes

SD septate desmosames

VesMV vesicle lined with microvilli

VE vacuole containing floccular material
Vgr vacuoles containing granular material
Vrb vacucles coated with ribosames

TRC trichogen cell.
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Figuwe 10,20

Transmission electron micrograph of the apical
region of a glardular trichogen cell fram the
pheromone argan of the male P, operculella

The area of this micrograph is imdicated in Figure 10,17 at
low magnification.

This micrograph shows the same structures as Figure 10.19 and
in addition part of the erd apparatus of the apical vesicle is
also visible but the scent scale has been lost dwing processing.
Note also the floccular material within the vesicle.

BM basement memhrane
EAp end apparatus
erd

erdocuticle
exo expcuticle
epi epicuticle
m muscle
Md mitochordria
Mt microtubule-like structwres
Mv microvilli
Rb ribosomes
SD septate desmosomes

VesMV vesicle lined with microvilli
Vgr vacwle containing granular material
Vrb vacuwles coated with ribosomes









Upper':

Middle:

Figure 10.21

Light micrographs of the pheromone
agan of the male P, operculella

transverse section of the entire wing at low
magnification showing the glardular region.

A partion of the upper section at high magnification.
Note the eosinophilic scent scales and their enlarged
trichogen cells,

A section cut about 1y thick with an ultramicorotome
close to the region shown in Figure 10.17. Note that
the arrangement of the cells in the glardular region
is still not clearly visible.

Upper ard middle: Haematoxylin amd eosin

Lower

FB
PSc
Sc

:  toluidine blue

fat bady
pheromone scales
narmal wing scales
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between adjacent trichogen cells.

Each scent scale is hollow ard has a rounded cross section
(Figure 10.21). It arises centrally from the base of a socket which is
structurally similar to those from which other types of scales arise.

A har: zontal diaphram, or collar of fibrous material, connects the
proximal edge of the scent scale to the inner edge of the socket, while
the cpicuticle runs upward from the end of the scale at an angle ard
joins the inner surface of the socket above the level of the general
cuticle surface of the wing. A floccular or fibrous material is also
loosely packed within the cavity formed between the collar, epicuticle,
and socket (Figures 10.18, 10.19, 10.20).

The lumen of the scent scale is continuous with a hollow
vesicle which is invaginated into the apical region of the trichogen
cell. The wall of this vesicle joins the edge of the socket next to
the junction of the fibrous collar, and numerous microvilli, which vary
from about 0.075 to 0.185u in diameter, project into the lumen of the
vesicle. Some of these microvilli branch near their bases, and some can
be followed for up to 2.6y in thin sections so that they are in fact
probably much longer than this. In ade.t:Lon, small tubules or fine
filaments with diameters of about SOOA can be seen in the centres of
some of the microvilll (Figure 10.19). A floccular material which is
possibly protein is irregularly scattered within the lumen of the
vesicle, and becames concentrated into a zone distal to the microtubules.
Botween this zone and the lunen of the scent scale lS another small
zone of tangled fibrills with diameters of about 27OA and these form the
erd apparatus.

The cell membrane of the trichogen is relatively smooth
except where it is separated from the haemolymph by the basement
membrane, and here it is often somewhat folded and pleated. This
nresumably increases the absarbtive surface area of the cell. The
nucleus is rounded or oval ard much larger than those of the hypodermal
cells. Vacuoles are also occasionally visible between the nenbranes of
the nuclear envelope (Figure 10.19).

The cytoplasm of each scent scale trichogen is highly
vesicular, containing numerous vacuoles of varying size. Same of the
smaller vacuoles are electron lucid and possibly once contained fatf
whilst the others contain a finely floccular material which is possibly
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protein. Some of the latter also resemble coated vesicles in that they
have structures resembling ribosomes regularly spaced over part of their
surface. These can not be glycogen because uranyl acetate was used
during fixation. The large vacuoles are basal and contain a very electron
dense material whicn has a graauiac oo siightly fibrous structure when
examined at high magnification. Possibly this material is protein, and
the structures are lysosomes. No vacuoles were observed opening into
the apical vesicle.

The endoplasmic reticulua of these trichogens is only poorly
developed and numerous rounded mitochondria occur scattered amongst the
vacuoles. Howevef, these mitochondria do not enter the microvilli.,

Free ribosomes occur frequently in the cytoplasm, as also do microtubules,
although the latter are especially frequent near the apical vesicle and
cell menbrane where presumably they form a structural framework in the
cell.

The cells of unknown function which occur scattered between
the trichogen cells appear to be necrotic. They have small dense
apical nuclei in which the heterochromatin is condensed and much of the
euchromatin is lost. Also, these cells have a large central to basal
membrane limited vesicle which is often ruptured. The cytoplasm has
little structure and generally appears as a flocculent material.
However, poorly developed vacuoles and mitochondria occur occasionally
within it. It is nc- known if these cells have openings altaouzn s
were observed in the 50 or su sections examinec.

The hypodermal cells between the scent scale sockets secrete
a thin cuticle composed entirely of epicuticle and exocuticle which is
only about 0.28 to 0.47u thick. The cytoplasm of these cells is
vesicular, resembling that of the trichogen cells, and differs markedly
from the cytoplasm of hypodermal cells elsawhere in the wing. Large
vacuoles containing electron dense material occur very infrequently
whereas vacuoles with riboscme-like bodies adhering to their membranes
are particularly common. In Some sections large vacuole-like structures
are also visible and occasionally scme of the smaller coated vacuoles
can be seen to open into them. These large vacuole-like structures were
not observed to open or lead amymher= although these possibilities were
not discounted because of the small number of sections examined
(about 50). The nuclei of these hypodermal cells also frequently show
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Apart fram the description by Adeesan et al. (1969) of the
pheramone gland in P. operculella, the female pheromone gland has only
Deen described for one other gelechiid, the pink bollworm moth Pectinophora
gossypiella Saunders. It was first described by El-Sawaf, Kaschef, and
Soliman (1968) as a ring gland on the 9th abdominal segment consisting of
columnar cells. Later Jefferson, Sower, and Ribin (1971) stated that it
is an eversible sac which is situated dorsally in the intersegmental
membrane between the 8th and 9th abdominal segments. They reported that
its glandular epithelium is similar to the other epidermal cells in the
8th and 9th abdaminal segments, and are flattened but bulge in the region
of the nuclei. Both reports, therefore, show differences with the gland
in P, operculella.

The pheromone gland cells of P. operculella are cbviously
secretory as evidenced by their apical microvilli, the large numbers of
vacuoles in their cytoplasm, and their large nucle. with folded
ernvelopes. According to Barth (1958) the glandular cells of insects
characteristically have an apical zone of parallel fibrillae and
vertical striations are also visible in the apical regions of phercmone
gland cells in many Lepidoptera (Gotz, 1951; Jefferson, Shorey, and
Jaston, 19663 Percy and Weatherston, 1871)., Many authors, however, do
not mention the presence of such an apical zone in the pheromone gland
cells of other female moths and therefore it is possible that some may
nave a similar gland cell structure to P. operculella which requires
examination with the electron microscope before the microvilli are
iiscerned. In P. operculella this probably results from the microvilli
>eing densely packed and often running more or less parallel with the
~wuticle rather than being orientated at right angles to it. However,
apical microvilli have been demonstrated by means of the electron
nicroscope, to be present in the female pheromone glands of T. nt
(ibner) (Miller, Jefferson, and Thomson, 19673, Bombyx mort L. (Waian and
uypimoto, 1969) and in Choristoneura fumi ferana (Clemens) (Percy and
-weatherston, 1971). It should be noted though, that Steinbrecht and
" chneider (1964) interpreted this apical zone in B. mort as representing
distinct foldings of the cell membrane rather than microvilli.

Many authors have noted the presence of vacuoles in the
~ytoplasm of the phercmone glands of other Lepidoptera. ?mall vacx.loles
wave been reported to occur, for example, in these cells in Prodenia
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litura Fabr. (Hammad and Jarczyk, 1958); 7. ni (Hubner) (Jefferson et al.
1366)3 B, mori L. (Waku and Sumimotu, 1969); 0. leucostigma J.E. Smith
(Percy et ai. 1871); and in C. fumiferana (Clemens), Choristoneura

pinus (Freeman) and Malacosom. disstria (Hubner) (Percy and Weatherston,
1371)3 whilst large vacuoles occur for example in E. aerea (Drury)
(MacFarlane and Earle, 1970); and in ¢. fwniferana, and C. pinus

(Percy and Weatherston, 1971).

According to Smith (1968), large nucle. are often associated
with active secretary cells, and a pleated nuclear envelope also
sanetimes occurs in them. In addition, it is interesting that Hammad
and Jarczyk (1958) obtained an indication that the nuclei of the
pheromone gland cells of P. IZtura are at their greatest size and have
their largest surface arca when pheramone production is at its maximum
during the first two days of adult life, whilst the nuclei decrease in
size as pheromone production declines., Jefferson et al. (1966), in
contrast, found that gland cells of 7. ni contained both elongated and
rounded nuclei in females of all ages, and since pheromone production
increases to a plateau from about the second night on (Shorey and Gaston,
1965) they concluded that all the gland cells may not be in the most
active secretary stage at the same time. This may also account for some
of the differences in shape in the nuclei of the pheromone gland cells
in P. operculella although most of the differences observed in the
present investigation appeared to be attributable to local distortions of
the individual cells by adjacent organs.

Although no evidence of pores in the surface of the pheromone
gland of P. operculella could be found during the present investigation
by using the scanning electron microscope, this is not conclusive
evidence since the gores could either be clogged with material, or be
less than about 1504 in diameter (the limit of resolution of the
instrument used). Weatherston and Percy (197(s) similarly found no
evidence of pores in the pheromone gland of C. fumiferana but they
reported that there were three types of surface in the eversible gland of
this insect, in contrast to the two types found in P. operculella. They
reparted that the actual glandular area has numercus spikes on the
surface and it is thrown into bulges and wrinkles. Waku and Sumimoto
(1969) similarly found shart cuticular spikes all over the glandular

surface of B. mori. However, no similar spikes were found 1n
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P,

operculella during the present study, so this latter insect therefore
differs in this respect from both of ticse ingects.

Weatherston and Percy (1970) proposed that in C. fumiferana
the pheromone, after penetrat.ng the cuticle of the pheromone gland,
is retained on the surface area in the deep invaginations of the non-
extruded gland and that it is exposed when the gland becomes everted in
the “calling" female. These authors also noted that the surface area of
the gland is not significantly increased by the spikes on the cuticle
and postulated that their role may be one of retention and conservation
of the pheromone on the surface of the inverted gland. The inverted
gland of P. operculellc may similarly act as a storage area for the
phercmone, but it appears probeble that in this insect the regularly
folded surface of the 9th and 10th abdominal segments may also serve as
an additicnal site for evaporation of the rheromone. This 1s supported
by the observation that females with only partially extended ovipositors
and without everted pheromone glands are also attractive to males
(Chapter 8). If in fact the surfaces of these segments are additicnal
evaporative areas then the fine grooves in the cuticle may act as
channels along which the pheromone can run, perhaps by surface tension,
to become more spread out. Possibly the small size of the ovipositor
and pheromone gland of P. operculella necessitates this additional
evaporative area.

The exact mechanism whereby the pheromone of P. operculella
reaches the surfuce of the gland is not ciear from the results of the
fresent study. Steinbrecht and Schneider (1964) similarly could find
no evidence of cuticular canals in the cuticle overlying the pheromone
gland of B. mori; and this lnad Steinbrecht (1964) to propose that a
diffusion process tock place whereby a gradient across the cuticle is
maintained by evaporaticn of the phercmone from the gland surface.

Waku and Sumimoto (1969), however, later found thin canals with a very
electran—-dense substance in them which were present in the endocuticle
of the spikes on the phercmone gland of B. mori. These often
penetrated deeply into the exocuticle leading these authars to conclude
that although they could not define the actual point where the canals
reach the cuticulin layer "it is almest certain that the canal should
do so". They, therefore, postulated that these pore canals are the
pathways for transportation of the pheromone to the surface. Miller
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et al. (19€7) could find no cbvious ducts in the endocuticle of the
theromone gland of 7. n7 but Smithwick (1970), and Percy (197 ) found
epicuticular filaments running through the endocuticle lamellae of the
pheramone gland cuticle in Prodia “nterpunctelia (Hubner) and

C. fumiferana respectively. In C. fumiferana these originate at or
near the tips of the microvilll and in both species these filaments
farm large masses bencath the .picuticle and some penetrate this layer.
This cuticle structure suggests a similarity with that described for

P. operculelia 1in the present study although detailed descriptions from
these ultrastructural studics have not yet been published. Percy and
Weatherston (197 ) have suggested that the epicuticular filaments may
represent channels for the transport and possible modification of
pheramone substances passing through the cuticle. This may also apply
to P. operculella, although it appears likely that the pheramone may be
transported along the pore canals to the region of the large cavities
where it is stored and subsequently released through the epicuticular
filaments that penetrate between the cavities. However, no epicuticular
filaments or pore canals were cbserved to enter the cavities but pcssibly
the pheramone diffuses into them across very narrow regions of cendo-
cuticle. Also, the possibility must be considered that these cavities
play no part in phercmone production, but this seems unlikely since
they are unusual cuticular structures and they were only found in the
cuticle overlying the pheromone gland. A storage function is also
suggested from the cuservetiul wat they are filled with a material
which is possibly lipid since most female moth pheramdnes are acetates
of fatty acids (e.g. Jacobson, 1972) but histochemical tests are
necessary to confirm this. Perhaps a starage site near the surface of
the cuticle is advantagecus because of the small size and surfacc area
of the gland in P. operculella. Such structures could also lead to a
faster release rate because the path along which the pheraomone is
transported ar diffuses is shartened.

Few ultrastructural studies of the pheramone gland cells of
female moths have been carried out, and detailed descriptions have only
been published for B. mort by Steinbrecht (1864), and Waku and
Sumimoto (1969). IHowever, from the available information concerning
other species the following structural details show similcjzrities with
the pheromone gland cells of P. operculella as described in the present
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study. The presence of apical microvilli in these cells has already

been discussed above but it is also interesting to note that Miller

et al. (1967) reported the presence of fibres along the length of each
villus in T. #ni which extend into the cytoplasm, and Smithwick (1570),
and Percy (197) have both found that the microvilli of P. interpunctella
and C. fwmiferana vrespectively contain a central canal. In C. fumiferana
this also appears continuous with the smooth erkioplasmic reticulum. In
B, mori, C. fumiferana,and P. interpunctella smooth tubular endoplasmic
reticulumn predaminates in the adult gland, whereas rough endoplasmic
reticulum is typical before emergence (Percy and Weatherston, 197v).

The smooth endoplasmic reticulbu: is also Jell Jovelored In P. operculella
ard this is indicative of 1lipid synthesizing cells. In addition,
mitochondria and lipid droplets are numerous in the cytoplasm of B. mori,
C. fumiferana, and P. interpunctella (Waku ard Sumimoto, 19693 Smithwick,
19703 Percy, 197+), and elongate mitochondria and vacuoles have also

been reported in the cytoplasm of the pheromone gland cells of 7. nt
(Miller et al. 18967).

A very close similarity exists between the ultrastructure of
the pheromone gland cells of P. operculella, ard those of B. mori as
described by Waku and Sumimoto (1968). These authors reported the
presence in B. mori of well developed Golgi apparatus, large numbers of
free ribosomes, numercus mitochordria with dense matrixes and irregular
cristae, large globular structures containing some lipoidal material, and
myelinated figures. Ticse myclinated figures were also observed oy
Steirbrecht (1964) in B. mori. Waku and Sumimoto (1969) reported various
myelinated figures intermediatc between partly myelinated mitochondria
and vacuoles, and concluded that the mitochondria are the starting
organelles for the production of the searetary substance and that these
transform into the myelinated figures which, in turn, change into the
secretory globules. Such a sequence may also occur in the cytoplasm of
the gland cells of P. operculella although insufficient intermediate
stages between these organelles were observed to confirm this.

The large apical vesicles bordered with microvilli which were
observed in same of the phercmone gland cells of P. operculella suggest
the possibility of a structure similar to that descaribed for 1:_he male
pheramone gland cells of the Mecopteran Harpobittacus aus tra_Z?,s (Klug)
by Crossley and Waterhouse (1969a). Certainly vesicles of this type are
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often associated with ducts which may be cuticle lined (Crossley and
Waterhouse, 1969a, 1969b) but no evidence was found of the end apparatus
which frequently occurs in such gland cells. It is equally possible
that the vesicles in P. operculella could be large infoldings of the
apical surface of the gland cells perhaps analagous to the structures
which occur in the ellipsoid gland cells of the osmeterium of various
butterfly larvae as described by Crossley and Waterhouse (1969b). The
fact that the microvilli arise predominantly fram the surface of the
vesicle nearest the cuticle in P. operculella could also suggest that
the vesicle opens towards the basement membrane, rather than towards
the cuticle, although this seems unlikely. Further research with the
electron microscope, perheps involving serial sections, 1s necessary
before the correct structure can be elucidated. Nevertheless, it
appears that this type of vesicle is unusual in the pheromone gland
cells of female lepidoptera.

The male

Scent glands associated with tufts or brushes of elongated
hair-like scales are frequently found on male Lepidoptera. These
structures have variously been termed "hairpencils", "pencils of hair",
"penicilli", "rayed-hairs", and "scent-hairs" or "scent brushes" (Barth,
1937 ; Eltringham, 1937; Varley, 1961, 1962; Birch, 1970a). The scent
organs, of which these scent brushes form a part, are highly variable in
structure: generally, however, the scent brushes have pouches into which
they can be retracted or folded when not in use, and the pouches
frequently have areas of glandular cells which produce the scent material.
Often the scent brushes are also situated on levers as in the Noctuidae
(Birch, 1970a), or on extensible tubes as in Danainae (Pliske ard
Salpeter, 1971). Muller (1877) suggested that the brushes provide an
enormous surface area for the evaporation of the scent, and thus its
rapid dissemination, whilst the pockets prevent unduc loss of scent
when the brushes are not in use. This has generally been considered to
hold true in the other Lepidoptera studied and it undoubtedly also applies
to the pheramone organs in the male P. operculella. However, the
function of the pockets in P. operculella for conserving pheromone is
urdoubtedly aided considerably by the forewings covering them. In this
respect it is interesting that the wing glands of variocus Phycitinae,
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which are situated on the underside of the forewings near their leading
edge, have large flaps that arise from the edges of the pockets and
partially cover their openings (Barth, 1937; Grant and Brady, 1875),
whereas the pockets in P. operculella are simple depressions., This
difference may be due to the fact that the wing glands of Phycitinae
are not always covered by the hindwings, whereas the hindwing organs

of P, operculella are normally shielded by the forewings and the scent
scales are entirely enclased. MeColl (1969) has emphasised that

the increasing complexity of male scent argans in lepidoptera relates
to the preventicn of unnccessary evaporaticon or secretion. It may well
be, therefore, that the simplicity of these organs in P. operculella is
due to their positioning between fore and hindwings.

The male scent organs are also very variable in positian and
have been reparted on the abdomen, thorax, legs, or wings of various
lepidoptera (Stobbe, 19123 Birch, 1968; Jaccbscn, 1972). However, scent
argans similar to those found ¢n the hindwings of P. operculella occur on
the pesterior border of the hindwings of the geametrid Hammaptera
frondosata Guerin (Barth, 1959) and, as already mentioned, on the fore-
wings of many Phycitinae including Anagasta kuiniella (Zeller), Achroia
grisella Fabr., Aphomia gularis (Zeller), Cadra cautella (Walker),
Ephestia elutella (Hibner), Galleria mellonella (L.), and Plodia inter-
punctella (Hibner) (Barth, 1937). The phycitinid Vitula edmandsae
(Packard) has tufts of scent scales cn both fore and hindwings (Weatherstcn
and Percy, 1969), and many of the above mentioned Phycitinae also have
scent glands situated dorsally cn the 8th abdominal segment.

It has generally been considered that the vibraticn or beating
of the wings by the pheromcne stimulated male moth, when approaching an
attractive female, serves to disperse the scent and this seems very
likely to occur also in P. operculella. In additicn, the circling
movements of the male probably help to ensure that the male's scent
is spread in all directions and thus increase its chances of coming into
contact with the female.

The wing glands of the male G. mellonella and A. grisella
have been shown to produce a sex attractant far the female (Roller, et al.
1968; Dalm ot al.1971), wiilst thosa of P. intarpunetclia pr*x.uce a pherunne
that subdues the escape reaction of the female and thereby focilitates
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mating by the male (Grant and Brady, 1975), The wing gland scent of
these latter moths therefore acts in a very similar fashion to that of
P. operculella. In addition, Grant and Brady (1975) also concluded that
a similar function was the major cne of the wing glands of C. cautella,
although they were unable to demcnstrate it. It may also be noted that
although the scent glands in male Lepidoptera are generally cansidered
to be sex pheramone glands which produce aphrodisiac scents, this has
only been demenstrated in soame butterflies (Brower, Brower, and Cranston,
19655 Myers, 1872; Myers and Brower, 1969; Pliske and Eisner, 1969;
Tinbergen, Meeuse, Boerema,and Vorcssieu, 1942), scme Noctuidae (Birch,
1370a; Clearwater, 19723 Grant, 1970),and the plutellinid Acrolepia
assectella Zeller (Thibout, 1972) in addition to the above menticned
Phycitinids (see alsc Chapter 8). On the other hand, the abdominal brush
crgans of same male Sphingidae are everted for warning and,or defisive
purposes when handledgr disturbed (Birch, 1969; Grant and Eaton, 1973) but
virtually nothing else is known of their function in this family. These
latter observations perhaps support the suggesticn by Birch (1970c) that
a deterrent acticn of the male scent may in fact be the primitive function
of male scent organs in general. This thecry and others relating to the
evoluticn of male scent functions in Lepidoptera have been discussed in
detail by Birch (1970c, 1974).

It seems reasanable to suppose that the pheromone of the male
P. operculella is secreted at least in part by the enlarged trichogen
cells at the base of each of the elongated scent scales. The vesicular
cytoplasm and enlarged nuclei, together with the large apical microvilli-
lined vesicles at the bases of these scales support this conclusian.
The scent gland cells of other male Lepidoptera are modified trichogen
cells (Percy and Weatherston, 1974), and the suppcsed sex pheromone
argans of other male Lepidoptera have been described as having prominent
miclei and microvilli-lined reservoirs (Eltringham, 1913; Percy and
Weatherston, 1974).Also, in those male Lepidoptera which have been shawn to
produce pheromones, the nuclei of the glandular cells are enlarged:
they may alsc be rounded to oval as in Trichoplusia ni (Hubr.ler‘) (Grant,
1971), or irregularly branched as in Danaus gillippus berem?e (Crar.rer)
(Pliske and Salpeter, 1971), cr they may shcwW extreme branching as in
the trichogen cells of Stabbe's argan, (an anterior invaginatich of the
scent brush pockets of Noctuidae) in Phlogophora meticulosa (L.) (Birch,
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1970a). Such microvilli-lined vesicles are frequently found in other

insect glandular cells as already roted above in the discussion
concerning the female pheramone glands. However, the apical vesicles in
the gland cells of P, operculclla possess end organs similar to those
that occur in gland cells associated with cuticular ducts in H. australis
ard other insects (Crossley and Waterhouse, 1569a, and references therein),
whereas Birch (1970a) found no trace of such an end apparatus in the
glandular cells of Stcbbe's organ in P. meticulosa. The possible
functions of the filaments of the end apparatus have been reviewed by
Crossley and Waterhouse (19%):) who note that they may have structurally
bound enzymes on them, or have a valving action, perhaps by forming a
sieve to separate toxic secretions from the gland cells. Such a valve
function also seems possible in P. operculella since the male pheromones
which have been identified in moths consist of simple terpenoids,
aromatics and carboxylic acids (Birch, 197't) and these would be fairly
toxic. It seems attractive, therefore, to suggest that the hollow

shaft of the scent scale forms the major storage area for the male
pheromone in P. operculella, and that backflow of the chemicals is
prevented by the end apparatus. Perhaps structurally bound enzymes on
the end apparatus filaments also farm the phercmone from a less toxic
precursar. In contrast, the lack of an end apparatus in the glandular
cells of Stabbe's organ in P. meticulose is possibly related to the fact
that the secretion of these cells is completely discharged soon after
the adult hatches from the pupa, and that the ceils are inactive there-
after.

The cytoplasm of the glandular trichogen cells under the light
microscope appears homogeneous in T, ng (Hibner) (Grant, 1971), but the
aells of Stobbe's organ in Pseudaletia separata (Walker) contain two
types of vacuoles which contain different materials. Under the electron
microscope, the cytoplasm of Stobbe's gland in P. meticulosa has
nmerous vacuoles close to the microvilli of the apical vesicle and these
increase in size nearer the microvilli (Birch, 1970a). Birch (1970a)
therefore suggested that these contained the substance which is secreted
into the apical vesicle because he observed a material in scme of tl.1e
vacuoles with similar staining properties to that in the apical vesicle.
Small vacuoles also occur in the cytoplasm of the scent scales of

D. gilippus at least in the pupa when the scent scale dust (see
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below) is forming (Pliske and Salpeter, 1971). Presumably same of the

vacuoles observed in thie scent glands of P. operculella in the present
study also contain camponents or precursars of the secretion in the
apical vesicles, but there is as yet insufficier.t evidence to state that
this is the case.

Little information, other than that mentioned above in
connection with the apical vesicle, is available about the ultrastructure
of male pheromone glands of Lepidoptera. Birch (1970a) states that the
basement membrane of the glandular cells of Stobbe's organ in
P, meticulosa is 0.,05u thick and very electron dense. A large amount
of granular material, probably ribosames, and endoplasmic reticulum is
present in the cytoplasm but there is a total absence of mitochondria.
Also there is a large number of microtubules in the lateral walls of
these cells. In contrast, the cytoplasm of the glandular trichogens of
D. gilippus is crowded with mitochordria and ribosomes, and micro-
tubules are tightly packed around the microvilli-lined vesicles (Pliske
and Salpeter, 1971). It therefore appears that the structure of the
trichogen cells of P. operculella is closer to that of the gland cells
of D. gilippus than to that of the Stobbe's organ cells of P, meticulosa,
since the former possess mitochondria. It is also interesting to note
that the relatively limited development of the endoplasmic reticulum
does not exclude the possibility that this system plays same part in
the synthesis of searetion according to Crossley and Waterhouse (1969a)
These latter authors =lso mention that microtubules can have a direct
strengthening role or they can act independently as templates for the
oriented deposition of strengthening materials, and a strengthening
function seems likely in the trichogen gland cells of P. operculella
as well as in D. gilippus and P. meticulosa, since these cells are each
samewhat like a bag surrounding a large apical vesicle.

Presumably the folds in the basal cell membrane of the
secretory trichogen cells of male P. operculella serve to increase the
surface area of the cell next to the haemolymph and facilitate greater
transport of materials across it. Pliske and Salpeter (1971) make no
mention of folds in this membrane in P. gilippus, and none occur in the
walls of Stcbbe's argan cells in P. meticulosa according to Birch
(197ca). However, a thin peripheral basal zone has been described in
the glandular trichogens of some male Hesperidae by Barth (1954%), and



410,
Grant (1871) also noted that there was a
suggestion of loose microvilli within this zone in T. nt, but that its
structure could not be determined by light microscopy. It seems possible
that this zone in the gland c:lls of all these roths is formed by folds
in the cell membrane similar to those in P. operculella.

male T. »Z by Grant (971).

The mechanism of evertion of the scent brushes of P. operculella
was not investigated. However, the paucity of muscle fibres in the
region of the bases of the scent scales suggests that direct muscular
action is not involved. Possibly these muscles simply berd the cuticle
of this region of the wing outward so that the scent scales become
splayed. Such an action has been suggested for the ruscles at the base
of the scent brushes in P. meticulosa and P. separata by Birch (1970a)
and Clearwater (1972) respectively. Blood pressure may also play a
part in evertion in P. operculella and this has been suggested to cause
evertion of the scent brushes in D. gilippus by Pliske and Salpeter
(1971). In addition, it is possible that static electrical ciarges may
help to disperse the scent scales in P, operculella since they seem to
acquire electrical charges easily. Further research is, however,
necessary to determine the exact mechanisms involved in evertion of
these scales in P. operculella.

The pheramone of P. operculella presumably diffuses through
the cuticle of the scent scales since no pores could be found in it.
Pores do occur in the scent brush scales of the Sphingid Manduca sexta
(Jchannson) although +he trichogen cells at the base of these scales
atrophy soon after the adult hatches from the pupa. On the other hand
no pares could be found on the pocket scales of this insect, and their
trichogens are active throughout adult life so that they presumably
secrete the scent (Grant and Eaton, 1873). Also, the scent brush scales
in M. sexta resemble the long scales around the edge of the wing of
P. operculella, whilst the scent pocket scales only have indistinct
longitudinal ridges on their surfaces. The scent brush scales of
P. meticulosa, in contrast, are much more complex than those of
P, operculella. Birch (18 70a) describes them as consisting of ‘t:k.lree
regions grading fram proximal longitudinal ridges with regular 1?1ts
between them, to a distal region where the ridges are produced into a
lattice with an irreguler network of struts below. A number of other
Noctuidae also have scent brush scales with a similar surface structure
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(Birch, 1970a).

in P,

However, the trichogens at the base of these scales
meticulosa are not glandular, but instead Stobbe's organ secretes
a precursar to the pheromone and there is same evidence that a secretion
fram the glandular trichogens at the bases of tie pocket scales is
essential for the development of the scent. It is also interesting to
note that the final scent found in the pockets of P. meticulosa is
sufficient to only charge the brushes at least three times and that this
limits the number of times the male can mate successfully (Birch, 1970a,
1970b).

Grant and Eaton (1973) have suggested that the highly
sculptured scale surface provides a reservoir for storage of volatile
secretions before the brushes are displayed, and increases their surface
area to provide a large evaparative surface when the brushes are
everted. Such functions may also equally well apply to the scent scales
of P, operculella.

The fact that the scent scales in P. operculella stain with
cosin in contrast to other cuticle may indicate some chemical difference
in the cuticle although it is also likely that the secretion, or same
canponent of it, is trapped in the cuticle and it is this which stains.
Certainly the vesicle at the base of the scale is also ecsinophilic.
Weatherston and Percy (1969) reparted that the tip of the "club pencils"
of V. edmndsae are slightly eosincphilic, and that the scent scales
on the wings contain tiny eosinophilic granules. According to Pliske
and Salpeter (1971), e cosinophilic granules that occur on the
outside of the scent scales of D. gilippus are the "hairpencil dust"
particleswhich contain the pheromone. Recently the courtship behaviour,
of Danaiinae, tugether with the chemicals involved and their actions
have been reviewed in detail by Birch (1974).

It appears that the hypodermal cells between the scent scales
in the male P. operculella are secretory since their cytoplasm has a
similar ultrastructure to that of the glandular trichogens, and is
very different from that of hypcdermal cells elsewhere in.the Wintg.
Since, hawever, these hypodermal cells are small, and thelr nuclel ;tare
also small, it is prubable that they may cnly secrete a small quantity
of material. If they are in fact secretory, two possible functions for
the secreticn seem likely: firstly it may be a precursor of t}.ue
pheranone or same camponent of it which is abswrbed by the trichogens



412,

end further modified by them, <r secondly it may be liberated ontw the
swface of the wing where it either reacts with the secreticn from the
trichogens to fcrm the pheranone, «r farms a compenent of the pheromcne.
In suppart of the latter possibility, Birch (1970a), as already mentioned
above, obtained an indication that Stobbe's crgan in P. meticulosa
secretes a precurscr tc the pheromone, and that this is acted upon by
another secretion which probably wriginates fram the pocket scale
trichogens to form the pheramone. Thus the contents of Stobbe's organ
nay be a substance which 1s non-toxic to the gland cells, and the toxic
pheromone is formed on the outside of the cuticle. Such a mechanism
could possibly also uccur in P. operculella. In addition, the pheramones
which have been identified in a number of male Lepidoptera consist of
Wwo ar more compenents (Birch, 197%) and it is quite conceivable that the
pherancne of P, operculella similarly has a number of components, and
that these may be secreted by different cells. Perhaps the large
necrotic cells of unknown function which occur between the glandular
trichogen cells in P. operculella produce anuther secreticn during the
pupal stage, and then subsequently degenerate to farm a reservoir for

the secreticn. Small deeply staining nuclel have also been reported to
cccur near the bases of the wing scent scales cf male V. edmandsae by
Weatherston and Percy (1969), and near the bases of the scent scales of
D. gilippus by Pliske and Salpeter (1871), which possibly belcng to
necrotic cells similar to those observed in P. operculella. FPurther
research is, hawever, necessary cn the develcpment and histochemistry of
the varicus cells in the region of the scent scales befare any definite
conclusions can be drawn ccncerning their function.

In conclusicn, the probable mechanisms for the production and
liberaticn of the pheromone by the male P. operculella are as follows,
The scent scale trichogen cells produce either the entire pheramone, a
majar compcnent of it, ar a precursa of it and this is stored in the
hollow shafts of the scales. It diffuses through the cuticle of the
scale onto its surface and a second secretion from the hypodermal cells
may be added to it which may react with the scent scale secretlicn to
farm the final pheromune. The phierancne then adheres to the rough
sculptured surface of the scent scales, and when ‘the brushc?,s are
everted a large surface area of pheromone is expcsed resm'zlﬁ'.ng in the
rapid liberation of a relatively large amount of it. This is then
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dispersed by the beating wings and turning movements of the male, thus
helping to ensure thot the female is exposed to the pheramne.
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SUMMARY

The reproductive organs, sexual behaviour, and pheramcne glards
were studied separately in the New Zealand grass grub beetle, Costelytra
zealandica (White) (Scarabaeidae: Melolonthinae), and the potato
tuberwarm moth, Phthorimaea operculella (Zeller) (Gelechiidae:
Gnarimoschemini).

In C. zealandica, sexually dimorphic features were noted and
the male and female external genitalia were described in more detail
than previcusly. An account was given of the muscles of the external
genitalia and the mechanics of copulation: intromission was found to be
effected by the internal sac when everted by fluid pumped from within
the muscular sheath of the ejaculatory duct. The first account of the
morphology and histology of the internal reproductive organs was given
although the gonads were not treated in detail. The internal
reproductive organs were found to show only minor differences fram those
of other Scarabaeidac; the most notable being that the male has a pair
of connective tissue sheaths binding the accessary gland reservoirs to
the vesiculae seminales, and the female has an anterior region in the
median oviduct which is histologically similar to the lateral oviducts
and the accessory glands are not differentiated into regicns. A
description was also included of the female accesscry glands which are
known to contain bacteria that produce the sex phercmone (phenol),
together with a prelirinary identification of these bacteria.

The first account of the sexual behaviocur of C. zealandica
was given. Precopulatory behaviour was simple: attractive females had
no characteristic posture: the responses of males included flying in a
harizontal zigzag and,ar running towards the female whilst periodically
beating their wings. Copulation lasted a mean time of 28 minutes at 12°C
but was very variable. Many males remained in copula for same time after
completing spermatophare transfer.

Mating occurred most frequently during the dusk flights, and
thereafter the propartion of copulating pairs diminished until few were
found after 2 to 3 hours of darkness. The beetles flew most often at
dusk, less frequently at dewn, and rarely during the night. The
influences of envirommental factors on flight and mating were noted.
Light intensity was found to have an impartant influence on the time when
the beetles flew: peak flight occurred between 1 and 10 lux at dusk, and
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apparently between 10 and 50 lux at dawn.

Sexual attraction in C. zealandica was investigated in the
field using sticky traps. Confirmation was cbtained that phenol attracts
males and it was shown that extracts of females were similarly
attractive. There was also an indication that phenol may be weakly
attractive to females. The sex attractant was demonstrated to be most
effective when located near the edges of tall edible plants where the
beetles swarm. Attraction to pnenol was positively correlated with
temperature, and inversely correlated with wind speed.

All attempts to develop a laboratary behavioural bicassay far
the female sex pheramone of C. zealandica were unsuccessful. Field
experiments indicated that this was partly due to the beetles not being
given suitable visual stimuli (probably irregular silhouettes) far them
to fly towards.

In P. operculella sexual dimcrphism and the male and female
external genitalia werc described in more detail than previously. The
first descripticn was also given of the morphology and histology of the
internal reproductive organs. These showed close similarities with those
of other lLepidoptera except that the bulla seminalis is oanly a dilation
of the ductus seminalis.

The sexual behaviour of P. operculella was described for the
first time. Attractive females adopted a resting posture with ovipesitor
extanded. Male precopulatory behaviour included f lying and,or running
towards the female, c.ocling movements, rapid wing beating, and everting
their hindwing hairpencil wgans. The hairpencil scent appeared to
subdue the escape responses of the female. No other male pheromone
glands were found by histclogical methods. Copulation usually lasted
fran 3 to 4 hours at 20°C but was very variable, and it tock longer at
lower temperatures. '

The time of day when P. operculella Was sexually active was
investigated both in the laboratory and in the field. Mating occurred
most frequently within one hour of the anset of darkness, and less
frequently at dawn at 10°C to 20°C. At constant tc:mperaturc?, the
mroporticn that mated after nightfall decreased at pr'og,r*essu.zely lower
temperatures, whereas the proporticn that mated at d(-)am remained
constant. Mating was almest entirely inhibited at 1°C in’ the laboratcry
Whilst no attraction ovccurred in the field below about 10°C presumably
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because flightw.s iniibiteu. However, sexual activity occurred if the
temperature rose provided that the rise did not coincide with the onset
of darkness, ar did nut take place in the middle of the day. It was
shawn that the time of day wien mating tock place was determined by
the female when she released her sex phercmcne and that the male would
respond at any time of day although this was maximal at the times when
females were attractive, at the onset of darkness and at dawn.

An objective and quantitative labcratary bioassay was
developed foar the female sex phercmane of P. operculella, utilising the
upwind attraction of males and their sexual displays. The presence of
a female sex pheranone was ccnclusively demonstrated, but attraction was
inhibited at 1 lux and occurred at 0.1 lux or lawer. The attractant was
shown to be praduced in the middle third of the ovipcsitor by bicassay
and a histological search confirmed that the pheromcne gland is a
dorsal sac-like regicn of the intersegmental membrane between the 9th
and 10th abdaminal segrents on the ovipositor.

The male and female phercmone glands cf P. operculella were
described in detail. The cuticle of the female gland contains an
unusual layer of endocuticular cavities and its surface differs from
that of cuticle elsewhere. The ultrastructure of the female gland cells
also differs fram that of normal hypodermis in the greater development
of apical microvilli and smooth endoplasmic reticulum, and in the
possession of large apical microvilli-lined vesicles, enlarged nuclei,
mitochondria associated with various membrane complexes, and myelinated
figures of concentrically arrenged membranes.

The male hindwing glands of P. operculella each consists of
a mean of 177 elongated scent scales and a shallow pocket. The scent
scales have a characteristic surface structure with longitudinal ridges
about 1.35u apart, large transverse ridges about 0.7u apart, and small
transverse ridges about 0.05u apart. The glandular region lies at the
base of the scent scales and consists of secretory trichogen cells and
possibly hypodermis. Each scent trichogen has a large microvilli-lined
vesicle invaginated fram the hollow scent scale, a vesicular cytoplasm
containing a nurber of different vacuoles, and an enlarged nucleus:

The cytoplasm of the hypodermis cells is similarly vesicular and dlffe}_:‘s
fram that of normal hypodermis. Large necrotic cells of unknown function

were also found occasicnally between the trichogens.
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Appendix 1.1

Plants eaten by adult ¢. zealundicu

Introduction

Included here are observations on the plants hovered around,
alighted cn, and eaten by C. zealandica in the field, together with
the results of an experiment to find which of these were also eaten in
the laboratary. This was carried out to determine whether the
edibility of a plant is important with respect to the hovering or
alighting behaviour of the beetles. In addition, a number of other
plants, not present at the locations where C. zealandica was studied in
the field, were similarly tested far their edibility in the laboratory.
This was done far its intrinsic interest since large numbers of adults

were readily available for such experiments during the flight season.

Methcds

Adult C. zealandica were collected from hedges after the dusk
flights and kept in groups of 100 in plastic boxes, 30cm by 20cm by
10cm high, with tightly fitting lids. The boxes were provided with a
layer of soil about 3cm deep in which the beetles could burrow. Each
group of beetles was also kept only far 9 days and then discarded.
Three days after their collection, 5 to 10 shoots of different plants
were placed in the boxes. These were examined the following day and
those that were chewed were considered to be eaten and were replaced
with different plants. Those that showed no signs of having been
saten were left for a further two days and examined daily, and if, at
the erd of this periocd, they still shawed no signs of having been
caten they were considered inedible and were replaced with other plants.

Results

The plants identified fram the localities where C. zeulandica
was studied in the field are listed in Table Al.l together with the
behaviour of the beetles towards them and whether they ate them in the
labaratary. The other plants which did not grow at these localities
and which were similarly tested in the labaratory are listed in Table

Al.2



Table Al.d

Behaviour associated with feeding of adult C. sealandica in the field.*

Edibility Alighted Laten Swarmed
Plant speci _ ] in on in in arourd
t species Camnon name Family Laboratary field Field
Pinus radiata D.Don Monterey pine Pinaceae - + -
Sequota sempervirens Erdl, Califarnian Redwood Taxcdiaceae - + -
Cupressus macrocarpus Gaed. Macrocarpa Cupressaceae - + -
Berberis vulgaris L, Barberry Berberidaceae + + + +
Beilschmiedia tawa (A.Cunn.) Benmth, Tawa Lauraceae N
Rumex sp. Dock Polygonaceae + +
Leptospermum scoparium Farst. Manuka Myrtaceae + +
Metrosidercs robusta A.Cunn. Nerthern Rata +
Exallonia sp. Escalloniaceae +
Malug Yev" Rosaceae + +
Ertobotrya japoniea limil, Loquat . *
Prunus "ov" Plun ! + + + +
Prunus duleis D.A,Webb Almord " + +
Prunus laurocerasus L. Common laurel " +
Prunus persica Batsch., Peach " + + + +
Rfosa "cv" Rose " +
Rubusg "cv" Blackberry " + + +
Acacia baileyana F.Muell. Cootamurdra wattle Fabaceae +
Trifoliun pratense P.Pu, Red clover : +
Sophora microphylla Ait. Kowhai Papilionaceae +
Alimus glutinosa Gaertn. Common alder Betulaceae +
Quercus robur L. Eng]ish oak Fagaceae +
Citrus sp. Grapefruit Rutaceae + +
Poneirus trifoliata R.A.F. Japanese bitter arange +
Camellia "cv" Camnelia Theaceae + + + +
Acer palmatuwn Thunb. Japanese maple Aceraceae + + + +
Ilex aquifolium L. Cormon holly Auifoliaceae + + + +
Saliz alba L, Willow Salicaceae + + + +
Salix matsudana Koidz Twistel willow + + + +
Populus nigra L. Black poplar " + + + +
Rhododendron "cv" Rhodederdron Ericaceae + + +
Ligustrum ovalifolium Hassk, Oval-leaf privet Oleaceae + + +
Viburrum tinus L. Caprifoliaceae +
Leycesteria formosa Wall. " +
Senectio jacobaea L. Ragwart Asteraceae + +
Plantago lanceolata L. Plantain Plantaginaceae +

gy
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It is apparent that the imago of C. zeulandica ate a wide
variety of foliage including 49 of the 50 species of angiosperms tested,
but they did not ecat any gymosperms. The beetles also showed marked
differences in the amounts of various plants they consumed although no
attempt was made to quantify this. It appeared, however, that in the
laboratary they preferred those plants which they were observed to eat in
the field. In addition, they also preferred rose although this plant was
not observed to be eaten in the field. It may be significant that the
rose bushes grew close together, and werc overshcdowed by a building so
that they may not have been favourably situated far the beetles to fly
towards. In addition, it was also apparent that although the beetles
were often seen to fly towards gymnosperms in the field and then fly
away, fewer beetles alighted on them campared with other tall plants. An
exception was, however, cbserved in November, 1975, after the present
study had been completed. This was on M E.R. Stack's farm near Feilding
where there were a number of fields bordered almost exclusively by
Pinus radiata D. Don. Here the beetles alighted on the pine tress in
relatively high numbers of up to 10 cr more on each outer cluster of
needles, and this behaviour was attributed to there being a lack of
other trees.

Discussiaon

The present investigation does provide some indication that
the edibility of a plant influences the behaviour adult C. zealandica
show towards it in the field. Thus gymosperms which were not eaten in
the laboratory were also not swarmed about or usually not settled on in
the field, whereas plants which were preferred as focd in the laboratary
were usually swarmed about and settled on in the field. On the other
hand, some factars other than edibility may influence the beetles'
behaviocur towards the other tall angiosperms which were eaten in the
labaratory and which were usually not alighted on or eaten in the field,
These plants may possibly either present an unattractive silhouette to
flying beetles since they have large leaves and an open foliage, ar they
nay not have been favourably situated fur the beetles to fliy towards.

It can be noted that the reports of other authars (Anon., 1927;
Cockayne, 1911; Cannell, 1933; Farrell and Wightman, 1972; Fenemore,
19663 Hilgendorf, 1902; Kelsey, 1351, 1857; Miller, 1924; Radcliffe and
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Payne, 1969; and Thamas, 1913) suppart the present findings that the
adult C. zealandicu will eat a wide variety of foliage. Other Scara~-
bacidae which fly to trees to feed apparently alsc eat a wide variety of
plant species as evidenced, for example, by Amphimallon majalis
(Razoumowski) (Schwardt and Whitcomb, 1943), dnomala aenec Geer
(Rittershaus, 1927), Melolontha melolonthu L. (Gasser and Wiesmann, 1950;
Hurpin, 1956), and Phylloperthu horticola L. (Rittershaus, 1927; Milne
and Laughlin, 1960). 1In fact it appears especially advantageous that
beetles which fly tuwwards the silhcuettes of trees during brief periods
at dusk (see Chapter 4) should accept a wide variety of plants as food
because of the restricted time available to them to find suitable host
species. In additiun, it is interesting that C. zealandica does not eat
gymaosperms since this is also generally the case with other adult
Scarabaeidae, although Schwardt and whitccomb (1943), and Jchnson (1954)
have repcrted that 4. mujalis and Polyphylla decemlineata (Say)
respectively will eat pine needles.
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Appendix 1.2

Preliminary observations on the oviposition of P. operculelia
Introduction

During studies on the longevity of P. operculella (Chapter 6),
the oppartunity was taken to determine the numbers of eggs laid per day
by mated and unmated females. In addition to its intrinsic interest it
was hoped that this would enable a check to be made on the success of
the rearing methods by comparing total egg production with that reported
in the literature. The diel pattern of oviposition was also investigated
as a possible check on whether disrupticn of the moths behaviour was
occurring during photography at night.

Methads

The methods used were those described in Chapter 6 far
determining the longevity of the moths. In addition, the filter papers
covering the containers were examined daily and the eggs laid on them
counted and removed. The containers were ‘also dismantled at the end of
the experiments and examined far eggs laid other than on the filter
papers.

The diel pattern of ovipositicn was determined from three
groups of 10 pairs of newly emerged moths. These were kept in the
observation chamber used for photographing the moths (Chapter 83 Figure
8.1). A sheet of dampened blotting paper was placed can the argandie
netting and the entire apparatus was left in the room used far rearing
the moths (Chapter 6). The blotting paper was then removed and examined
at intervals of ane hour or more far the number of eggs laid on it.
Also at the end of each experiment the apparatus was dismantled and
examined for eggs laid elsewhere than on the blotting paper.

Results

The nunbers of eggs laid per day by each of 31 mated female
P, operculella are shown in Figure AZ.l.

It is apparent that the egg laying pattern of individual moths
varied considerably. The total number of eggs laid per female varied fram
19 to 199, with a mean of 99.71 (S.D. = 56.12). About half the females






Erratum
Figure A2.2

(Note; Figure A2.1 follows on page 425.)

The diel pattern of oviposition by P. operculella

The oviposition patterns are shown for three groups of
10 pairs of male and female moths, together with the mean

oviposition pattern for all three groups.
Note that 13.06% of the total number of eggs laid are

not considered here since they were not deposited where they
could be counted during the experiments.
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(48.4%) began laying during the first 24 hours after they were placed
with males, whereas most of the remainder (38.7%) began laying during
their second day, and only a few (12.9%) started later than this. Also,
the total oviposition period, including the firest day of laying, varied
from 1 to 17 days, with a mean of 8.3 days (S.D. = 5.0 days). On the
average the females laid most of their eggs during their first day of
oviposition, and the numbers laid thereafter fell rapidly so that about
80% were laid within the first 4 days of the oviposition period (Figure
A2.1 C). This, together with the vaciation in preoviposition pericd
noted above, accounts far the egg laying patterns for the entire
population shown in Figures A2.1 A, and A2.1 B, These give the daily
total number of eggs laid, and the means of the percentages of eggs laid
daily by each moth respectively, and they show that both reached a peak
on the third night befare dropping off rapidly: about 50% of the eggs
were laid within the first three days, and about 80% within the first

8 days.

In contrast the 10 virgin females examined only laid a total of
13 eggs between 4 and 23 days after they emerged from pupae (mean =
10 daysy S.D. = 4.9 days).

The diel pattern of oviposition for P. operculella is shown in
Figure A2.2. The eggs which were laid on the organdie of the observation
chamber, instead of on the blotting paper, are not included, because they
could not be counted until the apparatus was dismantled at the end of
each experiment. They amounted to 13.08% of the total number of eggs
laid.

It is apparent from Figure A2.2 that most of the eggs (98%)
were laid during the night, and that during this period the pattern of
oviposition showed considerable variability. Nevertheless, there was a
general tendency far more eggs to be laid earlier in the night than
later since almost 80% were laid in the first half of the night.
However, it was concluded that the diel pattern of oviposition was not a
suitable indicatar of whether photography of the moths at night
interfered with their behaviour patterns.

Discussion
The numbers of eggs laid by P. operculella during the present

investigation compares well with reports of other workers. Thus Finney
et al. (1947) noted that this insect lays between 80 and 200 eggs, and
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Erratum
Fioure A2.1

(Note; Figure A2.2 i8 on page 423.)

The daily oviposition rate of P. operculella

This figure shows the numbers of eggs laid per day by
each of 31 female moths together with the total numbers of eggs
laid per day and two analyses of this egg laying behaviour: the
means of the percentage of total number of eggs laid per day by
each moth, and the mean percentage of eggs laid by each moth
during each day of its oviposition pericd.
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Harwalkar, Khaine, and Rshalkar (1971) reported that they laid on the
average fram 76.2 to 148.1 eggs when kept at 28°C and fed 10% sucrcse in
water. Broodryk (1971) noted that at 21°C p. operculella laid an
average of 71.5 eggs, with a range O to 232 eggs. He also determined
their fecundity at 6 different temperatures between 11°C and 390C, and
found that the greatest numbers were laid at 21°C, whilst an average of
2.7 eggs per female were laid at 11°C and none were laid at 33°C.
Finally, it can also be noted that Finney et al,(1947) found that most
of the eggs were laid within the first three days of adult life (at
26.7OC), and this indicates a similar behavioural pattern to that
cbserved in the present investigatian.

It 1s of interest that in the present investigation, virgin
females laid few eggs and that their preoviposition pericds were
relatively long, whercas females kept with males laid most of their eggs
early in their adult lives and their preoviposition pericds were usually
less than 2 days. This suggests that the stimulus for egg laying is
associated with copulation or the transfer of a spermatophore, such as
occurs in other Lepidoptera (Outram, 197 and references therein).
Consequently it follows that most male and female P. operculella must
therefore be able to mate within their first ar second days after
emerging from pupae (Chapter 8).

The diel pattern of oviposition for P. c¢perculella has only
been previously determined by Broodryk (1971) who kept the moths at
25.5°C and subjected them to z photoperiod of 14 hours of light to 10
hours of darkness. His results are similar to those of the present
investigation except that he obtained a mare pronounced peak of ovi-
position at the beginning of the night (about 80% of the eggs were laid
in the first two hours of darkness) and no eggs were laid during the last
two hours of darkness or in light (1000 lux). Broodryk (1971) also found
that light intensities between 500 and 1000 lux progressively inhibited
egg laying whereas low light intensities (5-8 lux) or dariness did not
interfer with oviposition. This finding, therefore, appears to account
far the low propartion of eggs laid in the light during the present
investigation since the moths were anly subjected to about 150 lux
during the light pericds. It would, however, be interesting to determine
if high light intensities are totally inhibaitory or whether it can be
overridden by other stimuli such as changes in temperature as reported
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for Cadra cautella (Walker) by Hagstrum and Tamblin (1973)., Certainly
mating behaviour in P. operculella is influenced by temperature changes
(Chapter 8) and so it would be especially interesting to examine this in
respect to oviposition.
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APPENDIX 2.1

es caught in traps containing 50nl samples of 6 g/l

phenol solution, blanks as empty cages, and live ar squashed beetles.

DATE BLANK SAMPLES MALE SAMPLES FEMALE SAMPLES PHENOL SAMPLES
2 live virgin beetles per trap, 9 tc 15 days old
TRAP POSITION G J M QS EH LN F I K P
18/11/71 | Male catch 76 1 2 8 6 4 6 9 516 8 6
Female catch 1 ¢ 0110 1 1 0 2 0 2 61
1 squashed virgin bgetle per trap, 9 to 15 days old
TRAP POSITION E H XK N Q F J L PR G I M O0S
20/11/71 Male catch 0 0 0 0O 1 03 00O 0O 6 0 0O
Female catch 0 00 0O 1 2000 ¢ 0 00O
10 live beetles per trap, collected on previcus evening
TRAP POSITION EIMS HJ Q R F L N P G K ©
27/11/71 Male catch 1011 3 8 4 5 4 8 6 2 4 4 1619 11
Female catch c 210 0 01 0 2 0 0 O 2 1 2

‘gy



Numbers of beetles caught in sticky traps containing either 50 pl of 6 g/l

APPENDIX 2.2

phenol ar dried samples or diethyl ether blanks of diethyl ether extracts
of whole beetles.,

DATE SAMPLE PER TRAP | 50ul of 6 g/l PHENOL | DEITHYL ETHER |EXTRACT EQUIV. TO | EXTRACT EQUIV. TO
IN WATER 4 MALE BEETLES 4 FEMALE BEETLES
TRAP POSITION E L S H K M P|F I N Q G J 0 R
29/1171 | warE cATCH 4 12 0 3 4 0 2 |2 2 1 3 3 1 1 3
FEMALE CATCH 0O 0 O 0O 0 0 0 1j1 o 0 O 1 0 0 0
SAMPLE PER TRAP | 50ul of 6 g/1 PHENOL | DIETHYL ETHER |EXTRACT EQUIV. TO | EXTRACT EQIV. TO
IN WATER 10 MALE BEETLES 10 FEMALE BEETLES
TRAP POSITICN E L S H K M PJF I N Q G J 0 R
30/11/71 | MALE CATCH 10 14 2 0o 6 1 213 6 1 o0 11 2 9 1
FEMALE CAICH 0 2 1 o 0 o ol1 2 o o 0o 0 0 1
TRAP POSITION H M Q R S ¢ I L PJ|E J © I K N
1/12/71 | MALE CATCH g8 3 2 4 1 1 0 0o 111w o o 1 2 3
FEAMLE CATCH 2 0 0 0 0 o 0 0o o1 o o 0 2 0

62y



APPENDIX 2.3

Number of beetles caught in sticky traps containing dried samples of chlarofarm

blanks a chlarofarm extract of whole beetles.
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SAMPLE PER TRAP

TRAP POSITION

MALE CATCH
FEMALE CATCH

TRAP POSITIQN

MALE CATCH
FEAMLE CATCH

TRAP PCSITION

FEMALE CATCH

MALE CATCH

TRAP POSITION

MALE CATCH

FEMALE CATCH

DATE

23/11/72

24/11/72

27/11/72
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APPENDIX 2.5

Mean catches of male beetles fram sticky traps at different positions on the hedge
expressed as percentages of the mean catches of males on tiop of the south side of

the hedge.

NORTHERN SIDE(F HEDGE

SOUTHERN SIDE OF HEDGE

HEIGHT CF TRAPS am 1m 2m 1m
DATE Sample cone:
g/1 Phenol. 0 6 0 6 0 6 0
21-11-71 60.77 100.00 7.18
22=-11-T1 102.78 5.56 100,00 44,44 0,00
25=11-T1 160.00 0.00 80.00 0.00 100,00 110.00 0,00 0.00 0,00 40,00
24-11-71 26,86 8.95 0.00 6.72 100.00 27.98 0.00 2.24

ey



APPENDIX 2.6

Mean catches of femnle beetles fram sticky traps at different positions on the hedge
expressed as percerntages of the mean catches of meles on top of the south side of
the hedge.

NORTHERN SIDE OF HEDGE SOUTHERN SIDE OF HEDGE
HEIGHT OF TRAPS 2m 1m 0.25n 2m im 0.25m
Sample conc:
DATE  o/1 Phenol. 6 0 6 0 6 0 6 o 6 0 6 0
21-11-71 7.18 0.00 17.79 Q.00 0,00
22-11~T1 2.78 0.00 2.78 11.11 5.56 0.00 0.00
23-1191 0.00 0,00 0.00 0.00 0.00 0.00 |20.00 3.00 0.00 0,00 0.00 20,00
24-~11~71 6.72 2.24 0,00 0.00 2.24 0,00 { 4.48 4.48 0.00 0.00 0.00

Teev



APPENDIX 2.7

Numbers of male and female beetles caught in sticky traps at different positions on the hedge.
The traps contained 50 pl samples of water o 6 g/l phenol.

NORTHERN SIDE OF HEDGE

SOUTHERN SIDE OF HEDGE

HEIGHT OF TRAPS | om 1m 0. 25m o 1 O 25m
DATE SAMPLE; g/1PHENOL| 6 ole ol ol ol s ol6 0
21/11/71 | TRAP POSITION Nog Ny Myl Mp N Mgl |8 H x s g N [F 1T M
MALE CATCH m 1 2 01 1| w7 7 o1 1 o o o0
FEMALE CATCH 2 0 0 0 0 0| |2 30 o0 o0 lo oo
22711/71 | TRAP POSITION Ny Np Ng Ny Np Ny I 0 JF M| NHK M
MALE CATCH 24 13 11 0 0 2115 8 8] o o of [0 o
FEMALE CATCH 0 1 0 0 10 13 {02/ 000 l0o0
23/11/71 | TRAP POSITION Ny Ny Ny Ng N My 7 L 1! X Hlg M |0
MALE CATCH 8 ol 4 010 ol7 3 6 5| 0 olo o |2
FEMALE CATCH 0 ol 0 o]0 olo 2 11 2| o olo o |1
24/11/71 | TRAP POSITION Ny N Ng Ny [Ny NPFlH 0 LIN F| H K J M
MALE CATCH 12 4 0 3/ 0 1152 28%|6 14| © 1 0 0
FEMALE, CATCH 3 11 0 ol 1 ol 2 oul2 2| o 0 0 0

‘vev



APPENDIX 2.8

Mean catches of male beetles from sticky traps at different positions in the field
expressed as percentages of the mean catches of mrles on top of the hedge.

DISTANCE FROM HEDGE on 0.5m 1.5m 3 6.5m 10m 20m
SAMPIE CONC: ¢/1 PHENOL.| 6 o0 |6 o |6 o6 ol6 o6 ols6 o
HEIGHT OF
DATE e
12-11-71 om 100 11.1 3,2
0.25m 17.5 5343
13-11~T1 om 100 13.1 0
0.25m 6.6 8.2
14-11~T1 2n 100 0 3.1
0.25n 6.3 6.3
30m10=72 Um 0o 0
2m 100 7.7 7.7 0O 7.7 ©
0.25 38.5 0O b3,7 0O
31=10-72 4m 2.1 |26
om 100 13.4 17.6 1.0 1.0 O
0.25m 26.9 2.1 B5.2 1.0
6-11-72 2m 10 13 |26 3.9 o o 2.6 2.6
0.25n 26 0 15.6 2.6 9.9 5.2
10-11-72 2m 100 34.6 4.0 2.7 0.7 0 |0.7 1.3
0.25m 5.4 0 4.0 0 |47 1.3

*Gey



APPENDIX 2.9

Mean catches of fengle beetles from sticky traps at different positions in the field
expressed as percertages of the mean catches of males on top of the hedge.

DISTANCE FROM HEDGE om 0.5m 1.5m m 6.5m 10m 20om
SAMPLE CONC: g/1PHENOLY 6 o] 6 o6 o |6 of 6 of 6 ol 6
HEIGHT
DATE OF TRAPS
12-11-71 om 7.9 9.5 3.2
0.25m 6.3 h.6
13-11-71 om 8.2 6.6 3.3
0.25m 3.3 1.6
14-11-71 om 3.1 0 3.1
0.25m 0 0
30-10-72 im 0 o
om 0 0 0o 0o 7.7 0
0.25m 0 0o 0 0
31=10-T72 4m 0 o
om 1.4 0 1.0 0 o o
0.25m o 0 1.0 0 1.0 0
6-11-72 om 6.5 1.3111.9 2.6 o 0 o o
0.25m 1.3 0 0 1.3 1.3 0
10-11-72 om 2.4 0.9 0 1.3 o o |o o
0.25m o 0 0.7 0 {0 1.3

‘9¢y



Appendix 2,10

Nuters of mile am femle beet

in the flelu,

los cowgt in st
The trupe contadimd SUpl of eithe

Ky trips at different positionas
T wuter or 6 g/1 pherol soluticn,

DISTRNCE FU(CH HLGE

m X n 0m 10m
L-1u-n FEDGIT ADOVE GHORD 2 2n 0.252 > 0.25nm
AP RUSITION
E0x 3 3 N3 S %5 S %5
SAMPLE CQC;
&/1 ParicL 6 6 6 6 6 6 6 6 6 6 6 ¢ 6 6 6
tale’caten 1713 2 2 3 1 5 5 o 8 4 9
Pernle catch 113 13 2 o0 3 1 o 2 0o 1
DISTAIE F1XM HLLGE o 1.50 150 6.50 6.5
LU pren moe ciorp = > 0.25a Py 0.2
TP POGITION Eor Py oy oy oMoy 4 o4 onon
SAMPLE CQ.C: M
pyriaf =g 666 6 6 6 6 6 6 66 6 6 6 6
Male catch 191527 7 1 o 01 00 o0 3 1 1
Fenle catch 203 2 2 0 101 00 2 1 0 0
DISTRICE ¥4 HEGE On 6.5z 6.5a 2Qu 20m
1-1-71 _ KOG AOCE QOO n 2n 0.%n = 0.25n
IRAP PO ITION a1 Py % Y & 66 6 & 6
SAMPLE cac:
g1 RENCL 6.6 [3 6 6 6 6 6 6 6 6 6 6 6 6
Male caten V1012 0 0 0 1 01 1 0 0 1 1 o
Pemmle catch 100 0 00 0 0 o1 o o o
DISIANCE FROM HEDGE  (m @ 3 x 1 i0m
30-10-72  KEIGHT £OVE GROGD 2o U x 0.25a ™ 0.25u
SAIRLE Caic: o 6 0 0
/1 hETL 6 6 6 00 66 00 6600 660 [ 6 6 00
AP POSITICH HLNPJ I noKZPUXi W33 a5, %5 %5 %5
Male catch 11 2001 0000 1000 3200 1000 3000
Yemle catch 000 O 0000 0000 0D0O0CO 0100 0O0OO
DISTANCE FRM HEDGE  Qn o n 3 10m 1an
31-10-72  j1eyT ADOVE GROUD 2w Un 2 0.25a P 0.25m
SAMPLE, CONC: 00 6600 6600 6600 6600
/1 RENE 6 6 6 00 66
TRAP FOSITICN HLNPJ I MoK F3IXHAL HALFPIS NOL3kS S5 us
Mole catch 06635 112 5 1 890120620 0100201401
Femle catch 02000 0000 1000 1000 0000 0100
DISDWCE FRCM HEDGE  Om 0.5a 0.5a 6.5m 6.5m . 2t am
61-72 [HIGr FIM GOED 2n 2 0.25 2 0.25m x 0.253
SAMPLE COHC: 00 660 660 6600 660 6600
271 RENL 6 6 00 6 6
']
TRAP FCSITICN ok E X Wllmly il Yt Sttt fe otk
2011 2001 15310 2 2
Male catch 324 19 1903 6180 000
e eteh 2301 5411 010 000 1010 000 0100
DLSTANCE FH(I4 HIOGE o2} 1.5m 1,50 6.5m 6.5m 10m 10m
10-11~72 ' HEIGHT FIOM GROWID 2m 2n 0.2%R 2n 0.25m 2n 0.25n

SNFLE COHC: ' 660 660 660 660 €60
&/1 POIKL 666 6 000 660

TP POGITION 6T X LE nJd 2% %Y PUY YN YUY FYY
Male catch 67BOTB 72432410 5 12 270 100 250 011 341
Pemale catch 0322110 001 000 000 100 000 001
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Aprendix 2.14

Mumbers of P. operculella attracted to female moths in sticky traps at various
times during the day.

Numbers of moths caught

Date Time  Temp. °C Each trap baited with 7  blank traps
mn. DaX. virgin females
17/2/72 180 1y 1355 0 0 0 0 o0 o o0 o
BO 9 6 0 0 0 0 © o o o r o
1800 ¢ 1 00 0 0 0 O o o o0 , o ers of moths caught
2000 Date Time Temp., ~C Each trap baited with 3 blank traps
9 10 o 0 0 0 0 O 0 o o min. max. virgin females
2200
10 11 o 0 0 0O 0 O 0 0 0 4/2/173 1835
2400 c 0 0 0 0 o o o o o B 2 00 0 0 0 0O 0o 0o o
oW 1935 15 19 1 0 0 0 29 38 0
18/4/72 0200 o o o o o o o 0 0
8.5 10 0 1 0 e . o o
0400 0 1 6 0 0 o
9.5 10 00 0 0 0 O o o0 o 21 o o o o
0600 10.5 11 0 o0 0 0 o
s 10 00 0 0 1 0 o 0 o 2305
0300 1n 00 0 0 0 1 0 0 o0
9 22 5 0 0 0 0 0 o 0 o 25/2/73 2435 . .
1300 8 1 0 6 0 1 0 0 o
s 5, g © 0 0 0 0 1 o 0 o
20/4/72 130 4 g 5 01 021 0 0 0 %% ;s o0 0 0 00 0o o o o
SO © 00001 o0 o0 O 9835 195 31 © 00000 o0 0 O
WML 010 g g 0 0 0 0 0 1 0 o o0 1235 3 3 1 00 0 1 0 0 0 o
00 2 0 0 0 o0 0 0 o o o0 1605 5 30 0 0 0 0 0 0 0 0 o
08w © 0 1 0 1 0 0o 0o o 183% 7 0a 0 0 0 0 0 & 0o 0o o
0730
oo . ] © 0 0 0 0 0 0o o0 o 1825 155 17 0 0 0 0 10 13 o 0 o
7 10 0 00 0 0 0 0 o0 o 2110 6 0 0 o & 1 o o o
mo 3 105 2 0 1 015 0 0o o0 o 26/2/73 0830
1530 95 11 0 0 1 0 0 O 0 o0 o ——
1730 5 10 0 0 0 0 0 0 o o o 277/2/78 1 8 25 0 0 0 0 0 0 0 0 o
B0 15 ws w 0 3 2 4 S0 0 0 o 1“2 4.5 18 s 32 4 3 38 15 o o0 o
2030 140 28 2 05 5 1 3 o o0 o 7035 I4 145 ©0 0 01 2 0 0o o0 o
2330 W5 1 010 0 1 0 2 0 o0 o
A0 53 g, 0 0 0 0 0 0 0 0 o0
230 55 1 0 0 2 0 0 O 1 0o o
8/2/73 80 4 ) 2 1 0 0 0 0 0 1 1
0600 3 = 00 0 0 0 0 0 o0 o
B0 5 a 0 0 0 0 0 O 0 o0 o
BO 3 x 0 0 0 0 0 O 0 0 o
1700 47 0 0 0 0 0 O o o0 o
1920 5, g9 0 7 7 0 32 3 1 o0 o
20 5 4 0 0 0 0 1 1 0 o0 o
B30 3¢ g9 0 0 0 0 0 2 0 0 o0

29/2/72 0800
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Relationship between the numbers of males respording in the

Appendix

2.15

bioassay arnd the amount of female extract.

Amount of extract
equivalent females

Percent response of male moths

t-value between
sample ard blank

v [0 ) Q v

~ ~ ~ —~ ~

o oY a.

5 ; g HEREL ER Rt

@ m {} » all v S | ! m

0.6 {} 75 0470 04490 O}455 104475 O4173.0 § 12.5 §} 11.9%=
0.1244 58.3 1 Of§57.1 § O§433.3 | O}f11.8} O0H93.3 { 0}{50.8 | 13.7 3.7%
0.12}] 25 oli so ol so ol 79 olfss ol{52.0 | 18.3 || 6.0%%x
0.06{} u5 ofl 30 off us o} 10 oil1s 0{}29.0 | 16.4 §| u.o%=
0.06{| 20 5 {j 1o o}l es ol} 30 0{fus 0{[40.0 | 17.0 || 5.1
#*  Gignificantly different at P <.0l

%% Significantly different at P < .00

vy
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Appendix 3.1

Schedule for embedding tissue in paraffin wax or for double
embedding in paraffin wax and nitrocellulose.

Buffered 4% farmalin Zenker's Altmann's Carnoy's
@ Bouin's (overnight) (overnignt) (2 hr) (2 hr)
wash in running water

r'urening water (cavernigit)

50% ethyl alcchol (2 hr)
i

\
70% ethyl alcchol*(2 hr)

95% ethyl alcchol (2 hr)
|

100% ethyl alcohol (2 hr)

¥
100% ethyl alcchol (2 hr)

r(ether) {or) {or)
50/50 ethyl alcchol, 50/50 ethyl alcohol,
xylol (1 hr) v diethyl ether (1 hr)
\ : 50/50 ethyl alcohol 2% nitrocellulcse (in 50/50
xylol (2 hr benzene (1 hr) ethyl alcchol,diethyl ether)
(cyer'night, ar store)
Y harden in chlorofarm
xylol (2 hr) y

bémene (2 hr)

benzene (4 hr)

bej.nzene (8 hr)

paiaffin wax (2 hr)

paraffin wax (under vacuum
fram water vacuum pump) (2 hr)

\

embed

*with icdine if Zenker's used as fixative
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Appendix 3.2

Schedule for embedding male hairpencil organs of P. operculella
far electron microscopy

(Carried out by Mr N.G. Leet).

Initial fixation in 4% glutaraldehyde in CaCodylate
buffer (pH 7.3)%

CaCcdylate buffer wash:* three changes each of 1 hour

1% osmium tetroxide in CaCodylate buffer

with evacuation from a water vacuum pump 24 hours
Quick rinse in water

4% uranyl acetate CaCodylate

buffer (4%)* 24 hours
75% acetone 1 howr
95% acetone 1 hour
100% acetone: three changes each of 1 hour
75/25 acetone/Sparr'sH* 18 hours
50/50 acetone/Spurr's 24 hours
95/5 acetone/Spurr's 24 hours

100% Spurr's with evacuation fram
a water vacuum pump 60 hours

Polymerisation at 60°C

%0,05% "Decon 75" in water added dropwise until cuticle wetted
#%Spurr's low viscosity epoxy embedding medium (Spwr, 1969)
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Appendix 3.3

Determination of law light intensity in the biocassay roam

The lux meter only had a lower sensitivity to 1 lux, and therefore a
light intensity of 0.1 lux was dbtained in the biocassay roam by camparing
the light intensity at the surface of the light bulb underneath the
bicassay table (the direct light intensity) with that taken vertically
upward from the centre of the bicassay table (the reflected light intensity)
at different settings of the variable resistar which controlled the light
bulb output. The direct light intensity was found to be a factar of about
1700 times greater than the reflected light intensity (see accampanylng
graph) within the measurable range of the lux meter, so this was assumed to
hold true at all light intensities. The graph of reflected light intensity
was accardingly extrapolated as shown, and the resistance setting was
selected to give an estimated reflected light intensity of 0.1 lux (80

arbitrary resistance units).

10

reflected

o—Llux direct _
o—Lux

T 1
0 50 100 150 200 250
Variable resistor setting
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Hydrocampa nymphaeata 1,. (lep.: Nymphalidae)

Hymenoplia strigosa Illig. (Col.: Scarabaeidae: Melolonthinae)
Hyphantria cunea Drury (Llep.: Arctiidae)

Hypogynia morio (L.) (Lep.: Lymantridae)

Lanbdina fiscellaria lugubrosa (Hulst.) (Lep.: Geametridae)
Laspeyresia caryana (Fitch) (Lep.: Tartricidae) |
Laspeyresia pomonella (L.) (Tortricidae)

Leucinodes orbonalis Guen. (Lep.: Pyralidae: Pyraustinae)
Ligyrus gibbosus (DeG.) (Col.: Scarabaeidae: Dynastinae)
Lithocolletis fitchella Clemens (lep.: Gracillariidae)
Lucaws capreolus (L.} (Col.: Lucanidae)

Lucanus cervus L. (Col.: Lucanidae)

Lucawws placidus Say (Col.: Lucanidae)

Malacosama disstria Hibner (lep.: Lasiccampidae)

Mamestra configurata (Walker) (lep.: Noctuidae)

Manduca sexta (Johannsan) (Lep.: Sphingidae)

Melolontha hippocastani Fabr. (Col.: Scarabaeidae: Meiolonthinae)
Melolontha melolontha L. (Col.: Scarabaeidae: Melolonthinae)

Microvalgus (Col.: Scarabaeidae: Valginae)
Musca domestica L. (Diptera: Muscidae)
Cdontrzia (Col.: Scarabaeidae: Melolanthinae)

Onthophagus punctatus I1llig. (Col.: Scarabaeidae: Scarabaeinae)
Operopfzthera brunata L. (lep.: Geocmetridae)

Orgyta antiqua (L.) (lep.: Lymantridae)

Orgyia leucostigma J.E.Smith (lep.: Lymantridae)

Ostrinia nubtlalvs (Hubner) (lLep.: Pyralidae: Pyraustinae)
Pachypus cornutug Oliver (Col.: Scarabasidae. Pachypodinae)
Panolie piniperda Panz. (Lep.: N.ctuidae)

Pagsalug cornutus Fabr. (Col.: Passalidae)

Pectinophora gossypiella (Saunders) (lep.: Gelechiidae)
Peridroma margaritosa(Haw.)  (Lep.: Noctuidae)

Periplaneta americana (L.) (Blattcdea: Blattidae)

Phlogophora meticulosa (L.) (Lep.: Noctuidae)

Phthorimaea operculella (Zeller) (Lep.: Gelechiidae)
Phyllopertha horticola L. (Col.: Scarabaeidae: Rutelinae)
Phyllopertha lanceolata (Say) (Col.: Scarabaeidae: Rutelinae)

Phyllophaga anxia (Le Conte) (Col.: Scarabaeidae: Meloloanthinae)
Phyllotocus (Col.; Scarabaeidae: Melolanthinae)

Pinotus carolinus (L.) (Col.: Scarabaeidae: Scarabaeinae)

Platyceras virescens (Fabr.) (Col.: Lucanidae)
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