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Abstract

The lesser grain borer, Rhyzopertha dominica (F.) (Coleoptera: Bostrichidae) is a
destructive pest of stored grain. Males produce a pheromone, with two
components Dominicalure-1 (D1) and Dominicalure-2 (D2), which is attractive to
both sexes. However, little is known about the pheromone biology of R. dominica.
This thesis presents new studies that used behavioural bioassay and pheromone
entrainment separately, and in tandem, to elucidate aspects of host finding

behaviour, pheromone communication system and interactions between these two.

The role of host volatiles in primary host selection was tested for several different
commodities. For the first time it was shown that R. dominica adults are unable to
determine the suitability of a host from its volatiles alone. Further studies on the
responses of beetles reared on two different hosts demonstrated that rearing
medium does not affect beetle response to a host. The attractiveness of host
grains, to both males and females, was increased when infested by male

R. dominica. This affect was stronger for females. The mixture of host volatiles
and aggregation pheromone was more attractive to both sexes than either of these

alone.

Individual pheromone outputs of males varied considerably in the absolute
quantities of pheromone components D1 and D2 but the ratio of the two in the
blend varied little. Pheromone production was found to rise in the period 16.00h
to 20.00h. The actual output of pheromone was positively correlated with body

size and extent of feeding/boring.



When present with other males, R. dominica released smaller amounts of
pheromone. However, when present in an unsuitable host or with females the
pheromone signal was modified by a reduction in both the amount of pheromone
released and proportion of D1 in the blend. Responding beetles found modified
signals less attractive than ‘normal’ signals. Attempts were made to determine

which characteristics of the signal were correlated with the observed responses.

The significance of these findings in relation to biology of R. dominica, possible

practical implications and avenues for future research are discussed.
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C/Lapller: /

General Introduction

1.1. THE LESSER GRAIN BORER, RHYZOPERTHA DOMINICA (F.)

The lesser grain borer, Rhyzopertha dominica (Fabricius) belongs to the family
Bostrichidae, super family Bostrichoidea, suborder Polyphaga, and order
Coleoptera. The super family Bostrichoidea includes other families such as the
Anobiidae, Dermestidae, Endecatomidae, Ptinidae etc. (Sikes, 1999; Bejsak-
Collorado-Mansfeld, 2000). The family Bostrichidae includes another important
insect pest of stored-grain, the larger grain borer, Prostephanus truncatus (Horn),

which 1s very similar to R. dominica in appearance but larger in size.

1.1.1. Description & identification

R. dominica 1s a small sized grain-infesting beetle, just 2-3 mm in length. The
adult (Figure 1.1a) is dark brown in colour with a tuberculate (knobly) prothorax.
It has distinctive rows of punctures on the elytra. The antennae are ten-segmented

and terminate in a large, three-segmented club.

Larvae (Figure 1.1b) are white in colour, 2.8 mm in length (full grown) and their
C-shaped bodies are lightly covered with short setae (Potter, 1935). The head is
almost completely hidden underneath the prothorax and only the powerful

mandibles can be seen when viewed from above.









General Introduction 4

200 to 500 eggs during their lifetime. The eggs are laid singly or in clusters of 2 to
30. The total developmental period from egg hatch to adult eclosion is on an
average 58 days (Potter, 1935) but it varies considerably depending upon
temperature and humidity, ranging from 29 to 81 days (Elek, 1994). The period
before larvae hatch is about 7 days (Crombie, 1941). Eggshells of the hatched eggs
mostly remain intact and can be easily detected. Cannibalism of un-hatched eggs
by larvae can occur (Elek, 1994). First-instar larvae move over the grain and then
chew their way into the kernel to reach endosperm, where subsequent development
takes place (Osuji, 1982) or they may feed on the food particles left by other larvae
and adults. Normally, larvae moult four times before pupation but occasionally the
number of moults may vary from three to five (Potter, 1935) or even six to seven
(Howe, 1950). Pupation usually occurs within the protective shell of the hollowed-
out grain, but pupae may also be found in dust accumulation outside the inhabited
foods. The normal pupation period is 10-12 days (Osuji, 1982). The pupa is white
in colour with dorsal surface covered with hair. It exhibits the characteristics,
depressed head and enlarged thorax of the adult (Barnes and Grove, 1916). The
first mating normally take place at least 24 hours after the adult emergence. The
adults are capable of living for at least several months and a few individuals may

live up to fifteen months (personal observations).

1.1.4. Difference between sexes

The sex determination of R. dominica has always posed problems, as for a long
time there were no recognisable external differences between adult males and
females. According to Potter (1935) and Halstead (1963) the only suitable

character for sexing occurs in the pupal stage. Potter (1935) in his comprehensive
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paper on this beetle, reported that the genital papillae of pupae exhibit constant
differences in each sex. At the end of the abdomen the male has a pair of two-
segmented structures fused to the abdomen for their whole length while females

posses two three-segmented papillae projecting from it.

Crombie (1941) proposed that adults of R. dominica can be sexed by squeezing the
abdomen gently until the genitalia appear (Figure 2.2) which then may be
examined under a microscope to determine the sex of the beetle. He stated that this
technique had no adverse effect upon the insects. On the other hand, Birch (1945)
felt that the technique was deleterious and should be chosen to examine the insects
only at the end of an experiment. Sinclair (1981) showed that the squeezing
method did indeed affect the insects, reducing both the longevity and fecundity.
Stemley and Wilbur (1966) claimed that the colour characteristics of the fifth
abdominal sternum of live adults could be used satisfactorily to sex beetles of this
species. They stated that the last (5th) ventral abdominal segment of the female is
pale yellow whereas the same segment of the male generally is uniformly brown.
But Singh and Liles (1972), and Cline (1973) considered it an unreliable character.
Ghorpade and Thyagarajan (1980) discovered a more reliable character for sexing
the adult beetles. They reported the presence of a transverse shallow punctuate
groove on the fifth abdominal sternum of the male, that is never present in the

female (see section 2.3).

1.1.5. Distribution

R. dominica 1s thought to have originated from the Indian subcontinent (Potter,
1935) but now it is cosmopolitanly distributed (Aitken, 1975), as it has spread

through commerce to all parts of the world. It is an important pest of stored-grain



General Introduction 6

in many countries with relatively warm climates (Cotton, 1956) such as Australia
(Barrer et al., 1993), Brazil (Lorini and Galley, 1996), Croatia (Kalinovic and
Ivezic, 1994), India (Yadav, 1997), Malaysia (Rahim et al., 1983), Nigeria (Osuji,
1982), Pakistan (Ahmed et al., 1993), Taiwan (Peng and Peng, 1998) and USA

(Fields and Phillips, 1994).

1.2. PHEROMONES

Pheromones are usually defined as olfactory messenger compounds, released by
organisms to their environment, acting on target individuals of the same species
(Karlson and Luscher, 1959). They include sex attractants, aggregation and alarm
signals, trail or territory markers, oviposition deterrents or compounds that induce
gamete release or control more complex social behaviour, and govern many other
activities. Most of these are coded in complex multicomponent mixtures released
in extremely small amounts. The potential of insect pheromones to be used as a
component of integrated insect pest management strategies has given importance to
the research in insect pheromones. Work done on different aspects of pheromones,
such as their occurrence, isolation, determination of structure, synthesis, biological
activity, effects on behaviour and use in plant protection has been reviewed by
many authors (e.g. Bestmann and Vostrowsky, 1982; Birch and Haynes, 1982;
Fadeev et al., 1982; Leonhardt and Beroza, 1982; Burkholder and Ma, 1985;
Tumlinson, 1988; Carde and Bell, 1995; Landolt and Phillips, 1997, Phillips, 1997,

Vendilo and Lebedeva, 1998; Hardie and Minks, 1999).
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1.2.1. Pheromones of storage insect pests

The first stored-product insect pheromone was identified nearly 33 years ago from
the black carpet beetle, Attagenus unicolor (=megatoma) (Silverstein et al., 1967).
Since then many advances in our understanding of the pheromones of storage pests
have been made (Burkholder, 1990). Now, pheromones are known from over 35
species of stored-product insects (Phillips, 1994; Plarre, 1998). As in other insects,
pheromones of storage pests are generally volatile, low molecular weight organic
compounds of various structures. Generally, pheromones of storage insect pests

are classified as either sex pheromones or aggregation pheromones.

Sex pheromones

Sex pheromones are generally produced by one sex (usually the female) and attract
members of the opposite sex for mating (Birch and Haynes, 1982). Among storage
insects, female-produced sex pheromones are utilised by most of the moths, and by
beetles in the families Anobiidae, Bruchidae and Dermestidae. The adults of these
insects with sex pheromones generally tend to be relatively short-lived (days to
weeks) and feed little (beetles) or not at all (moths) before they mate and die

(Burkholder and Ma, 1985) but there are, however, exceptions.

Aggregation pheromones

Aggregation pheromones are generally produced by one sex (usually the male) and
attract members of both sexes resulting in mating and aggregation at a food source
(Phillips, 1997). Storage insects with male-produced aggregation pheromones may

be found in the families Bostrichidae, Cucujidae, Curculionidae and Tenebrionidae
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and these insects feed substantially and are relatively long-lived as adults (weeks to

months) (Burkholder and Ma, 1985).

1.2.2. Use of pheromones in insect pest management

Pheromones are now an established tool for insect pest management although the
extent of their use is still small compared with that of conventional insecticides.
The most common use of pheromones is as attractant lures in traps to detect the
presence of pests and to monitor the activities of the pest populations (Cogburmn et
al. 1982; Galbreath et al., 1982a; Galbreath et al., 1982b; Sinclair and Howitt,
1984; Phillips, 1997). Galbreath and Dale (1982) reported the use of insect

pheromones for plant quarantine purposes.

Various studies have demonstrated the use of pheromones to control insect pests of
different field crops such as cotton (Campion, 1994; Nassef et al., 1999), sugarcane
(David et el., 1985), rice (Cork and Basu, 1996; Cork et al., 1998; Su et al., 1999)
and maize (Hall et al., 1981). Pheromones have also been used to manage insect
pests of forest trees (Shea, 1995). The major groups of insects presently being
controlled with pheromones are Lepidoptera (Campion, 1980, Khidr ef al., 1985)
and Coleoptera (Burkholder, 1970). The main methods being used are mass
trapping (Beevor et al., 1993; Mafra and Habib, 1996; Reddy and Urs, 1997,
Pfister, 1999) and mating disruption (Russell and Radwan, 1993; Carde and Minks,
1995; Fadamiro and Baker, 1999; Kehat et al., 1999; Thorpe et al., 1999).
Combinations of pheromones with conventional insecticides have also been tested
as a potential method of insect pest control. This technique called “attracticide”
(attract and kill) has gained support from experimental studies in the recent past

(Downham et al., 1995; Brockerhoff and Suckling, 1999; Trematerra et al., 1999).
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Attempts to control insect pests of stored products have met with mixed success
(Sinclair and Howitt, 1984; Campion et al., 1987; Buchelos and Levinson, 1993;
Suss et al., 1999). However, pheromone traps provide an easy, efficient and
extremely sensitive way to detect insects in storage facilities (Buchelos and
Papadopoulou, 1999) and managers can use information from traps to locate
infestations and make management decisions. The use of pheromone traps for
monttoring populations needs careful considerations e.g. trap design and trap
position etc. (Rejesus and Butuason, 1988; Smit et al., 1997; Mullen et al., 1998).
The main use of pheromones for insect pest management in stores remains as

attractant lures on traps to:

detect the presence of insect pests,

monitor the activities of pest populations,

optimise the timing of other pest control operations, and

check the efficiency of these control methods.

1.3. PRINCIPAL OBJECTIVE OF THE STUDY

The principal objective of this study was to investigate the pheromone
communication and host-finding behaviour of R. dominica and interactions

between these to gain insights into the function of these systems.

1.4. BACKGROUND TO THE STUDY

1.4.1. Management of R. dominica

Insecticides have been the main tool in combating pests for the last 50 years. The

benefits these pesticides have brought to mankind are remarkable in terms of
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increased net food production. However, through the widespread and sometimes
indiscriminate use of pesticides, a number of problems have arisen such as
premature resistance of insects to insecticides, outbreaks of secondary pests, pest
resurgence, health hazards, environmental pollution and disruption of ecological
systems. Realising the limitations of insecticides, the emphasis has now been
shifted to plant resistance to insects, novel biochemical targets, and new
approaches for pest control (Casida and Quistad, 1998). R. dominica, which is a
very important pest of stored-grains and has shown resistance to many pesticides
(see section 1.1.2), needs urgent attention in this regard. Improved pest
management strategies with a priority to environmental protection and human

safety need to be developed against this pest.

Various methods other than conventional pesticides that have been applied to

control this pest include:

e combination of gamma and infra-red radiation or gamma and microwave

radiation (Kirkpatrick et al., 1973),

e plant oils (Jilani and Saxena, 1990; Shaaya et al., 1991; Mohiuddin et al.,

1993),

e neem (Azadirachta indica A. Jussieu)-based insecticides (Jilani and Saxena,

1990; Rahim, 1998; Muda and Cribb, 1999; Sharma, 1999),

e exposure to the juvenile hormone analogue, methoprene, to reduce fecundity

(Daglish and Pulvirenti, 1998),
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parasitoids such as Choetospila elegans (Westwood) (Flinn, 1998),
Anisopteromalus calandrae How. (Ahmed, 1996), Cephalonomia waterstoni

(Gahan), and Choetospila elegans (Westwood) (Flinn et al., 1996),

e pathogens such as bacteria, Bacillus thuringiensis (Beegle, 1996) and fungi,

Beauveria bassiana (Balsamo) (Moino et al., 1998; Rice and Cogburn, 1999),

e freeze-dried concentrated form of Pseudomonas syringae, an ice-nucleating

active bacteria to decrease the cold-hardness of insects (Lee et al., 1992), and

e chitin synthesis inhibitor, an insect growth regulator, to increase mortality of

the immature stages (Elek, 1998).

Maximum impact of these and any other control methods can not be achieved,
however, without complete knowledge of the biology and behavioural ecology of
this pest. The pheromone communication system and host-finding behaviour of
R. dominica are important parts of its biology and play a vital role in its survival
and establishment. Knowledge of the function of these systems still remains
fragmentary but could provide the basis of highly selective techniques for its

control.

1.4.2. Aggregation pheromone of R. dominica

The male-produced aggregation pheromone of R. dominica was first reported by
Khorramshahi and Burkholder (1981) and later isolated and identified by Williams
et al. (1981). The pheromone was found to be made up of two unsaturated esters,
(8)-(+)-1-methylbutyl (£)-2-methyl-2-pentenoate and (S)-(+)-1-methylbutyl (E)-
2,4-dimethyl-2-pentenoate (Figure 1.3), which were given the trivial names of

Dominicalure-1 and Dominicalure-2, respectively. The ratio of the two pheromone
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components of R. dominica is highly variable between the pheromone entrainments
(Mayhew and Phillips, 1994). There is also a considerable variation in the actual

quantities of the two components released by males.

CH3 CH3 CH 3
H H
0O, CH O, CH
H;@W !/\/ 3 H3C )\)\[( ’/\/ 3
@) CH3 O CH3
Dominicalure-1 Dominicalure-2

Figure 1.3. Chemical structure of pheromone components of male-produced
aggregation pheromone of R. dominica (Williams et al., 1981)

The aggregation pheromone of R. dominica has been synthesised (Cheskis et al.,
1985; Liu and Lin, 1990; Razkin et al., 1996) and is being used as lure in
pheromone traps. Fields et al. (1993) and Fields and Phillips (1994) used
pheromone traps baited with to study the distribution of R. dominica in Canada.
Krall (1984) used pheromone traps baited with “Trunc-call”, the aggregation
pheromone of P. truncatus, a species taxonomically related to R. dominica, to
monitor its dispersal in West Africa. Hodges et al. (1983) used components of
aggregation pheromone of R. dominica Dominicalure-1 and Dominicalure-2
individually and as a 1:2 mixture to monitor R. dominica and P. truncatus in farm
maize stores in Tanzania. Mills and White (1994) used pheromone flight traps to
study seasonal occurrence of R. dominica outside and within a southern Manitoba
feed mill. Leos-Martinez et al. (1987) used probe traps baited with 50 ul of
Dominicalure-1 released from rubber bands in bagged grains, to attract R. dominica
and reported Dominicalure was a powerful attractant both inside a warehouse and

outdoors for aerial trapping. Dominicalure-1, Dominicalure-2 and their mixtures
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were equally attractive. On average, pheromone traps captured 8- and 152-fold
more insects than unbaited control traps inside the warehouse and outdoors,
respectively. Sinclair and Howitt, (1984), Rejesus and Butuanon (1988) and Fargo
et al. (1994) tested the efficacy of pheromone traps for R. dominica and some other
stored-product insects against traps baited with food-grain. They reported that
insect catches were higher in pheromone traps than the grain traps in all the cases.
Trematerra and Daolio (1990) studied the role of synthetic Dominicalure to attract
non-target species, and the effect of trap position on its efficiency. They reported
that Cryptolestes ferrugineus (Stephens), Sitophilus oryzae L. and Colydium
casteneum (Herbst) were also caught on the traps baited with pheromone of

R. dominica. However, the number of these insects caught on traps varied
considerably with the position of the trap. Considerably more insects were trapped

on the traps placed at brighter places than those placed at dim places.

1.4.3. Pheromone biology of R. dominica

Pheromone production over time by male R. dominica and the effects of feeding,
food nutritional value, mating and population density on its production were
investigated by Mayhew and Phillips (1994). The pheromone was collected
through aeration using the solid-phase adsorbent, Super-Q. Volatiles were
collected for 24-hour periods and quantified using gas chromatography.
Pheromone was produced 3-5 days after feeding and once started, production did
not cease over the course of one month. The onset of pheromone production
following feeding was on average 4.71 days + 1.06 (SE). In a 24-hour entrainment
the maximum amount of Dominicalure-1 was 1114.756 ng + 109.9 (SE), occurring

18 days after feeding and maximum amount of Dominicalure-2 was 960.377 ng +
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78.0 (SE), occurring 14 days after feeding began. They stated, without giving any
data, that pheromone production increased proportionally as the content of wheat
flour increased relative to non-nutritive cellulose in the food substrate. Clearly,
this observation needs to be confirmed. R. dominica males produce pheromone
signals after arriving at a food source and conspecific individuals respond to those
signals and aggregate at the food source. In this case, one would expect them to
produce pheromone signals if other individuals are need to be attracted at the food
source and not if they are not, 1.e. an all or nothing signal. Therefore, production of
a smaller quantity of pheromone on a low quality food is surprising because if the
other individuals are not need to be attracted due to unsuitability of the food the

pheromone signals should not be produced at all.

Mayhew and Phillips (1994) demonstrated that pheromone production in

R. dominica is dependent on feeding. However, it 1s not known whether feeding
simply triggers pheromone production or rate of pheromone production is
associated with rate of feeding, and whether pheromone signals contain any
information about the suitability of the host. In their study, pheromone production
levels between mated and unmated males of the same age were not significantly
different. However, they suggested that, as the mating system of R. dominica is not
fully understood, it is not certain that the effect of mating on pheromone production
was adequately tested as their experimental method involved one R. dominica male

paired with only one female.

Studies using synthetic pheromone has shown that, R. dominica adults are more
strongly attracted to components, Dominicalure-1 and Dominicalure-2 of the

aggregation pheromone than to their optical isomers (Selitskaya and Shamshev,
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1994), and individual components and various mixtures are equally attractive
(Cogburn et al., 1984). In contrast, it has been reported for the related species,
Prostephanus truncatus, that the major attractant is Trunc-call 2 and that by itself
Trunc-call 1 attracts few beetles (Leos-Martinez et al., 1995) but in situations
where the concentration of Trunc-call 2 appears to be high then a mixture with
Trunc-call 1 is significantly more attractive (Hodges et al., 1998). Very few studies
have been made to test the response R. dominica adults using natural sources of
pheromone (Dowdy et al., 1993), and there seems to be no studies using single

males as pheromone source.

It 1s evident from this brief review that, in most of the studies that have been
carried out so far on the pheromone of R. dominica, the main emphasis was on the
practical use of pheromone for monitoring and control of the beetle. Only a few
efforts have been made to study the more basic aspects of the relationship between
R. dominica and its aggregation pheromone. For example, what are the different
factors that can affect the production of pheromone signals by males, and what are
the factors that can affect the response of conspecific males and females towards
these signals? What is the biological function of the pheromone, to attract females
(Otte, 1974) or both males and females (Borden, 1982)? Has it evolved in the

context of mating behaviour (Raffa et al., 1993)?

1.4.4. Host-finding behaviour of R. dominica

Little is known about the host-finding behaviour of R. dominica. It has been
reported that it is attracted to wheat volatiles in laboratory experiments (Crombie,
1941; Dowdy et al., 1993) but there are many questions still to be answered. Can it

select a suitable host on the basis of host volatiles? Can it discriminate between
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volatiles of a suitable and an unsuitable host? Only males have the ability to
communicate through the pheromone signals to conspecifics about the availability
of a food source, are they also more efficient than females at locating a food

source? Are the pheromone signals produced on different types of hosts similar?

1.5. OBJECTIVES OF THE STUDY

The two main approaches used in this study to investigate the pheromone
communication system and host-finding behaviour of R. dominica were analysis of
quantity and composition of pheromone produced by males and determination of
behavioural responses of males and females to different odour sources. Questions
concerning how an animal behaves and why it does so may not have obvious
answers. The first step towards understanding animal behaviour involves posing
appropriate questions (Foster and Harris, 1997). Keeping in view the points

discussed above the main questions addressed in this study were:

e (Can adults of R. dominica select a suitable host on the basis of host volatiles

alone?

e Isresponse to host volatiles affected by the presence of aggregation

pheromone?

e Do pheromone signals contain information about the quality/suitability of the

host?
¢ Do individual male signallers vary in their pheromone signals?

e Does feeding simply trigger pheromone production, or is the rate of pheromone

release associated with rate of feeding/boring activity?



General Introduction 17

e Is pheromone production by males affected by the host-type?
e Is pheromone production by males affected by the presence of the conspecifics?

e Is there any difference between the behavioural responses of beetles to the male

signallers present in different types of host-grains?

e Is there any difference between the behavioural responses of beetles to the male

signallers present alone or with females?

e Is there any difference in the behavioural response to pheromone signal

between males and females?

e What characteristics of a pheromone signal affect the response of the beetles?

1.6. THESIS PLAN

Chapter 2 gives the general materials and methods relevant to all the experiments,

which are reported in Chapters 3 to 8.

Chapter 3 reports the results of the olfactometer tests undertaken to observe the
behavioural response of walking R. dominica adults towards different host volatiles
(i.e. wheat, maize, groundnut, de-oiled groundnut and groundnut oil) to determine
whether this insect could distinguish the volatiles of a suitable host from a
less/unsuitable host. This chapter also reports the results of the olfactometer tests
undertaken to investigate the effect of past experience on the behaviour of

R. dominica in relation to host selection/preference using wheat and split green

gram as two contrasting hosts.

Chapter 4 reports the results of the experiments that addressed the questions, 1s the

response of R. dominica adults to host volatiles modified in the presence of
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aggregation pheromone, and is the combination of host volatiles and pheromone

more attractive than pheromone alone (male released rather than synthetic).

Chapter 5 investigates the variation among individuals in the absolute quantities
and ratio of the pheromone components produced by R. dominica males and the
relationship between the rate of feeding/boring activity and the rate of pheromone

production. This is done by quantifying pheromone output from single males.

Chapter 6 reports studies investigating the effect of host type on production of
pheromone signals by R. dominica males, and measures the responses of males and
females to these pheromone signals produced by males present in a suitable host

(maize) or in an unsuitable host (groundnut).

Chapter 7 reports studies investigating the effect of presence of conspecifics on
production of pheromone signals by R. dominica males, and measures the
responses of males and females to the pheromone signals produced by lone males

and males present with females.

Chapter 8 reports the results of the experiments undertaken to determine which
characteristic(s) of a pheromone signal 1s most correlated with the observed

response of male and female R. dominica adults, using synthetic pheromone.

Chapter 9 is a general discussion of results obtained during these studies. It
attempts to draw the experimental results together to obtain a better understanding
of the pheromone communication system and host-finding behaviour of

R. dominica. It also discusses the biological function and evolutionary significance
of the male-produced aggregation pheromone in this insect, the potential practical

implications of these findings and potential future research.
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General materials and methods

2.1. GRAIN COMMODITIES

Wheat and wheat flour [Triticum vulgare L.]

Whole organic English wheat and wheat flour were supplied by Canterbury

Wholefoods, 10 The Borough, Canterbury, Kent, UK.

Maize [Zea mays L.]

Whole organic yellow maize was supplied by Gillet and Cook Ltd., Monks

Granary, Standard Quay, Faversham, Kent, UK.

Groundnut [Arachis hypogaea 1..]

Groundnut kernels (produce of China) were purchased from Holland and Barrett,

Chatham, Kent, UK.

Green gram [Vigna radiata (L.)]

Organic green gram (split) were supplied by Canterbury Wholefoods, 10 The

Borough, Canterbury, Kent, UK.
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2.2. THE INSECT

A strain of the lesser grain borer, Rhyzopertha dominica (Fabricius) (Coleoptera:
Bostrichidae) from Pakistan was used in these studies. The strain was originally

collected from Pakistan in October 1994 and subsequently reared at NRI.

2.2.1. Insect rearing

The stock cultures of R. dominica were reared on organic English wheat grain in a
CTH room set at 27+1°C, 60+5% r.h. and 12 hour light/dark cycle. Wheat grain
was frozen, stored in a cold room (3-4°C) and then equilibrated to room
temperature of 20+5°C before being used for culturing insects. Cultures were
started by introducing approximately 200-300 unsexed adults into a 2.5 litre jar
containing approximately 1.5 kg of wheat. The jars were closed with black ‘Rund’
filter paper (Schleicher and Schuell, Germany) sealed at the edges using molten
wax. Black filter paper was used for easy observation of possible mite or psocid
infestation. To prevent infestation by mites and psocids, each jar was placed on an
up-turned saucer placed on a tray containing paraffin oil. Fresh cultures were
started every 9-10 weeks. Under these conditions, development from egg to adult

took approximately 40 days.

Special sub-cultures were prepared to obtain unmated males and females. About
100 unsexed beetles were introduced into a 2.5 litre jar containing a 1 kg mixture of
whole wheat flour and brewer’s yeast (10:1) and kept in the CTH room as stated
above. Parent adults were removed from the culture after seven days, and thirty
days after their removal the cultures were sieved daily through 710 um sieves

(Philip Harris Scientific, London) to remove all newly emerged adults.
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2.2.2. Preparation of insects for experiments

The adults that were removed from the culture within twenty-four hours of
emergence were assumed to be virgin (Dowdy et al., 1993; Mayhew and Phillips,
1994). After removing from the culture, beetles were kept singly on kibbled wheat
grains until used in the experiments. Kibbled wheat grains were used to allow easy
recovery of the insects. Seven-day old beetles were used in all the experiments,

unless stated otherwise.

The beetles whose response to volatiles was observed 1n the olfactometer
experiments were generally allowed to feed on kibbled wheat grain for six days,
then starved for twenty-four hours, unless stated otherwise, before being used in

the experiments.

The male beetles used as potential signallers in pheromone entrainments, were
generally allowed to feed on kibbled wheat grains for three days. Then they were
moved into the host-grains (already prepared by drilling holes in them with 1.5 mm
drill) and were allowed to feed there for four days, unless stated otherwise, before

using them in the experiments.

2.3. SEX DETERMINATION

Adults were generally sexed by examination of the tip of the abdomen using a
binocular microscope. Adult males were recognised by the presence of a punctuate
groove on the fifth abdominal sternite (Ghorpade and Thyagarajan, 1980)

(Figure 2.1). This groove, generally present on both sides or at least on one side of

the mid-ventral line, is rather shallow and of variable development. This sort of
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At the end of the experiment sexing was confirmed using the “squeezing method”
of Crombie (1941) in which the tip of the abdomen of the adults is gently squeezed

until the genitalia appear which can then be examined under a microscope

(Figure 2.2).

2.4. OLFACTOMETER

2.4.1. Apparatus arrangement

The basic design of the olfactometer (Figure 2.3a, b & c) was similar to that used
by Pettersson (1970). A four-pointed star-shaped exposure chamber was milled
into an aluminium plate (30 x 30 x 1.2 cm), with a hole (8§ mm diameter) drilled
into the walls at each point. A glass plate (30 x 30 x 0.6cm) served as the floor and
another glass plate, of the same size but with a hole (8 mm diameter) in its centre,
served as a cover. Since R. dominica cannot walk on smooth surfaces a sheet of
plain white paper (Dudley Stationery Ltd., England) was used as a floor covering.
A small aluminium pipe (10 mm long, 8 mm outer / 6 mm inner diameter) was
fixed in the central hole of the glass cover. Aluminium pipes (60 mm length, 8 mm
outer / 6 mm inner diameter) were inserted through the holes of the chamber walls
so that the pipes extended into the arena for 5 mm. The olfactometer was housed in
a CTH room running at 27°C, 60% r.h. and 12 hour light/dark cycle with no natural

light and was illuminated by fluorescent tubes. The beetles were always tested

between 10.00 h and 16.00 h.

The air stream through the olfactometer was supplied by a vacuum pump (DA7C;
Charles Austen Pumps Ltd., England) through 8 mm inner diameter polythene

tubing (Fisher Scientific, UK). Immediately after the pump (Figure 2.3a), the air
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zone were not counted. Each beetle was observed for five minutes in the chamber
and the time spent in different zones was recorded. When a beetle entered into one
of the four air-delivery pipes, however, the test was terminated for that insect and
the remaining time was awarded to that particular zone. The time spent by each
beetle in each of the four odour zones was calculated to determine the preference of
the beetles for different odour/volatile sources. Clean air served as control in all

the cases except than when four odour sources were tested at a time.
One-odour source experiments

When one odour source was tested at a time, the volatiles were delivered into the
exposure chamber from one compass point and from the other three compass points

clean air was delivered.
Two-odour sources experiments

When volatiles from two odour sources were presented in the exposure chamber at
the same time then the volatiles from those were always delivered from the
opposite compass points. Clean air was delivered from the other two compass

points.
Multiple-odour sources experiments

When more than two odour sources were tested at a time, the compass points were
assigned randomly to different odour sources. Clean air was delivered from the

fourth compass point when three odour sources were tested.

In all the experiments, after testing every quarter of the beetles, (after every '/

olfactometer tests), the order in which the volatile delivery tubes were connected to
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the exposure chamber was changed such that each zone of the test arena received
volatiles from each source during the experiment. The sheet of paper used as
covering of floor glass plate of exposure chamber to facilitate R. dominica walking
was changed after testing every ten insects, unless stated otherwise in specific

experiments.

2.5. PHEROMONE ENTRAINMENT

2.5.1. Equipment and their arrangement

The pheromone collection apparatus arrangement is illustrated in Figure 2.4a and
photographs of the apparatus are shown in Figure 2.4b and 2.4c. Porapak-Q filters
with mesh size 50-80 (Chrompack, Netherlands) were used to collect the
pheromone. The amount of Porapak-Q put in each filter was 200 mg. Air at a flow
rate of one litre per minute and cleaned with activated charcoal was drawn through
the pheromone entrainment chamber (2.5 cm inner diameter x 8 cm length), where
possible pheromone sources 1.e. male beetle or synthetic pheromone loaded
polythene vial, was placed, and then through the Porapak-Q filter. A vacuum
pump (DA7C,; Charles Austen Pumps Ltd., UK) was used to draw air through the
system. The pheromone was extracted from the filters by using three 0.50cm’
aliquots of “distol” grade dichloromethane (Fisher Scientific, UK). The extract
was then analysed by capillary gas chromatography (GC), this was done by Mr.
Dudley Farman of Chemical Ecology Group, Pest Management Department,

Natural Resources Institute, Chatham, UK.

Samples were analysed by using a fused silica capillary column (30 m x 0.32 mm;

internal diameter) coated with CPWax52CB (Carbowax equivalent; Chrompack
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2.6. STATISTICAL ANALYSIS

Results were considered statistically significant when the probability of their

occurrence by chance was less than five percent (p<0.05).
2.6.1. Olfactometer experiments

The amount of time spent by each beetle in different odour zones of test arena was
the parameter chosen for statistical analysis of a difference between odour sources

(Figure 2.6).

Mann-Whitney test
Data for males ——®  for comparison between <4—— Data for females

l males and females l
Friedman test / \ Friedman test
No significant  Significant
difference difference

for all the for any of the
No significant Significant treatments treatments  1NO significant Significant

difference difference difference difference

o 1

Data for males and '
Wilcoxon females pooled Wilcoxon

test l test

Friedman test

N

No significant Significant
difference difference

|

Wilcoxon test

Figure 2.6: Scheme for statistical analysis of data recorded on behavioural
responses of the adult R. dominica to different odour/volatile sources in
olfactometer experiments
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Friedman test for K-related samples was used to compare all the four sources.
When the Friedman test showed a significant difference, a Wilcoxon test (for 2-
related samples) was used for pairwise comparisons between sources. The
responses of males and females were compared by a Mann-Whitney test for each of
the four odour/volatile sources separately. The data for males and females were
pooled when the Mann-Whitney test showed non-significant difference between
males and females for all the odour/volatile sources. Friedman test for K-related
samples was used to compare all the four sources. When the Friedman test showed
a significant difference, a Wilcoxon test (for 2-related samples) was used for
pairwise comparisons between sources. The responses of males and females were
compared by a Mann-Whitney test for each of the four odour/volatile sources
separately. The data for males and females were pooled when the Mann-Whitney
test showed non-significant difference between males and females for all the

odour/volatile sources.

Determination of level of response of males and females

The percentage of time spent by males or females in all the odour zones combined
(excluding control), was calculated to determine the level of response. To
investigate the difference between the level of response of males and females data

were analysed using a Mann-Whitney test.

Determination of level of discrimination of males and females

To determine the level of discrimination of males or females between odour

sources the following formula was applied. All the values obtained by subtracting
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the response to one odour source from the response to other were considered as

positive.

Response to odour source ‘A’—

S Response to odour source ‘B’
Level of discrimination = x 100

Response to odour source ‘A’+
Response to odour source ‘B’

To determine the difference between the level of discrimination of males and

females data were analysed using a Mann-Whitney test.

2.6.2. Pheromone entrainment experiments

When there were more than two treatments, one-way analysis of variance
(ANOVA) was used to analyse the data from all the treatments while the Least
Significant Difference (LSD) test was used for multiple comparisons between

different treatments, unless stated otherwise.

Independent samples t-test was used to analyse the data from experiments with two

treatments, unless stated otherwise.
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Behavioural response of R. dominica adults to
host-grain volatiles

3.1. INTRODUCTION

An important component of any model that attempts to quantify the early
population dynamics of stored-grain insect pest populations is an accurate
knowledge of the factors regulating the movement of the insects into and out of
stores. Such factors are very complex, but life history parameters and presence or
absence of aggregation pheromones and host volatiles are often important. The
rate at which insects move into a grain storage facility is likely to depend, in part,
on the ability of each species to use stimuli originating from the store (Dowdy et

al., 1993).

Phytophagous insects generally utilise volatile semiochemical cues from host
plants during one or more phases of host selection (Phillips et al., 1993). Many
insect pests of field crops use plant volatiles as cues to find their hosts (Kainoh et
al., 1980; Nottingham and Coaker, 1985; Nottingham et al., 1989; Mitchell et al.,
1991; Evans and Allen-Williams, 1993; Pivnick et al., 1994). A number of bark
beetle species also use host-plant volatiles to select suitable hosts (Byers et al.,
1985; Lanne et al., 1987, Volz, 1988; Lindelow et al., 1992; Macias-Samano et al.,
1998). Some insects are also able to discriminate between odours of host and non-

host plants (Thiery and Visser, 1987; Kalinova et al., 1996).

The process of selecting a suitable host in phytophagous insects consists of a
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sequence of complex behavioural responses to stimuli associated with the host. A
host may be rejected at any step of this process (Wood, 1982). Orientation of
insects towards host odours is important, as it is often the first step i this process.
Several stored-product insects are known to orient to stored-grain odours (Barrer &
Jay, 1980; Freedman et al., 1982; Barrer, 1983; Stubbs et al., 1985; Pierce et al.,
1990; Phillips et al., 1993). Host odours may be important for males of the insect
species for whom presence of food is essential to release pheromones to attract
females for mating (Landolt and Phillips, 1997). Such odours may also be
important for females to locate oviposition sites (Crombie, 1941; Nottingham,
1988; Honda, 1995). Rhyzopertha dominica has been reported to show an
orientation to wheat volatiles in laboratory experiments (Crombie, 1941; Dowdy e?

al., 1993).

The current study aims to investigate the role of host volatiles in the primary
selection of a food source in R. dominica. Behavioural responses of R. dominica
towards different host volatiles were investigated to determine whether this insect
could distinguish between the volatiles of one host (suitable) from others
(less/unsuitable). Three host-grains, wheat [ Triticum vulgare (L.)], maize [Zea
mays (L.)] and groundnut (peanut) [Arachis hypogaea (L.)] were used as sources of
volatiles. Wheat was considered to be the most suitable host for this particular
strain of R. dominica, as a significantly greater number of F; adults emerged from
wheat (551 from 5 pairs) than from maize (121 from 5 pairs) (Bashir, unpublished
data). Maize was considered as an example of a moderately suitable host, as
although the number of adults emerged on maize was much less than on wheat, the
beetles were on average significantly heavier (61.43 mg/50 beetles) than those on

wheat (60.64 mg/50 beetles). Groundnut was considered as an unsuitable or non-
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host since R. dominica did not reproduce on it at all. However, the beetles were
able to bore into the kernels and possibly also feed on them as they survived on
groundnut kernels for approximately one month. This assessment of host
suitability led to the hypothesis that R. dominica adults would show attraction to

hosts in the order wheat, maize and groundnut.

Phytophagous insects may prefer a plant they have already experienced over one
they have not experienced, whether or not this plant is more appropriate for their
development (Bernays, 1995). This has been demonstrated for a few insect orders
(De Boer and Hanson, 1984; Szentesi and Jermy, 1990) but the order Lepidoptera
has been studied most extensively. Larvae of over twenty-four species of
Lepidoptera have been shown to develop an altered preference in favour of the
plant they have already experienced (Bernays, 1995). The cabbage looper moth,
Trichoplusia ni (Hubner), learns the odour of a host plant when it first contacts the
plant and subsequently shows attraction for that odour and not for others (Landolt
and Monica, 1995). The effect of past experience on the behaviour of R. dominica
in relation to host selection has not been studied. The present studies aimed to
investigate the preference of R. dominica adults for different host-grain volatiles.
The beetles used were reared on wheat and their behavioural responses to volatiles
of wheat, maize and groundnut were observed. It seemed possible that the
experiments were being biased by only investigating the responses of beetles reared
on wheat. For this reason a study was made of the responses of beetles reared on
two contrasting hosts— wheat and split green gram [Vigna radiata (L.)]. The
beetles were reared on several alternative host grains for approximately one year,
and the host-grain (split green gram) on which they did best was selected along

with their most productive host-grain wheat to be used in this experiment.
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3.2. MATERIALS AND METHODS

Olfactometer

Details of olfactometer apparatus and experimental procedures for recording

observations of behavioural responses of beetles are given in section 2.4.

Statistical analysis

See section 2.6 for statistical methods used for analysis of data.

3.2.1. Response of beetles reared on one host-type to volatiles of another host-

type

Insects

Beetles of known sex (see section 2.3) but unknown age were used in experiments

using different odour sources.

Experimental procedure

Beetles reared on two commodities, wheat or split green gram, for approximately
one year were used to test their response to volatiles from 500 g of wheat or split
green gram. Volatiles o<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>