
 
 

 

Copyright Statement 

The digital copy of this thesis is protected by the Copyright Act 1994 (New 
Zealand). This thesis may be consulted by you, provided you comply with the 
provisions of the Act and the following conditions of use: 

• Any use you make of these documents or images must be for 
research or private study purposes only, and you may not make 
them available to any other person. 

• Authors control the copyright of their thesis. You will recognise the 
author's right to be identified as the author of this thesis, and due 
acknowledgement will be made to the author where appropriate. 

• You will obtain the author's permission before publishing any 
material from their thesis. 

 
To request permissions please use the Feedback form on our webpage. 
http://researchspace.auckland.ac.nz/feedback  
 

General copyright and disclaimer 
 
In addition to the above conditions, authors give their consent for the digital 
copy of their work to be used subject to the conditions specified on the Library 
Thesis Consent Form

 
 

http://researchspace.auckland.ac.nz/feedback
http://www.library.auckland.ac.nz/instruct/thesisconsent.pdf


Molecular and Ecological Aspects of
Heliothis armigera,

Tania Susanne Waghorn

1 999

A thesis presented in partialfulfilment

of the requirements for the degree of

Doctor of Philosophy In Biological Sciences

At the UnMersity of Auckland



Frontispiece

Hetiothis armigeracaterpillar feeding on Michaelmas daisy (Aster novae belgiil

Photo courtesy of Mr and Mrs Waghorn



Abstract

The species status and host range of Hetiothis armigera was investigated. DNA profiling,

mitochondrial DNA sequencing, RAPD's, along with traditional morphological and crossing

methods were used to investigate micro, macro and mega-population structuring. Thirty-six

new host records were added, of which a number are important common weeds and crops'

Mortality due to parasitoids and fungal infections were quantified on many host species'

Genetic analysis of the COll and the AT-rich regions of the mitochondrial DNA showed very

highlevelsof variation,asdidtheDNA profilingusingtheprobes (CA)n and33.15. The

morphologicalanalyses also showed variation, but to a lesser degree and without statistical

significance. The variation found at all levels and in all aspects is discussed with respect to

caterpillar host-plants and geographical location. All host-plant populations of caterpillars

showed very high levels of genetic variability. However, the population of caterpillars found

on Sulla (Hedysaium coronaium) was significantly more variable than those found on Lotus

and Lucerne when compared using DNA profiling. The sequences obtained from the two

mtDNA regions also showed considerable variation, a great percentage of which was

uninformative. This variation did not allude to any structuring of caterpillar populations with

respect to host-plant or geographical location. H. armigera is genetically a very variable

species which does not equate with any population structuring present in the host-plant or

geographical populations investigated here. This study has greatly increased the general

understanding of this insect, and has elucidated a portion of the genetic makeup, but not

helped in the development any new control methods.

1ll



Acknowledgements

My thanks go out to the many people who assisted directly and indirectly with this project.

Firstly to my supervisors Professor David Lambert for his advice and continued support of

the project. Dr Gimme Walter for his help with the field work in Australia and the helpful

comments and contacts he provided. Dr Peter Cameron for allowing me to tag along on

collecting trips to Gisborne and Hawkes Bay and sharing his wide knowledge of H. armigera

here in New Zealand. Dr R Bellamy for his helpful comments on the draft and taking on a

long distance student.

There were many groups of people who provided amazing support to some one they

did not know. The team in EVGL SBS Auckland. Especially to Dr Craig Millar, Ms Judith

Robins, Tracey Monehan, Dr Stephen Sarre, Mr Peter Ritchie and all the rest for teaching

me the new techniques and helping to trouble shoot when it was needed. Dr Peter

Cameron's research group at Mt. Albert Crop and Food CRl. For their efforts in collecting

and rearing caterpillars for me from distant places. The Molecular Ecology group at Massey

University who shared good and bad times and helped in any way they could. The

Entomology Department and the CSIRO research group into Tropical Pests and Diseases

at the University of Queensland, Australia. Specialthanks go to Martin Benfield, Tania and all

the other staff and students who assisted in catdring rearing and processing caterpillars for

me and for all the helpful advice and comments. I would also Like to trank Mr and Mrs

Lambert snr and Kerry, Sharon and Toby Bluett for providing accommodation during my

Australian trips.

Special thanks to Mum for all your efforts in collecting and rearing many hundreds of

caterpillars and dad for putting up with escaping caterpillars crawling on the benches and

making funny noises in the night.

Steve without whose support this thesis would not exist. lt is as much yours as mine.

To you all and those I have missed who know who you are

THANK YOU

Computation of the Mantel procedure was facilitated by a PC-based computer program

developed by Dr. A. Rodrigo.

This research was funded by The Entomological Society of New Zealand, AgMardt, A

Frank Sydenham scholarship and the University of Auckland Graduate Research fund. With

out the financial support of all these organisations this research woft would not have been

possible.



Table of Contents

Abstract.

Acknowledgements.

List of Plates.

List of Figures.

List of Tables.

Ghapter One :

Hetiothis armigera (Lepidoptera Noctuidae).

lntroduction.

Taxonomy.

Agricuhural imPoftance.

Control.

Host-Plant diversitY.

Genetic studies on the Heliothinae.

Genetic tools.

lsozymes.

Minisatellite DNA.

Polymerase chain reactions.

References.

Chapter Two :

The genetics of Heliothis armigera.

Theoretical issues in population genetics.

Population subdivision.

The species concePt

Cryptic species.

Aims

References.

viii

tx

xi

1

1

5

I
12

14

16

17

18

19

23

36

39
41

41

43
44



Chapter Three :

Ecological Aspects of Tomato Fruitworm. (Heliothis armigeral.

lntroduction.

Methods.

Micropopulations.

Morphological methodologY'

Hybridisation methodologY.

Results.

Generalpattems.

Flock House.

Gisbome and Hawkes BaY.

Hybridisation.

Morphology.

Discussion.

Hosts.

True hosts.

Parasitoids.

Percent parasitism.

Host-plant morPhologY.

M icropopu lation structuring.

Gisbome and Hawkes BaY'

Hybridisation.

Morphology.

Conclusion.

References.

Ghapter Four:
The Population structuring ln Heliothis armigera shown by

Minisatellite DNA Profiling.

Part one Minisatellite DNA Profiling and Population studies.

lntroduction.

Minisatellite DNA Profiles'

Summary.

Part two H. armigerapopulation studies using Minisatellite DNA profiling'

Introduction.

Methods.

Collection.

DNA extraction.

47

48
49
52

52
55

55

63
67

75

75

81

81

81

82

83

86

91
g2

92
93

94

95

98

100

105

106

108

108

109

vi



ONA etectrophoresis and Southem transfer' 111

111

112

115

115

118

131

131

132
140
141

143
145

DNA hybridisation.

Minisatellite DNA Profile Analysis.

Results.

Family fingerPrints.

Microgeograph ic micropopulations.

MacrogeograPhic PoPulations.

New Zealand populations of H' armigera'

World-wide populations of H' armigera'

Discovery curves for H. armigera.

Discussion.

Conclusions.

References'

Chapter Five :

Mitochondrial DNA Sequence variation in Host-plant

Populations of Heliothis armigera'

lntroduction.

Materials and Methods.

Collection and rearing

DNA extraction.

RAPD's.

Sequencing.

Genetic analYses.

Results.

RAPD's.

The COll region.

The AT-rich region.

Discussion.

References.

Chapter Six :

General Discussion and Conclusions'

Appendix One : Artificial diet protocol'

AppendixTwo:Datatablesforcaterpil|ars<20mminlength'

Appendix Three : collection results for Hawkes Bay and Gisborne'

150

153

153

153

153

154
157

157

157

159

171

186

190

193

196

198

201

vii



List of Plates

Frontispie ce : Heliothis armigera caterpillar feeding on Michaelmas daisy.

Plate 1.1 : Hetiothis armigera adults male and female'

Plate 3.1 : Flock House collection sites.

Plate 3.2 : Fungal infection in Heliothis armigera'

Plate 3.3 : Cotesia kazak and Microplitis croceipes'

Plate 3.4 '. Meteorus pulchricornis and Campoletis sp'

Pfate 3.5 : Caterpillar feeding damage on Sulla (Hedysarium coronarium)'

Pfate 3.6 : H. armigeracaterpillars feeding on Dahlias'

Plate 4.1 : Autoradiograph of enzyme / probe trial'

Plate 4.2 : Autoradiograph of extraction techniques'

Plate 4.3 : Autoradiograph of a family group'

Plate 4.4 : Autoradiograph of host-plant groups'

Plate 5.1 : Results of RAPD amplifications'

7

51

59

84

85

88

90

101

102
116

119

158

ulr



Figure 1.1 :

Figure 1.2 :

Figure 1.3 :

Figure 2.1 :

Figure2.2:

Figure 3.1 :

Figure 3.2 :

Figure 3.3 :

Figure 3.4:

Figure 3.5

Figure 3.6

Figure 3.7

Figure 3.8

Figure 3.9

Figure 3.10

Figure 3.11

Figure 3.12

Figure 3.13

Figure 3.14

Figure 3.15

Figure 4.1 :

Figure 4.2 :

Figure 4.3 :

Figure 4.4 :

Figure 4.5 :

Figure 4.6

Figure 4.7

Figure 4.8 :

Figure 4.9 :

Figure 4.10

Figure 4.11

Figure 4.12

List of Figures

Distribution map of H. armigera throughout the world'

Hardwick's phylogenY.

Mathew's PhylogenY.

Population structuring models.

Theoretical crop invasion by H' armigera.

New Zealand collection sites-

Genitafia of H. armigera.

Legs and wings of H. armigera.
o/o of H. armigeracaterpillars parasitised (all).

"/" of H. armigeracaterpillars parasitised (<20mm)'

% mortality due to other causes.

H. armigera mortality at Flock House.

H. armigera seasonal modalitY.

H. armigeracaterpillarfate at Flock House'

H. armigeracaterpillar fate on Chicory.

H. armigeracaterpillar fate on Sulla.

Seasonalfate of H. armigera on Chicory.

Seasonalfate of H. armigeraon Sulla.

H. armigera caterpillar fate in Gisbome'

H. armigeracaterpillarfate in Hawkes Bay'

Austrafian collection sites for H. armigera.

Family band-sharing.

Average band-sharing by host-plant tor H. armigera'

Theoretical band-sharing'

within versus between band-sharing values lor H. armigera.

Average band-sharing by host-plant using the probe (CA)n'

Average band-sharing by host-plant using the probe 33'15'

Average band-sh arin g with Lynches correction'

The number of bands per host-plant using the probe 33.15.

:Thenumberofbandsperhost-plantusingtheprobe(CA)n'
: within band-sharing for regional populations of H. armigera.

: within band-sharing for world populations of H. armigera.

2

4

4

38

40

50

53

54

60

62

64

65

66

68

69

70

71

72

73

74

110

117

122

123
126
127

128
130

133

134

135

138

rx



Figure 4.13 : Within and between band-sharing for H. armigera.

Figure 4.14: Discovery curves for H. armigera.

139

142

169

172

181

182

Figure 5.1

Figure 5.2

Figure 5.3

Figure 5.4

Figure 5.5

Figure 5.6

Figure 5.7

The unweighted consensus tree forthe COll region of

H. armigera mitochondrial DNA.

The weighted consensus tree for the COll region of

H. armigera mitochondrial DNA.

The unweighted consensus tree forthe AT-rich region of 176
H. armigera mitochondrial DNA.

The weighted consensus tree for the AT-rich region of

H. armigera mitochondrial DNA.

The weighted consensus tree for the AT-rich region of

H. armigera mitochondrial DNA from Flock House.

The pairwise distances forthe AT-rich region of H. armigen 184

mitochondrial DNA.

The pairwise distances for the COll region of H. armigera 185

mitochondrial DNA.



List of Tables

Table 1.1 : Present and past names for H. armigera.

Tabfe 1.2 : Known host-plants of H. armigera.

Table 3.1 :

Table 3.2 :

Table 3.3 :

Table 3.4 :

Table 3.5 :

Table 3.6 :

Table 3.7 :

Table 3.8 :

New Zealand host-plants of H. armigera.

Number of H. armigera caterpillars collected from the

different host-Plants.

Mortality of H. armigera caterpillars by host-plant'

Mating trialcrosses and results.

Mafe H. armigera genitalia measurements.

Female H. armigera genitalia measurements,

Leg measurements tor H. armigera.

Wing measurements for H. armigera.

DNA probe core sequences.

% overlap of the different Probes.

Average number of bands Per Probe.

Family band-sharing values.

Mean band-sharing of H. armigerawithin host-plants.

Mean band-sharing of H. armigera between host-plants'

FST values for H. armigera populations.

Average % differences for Adelie penguins.

Results of the Mantels tests.

7

13

56

58

61

76

77

78

79

80

103

103

104

118

120

124

125

129

129

136

137

140

155

156

159

160

167

168

170

171

Table 4.1

Table 4.2

Table 4.3

Table 4.4

Table 4.5

Table 4.6

Table 4.7

Table 4.8

Table 4.9

Tabfe 4.10 : Band-sharing within New Zealand populations of H. armigera'

Table 4.11 : Band-sharing within world populations of H. armigera.

Table 412 World sample collection data.

Table 5.1 : RAPD primer sequences.

Tabfe 5.2 : Sequencing primer sequences for H, armigera'

Tabfe 5.3 : COll consensus sequence'for H. armigera.

Table 5.4.: Sequences for coll region of all moths sampled.

Tabfe 5.5. : COll haplotypes tor H. armigera.

Tabfe 5.6 : Amino acid translation for the COll sequence of H. armigera'

Table 5.7 : The distribution of COll haplotypes across host-plants'

Table 5.8 : Base-pair composition of the COll sequence'

X]



Tabfe 5.9 : AT-rich consensus sequence for H- annigera.

Table 5.10 : AT-rich haplotypes for H. armigera.

Table 5.11 : AT-rev primer sequence.

Table 5.12 : Sequences for AT-rich region of all moths sampled.

Table 5.13 : Base-pair composition of the AT-rich sequence.

Table 5,14 : The distribution of AT-rich haplotypes across host-plants.

173

174
175
177

180

183

xll



Chapter I

Ghapter One

Heliothis armigera

(Lepidoptera: Noctu idae)

lntroduction

Hetiothis armigera is a major crop pest throughout the world. Both its host and habitat

ranges are enormous often leading to confusion over the species status of this insect'

This study investigates a number of aspects concerning the genetics and ecological

features associated with host-plant and geographical populations of H' armigera in an

attempt to clarify these issues.

Taxonomy

Hetiothis armigera is a moth belonging to the family Noctuidae, subfamily Heliothinae'

genus Heliothis, subgenus Helicoverpa, species armigera. Those in New Zealand are

considered to belong to the subspecie s conferta. ln the past, many species within the

Heliothinae were considered a single cosmopolitan species that was classified as

Heliothis obsoleta or Heliothis armigera, and later becoming known as the corn earworm

complex. Research prior to 1965 suggested the presence of a complex of cryptic

species with at 1east six recognised species. Common (1953) described three species,

H. armigera, H. punctigera. and H. assultathat were previously classified as one species
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(H. armigera). He also suggested that there were other confusions within the group with

at least two other distinct species being present. Todd (1955) showed that there were

two distinct species of Heliothis in the Americas, H. zea and H. gelotopoeon, and in 1956

Zimmerman and Fletcher (1956) also described another distinct species in Hawaii, H'

hawaiiensis. Hardwick (1965) undertook a major review of the group and described 11

new species and two new subspecies based on genitalic morphology in combination with

standard morphological methods and extensive rearing and hybridisation studies. The

17 species he divided into five species groups; the punctigera group, the gelotopoeon

group, the hawaiiensis group, the armigera group and the zea group. He also described

Helicoverpa as agenus, which is described by Matthews (1991) as "a well defined

natural group". Hardwick (1965) described three subspecies of H. armigera: H.

armigera commoni(Hardwick) in the Central Pacific; H. armigera armigera (H0bner) in

Africa, Europe and Asia; and in New Zealand H. armigera conferta (Walker) (Figure 1.1)'

These subspecies were based on macular patterns. Macular patterns have, however,

since been shown to be variable within a number of Lepidopteran species (Descimon &

Naplitano, 1993; Kirkpatrick, 1961; Zalucki et a\.,1986)'

Figure 1.1. Distribution of Hetiothis armigera and H. zea throughout the world.
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Hardwick (1970) again undertook to clarify the relationships within the subfamily

Heliothinae due to "a divergence of opinion among workers" as to which morphological

characters were important. At this time however, he looked only at the Nofih American

species, producing a phylogenetic tree based on his understanding of the group (Figure

1.2). This arrangement shows the Heliothls clade including Schinia and Protoschinia,

and has the genera Helicoverpa (which includes H. armigera) and Heliofhls (which

includes H. zea) distant from each other. The majority of species and major pest species

were found in the Heliothis clade on his tree, with many of the remaining taxa being host

specific and of little importance in agriculture, except in localised areas. However, the

systematics of the group was still poorly understood. In 1991 Matthew's described new

taxa and new genera within the Heliothinae. This work was based on an extensive

world-wide study looking at non-genitalic and genitalic characters. This gave rise to a

similar phylogenetic tree (Figure 1.3) to that of Hardwick's, again with a Heliothis clade

comprising of the major pest species. Matthews (1991) did however remove some

groups from the clade that Hardwick had originally included.

Further studies of the Heliothinae have used genetical techniques and have helped to

clarify the relationships to some extent. Greenstone et al. (1991) used antibodies to

examine the phylogenetic relationships among currently recognised taxa and found good

consistency between the Matthews (1991) phylogeny and the trees they proposed,

although they suspected H. zea was more closely related to H. armigera than was

previously thought. Mitter et at. (1993) examined the "Biosystematics of the Heliothinae"

which at this time amounted to some 400 species, of which about 185 have been

included in the Heliothis genus (or Heliothis clade excluding Schinia) at some stage.

Mitter et al. (1993) used allozymes to determine the structure of the phylogenetic tree

and found concordance with what Matthews (1991) and Greenstone et al. (1991)

suggested, that H. zea was more closely related to H. armigera than the early

taxonomists thought.

ln the Americas the equivalent species to H. armigera is H. zea, bolh in pest status,

climatic distribution (Figure 1.1)and polyphagy. There is also a high degree of genetic

compatibility between these two species (Laster & Hardee, 1995; Laster & Sheng, 1995)

when crossed.
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St iriinae
Melaporphyria
Microhelia
Fleliothodes

Baptarma
Eut ricops
Derrima
Erythroecia
Fhodecia
Py rrhia
Helicoverpa

Heliothis
Heliolonche
Protoschinia
Schinia

Heliothis Oade

Figure 1.2, The phylogenetic tree postulated by Hardwick (1970). Adapted from

Mitter et al.. 1993.

Figure 1.3. Mathew's phylogenetic tree showing the Heliothis clade without the genus

Schinia, and with Helicoverpa zea and H. armigera in close proximity. Adapted from

Fang et al. (1997).

Plusiinae
St iriinae
Noctuinae
Py rrh ia
Heliothodies
Eut ricopis
Schinia
Heliolonche
Adisura
Heliocheilus discalis

Heliocheilus albipunct ella

Heliothis virescens

Heliothis subflexa

Australothis rubrescens

Helicov erpa gelot opoeon

Helicoverpa zea

Heliothis Oade

Helicoverpa armigera
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There is speculation that H. zea arose from a small founding population of H. armigera

that underwent a long period of population bottlenecks (Mallet ef a/., 1993). This theory

is suppoded by more recent work on the group which uses nuclear gene markers to

recover and test the morphological trees (Cho et a/., 1995; Fang et al., 1997), (Figure

1.3).

ln summary, the taxonomy of the group is still under debate. Taxonomists recognise

and use the genus Helicoverpa, while field workers and other scientific groups still use

the more traditional generic name Heliothis (as I have done) and refer la Helicoverpa as

a subgenus. With the advent of DNA-based and more traditional genetic techniques

added to the morphological studies, the debate has taken on new dimensions and with

the Heliothinae being such a large and diverse species group it is sure to continue for

some time.

Agricultu ral lmportance.

Hetiothis armigera is an agricultural pest of world-wide significance (Figure 1.1)

causing millions of dollars worth of losses annually on many different crop species' ln

the late 1980's, estimates of losses due to H. armigera in India on legumes were up to

$300 million and in Australia up to $25 million due to the combined effects of H. armigera

and H. punctigeraon many crops (Fitt, 1989). More recent data estimates a current cost

of Heliothis in Australia to be approximately $120 million annually on all crops utilising

control methods and in those where there is no control or control is lost, the cost rises to

over $800 million (Anon, 1997). The importance and cost to agriculture has lead to

international workshops being held in Australia and India with a specific focus on the four

major pest species; Heliothis armigera, H. zea, H. virescens and H. punctigera.

The variety and number of names that these species are known by (Table 1'1) is

another illustration of how important they are to modern agriculture. Many of these

common names refer to two if not all of the major pest species. Even the scientific

names have referred to more than one species in the past, as discussed earlier. This

confusion with names, especially scientific names, has led to early work on the group

being of little use, as the actual species being referred to is unknown. This is true
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especially in the Australian literature where H. punctigera and H. armigera overlap in

their ranges and host plants to a great extent (Common, 1953; Zalucki et al,, 1986).

Although as Fitt (1989) states it is worth perusal as it is still excellent in its ecological

insight and will prevent time and funds being wasted in rediscovering things that were

reported in the early 1900's.

The economic cost of this insect to agriculture is high due to the nature of its feeding.

The adult moths (Plate 1.1)cause few direct problems since they are nectar feeders.

However, the capacity of the adult moths to spread their eggs extensively is huge.

According to Zalucki et al. (1986), in the laboratory under ideal conditions, an adult

female can lay up to 691 eggs in one day with the maximum life-time fecundity being

2899 eggs. The averages of 1400 eggs total and 112 eggs perday are more likelyto

represent what happens in the field. The vagility of the adults is high with trans-Tasman

ff ights and other long distance flights recorded (Fox, 1978; Gregg et al., 1993; Holloway,

1977). H. armigera is thought to be a facultative migrant and H. punctigera an obligatory

migrant (Zalucki et al., 1986). However, both can move huge distances and therefore

spread their offspring over considerable areas. This ability to move great distances is

now being monitored and 'Heliothis Forecasts' are now available to farmers in Australia

to help plan control strategies (Anon, 1997).

Caterpillar feeding primarily causes the economic damage. The adult moths lay their

eggs on or near the fruiting bodies of the host plants and the caterpillars move into the

nutritious buds, feeding voraciously and moving to new buds and fruits as required. lt is

usually the fruiting bodies that are harvested e.g. tomatoes, beans, corn. In these crops

the damage levels tolerated by farmers are minimal as the fruiting parts attacked are

very sensitive to damage and do not recover easily from caterpillar feeding. Also the

marketability of the produce is severely diminished. ln tomatoes caterpillars will burrow

into the developing fruit leaving a large hole and frass which can cause the fruit to rot.

Consumers will not buy caterpillar-damaged fruit. The entire crop can either be sent to

the juicers and pulpers at a much reduced return or left to rot.

6
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Heliothis armigera

Pfate 1.1. Adult male and female Heliothis armigera moths.
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Table 1.1. The scientific names past and present, and common names currently in

use for H. armigera throughout the world.

Scientific names Common names

Heliothis obsoleta

Heliothis armiger

Heliothis armigera

Helicoverpa armigera

Bombyx obosleta

Noctua barbara

Flower caterpillar

Gram caterpillar

Tomato fruit worm

Cotton bollworm

Tobacco budworm

Corn earworm

Bean pod borer

Bud worm

Gram pod borer

African bollworm

American bollworm

Climbing cutworm

Luceme budworm

Tobacco is another impoftant crop that can be dramatically affected by even slight

damage by Heliothis. Small tobacco leaves increase in size 10 to 20 fold before they are

harvested, through a process of cell elongation rather than cell division (Titmarsh, 1985).

Hence a small hole placed in a young leaf by a caterpillar also increases in size by the

same amount. This does not effect the quality of the product but does effect the quantity

of tobacco, especially in a bad or early infestation where leaf primordia are attacked

(Titmarsh, 1985). lt is a similar situation in cotton where the caterpillars devour the

squares (flower buds) at an early stage and the crop can be dramatically reduced

(Bottrell & Adkisson, 1977).

In other crops such as lucerne the presence of the caterpillars is virtually ignored as

the tolerance levels are much higher due to the fact that the resultant crop is most often

used as stock feed and is not reliant on the general public's perception of quality. These

crops that are not sprayed must be taken into consideration as they can harbour huge

numbers of caterpillars and pupae, which can reinfest other crops. Maize has been

recorded with pupal densities of up to 70,000 per hectare (Fitt, 1989), potentially

resulting in 70,000,000 caterpillars on the next crop.
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Gontrol

Control of the pest is a high priority with farmers and can take a number of forms.

Chemical spraying has been the most preferred method in the past and is still in high use

for many crops. However, with the development of insecticide resistance, firstly to DDT

in the 1970's (Twine & Kay, 1973), then to pyrethroids (Gunning ef al., 1984) other

methods of control have been sought. In 1979 Room developed a system of integrated

pest management (lPM) to combat insecticide resistance in moths feeding on cotton.

Initially known as FLY this was taken up by the Ministry of Agriculture and enhanced to

become SIRATAC (Zalucki et al., 1986). lt is based on scouting for the insect in the crop

and then spraying at the optimum time to achieve maximum kill with a variety of sprays,

including viral sprays, that are rotated. Furthermore an insecticide resistance

management (lRM) programme was implemented in 1983 (Daly, 1988). Although

voluntary, it was implemented by the majority of farmers, as past experiences with loss in

control of this pest have led to areas throughout the world abandoning cotton growing

and in the worst cases walking off the land (Bottrell & Adkisson, 1977; Matthews, 1997).

This system has worked to some extent in slowing the development of insecticide

resistance and prolonging the useful life of the sprays. However as new sprays are few

and far between, the search for alternative methods of control has been undertaken.

Alternatives to chemical control include: cultural controls, the development of host

plant resistance, biological controls such as parasites and predators, behavioural

controls using pheromones, exploitation of natural diseases, and sprays using natural

toxins. All these techniques are slow to develop and require a great deal of study into all

the interactions. lt is only in the last few years that these techniques and developments

have been incorporated into IPM field trials around the world.

Cultural methods of control which were in use prior to the advent of broad spectrum

sprays were the first to be brought back into use (Bottrell & Adkisson, 1977; Matthews,

1997). These involve crop rotation, fallowing ground, ploughing in and/or stubble

destruction. All these were designed to reduce over wintering populations and/or to

provide a host-free period that greatly reduces population numbers (Fitt, 1989).
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Cultural control also includes grower selection of insect resistant crop species as

opposed to higher yielding more susceptible crops (Bottrell & Adkisson, 1977; Matthews,

1997). These resistant varieties can then be cross-bred with high yielding species to

give rise to better yielding varieties that are also insect resistant, hence reducing the

need and frequency of sprays. In some areas the species that fruit or mature earlier can

be grown so as to avoid the worst of the pest attacks (Bottrell & Adkisson, 1977; FitI,

1989). The use of trap crops may also be applicable in some areas as some crops are

preferred over others and significantly reduce the damage caused by H. armigera on the

more valuable crops (Abate, 1991; Fitt, 1989).

Biological controls such as parasitoids and predators have been encouraged back into

the crops and new species have been introduced into areas that do not have species-

specific natural control agents in them. Zalucki et al. (1986) list a number of predators

and parasitoids found throughout the world. The reduction in spray usage has helped

the natural insect predators and parasitoids increase in number. The adults of these

insect predators and parasitoids are often nectar feeders. These adults can be

encouraged into at risk crops by planting nectar sources in and around crops, such as

chicory. However, such planting of nectar sources for the adult parasitoids is a "two-

edged sword" as it also provides a nectar source for adult Heliothis moths and may

frequently become a food source for the caterpillars. This potentially increases the

presence of the pest species in and around the crop at risk. Having a range of crops and

other plants around allows successional colonisation of different food plants within a

small area. This can potentially lead to a population expansion of a devastating

magnitude. As Fitt (1989) states "... in the case of Heliothissp.the evidence strongly

suggests that populations are more abundant in diverse cropping systems".

ln countries such as New Zealand where H. armigera is self introduced, there are

none of the natural enemies that are associated with it in other parts of the world. Few of

New Zealand's native predators and parasitoids enter into agricultural cropping systems,

allowing populations of introduced caterpillars to develop unrestrained. However, in

order to bring some form of natural control back into the cropping systems, there have

been a number of parasitoids introduced to combat H. armigera (Hill et al., 1985). The

two that have established and give an acceptable level of control are Mircoplitus
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crocepies and Cofesia kazak (Cameron & Valentine, 1985; Walker & Cameron, 1989).

They are both larval parasitoids attacking the early instars before they incur major crop

damage. To date, C. kazak is widespread throughout the Nodh lsland of New Zealand,

but M. crocepies is restricted to the Hawkes Bay and Gisborne regions where it was

released. Many other countries have also released predators and parasitoids that are

specific to H. armigera (Hill ef al., 1985; Murray et al., 1995). In areas where the

parasitoid and predator populations are naturally maintained at low levels and cannot

respond quickly to H. armigera population increases, the use of inundative release

methods can augment the natural populations and provide a higher level of control.

Pheromones of Heliothis species were actively researched in the 1970's. They have

not been used as control measures as such but they do play an important role in the

monitoring of pest densities (Kehat et al., 1980; Nyambo, 1988; Pawar et al., 1988;

Rothschild, 1978; Srivastava & Srivastava, 1989). This monitoring allows field workers to

forecast outbreaks ol H. armigera and so determine the timing of other control measures.

Potentially pheromones could be used to reduce populations, as they can be used to

destroy olfactory communication and disrupt mating behaviours. (Bulyginskaya et al.,

t 990; Zalucki et al., 1986).

Exploitation of natural diseases and pathogens, such as viruses, fungi, protozoan's,

and nematodes are other means of controlling H. armigera that have been used (Zalucki

et al., 1986). Viruses such as nuclear polyhedrosis virus and granulosis virus have been

spread as sprays and have had varying degrees of success (lgnoffo et al., 1965). In

some crops (e.9. lucerne (Cullen, 1969)) they are naturally prevalent and have high

mortality rates in the right climatic conditions.

Sprays using natural toxins have also been developed using neem extracts (Jaglan ef

al., 1997; Patel et al., 1997) and Bacillus thuringiensis (BT) toxins (Ali & Young, 1993),

with mixed success. BT toxins have also been genetically engineered into plants

(tomato, cotton and tobacco (Stone & Sims, 1993)), giving the plants resistance through

production of an insecticidal protein. However, some individuals of H. armigera are

naturally resistant to the BT toxin and the spread of these resistant alleles through the
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populations is of concern with the commercialisation of the genetically engineered plants

(Brattsten, 1991 ; Gould et al., 1997).

Modern IPM schemes must work on a regional basis, not just farm by farm, as the

numbers of migrating moths from non-controlled areas can be substantial and can

quickly reinfest crops to pre-control levels of caterpillars. They must also incorporate as

many of the alternative techniques as they can to give the best environmentally sound

control system possible (Matthews, 1997).

Host Plant Diversity

Controlling Heliothis in cropping systems is more difficult than for other host-specific

insect pests due to the high degree of polyphagy exhibited by the caterpillars. The huge

number and variety of host plants is not restricted to crops or to any group of plants that

can be determined. For the Heliothinae, Matthews (1991) listed 862 host-plant

references in an attempt to look for host-plant patterns to assist in his phylogenetic study.

His list as stated is by no means complete. He did find that some species were restricted

to cedain families of plants, but the majority showed no patterns. A range of host plants

associated with H. armigera are listed in Table 1.2. This list is compiled from a large

number of sources (Gregg et al., 1989; Matthews, '1991 ; Rao ef a/., 1991; Saini & Mahla,

1991; Thanee, 1987; Walter & Benfield, 1994; Wardhaugh et al., 1980; Zalucki et al.,

1986; Zalucki et al., 1994).

The presence of caterpillars on these plant species is not necessarily indicative of

them being true host-plants. For a plant to be considered a true host, the caterpillars

must be able to complete maturation to the adult stage and produce fertile offspring.

Thus, those plants on which no life history studies have been undertaken can only be

considered potential hosts.
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Table 1.2. Host plant records of Heliothis armigera caterpillars.
Acanthaceae

Crossandra infundibuliformis
Ruellia runyonii

Aizoaceae
Tianthema pilosa
Tianthema poftulacastrum

Amaranthaceae
Amaranthus gangeticus
Amaranthus paniculatus
Amaranthus polygamus
Amaranthus thunbergii
Amaranthus tristis
Amaranthus viidus
Digeria arvensis

Anacardiaceae
Mangifera indica

Apiaceae
Eryngium plantagineum

Asteraceae
Erachycome tetnpterocarpa
Callistephus chinensis
Calotis ancyrocarpa
Calotis cuneifolia
Calotis lappulaceae
Calotis multicaulis
Carthamus lanatus
Carthamus tinctorius
Cirsium aNense
Conyza canadensis
Craspedia chrysantha
Craspedia globosa
Dahlia pinnata
Galinsoga ciliata
Galinsoga parviflora
Gerbera jamesonii
Helianthus annuus
Helichrysum bracteatum
Helipterum floribundum
Helipterum stictum
lxiolaena brevicompta
Lactuca sativa
Lactuca seniola
Podolepis canescens
Podolepis jaceoides
Senecio platylepis
Sonchus aryensis
Sonchus oleraceus
Sphaeranthus indicus
Tridax procumbens
Wedelia aspenima
Xanthium pinnata
Xanthium strumarium
Zinnia elegans

Bigoniaceae
Tecomaria capensis

Boraginaceae
Echium plantagineum

Brassicaceae
Erassica napus
Brassica nigra
Erassica oleracea v.capitata
Erassrba oleracea v.italica
Brassica rapa
C ap se I I a bursa-paslons
Coronopus didymus

Capparidaceae
Cleome gynandi

Caricaceae
Carica papaya

Caryophyllaceae
Dianthus caryophyllus

Chenooodiaceae
Beta vulgaris
Chenooodium album

Convolvulaceae
Convolvulus aruensis
lpomea cordofana

Cucurbitaceae
Citrullus lantanus
Citrullus moschata
Citrullus pepo
Citrullus vulgais
Lagenaria sicenria
Tichosanthes anguina

Euphorbiaceae
Acalypha hispida
Acalypha hispida
Acalypha wilensia
Chrozophora rottlei
Phyllanthus niruri
Ricinus cammunis

Fabaceae
Arachis hypogaea
Atylosia scarabaeoides
Cajanus cajan
centrosema pubescens
Cicer aietinun
Dolichos lablab
Glycine max
Lablab purpureus
Lathyrus odoratus
Lathyrus sativus
Lupinus arborea
Lupinus sp.
Macroptilium lathytoides
Medicago denticulata
Medicago polymorpha
Medicago sativa
Metilotus alba
Phaseolus vulgais
Pisum sativum
Psoralea cinerea
Sesbanrb cannabina
Sesbanrb simpliciuscula
Trifolium pratense
Trifolium repens
Vigna radiata
Vigna unguiculata

Geranaceae
Pelargonium rodneyanum

Goodeniaceae
Velleia glabrata

lridaceae
G/adrolus sp.

Juglandaceae
Jugrans sp.

Laminaceae
Ocimum ameicanum
Origanum vulgare

Liliaceae
Allium fistulosum
Sanseviera so.

Linaceae
Linum usita0ssimum

Malvaceae
Abermoschus escu/enlus
Abutilon indicum
Gossypium hirsutum
Hrbiscus cannabinus
Hlbiscus escu/entus
Hrbrscus sabdariffa
H/blscus trionum
Malva paruiflon
Malvastrum americanum
Malvastrum tricuspidatum
Sida cordifolia

Musaceae
Musa acuminata

Musa sp.
Myrtaceae

Eucalyptus sp.
Melaleuca incana

Nycitagrnaceae
Boerhavia diffusa

Paperveraceae
Papaver somniferum

Passifloraceae
Passtflora edulis

Pedaliaceae
Sesamom indicum

Pinaceae
Pinus radiata

Poaceae
Avena sativa
Eleusine coracana
Hordeum vulgare
Panicum americanum
Panicum miliaceum
Panicum sp.
Sorghum bicolor
Sorghum vulgare
Triticum aestivum
Zea mays

Polygonaceae
Polygonum plabUem
Rumex sp.

Porlulacaceae
Poftulaca filifolia
Poftulaca oleracea

Proleaceae
Macadamia integrifolia
Macadamia tetnphylla

Resedaceae
Reseda luteola

Rosaceae
Fragaria x ananassa
Malus domestica
Prunus persica
Rosa sp.

Rutaceae
Citrus limon
Citrus srnensis
Xanthoxylum americanum

Scrophulariaceae
Antinhinum majus
Vetbascum virgatum

Solanaceae
Capsicum frulescens
Datura leichhardtii
Datura metel
Lycopersicum lycopersicum
Nicandra physaloides
Nicotiana megalosiphon
Nicotiana tabacum
Petunia x hybida
Physalis minima
Physalis peruviana
Solanum nigrum
Solanum tuberosum

Tiliaceae
Corchorus triloculais

Verbenaceae
Verbena bonaiensis
Verbena officinalis

Vitaceae
Vitis vinifen

Zingiberaceae
Zingiber offinale

Zygophyllaceae
Tribulus terresfris
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Genetic Studies on the Heliothinae.

The Heliothinae group and H. armigera itself have been looked at using a numberof

genetic techniques including isozymes, RFLP's, sequencing both nuclear and

mitochondrial DNA, and standard cross-breeding methods.

lsozyme studies by Daly & Gregg, (1985) and Mallet et al., (1993) on the family

Heliothinae both confirm and change parts of the morphologically based trees

established by Hardwick (1965) and Matthews (1991). Within the group, population

genetics studies using isozymes have been done on all the major pest species; H.

virescens (Korman et al., 1993; Sluss & Graham, 1979; Sluss et al., 1978), H. punctigera

(Daly & Gregg, 1985; Fisk & Daly, 1989), H. zea (Sluss et al,, 1978), H. armigera (Daly &

Gregg, 1985; de Monchy, 1992; Fisk & Daly, 1989). Most of these population studies

investigate the spread of insecticide resistant genes through populations or the variation

within populations that could influence the use of alternative control measures brought

about by the incidence of insecticide resistance. These studies have revealed little

understanding about population structuring within Heliothis. Sluss & Graham, (1979)

found that two of the enzymes they examined were correlated with the host-plants upon

which the caterpillars of H. virescens were found. However, the general conclusion is

that "populations in the same regions were not more similar than were populations

separated by large distances" (Daly & Gregg, 1985). However, Daly and Gregg (1985)

and de Monchy (1992) found an excess of homozygotes within H. armigera. Daly and

Gregg (1985) said this "indicated that populations within a region may not be a panmictic

unit but instead are subdivided in some way not detected".

RFLP work on the group has been restricted to H. virescens and H. zea and has

involved work on species differentiation (Roehrdanz, 1997), monitoring of sterile males in

thewild(Roehrdanz, 1994), andthemappingof resistantgenes(Zraket etal., 1990).

The only population study using this technique is again on H. virescens and shows

similar results to those found using morphological and enzymatic techniques, with no

major geographically distinct populations as all haplotypes were found scattered

throughout all populations (Roehrdanz et al.,1gg4).
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PCR sequencing techniques have been used to look at both the Heliothinae as a
whole and population structuring within species. Cho ef a/. (1995) and Fang et al. (19g7)

both used nuclear genes to infer phylogenetic relationships within the family. McKechnie

et al. (1993a and 1993b) looked at geographical variation in both H. punctigeraand H.

armigera using the AT-Rich region in the mitochondrial DNA. Their work was on third to

fifth generation laboratory-reared insects so the applicability of the data to field situations

is debatable. However, the fact that there are different haplotypes present is an

indication that there may be some population structuring within H. armigera

Finally Sheck & Gould (1993) investigated the genetic basis of host range in H.

virescens using standard hybridisation and backcrossing experiments to determine

whether host plant selection is based on single or multiple loci. The hosts they looked at

were mainly crop hosts and the effects of the crosses and backcrosses could not be

easily described in terms of dominant alleles or loci.

The sum total of the genetic work on H. armigera is very little and is limited to

allozymes and sequence data. For such a major pest species this is surprising.

However, the lack of any population structuring detected to date provides a possible

explanation for the lack of other studies.

A knowledge of the genetic makeup and population structuring of an insect such as H.

armigera, with its diverse habitats would help greatly in the development of control

methods, whether chemical, cultural or biological. lt is important to determine the

distribution of genetic variation in populations and to determine how widespread is that

variation. An example is the occurrence of insecticide resistance. lf it has developed in

one population, how fast can it spread? What are the interactions between the resistant

populations and susceptible ones? The populations may become structured in other

ways, such as certain morphs or haplotypes could prefer to feed on various host-plants

which may eventually lead to speciation. With this knowledge, focus can then be placed

on those populations which have the greatest impact on species of commercial

importance. These are questions that can be answered with the use of genetic markers.
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Heliothis armigera has a number of factors that suggest that it may show some level of

population structuring. First, the array of hosts this insect utilises (see table 1.2)

(Matthews, 1991 ; Mitter et al., 1993; Zalucki et al., 1994). Second, the range of climates

in which it survives and prospers (Figure 1.1) (Common, 1953; Fitt, 1989; Hardwick,

1965; Matthews, 1991 ; Mitter et al., 1993; Zalucki et al., 1986). Third, small variations in

morphological features (Matthews, 1991). Fourth, the occurrence of sub-species and

host races (Daly, 1991; Firempong & Zalucki, 1990; Hardwick, 1965). Finally, the

homozygote excesses found in isozymes in populations (Daly & Gregg, 1985, de

Monchy 1992).

lndividually all these factors can be explained. However, in combination with each

other and other genetic evidence, it remains a reasonable possibility that Heliothis

armigera is, in fact, a complex of cryptic species or at least a complex of host races in

which considerable genetic structure might be correlated, not with geography, but with

host races.

With Heliothis armigera having a largely contiguous geographical population, and

populations based on geographical features not showing any structuring, defining

individual populations to investigate must be based on some other feature. As discussed

earlier, the other characteristic of H. armigera that causes major concern is the huge

range of host-plants on which the caterpillars can be found. Some work has been done

on populations based on host-plants, however, they are primarily based on crop hosts

and not native or weed hosts, so the structuring hinted at by all these different factors

may be based on these alternative / native host-plants.

Genetic Tools

There are many techniques now available to examine the level of genetic structure in

any species or population. Many of these have been used on insect species to answer

questions regarding species diversity and phylogenetic relatedness, as well as kinship.
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lsozymes

lsozyme electrophoresis was the first technique to become widely available as a tool

in taxonomic and population studies. lt makes use of the natural variation in protein

structure and therefore mobility in starch (or other) gels to infer nuclear variation between

individuals. The spread of certain allozymes within and between populations can be

traced, and because these allozymes show Mendelian inheritance patterns (i.e. receiving

50% of their genes from each parent), the Hardy-Weinberg theorem and Wright's F

statistics can be used to describe population structure. lsozyme electrophoresis is used

extensively to detect species level genetic differentiation as well as population

subdivisions. lsozymes have been used to study cryptic speciation or systematic

divergence in many different insect orders including: Diptera, Ephemeroptera,

Hymenoptera, Homoptera, Lepidoptera, Ofthoptera, Coleoptera and Cheleutoptera, as

well as in many otherinveftebrates (Thorpe & Sol6-cava, 1994). They have also been

used to investigate hybridisation zones between bee species (Comparini & Biasiolo,

1991).

lsozymes have also been used in many population studies. For example the tephritid

Rhagoletis pomonella (apple maggot fly) shows distinct latitudinal population structuring

based on isozymes (Berlocher & Mcpheron, 1996). Geographical populations of

checkerspot butterflies (Debinski, 1994) can be differentiated on the bases of unique

alleles. Other butterflies also show high levels of geographic population structuring both

regionally and within regions where physical barriers are present (Johannesen et al.,

1996). In an endangered species of butterfly, the loss of genetic variation was able to be

linked to the loss of habitat and the distances separating the populations. However, an

attempt to link these findings to morphological characters of wing patterning showed no

direct correlation (Descimon & Naplitano, 1993).

The taxonomic implications of data resulting from enzyme electrophoresis have both

confirmed and disputed morphological taxonomies. In New Zealand there are two

species of flightless chafer beetles based on colour morphs. lsozyme studies have

shown them to have no genetic barriers between them suggesting they may be the same

species (Emerson & Wallis, 1994). Similar studies are repofted in Thorpe and 5o16-

cava's review (1994) both supporting and debating morphological taxonomies.
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Minisatellite DNA

A range of DNA based methods are now available to examine insect genomes

directly. Jeffreys et al. (1985a, 1985b) pioneered the use of VNTR (variable number

tandem repeat) loci in parentage and individual studies, They used a category of

VNTR's known as minisatellite DNA loci which are approximately 20 to 30 base pairs in

size and are typically scattered throughout the eukaryote genome. Genetic variability at

these loci can be visualised through southern blotting and hybridisation to labelled

probes. The conserved nature of core regions within minisatellites has meant that wide

cross-species hybridisation of probes is possible. Such minisatellite probes can reveal

single locus and multilocus patterns, both of which are genetically informative at many

taxonomic levels. The advantages of this technique over isozymes is that the DNA is

more robust in storage and once extracted from an individual can provide enough DNA

for a number of gels. lsozymes on the other hand can degrade rapidly if not stored

correctly and individual insects usually only provide enough protein for a small number of

gels. Also some insects species show very low levels of enzyme polymorphism,

especially the Hymenoptera (Blanchetot, 1992; Hughes & Queller, 1993). Consequently

minisatelite DNA multilocus probes can provide a far greater range of loci in which to

examine genetic variation.

The minisatellite DNA multilocus technique is very useful for kinship studies in colonial

insects such as honey bees (Blanchetot, 1991a), and otherclose order relationships in

insects like solitary bees (Blanchetot, 1992), butterflies (Saccheri & Bruford, 1993), and

house flies (Blanchetot, 1991b). This technique has been used to study mating success

and sperm precedence in a variety of insects including bush crickets (Achmann et a/.,

1992), and butterflies (Saccheri & Bruford, 1993). lt has also been used for strain

determination in fruit flies from various geographical origins and genetic backgrounds

(Haymer et a\.,1992).

Genomic DNA is able to be extracted from small insects such as individual aphids.

Carvalho etal. (1991) reported a case in which aphid clones were monomorphic at 11

allozyme loci, but could however, be differentiated using their minisatellite DNA

fingerprints. Population studies have been undertaken in buttertlies (Saccheri & Bruford,

1993) and other invertebrates such as pseudoscorpions, where minisatellite DNA
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fingerprints in combination with allozyme and interbreeding data point to the occurrence

of a cryptic species complex (Zeh et al.,1992\.

Single locus probes are more difficult to obtain than multilocus probes. These typically

need to be isolated for pafticular species. However, when single locus probes are

isolated and prove to be variable then they are of great use. Saccheri and Bruford

(1993), using the human multilocus probe 33.6, found that it bound at low stringency to a

highly variable single locus in a buttedly. Hall, (1992) also found two single locus probes

that could be used to distinguish between honeybee populations.

Polymerase Chain Reactions

Advances in research and technology in the past 10 years have resulted in the

development of PCR (polymerase chain reaction) techniques. These involve the

amplification of regions of DNA using primers developed for specific or non specific

regions. There are many different applications of the basic PCR technique, these

include RFLP (restriction fragment length polymorphism), RAPD's (random amplified

polymorphic DNA's) and PCR leading to the determination of both nuclear and

mitochondrial DNA sequences. An advantage of this set of methods is the speed at

which results can be obtained. Minisatellite DNA fingerprinting takes a week minimum to

get out any results and only a small number of samples can be run at any one time. The

PCR based techniques provide results in a few hours and any number can be run. This

assumes that there are primers available to amplify the DNA region of interest. lf primers

are not available then the development time to create appropriate primers for PCR work

is extensive, far greater than that needed to develop minisatellite probes. ln insects, this

set of techniques has been used to examine a wide range of problems.

RFLP's the first of these techniques can take two forms. First, whole genomic or

mitochondrial DNA can be digested with a range of restriction enzymes to look for

variation in the patterns produced. Second, an arbitrary sequence of DNA can be

amplified and then digested with a range of restriction enzymes to look for variation in the

patterns produced. Variations in patterns relate directly to differences in the sequence of

the DNA and the recognition sites of the enzymes used. Mitochondrial DNA RFLP

analysis has been used for species differentiation in many insect groups including

bruchid beetles (Tuda et a1.,1995), leaf rollers (Sin et a/., 1995), grasshoppers (Chapco
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et al., 1994), field crickets (Harrison & Bogdanowicz, 1995), and honeybees (Smith,

1ee1).

Population level genetic studies have been conducted on many insect species

including pests such as screwworms (Roehrdanz & Johnson, 1988), migratory

grasshoppers (Chapco et al., 1992b), and Africanised honeybees (Sheppard et al.,

1994). Non pest species include monarch butterflies (Brower & Boyce, 1991), 17-year

cicada broods (Simon et al., 1993) and bark weevils (Boyce et al., 1989) have also been

examined with varying levels of utility. Zehnder et al. (1992) used the technique to test

for host races and biotypes, inferred by host-plant preferences and rnating experiments

in the chrysommelid beetle Leptinotarsa decemlineata.

RAPD's arise from the use of arbitrary primers to amplify DNA fragments of unknown

origin within the genome. They are therefore random, and thus can be problematic with

respect to the repeatability of fragments amplified and the patterns produced. However,

despite the problems associated with them they have been used in many insect studies.

For example, paternity assessment in two dragonflies with differing mating systems

(Hadrys et al., 1993). Species identification of sympatric sandfly species that are

possible vectors in the spread of a human disease (Adamson, 1993). They are also

being used to determine species of African and European honey bees (Suazo et al.,

1998). ln aphids, allozyme variation is rare, but RAPD's have been shown to provide

high levels of variation even between individual insects on the same plant (Black et al.,

1992; Fukatsu & lshikawa, 1994). Sunnicks et al. (1997) used the method to distinguish

between two morphologically identical species of aphids. RAPD's have also been used

successfully in population studies of grasshoppers and fruit flies (Chapco et al., 1992ai

Haymer & Mclnnis, 1994)

Determining the origin of an introduced pest species can be important when looking

for biological controls. Williams ef a/. (1994) used RAPD's to determine the origin of New

Zealand Argentine stem weevil populations, enabling searches for biocontrol agents in its

native environment. Biocontrol agents, themselves are often very small and

morphologically difficult to distinguish, can also be identified using this technique and the

efficiency of different strains in controlling the pest species can be determined (Landry ef

a/., 1993).
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Sequencing of specific pieces of DNA relating to different genes is the highest level of

genetic discrimination available. However, this approach requires primers for the regions

to be sequenced and these can be time consuming to develop. For most animals and

plants PCR primers are available for some regions of the mitochondrial DNA (mtDNA).

This mtDNA molecule contains a number of impofiant genes and a region known as the

D-Loop (AT-rich region in insects) which is non-coding and often very variable. The

question being asked will determine the region chosen to amplify and sequence. High

level phylogenetic questions with deep divergence's tend to use slowly evolving regions

and genes, whereas low level species or population studies tend to use regions or genes

that are faster evolving (Brower & DeSalle, 1994; Simon et al., 1994).

There have been many studies using this technique since it was discovered in the

early 1980's . Many phylogenetic and evolutionary questions have been posed of many

insect species. These range from studies between orders of insects (Liu & Beckenbach,

1992), through families of moths (Brown et al., 1994b), and tribes of bees (Cameron,

1991), to generic and species level studies on Chysomelid beetles (Funk et al., 1995),

Yucca moths (Brown et al., 1994a) and Drosophila flies (DeSalle et al., 1987). The

evolution and divergence of the control region in Lepidoptera (Taylor et al,, 1993),

Orthoptera (Zhang et al., 1995) and Drosophila species (lnohira et al., 1997; Lewis et al.,

1994) as well as the evolution of ribosomal genes in bees (Sheppard & McPheron, 1991)

have been studied in insect mtDNA's. Complete sequences for the mtDNA molecule

have been deciphered for some species including Drosophila (Clary & Wolstenholme,

1985), locusts (Flook et al., 1995) and honeybees (Crozier & Crozier, 1993).

Volger et al. (1993) amplified and sequenced large genetically diverse areas of the

mtDNA to look at population genetic structuring in an endangered tiger beetle.

Sequencing and a number of other techniques including RFLP's and allozymes have

been used to elucidate a complex of cryptic species in the dingy cutworm moths

(Sperling et al., 1996). Asian gypsy moths show DNA sequence variation that

discriminates between the Asian and the North American haplotypes, thereby allowing

the spread of the pest haplotype to be monitored. Wilcox et al. (1997) sequenced the

COI gene in pseudoscorpions and found extreme genetic divergence between

populations relating to the presence of cryptic species.
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Nuclear genes have not been widely used in insect studies to date, other than in

Drosophila melanogaster, as the primers are not readily available and the work required

to find useful genes is quite considerable. Brower & DeSalle (1994) list a number of

genes and primer references for insects, summarised from numerous studies. The

majority of these studies are those on Drosophila melanogasfer and other "fruit fly"

species.

The most recent application of the PCR technique is to amplify microsatellites. These

are VNTR's of a very short sequence, i.e. 2 to 4 base pairs compared to minisatellites in

which there are repeat units about 20 to 30 base pairs. Individual loci can be highly

polymorphic and easy to score and even small single base pair variations can be

resolved. Microsatellites are again time consuming to obtain if you do not have primers

from other sources. There are number of studies using microsatellites on the

Hymenoptera which show little variation in allozymes, examples are honeybees (Estoup

etal., 1995a; Estoup etal., 1993; Oldroyd eta1.,1995),communal bees(Paxton etal.,

1996), bumble bees (Estoup et al., 1995b; Estoup et al., 1996; Estoup et al., 1993),

social wasps (Choudhary et a1.,1993; Hughes & Queller, 1993) and ants (Gertsch et al.,

1995). All are social insects where identifying kinship relationships are of interest. Traut

et al. (1992) found a microsatellite loci ((GATA)") in a species of moth in 1992. Since

then little other work has been completed on Lepidoptera or any insect order other than

the Hymenoptera.

All these techniques are being used in combination with morphological, behavioural

and other more traditional techniques, to address many types of studies and questions

ecological and theoretical.
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Chapter Two

The Genetics of Heliothis armigera.

Theoretical lssues in Population Genetics.

As a theoretical discipline, population genetics is concerned with the paftitioning of genetic

diversity. Such partitions can define populations by international, national, regional, or local

boundaries, as well as climatic, temporal and physical barriers. On a smaller scale there can

be genetic structure within one paddock, or restricted to one host plant. Consequently, when
studying the genetic structure of a population it is impofiant to define population boundaries
early. This is to ensure that the populations are properly sampled, especially if they are

sympatric in some way.

Diversity describes the differences found within and among different populations.

Genetically, diversity can be described in terms of the Hardy-Weinberg model where the

frequency of alleles, in a large sexually reproducing population that has random mating and

negligible migration, are in equilibrium. Wright, (1978) advanced some F statistics (fixation

statistics, Frs, Fsr and F,r) to describe various pattems of diversity in populations. F,=

describes the diversity found within sub-populations and F., describes the differences

between the sub-populations. These two combined give a value for F,.,. using the formula:

1-F,r=(1 -Frs)(1 -Fsr)

F,, describes the individuals of a population with respect to all individuals in the species.

This value indicates whether there are high or low levels of heterozygosity in the overall

population. lf there are a large number of heterozygotes in the overall population then F,, is

low and if those heterozygotes are scattered evenly throughout the subpopulations then F.,
is also low. When both these values are low the F,, value is also going to be low. This
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means that the likelihood of a certain allele being present in the population is high, so the
probability of the differences seen being due to individuals within in the population is low
(scenario 1 in figure 2.1). lf, on the other hand, Fr. or F,. values are high, then the Fo value is

also going to be high. A high F,. value indicates high diversity within populations (i.e. both
homozygotes in excess) (scenariostwo and fourinfigure2.l). A high F* value indicates
high levels of variation between the sub-populations (scenarios three and four in figure 2.1).
These values are equivalent to Nei's G statistics (1973) which are based on the Hardy-
Weinberg principle.

Recent papers (Bossafi & Prowell, 1998; Charlesworth, 1998) have thrown doubt on to the
validity and utility of F statistics and other indirect measures of population subdivision h
studies using molecular data. The main arguments against using indirect methods to assess
gene flow and population structure are 1) molecular makers appear to lack the resolving
power to distinguish contemporary pattems of gene flow with curent analytical methods.

These methods were developed in the 1960's for use with allozymes and have little
reference to modern molecular techniques and data. 2) Limitations imposed by conventional
population genetics models lead to low precision of gene flow estimates and a general bck

of realism. This reason relates to the lack of consideration of biotic and abiotic factors trat
promote genetic and demographic instability and non-uniformity across a species' range

(Bossart & Prowell, 1998), The biggest problem both papers recognise are the Within

population' levels of variation. lf these 'within population' variation levels are high or low, then

any statistics used will not help solve it as this variation can mask any other structuring

present. Both papers advocate a return to direct methods of detecting movement between
populations as this preserves all the biological and ecological data that is lost when only
nucleotide variation is examined. However, incoporating biological and ecological

information into the interpretation of the F* value for given subpopulations, that have been
chosen with reference to realistic life history parameters, may still give relevant measures of
population structuring tor Heliothis armigera using molecular techniques such as minisatelite

DNA profiling. Band sharing values gained from minisatellite DNA profiling will reflect the

estimated F., values as proposed by Lynch (1990) for the same populations. lf band

sharing within a population is high and between populations is low, then the F.-, value will b e

high (scenarios 3 and 4 in figure 2.1). lf band sharing within populations is low it will also b e

low between populations leading to a low F., value (scenarios 1 and 2 in figure 2.1).
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Figure 2.1 Four possible scenarios of population structuring for three nuclear genotypes
within a single species. Scenarios 1 - 4 show homozygote genotypes O n, O B and

heterozygote genotyp" O C. Adapted from Wallis (1994).
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Population Subdivision

Biological and ecological information is important to consider when looking for the conect
unit of subdivision between populations. Many authors have tooked at geographical units or
crop host units (Daly, '1991 ; Daly & Gregg, 1g8S; Fisk & Daly, 1g89; Fitt, 1g89; McKechnie
et al., 1993a; McKechnie et al., 1993b), but neither are very ecologically sound divisions
unless associated with specific features of the environment. Few studies have examined
weed or native host-plants of pest species in the population context. Crops over the
centuries have been bred to produce faster higher yields for ease of harvest. However,
there is often an equivalent cost to the plant such as a loss in resistance due to the energy
deployment into growth r:ather than defence. This can leave the plants susceptible to viral,

bacterial, fungal, and insect attack. Hence, insects normally found feeding on native hosts can

move with ease into crop hosts, that lack the defences of the native host, and survive just as

well if not better on the new crop hosts. This may be true for not just one insect species but
for a number of closely related species or host races leading to a huge diversity of insects on
the one crop host. Figure 2.2 shows a theoretical invasion by a number of host races onto
susceptible crop hosts. The resuhing mix can appear to the researcher as a very
polyphagous and genetically diverse insect pest. However, changing the population unit to
non-crop host-plants, i.e. weed and native hosts, may focus us on a structure that is hidden d
present.

Populations based on host-plants could show a number of different pattems of diversity
(Figure 2.1). Scenarios 3 and 4 show species with distinctive subdivisions seen mainly

between the host plant populations (i.e. high F., ). This could be due to a number of
reasons a) being immediately prior to speciation which could lead to cryptic species; b) the
presence of a complex of cryptic species; and c) host races or sub species.
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Figure 2.2. Theoretical invasion of two crop host species(1 and 2) by a number of

different native host races (A - C) resulting in what appears to be widely dispersed
polyphagous and genetically diverse insect pest species.
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The Species Concept

What is a species and how to define a species genetically or otherwise is one of the great

debates in the biological sciences today. Most definitions in biological text books and

dictionaries are along the lines of the definition given by Ernst Mayr who said that "species
are groups of actually or potentially interbreeding natural populations which are

reproductively isolated from other such groups" (Curtis and Bames 1989). This species
definition is the one taughl in most schools, universities and is accepted by the majority of
people. However, there are other views on how to define a species and of these the most
widely recognised is the 'Recognition concept of species' put fonruard by a number of
scientists including Dr Hugh Paterson in his book (Paterson 1993). This species definition

differs in that il works on the opposite principle to that of the commonly held one.

Reproductive isolation is a negative concept where all thing are acting against different

species interbreeding i.e. there are isolating mechanisms acting at any one of many levels.
The recognition concept takes the opposing positive view of maintaining mate and therefore

species recogn ition th rou gh a stimu I us- response-reaction chai n.

Neither of these concepts tell us exactly what to look for when determining one species
from another in terms of genetic differences i.e. how many base pairs have to differ between
individuals before we have different species present. This is a challenging question as if we
staft to hink about genetic disorders in humans, for example, we can lose and gain vast
quantities of genetic information and still be reproductively viable. The other extreme is no

genetical variation where you would assume every thing to be the same species and yet
we have called two colour morphs of the chafer beetle different species (Emerson & Wallis,

1ee4).

To define a species in terms of its genetic differences we must ensure that the evidence

of speciation or species separation is consistent through out the life history and physiology

of the organism in question. A single genetical variant does not a species make. However,

if the variant can be coupled with other factors such a sterility in hybrid offspring, consistently

differing morphological features, behavioural differences and even chemical differences then

there is possible cause to define a new species.

Cryptic Species

Cryptic species are species which are morphologically identical or very similar which can

only be determined by behavioural, genetical or pheromonal means. These carl cause

major problems in the fields of agriculture, hofiiculture, and medicine. The need for aocurate
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identification of pest or predator species, whether they be cryptic or not, is important
especially as more and more species-specific biological control agents are introduced into

these systems.

ln New Zealand a prime example of a complex of cryptic species causing a pest control

problem was with the leafroller Planotortrix excessana, amajor pest in orchards. Pheromone
traps developed for this insect were found not to attract adults from different populations.

Fuilher research revealed that there was, in fact, a complex of cryptic species in the orchards,

with very distinct pheromone types (Foster et a1.,1986). These findings have since been
corroborated by genetic mar4<ers (Foster et al., 1991; Sin et a/., 1995; White & Lambert,

1994, 1995). This could have potentially led to the total dismissal of the traps as ineffective,

when in fact they worked perfectly for the species for which they were developed.

Another situation where a cryptic species has caused concern was in the US where a
species of whitefly (Bemisia tabacil was thought to have developed a sudden resistance to

sprays resulting in over half a billion dollars in damage to US agricultunal production in 1991.

The new resistant strain was termed "superbug" and considered morphologically identical to
the susceptible strain. Genetically and behaviourally, however, they were later shown to be
distinct and are now considered different species (Pening et al., 1993). Similar examples h
relatedtaxacanbefound inthe literature (Clarke & Walter, 1995; Sperling & Hickey, 1994;

Sunnicks et a1.,1997). These emphasise how impodant it is to correctly identify the species
when developing control measures.

Recently consumer demand has focused on chemical-free high quality produce. As a

result there has been a reduction in the use of broad spectrum insecticides and an increase h
species-specific biologicalcontrol agents. The use of broad spectrum insecticides for many
years caused the development of chemical resistance in insects and biomagnification effects

in those that fed upon the produce, coated in the sprays, and the predators of the insect

pests. For example, malaria has been a huge problem throughout warmer regions of the

world and in the past has been controlled using broad spectrum insecticides. A detailed

study of the offending mosquito (Anopheles gambiae) found that it was a complex of cryptic

species which "differed greatly in their preference to bite humans as opposed to cattle"

(Paterson, 1962; Paterson, 1964). Consequently more specific control measures could be
developed and implemented.

The African mosquito, Anopheles marshalii, another malaria carrier, was also found to be a
complex of cryptic species identifiable through their polytene chromosomes (Lambeft &
Coetzee, 1982; Lambert, 1983). Other species in the Anopheles genus (A. annupiles and

A. faurati) are also composed of a number of cryptic species (Lambeft, 1983). Accurate
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knowledge of the species present is thus essential. Cryptic species, host races or even the
levelof genetic structure in a population can be critical to the control and manipulation of pest
species.

Aims

This work aims to explore the population genetics of the moth H. armigerawith regard to
its host plant diversity and the possibility of cryptic species or host races being present.
The wide spread distribution and huge host plant range of this insect gives c€lus to believe
that there should be some form of structuring present either within or between H. armigera
populations based on some as yet unknown biological or ecological factor.
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Chapter Three

Ecological Aspects of Tomato Fruitworm
(Heliothis armigera)

lntroduction.

The family Heliothinae has a list of over 860 host-plants (Matthews, 1991). Within the

family are many major pests including Heliothis armigera, which is a signtficant problem on

many agricultural crops throughout the world. There are cunently records for over 170 hosts

from more than 40 different families (Gregg et al., 1989; Matthews, 1991 ; Rao et a/,, 1 991 ;

Saini & Mahla, 1991;Thanee, 1987; Walter & Benfield, 1994; Wardhaugh et al., 1980;

Zalucki et al., 1986; Zalucki et a\.,1994) (Table 1 .2) and this list grows with every season. ln

Australasia these include beans, sweet corn, capsicums, tomatoes, peas, sunflowers, cotton,

and tobacco. All these are either major food or fibre crops, which can potentially be

devastated by caterpillar feeding. In New Zealand H. armigera gains its greatest pest status

on tomatoes and sweet corn crops (Scott, 1984).

H. armigera is a particularly important pest as it feeds mainly on the buds and fruiting

bodies of plants. In tomatoes and other soft fleshed fruits, even slight caterpillar damage can

downgrade the quality of fruit dramatically, resulting in considerable financial losses to farmers.

H. armigera is also found on many non-crop plants, especially in areas where there are

large strips of uncultivated soil, fence lines, drainage ditches, inigation channels, and fallow

areas along roadsides. Many of these host-plants are weed species as well as omamentals

and common garden annuals that have escaped the confines of New Zealand gardens.

Other crop host-plants in which H. armigera are likely to be found are fodder crops for cattle

and sheep such as lucerne, chicory, sulla, maize, tumips, and other brassicas. Usually these

crops are not subject to pest control as the presence of insect pests is tolerated to a mucft
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greater eltent. However, these plants may act as reseruoirs for reinfestation of "at rislC'

crops after control measures have been implemented (e.9. spraying). The numbers of H.

armigera living on plants in these areas can be substantial. Due to farming practices and the

huge host range it is difficult to eliminate all the possible host-plants of H. armigera from these

at risk cropping areas.

Species identification in adult H. armigera is based on macular pattems (i.e. the presence

or absence of a white region on the hind wing) and internally by the shape of the genitalia. A

number of authors (Common, 1953; Hardwick, 1965; Kiftpatrick, 1961; Siverly, 1947;

Zafucki et al., 19BO) have illustrated and described the genitalia and other distinguishing

features of both male and female H. armigera, with comparisons to other species within the

same genus from Australia and the world. Many of these authors also repoft that there is

morphological variation within populations of H. armigera in many of these ctraracters. This

observation is not unexpected as there are repofts of morphological variation in species of

beetles (Pavlicek, 1994) and Lepidoptera (Goulson, 1993).

The presence of cryptic species or host races of H. armigera on different host-plants or h

different regions may be detected through close examination of these morphological

variations. Another way to show the presence of cryptic species or host races is through

cross hybridisation between populations of insects showing morphological variation or from

different hosts and regions. The acquisition of species status by any animal or plant usually

involves a series of cross hybridisation's between different races to determine if there is

indeed some form of discrimination of con-specifics. lf host-plant populations of H. armigera

represent cryptic species. offspring of matings between insects from these different hosts

and regions may be sterile.

ln this study an attempt to discover the presence of cryptic species within H. armigera

was made using macular patterns and morphological techniques as well as cross

hybridisations between different populations. Host plant and parasitoid associations were

also investigated.

Methods

From 1993 through to 1996 a suruey of H. armigera caterpillars on cultivated and

uncultivated hosts, especially roadside and weed species, was conducted at a number of

sites throughout the North lsland of New Zealand (Figure 3.1). These areas were principally

surueyed over the period January to March when H. armigera is at peak densities.
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Areas were selected on the basis of a crop host species or a wide area of fallow land
containing flowering plants. These areas were searched by hand for a minimum of 30
minutes, or until allthe plants had been examined. lf no caterpillars were found another area
was selected. However, if caterpillars were found they were collected and placed into
individually labelled containers with artificial medium (adapted from Teakle & Jensen, 19g5
(see Appendix 1 for recipe)), and then placed into a chilly bin to keep cool. Detailed
records were taken of date, location, host-plant, surrounding vegetation. Host plant heaffr
wasalsoscoredonascaleof 1to5with5=healthyand 1 =dying. Sizes (towithin5 mm)
and colours of the caterpillars were also categorised.

Upon returning to the laboratory the caterpillars were placed in a constant temperature
cabinet and kept at 27oC on a long day cycle of 16-hrs light : 8-hrs dark until they reached
maturity. All individuals were checked daily to ensure they had sufficient food and none were
diseased or parasitised. Caterpillars that died from unknown causes, including fungal and
viral infections, were quickly disposed of to prevent the spread of disease in those
remaining. Upon pupation uneaten food was removed and the pupae left to emerge.
Freshly emerged moths were sexed and positively identified to species level using rnacular
pattems.

Micropopulations

At Flock House (an agricuftural research station near Bulls in the Manawatu) there were
numerous flowering plants growing in close association (Plate 3.1). As this site was easily
accessible and caterpillars were abundant, several visits were made each season. The
crops grown at this site (lucerne, lotus, sulla, and clover) were used for sheep fodder h
feeding trials and were never sprayed with insecticides.
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Figure 3.1. Collection sites of Heliothis armigera caterpillars throughout
the North lsland of New Zeatand.
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Plate 3.1. collection sites at Flock House. Top shows
crops- Bottom shows a close-up of crops and weeds growing
lucerne, hawkweeds, docks, etc.

fields of weedy fodder

in these fields including

5l



Chapter 3

Herbicides were only used prior to sowing, hence there was an abundance of weed
species' Surrounding the site were organically managed crops and a dairy farm where
insecticides were not used. Adjoining the fodder crops were trin strips of chicory and other
flowering plants, which were grown as nectar sources for beneficial insects in the organic
crops' All the plants examined and collected from this site were within a 200m radius.

Morphological Methodology

Adult moths were dissected under a dissecting microscope. Legs and antennae were
mounted on one slide, while fore and back wings were mounted on a second slide. The
abdomens were placed in a solution of 10% KoH and boiled for approximately 30 minutes
to clear the soft tissue away from the sclerotized tissues. The clearing and mounting
procedure for the genitalia followed that given by Siverly (1947), without the staining
process, and euparol was used instead of gum damar. Caterpillars were scored during
regular checks for colour based on the colour variants given in Hardwick (1g6s). The
terminology describing the genitalia follows Siverly (1947) and wing venation and other
body structures follow Kirtqcatrick (1961). Figures g.2 and 3.3 show the chanacters
measured' Measurements were taken using an eye piece micrometer where j mm was
equalto 10 units. Measurements are given in units.

Hybridisation Methodofogy

A pair of adult moths (one male and one female) of approximately the same age,
(usually one to two days old) were placed in mating chambers with a food source. These
chambers were kept at a constant temperature of approximately 25oC and on a long day
cycle of 16 hours light and 8 hours dark. The chambers were placed on a windowsill to
enable a degree of natural light to reach them. They were checked regula4y to determine
when egg laying stafted, that adequate food was available and that the mating pair survived.
Upon the initiation of egg laying, a moist filter paper was introduced to the chamber and
eggs laid upon it were collected daily for three days. Eggs were then allowed to hatdr and
the caterpillars reared to adults. The F1 adults were placed in a new mating chamber and the
eggs collected for a second generation. These F2 eggs were then allowed to hatcfr to
determine whether the F1 generation was fertile.
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A

Figure 3.2. The genitalia of both male (A) and female (B) H. armigera showing the
measurements taken. Measurements on the male genitalia: a, b, c and d are the lengrths and
widths of both the left and right valvulae at freir longest and widest points; e is the lengh of
the uncus; f and g are the number of large spines on the left uncus; h is the length of the
adeagus; / is the number of spines in the adeagus and finally 1is the length of the large spine
at the front of the adeagus. Measurements on the female genitalia: a, b, cand d are the
len$hs of the signa; e and f are the lengrth and width of the bursa copulatrix; g is the lengh of
the anterior apophyses; h and / are the lengrth and width of the genital plate respectively; 7 is
the width of the ductis bursi; k is the lengrth of the bursa seminalis. Figures adapted from
Common (1953) and Siverty (9a7).
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Eb

Figure 3.3. Wings and legs of H. armigerashowing the measurements taken. A arc the
hind pairs of legs in both males and females. Measurements of all the large spines on the
hind legs (A): i through t: m and o are the number of small spines present on each leg, n is
the lengrth of the rear femur. B is the front leg of a male and E is the front leg of a female: a
through g the length of each leg segment for mates and females; h the lengrth of the short
patch of scales on the male foreleg and is specific to males. The wings, fore C and hind D,
had the following measurements taken: a and b the lenEh of the spines, males had 1 and
females 2: c, d and i through othe lengh of each vein respectively; e and f the lengths of
each wing at the longest points; g the presence of the white smudge in the terminal ta(jla; p
and qthe length and width of a kidney shaped marking on the fore wing and rthe presence
orabsenceof acircleatthispoint on the wing. Figures adapted from Common (1g53) and
Siverly (1947).
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Resu lts

Table 3.1 lists all the plant species that H. armigera was found on over the three seasons
at the sites detailed in Figure 3.1. There were 61 species from which caterpillars were
colfected. Previously unrecorded host include; sulla (Hedysarium coronaium), the
hawkweeds (hawkbit (Leontodon taraxacordes) and hawksbea rd (Crepis capiltais)), gravel
groundsel (Senecio spathulatus), bristly ox tongue (Picis echioides), and chico ry (Cichoium
intybus). Those hosts that had five or less caterpillars collected from them over the three
seasons are grouped together for Table 3.2. The two hawkweed species were difficuh to
distinguish between and so were grouped together. The species with asterisks in Table S.1
are probably not'lrue" host-plants for reasons discussed later.

Table 3.2 also lists the fates of the caterpillars that were collected from the hosts. Garden
plants, weeds and hawkweeds includes those in group one two and three respectively from
Table 3.1. Column two indicates how many caterpillars were collected per host. Columns
three and four indicate causes of caterpillar death including parasitism, by four different
parasitoids, and undetermined fungal infections, the majority of which were like that shown h
Plate 3'2. Other deaths in column five, included viral infections, failure of the caterpil6rs to
pupate, cannibalism, possible parasitism, or unknown causes. To determine the cause of
each questionable death was not possible, hence all such individuals were grouped
together. Column six indicates those that died as pupae, and finally column seven & eight
those that emerged as adults.

General Patterns

The percentage parasitism for host-plants with a sample size greater than 30 is
presented in Table 3.3 and represented graphically in Figure 3.4. The levels of parasitism
varied markedly between the different hosts. The highest level of parasitism was h
tomatoes (65%) and the lowest (0%) in a number of other host species. These %
parasitism values are based on all caterpillars collected from the hosts over the three
collecting seasons. This, however, is not a true representation of the levels of parasitism
present' 'To assess a parasitoid as a mortality factor it is the percentage of susceptible
hosts attacked for the generation that must be determined" (Van Driesche l ggg).
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Tabfe3.1. Host-plantsot Hetiothis armigera in New Zealand. g- garden, w= weed, F
crop, f= fodder crop, *= doubtful host. For later analysis hosts which had less than five
individuals are grouped into either 1= garden Qr Z=weed hosts and the two hawkweeds -3.
specific names from Bishop and Bishop (1994), and Upritchard (199g).

Species name Common name Plant type Group
Asteraceae

Ageratum sp.

Aster novae-angliae

Calendula officinalis

Callistephus ch inensis
Chrysanthemum

C h rysanthem u m f rutescens
Chrysanthemum segetum
Cichorium intybus

Cosmos bipinnatus

Crepis capillails

Dahlia sp.

Euryops pectinatus

Gaillardia aristata

Helianthus annuus

Helichrysum Bracteatum

Hieracium pilosella

Hypochaeris radicata

Lactuca sativa

Leontodon taraxacoides
Leucanthemum vulgare

Osteosperm u m f ruticosum

Picris echioides

Senecio spathulatus

Sonchus asper
Sonchus oleraceus

Tanacetum parthenium

Taraxcum officinale

Zinnia sp.

Begoniaceae

Begonia x tuberhybrida

Brassicaceae

Brassica oleracea

Raphanus safiyus

Capparidaceae

Cleome sp.

Caryophyllaceae

Dianthus caryophyllus

Silene gallica

Chenopodiaceae

Beta vuloaris

floss flower

Michaelmas Daisy

English marigold

Aster

Chrysanthemum

Marguerite daisy

Corn marigold

Chicory

Cosmos

Hawksbeard

Dahlia

Euryops

Blanket flower

Sun flower

Strawflower

Mouse ear

Catsear

Lettuce

Hawkbit

Ox eye daisy

African daisy

Bristly ox tongue

Gravel groundsel

Prickly sowthistle

Sowthistle

Feverfew

Dandylion

Zinnia

Begonia

Brassica

Radish

Spider flower

Carnation

Catchfly

Silverbeet
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Y

s
n

o

s
g,w

f,w

Y
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c,g,w

c,g
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s

g,c
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3

2

1
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Table 3.1. Continued.

Species name Comrnon nflne Plant rype Group
Companulaoeae

Companulasp.

FEbaceae

Hadgrtam corar;rarjunt

L4tae pedwoulatw
Medeago sattm
Ffpseo/trs valgar,is

Trtfo.ltuq pratense

Goranhceae

Felargonlum ep.

Laminaceae

LeonotiS, Ieonunts,

Lavandula,s,p.

Mentha epiada
Nepeta eabtia
Oaifiunbasilleun
Pntnella vulgaris

Malvaceae

'Malva sylve,$ris

Poacea€

Zea mays

Polygonaceae

Palygonun peniaana
,Rumex ertspus

Rgnunctlaceae

Ranuneulus repens
Rosaceae

Flasa W.
Serophulariaeeae

,Antirhfaumqrajue

Pbns/lqnon haftwogif
Sslanaeeae

Capsicum frutescens

Lycop e ts lo un egeul e ntu rn

MeEmbe{gia
Potania,x hlrbrior-

t/erbenaceae

Vcb.eqa funartgftsls

I

f,w
f'w

El"f,w

g,c

f

I

g

g
'r, grw

g

g

w

w

I'f 'C

w
w

W

9,W

g
g

9"O

9"C

g

'9,

bellflower.

$ulla

Lotus

.Lucems

Bean

Red Qlover

Geranium

Lionstail

La,vender

Mint

Gatnip

Basil

Seff.heal

lvlallow

Oom

Wllowweed

Dock

Eutter cqg'

Rose

Snapdragon

Beands touqgg

Capsioum

Tometo

trlierernbergia

Fetunia

,2

2
2

PurplCI top . g,w
Verb,ena otfrcinalts Verbena . w,g
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Table 3.2. The number and fate of H. armigera caterpillars collected from different host-plants throughout New Zealand.

Total Caterpillar death Pupal Adults

Death Females MalesHost-plants collected Parasitoids Fungi Other
Aster

Basil

Bean

Blanket flower

Bristly ox tongue

Calendula

Catsear

Chicory

Chrysanthemum

Clover

Corn

Cosmos

Dahlia

Dandylion

African daisy

Floss flower
garden plants

Geranium

Gravel groundsel

Hawk weeds

Lavender

Lotus

Lucerne

Nierembergia

Penstemon

Prickly sowthistle

Rose

Sowthistle

Spider flower

Strawflower

Sulla

Tomato

Verbena

Weeds

Zinnia

28

11

18

41

216

23

533

I
11

14

12

586

7

64

59

36

183

14

306

B

154

102

242

23

45

29

8

I
7

477

819

6

17

13

1

2

58

7

111

1

2

2

2

1

1

27

3

83

1

2
't

2

33

o

2

8

9

2

24

2

38

25

13

2

4

1

1

z

1

100

112

1

3

7

4

7

12

50

3

119

2

4

4

4

215

2

21

22

I
53

1

52

3

23

14

55

I
I
I
.t

1

2

51

72

3

o

5

7

3

6

3

15

48

3

119

2

2

4

2

165

3

16

11

7

62

91

2

29

18

62

5

16

11

2

3

3

69

43

1

4

3

10

1

3

11

33

6

99

3

2

5

4

159

2

17

o

I
55

3

82

35

18

57

7

12

I
1

2
'l

75

62

1

5

2

1

2

13

4

18

4

4

8
tro

1

24

21

55

1

4

1

I

137

530

I

1

46

totals 413/, 1067 65 516 854 840 796
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Plate 3.2. The most common but unidentified fungal infection causing death in

early instar Heliothis armigera caterpillars.
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Flgurc 3.4. The percentage d caterpillar mortality due b parasitism, cf all H.

armigeracaterpillars collected from different host - plants.
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ln this case that would be only those caterpillars that were in the f irst three instars a t
the time of collection (i.e. those less than 20 mm in size) as caterpillars
larger than this are not susceptible to parasitism by the two commonly found
parasitoids. All analyses are based on those caterpillars less than 20 mm in

length upon collection (Table 3.3).

Table 3.3. Mortality ol H. armigera caterpillars collected from various host-plants.
significantgroupings are indicated by t,23, and o, p values between groups a,,g p<.001
within groups p > 0.1, except in group 3 for those parasitised p = 0.01 and group 2 in those
with unknown causes of death p < 0.005.

Common Names Parasitism
(all)

Parasitism
(<20mm)

eror. due to Other erTor.
Causes

Geranium
Bristly Ox Tongue
African Daisy
Prickly Sow thistle
Lotus
Hawkweeds
Luceme
Chicory
Nierembergia
Sulla
Calendula
Floss flower
Tomato

2
4
o
I
14
19
20
21
24
29
30
31
65

8

12
10
37
22
22
22
28
30
50
55
71

1.5
3.4

5.5
4.7
6.3
2.5
4.3
1.8
3.2
2.2
4.4
8.7
1.7

2A
13.9
58.3
9.2
41.1
21.6
17.9
45.1
38.1

52.4

1, 10.2 4.3

7.3 2

5.7 2

8.2 ,

22
5.7 l

2.1 2

3.2 2

2.8 1

6.1 1

3.4

Figure 3.5 shows the percentage of caterpillars parasitised that were less than 20 mm h
length at collection with respect to their host-plant. Parasitism levels were compared using
the G statistic which showed that there was a highly significant difference between the
different hosts (p=O.OOOO G=652.07 DF=12;. There are four distinct groupings arising from
this analysis. Tomatoes which are clearly distinct, two garden plants calendulas and floss
flowers and a group that contains a large proportion of the crop and weed hosts: lotus,
luceme, chicory, sulla, Nierembergia, and the hawk weeds. Finally, the group that comprised
the lowest levels of parasitism included prickly sow thistle, geraniums, dahlias, and African
daisy. These groups are significantly different from each other with p values of p<0.001
between groups. Bristly ox tongue has been dropped from the analysis as the sample
size of caterpillars less than 20 mm in length was too small (n=8). The third group containing
lotus, lucerne, chicory, sulla, Nierembergia, and the hawk weeds has a within group p value
of p<0.01.
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armigera caterpillars, less than 20mm in length, collected from ditferent host - plants.
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This is due to the Nierembergiawhich fits into both the higher and lower ends of group three

(pt0.1). However, if they are removed then we have two significantly different groups with

p<0.001 between the new groupings.

Mortality due to unknown causes is detailed in Figure 3.6. As stated earlier, these causes

range from fungal and viral infections to incomplete moulting and cannibalism. The

probability of there being a significant difference between the different hosts was highly

significant (p=O.OOOO G=228.16 pp=1'l). Again two significant groupings were detected

with p=0.001 between the two groups (Table 3.3). Bristly ox tongue and floss flowers

have been left out of the analysis as the sample sizes are too small (n=6 & n=15

respectively). As with parasitism, the second group can be split into two significantly

different groups (p<0.001) with the removal of prickly sow thistle that can be fitted into either

hatf with no significant difference (p0.1). There is a trend in the first group that indicates there

may be a split between the tomato / lotus pair and the other three (p.0.1)

Flock House

At Flock House, caterpillars were regularly collected from a number of different host-plants

over the three seasons to enable an overall view to be gained of caterpillar-host association,

movement and densities as the seasons and years progressed. Examination on a yearly

basis (Figure 3.7) shows a significant increase in mortality over the years. By splitting the

data into monthly time periods, overall mortality at different times of the growing season was

examined (Figure 3.8). The greatest number of caterpillars was collected during February

and March, which reflects the increase in caterpillar populations over the same time period.

These two months were also the time when the caterpillars were most likely to die from

fungal infections.
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Flgure 3.7. Thefatecf H. armigeracaterpillars, less than 20mm in length, at Flock

House over the three ),€ars 1994 to 1996. Caterpillars parasitised by Cotesia RazaRFJ',

death due b unknown causes l, fungal infections l, and finally those that pupated

succsssfullyL
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Flgure 3.8. Seasonal mortality d H. armigera caterpillars, less than 2O mm in

length, at Flock House. Gombined dala over tte three years. Caterpillars parasitised

by Cotesra kazakE, death due to unknown causes l, fungal infections l, and finally

those that pupated succsssfully l. The figurss across the top are the number of

caterpillars collected in each month.
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At this site there was also a wide variety of hosts growing in close association (PIate 3.1)

from whic'h the caterpillars were collected. This enabled mortality to be examined on the

various hosts (Figure 3.9). On these hosts three groups with varying moftalities emerged,

the hawk weeds, then chicory and prickly sow thistle, and finally lotus, sulla and lucerne. The

presence of fungal infections was the most impoftant cause of death separating the groups.

Different hosts showed different moftality pattems over the three years. Chicory showed a

significant increase in mortality due to C. kazak and a slight increase in fungal and viral

infections over the years (Figure 3.10). Sulla showed an alternate pattern with mortality due

to C. kazak declining over the years.

Figure 3.11 shows the fate of caterpillar on sulla in which we see fungal infection having an

effect

Figure 3.12 shows the fate of catepillars collected from chicory over the growing season.

There were significant differences between the months. Some months had low to nil

parasitism rates while others had high mortality, due to both parasitism and or other €uses.

This was true for allthe host-plants looked at.

Gisborne and Hawkes Bay

Caterpillars were collected in large numbers from tomatoes in the Hawkes Bay and

Gisbome regions during 1994. The rates of caterpillar mortality for these regions are shown

in Figures3.14 and 3.15. Both introduced parasitoids are present and the proportions of

mortalities due to each factor, differs significantly to those found in the Flock House caterpillars

(p < 0.001). Here there was a very high level of overall mortality in the caterpillars,

especially during February (90%+). These results in Gisborne and Hawkes Bay are

consistent with those obtained by Dr. P. Cameron (pers. comm.). Again, the analysis was

restricted to those that were less than 20 mm in length, therefore eliminating those that had

already avoided parasitism.
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successfullyL
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Flgurc 3.10. The fate d H. armigera caterpillars, less than 20mm in length,

collected from Chicory over the three years. Caterpillars parasitised by Cotesia kazak

E, death due to unknown causes I, fungal infections l, and finally those that pupated

successfully l.
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Flgure 3.11. Caterpillar fate on Sulla over the three years. (Caterpillars less than

20mm in length). Caterpillars parasitised by Cotesia kazak El, death due to unknown

causes [, fungal infections !, and finally those that pupated successf ully l.
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Flgure 3.12. Combined seasonal mortality cf caterpillars on Chicory (Caterpillars

fess than 20mm in length). Caterpillars parasitised by Cotesia kazak El, death due to

unknown causes l, fungal infections l, and finatly those that pupated successfully l.
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Flgure 3.13. Combined seasonal mortality of caterpillars on Sulla. (Caterpillars

less than 20mm in length). Caterpillars parasitised by Cotesia kazakE, death due to

unknown causes I, fungal infections l, and finally those that pupated successfully l.
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Flgurc 3.14. Caterpillar fates in Gisborne of caterpillars from tomato crops.

(Caterpiflars less than 20mm in length). Caterpillars parasitised by Cotesia kazakEJ.,

death due to unknown causes l, Caterpillars parasitised by Microplitis croceipes l,
and finally those that pupated successfully l.
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Flgurc 3.15. The fate ot H. armigera caterpillars, less than 20mm in length,

collected from tomato crops in Hawkes Bay. Caterpillars parasitised by Cotesia kazak

El, death due to unknown causes l, Caterpillars parasitised by Microplitis crocerpes l,
and finally those that pupated successfully I.
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Hybridisation

Of the 174 matings attempted, S6 were successful (49.5%) and of these, all successfully

produced second generation offspring. The unsuccessful mating attempts were sometimes

due to the death of one or other of the pair (3%) within a few days of being placed in the

chambers. Another failure was the locking together of the insects in copulation. This occuned

in 6% of matings. This, however, did not prevent some of the females, laying viable eggs.

Some pairs did not produce offspring (41.5"h) and the adults died of old age (at

approximately 2.5 weeks old). As Colvin et al. (1994) stated, this low mating success is not

uncommon when starting cultures of Heliothis armigerafrom field-collected insects.

Other than the crosses between bristly ox tongue x the ornamentals, and sulla x prickly

sow thistle, all host plant and regional combinations attempted in this study had at least one

successful mating with successive egg hatch, maturation and production of the F2 generation.

Crosses between insects from the same hosts or regions did not show a significantly greater

success rate than those between different hosts or regions. The t values gained for each two

tailed t test, wilhin population versus between populations, for both regions (t=0.573) and

host-plants (t=9.623), do not exceed the tabulated values at P=0.01 for d.f. = 15 and d.f. =
20 respectively. Combinations tried with associated success rates are given in Table 3.4.

Morphology

Morphological variation was present in all the features examined. The mean values

gained for the morphological measurements taken are given in the following tables: mde

genitalia in Table 3.5, female genitalia in Table 3.6, leg measurements in Table 3.7 and wing

measurements in Table 3.8. There were no significant differences between any of the

groups for any of the measurements taken. F values ranged from Fu,', = 0.17 to Fu,.u - 4.08

which all exceeded the tabulated values of P at P=0.05 for the various degrees of

freedom.
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Table 3.4. Pairings of both regionaland host-plant populations in mating trials conducted

overthe summers of 1994/95 and 1995/96. PST = Prickly Sow Thistle, BOT = Bristly Ox
Tongue Hweeds = hawk weeds. Omamentals = Ornamen, includes all those plants

considered garden plants.

Regional combinations Host-plant combinations

Reoions crossed Total
pairings

Auckland x Manawatu 1

Auckland x Christchurch 'l

Christchurch x Manawatu 8

Gisborne x Hamilton 17

Gisborne x Taranaki 2

Gisborne x Gisborne 4

Gisborne x Manawatu I
Waikato x Manawatu B

Waikato x Auckland 2

Waikato x Christchurch 3

Waikato x Waikato 35

Waikato x Taranaki 7

Waikato x Hawks Bay 5

Waikato x Manawatu 39

Taranaki x Manawatu 6

Manawatu x Hawks Bay 5

Manawatu x Manawatu 23

Percentage
Successful
pairings

Hosts crossed

Chicory x Corn 4

Chicory x Lucerne 2

ChicoryxOrnamentalsll

BOT x Ornamentals 4

Corn x Corn 5

Corn x Lucerne 4

Corn x Ornamentals I
Hweeds x Hweeds 4

HweedsxOrnamentals 12

OrnamenxOrnamen 39

PST x Hweeds 3

PSTx BOT 3

Lotus x Ornamentals 1

Lucerne Ornamentals 4

PST x Ornamentals 5

BOT x Sulla 5

Sulla x Hweeds 4

Sulla x PST 2

SullaxOrnamentals 11

Sulla x Tomato 1

TomatoxChicory 11

Tomato x Hweeds 2

Tomato x Ornamentals 20

Chicory x Sulla 4

Total Percentage
pairings Successful

pairings

1 00%

100%

3BT"

47 To

1 00%

100%

63%

507"

104%

1 00%

437"
aao/It/o

20%

51%

50%

60o/"

30%

7 5"/"

5O"/o

64"/o

O"/o

80"/"

1 00%

4 4"/"

7 5"/"

5O"/"

49o/o

33"/"

67V"

l OQo/o

25%

20"/"

40o/"

25"/"

O o/o

27 o/o

l OOo/o

55o/"

5O"/"

70%

5Oo/"
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Table 3.5. Mean measurements (and their standard errors) of the genitalia of male

Heliothis armigera collected from different host-plants. Measurements of the male genitalia

are as follows: a, b, c and d are the lengths and widths of both the left and right valvulae at

their longest and widest points; e is the length of the uncus; f and g are the number of large

spines on the top and side of the uncus; h is the length of the adeagus; i is the number of

spines in the adeagus and finally y is the length of the large spine at the front of the adeagus

Measurements were taken using an eye-piece micrometer where 1 mm was equal to 10

units. Measurements are given in units.

Area
measured

(units) Ageratum

Host-plants

Chicory Dahlia Geranium TomatoCalendula

a

b

c

d

e

t
g

h

i
j

44 (1.0)

12 (0.5)

44 (1.1)

12 (0.4)

14 (0.4)

3 (0)

3 (0.5)

46 (0.5)

12 (0.5)

3.3 (0.3)

45 (0.4)

12 (0.2)

44 (0.5)

12 (0.3)

13 (0.2)

3 (0.3)

3.6 (0.2)

46 (0.s)

12 (0.3)

3.7 (o.2)

47 (0.2)

11 (0.2)

47 (o.2)

11 (0.1)

14 (0.1)

2 (0.1)

2.7 (0.1)

48 (0.2)

12 (0.1)

4.1 (0.1)

47 (0.1)

12 (0,1)

46 (o.2)

12 (0.1 )

14 (0.1)

2.e (0.2)

3.3 (0.1)

46 (0.2)

11 (0.2)

3.e (0.1)

48 (0.2)

12 (0.1)

47 (o.2)

12 (0.1)

14 (0.1)

3.1 (0.1)

4.5 (0.1)

48 (0.3)

13 (0.1)

3.8 (0.1)

43 (1.1)

12 (0)

44 (1.21

11 (0.7)

14 (0.5)

1 (0.5)

3 (0.5)

46 (1.1)

12 (0.7)

3.3 (0.4)
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Table 3.6. Mean measurements (and their standard errors) of the genitalia of female

Heliothis armigeracollected from different host-plants. Measurements of the female genitalia

were as follows; a, b, c and dare the lengths of the signa; e and f are the lengths and widths

of the bursa copulatrix and e x f is the overall size of the bursa copulatrix; g is the length of

the anterior apophyses; h and i are the lengths and widths of the genital plate respectively; I
is the width of the ductis bursi; and finally kis the lengh of the bursa seminalis. Figure 3.2

shows all the features listed above. Measurements were taken using an eye-piece

micrometer where 1 mm was equal to 10 units. Measurements are given in units.

Area
measured

(units) Ageratum Calendula

Host-plants

Chicory Geranium

a 16

b17
c3
d 16

e 18 (1.19)

f 2s.5 (2.52j

exf 526.5 (8.53)

g 16.5 (1.46)

h 6.25 (1.03)

r e(o)
j 5 (1.1e)

k 5e.5 (1.88)

16 (0.4)

17.e (0.25)

4.5 (0.16)

1e.6 (0.34)

16.1 (0.3e)

30.3 (0.3)

4e7.1 (2.33)

12.8 (O.27)

6.33 (0.22)

7.2 (0.23)

3.6 (0.1e)

66.1 (0.3e)

1e (0.3)

17.e (0.27)

3.6e (0.15)

18 (0.15)

21.4 (0.18)

35.1 (0.29)

748.5 (1.3)

14.8 (0.1e)

6.63 (0.14)

7.25 (0.13)

4.38 (0.1)

68.1 (0.27)

1e (0.3)

1e.4 (0.33)

3.86 (0.2)

18.6 (0.2)

22.7 (0.28)

33.6 (0.3s)

76e.3 (2.3)

13.6 (0.24)

5.s7 (0,2)

7.5 (0.15)

4.s (0.18)

70.1 (0.38)

17 (0.4)

15.4 (0.38)

3.6 (0.24)

15.6 (0.38)

17.4 (0.4e)

30.4 (0.52)

538.4 (3.34)

15.4 (0.27\

7.2 (0.26)

7.6 (O.24)

4.2 (0.26)

66.4 (0.74)
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Tabfe 3.7. Mean measurements (and their standard errors) of the legs of Heliothis

armigera collected from different host-plants. Measurements athrough g are the lengths of

each leg segment in both males and females, whilst h is the length of the region of small

scales specific to the males on the foreleg shown in Figure 3.3. Measurements i through / are

of all the large spines, m and o are the number of small spines present on each leg, n is the

length of the rear femur. Measurements were taken using an eye-piece micrometer where 1

mm was equal to 10 units. Measurements are given in units.

Area
Measured

(units) Ageratum

Host-plants

Chicory GeraniumCalendula

a

b

c

d

e

f
g

h

i
j
k

I

m

n

o

18 (1.5)

14 (0)

5.5 (0.8)

4 (1.2)

3.5 (1.5)

3.5 (0.8)

43 (2.1)

6 (2.e)

12 (0.8)

23 (0.8)

e.5 (0.8)

20 (0)

21 (0.8)

43 (1.2)

11 (1.5)

18 (0.1)

13 (0.1)

6.3 (0.1)

4.7 (0.1)

3.e (0.1)

4.1 (0.1)

36 (0.1)

5.8 (0.3)

1 1 (0.1)

21 (0.1)

e.5 (0.1)

18 (0.1)

1e (0.3)

4e (0.2)

s.7 (0.2)

1e (0.1)

14 (0.1)

6.4 (0.1)

4.e (0.1)

3.e (0.1)

4.3 (0.1)

3e (0.1)

7.3 (0.2)

12 (0.1)

22 (0.1)

e.6 (01)

1e (0.1)

21 (0.21

50 (0.1)

1 1 (0.1)

1e (0.1)

14 (0.1 )

6.4 (0.1)

4.8 (0.1)

4 (0)

4.5 (0.1)

37 (0.1)

e.8 (0.2)

12 (0.1)

22 (0.1)

e.8 (0.1)

1e (0.1)

21 (0.1)

46 (0.3)

11 (0.1)

18 (0.1)

14 (0.1)

6.1 (0.1)

4.8 (0.1)

4.1 (0,1)

4.2 (0.1)

37 (0.1)

8.3 (0.2)

1 1 (0.1)

21 (0.1)

e.2 (01)

18 (0.1)

21 (0.2)

48 (0.1)

11 (0.1)

1e (o)

13 (0.4)

6 (0)

5 (0)

4.3 (0.4)

4.7 (0.4)

47 (2.1)

14 (0.6)

11 (0.4)

22 (o.5)

e.7 (05)

1e (0.5)

22 (0.6)

50 (0.e)

e.7 (0.5)
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Tabfe 3.8. Mean measurements (and their standard errors) of the wings of H. armigera.

Measurements a and b are the lengths of the spines (males had 1 and females 2); c, d and I

through o are the lengths of the veins indicated in Figure 3.3; e and f are the lengrths of eacfr

wing at their longest points; g is the leng'th of the white smudge in the terminal facia of the

hind wing; p and q are the lengths and widths of the kidney shaped mafting on the forewing.

Measurements were taken using an eye-piece micrometer where 1 mm was equal to 10

units. Measurements are given in units.

Area
Measured

(units) Ageratum

Host-plants

Chicory Dahlia Geranium TomatoCalendula

a

b

c

d

32 (0.4)

28

14 (0.5)

31 (0.4)

152 (0.e)

1 13 (0.7)

23 (1.e)

e (1.2)

14 (0.5)

17 (0.6)

10 (0.5)

21 (0.5)

10 (0.3)

3 (0)

11 (0.4)

16 (0.4)

28 (0.2)

26 (0.2)

14 (0.1)

33 (0.1)

158 (0.3)

1 16 (0.2)

20 (0.4)

8.8 (0.2)

12 (0.1 )

18 (0.1 )

e.1 (0.1)

20 (0.1)

1 1 (0.1)

2.7 (O.1)

11 (0.1)

16 (0.2)

2e (0.1)

27 (0.2)

13 (0.1)

32 (0.1)

162 (o.2)

11e (0.2)

22 (0.1)

e.e (0.1)

13 (0.1)

18 (0.1

11 (0.1)

21 (0.1)

11 (0.1)

3 (0)

12 (0.1)

17 (0.1)

2e (0.1)

27 (0.3)

13 (0.1)

33 (0.1)

156 (0.3)

1 16 (0.2)

23 (o.2)

e.e (0.1)

12 (0.1)

18 (0.1)

11 (0.1)

20 (0.1)

11 (0.1)

2.7 (0.1)

12 (0.1)

18 (0.1)

2e (0.1)

27 (0.3)

13 (0.1)

33 (0.1)

161 (0.3)

1 16 (0.2)

22 (0.2)

e.5 (0.2)

13 (0.1)

21 (0.1)

10 (0.1)

21 90.1)

1 1 (0.1)

2.8 (0.1)

12 (0.1)

18 (0.1)

31 (0.6)

13 (0,7)

33 (0.8)

156 (1.6)

115 (1.1)

22 (1.3)

10 (1.1)

11 (0.8)

20 (0.8)

8.7 (0.7)

20 (0.7)

13 (0.7)

2.8 (0.3)

e.3 (0.6)

13 (0.7)

e

f
g

h

i
j
k

I

m

o

p

q
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Discu ss ion

Hosts

Six new hosts are reported for H. armigera: sulla, hawkbit and hawksbeard, gravel

groundsel, bristly ox tongue, and chicory, that are especially important because of their

abundance as weed species in or near crops. In the case of sulla and chicory they

themselves are fodder crops and so can provide potentially large reservoirs for reinfestation

of commercial crops. At the Flock House site, fields of sulla were found to be heavily

infested with H. armigera. These fields were adjacent to paddocks containing organically

grown peas, with paddocks of corn and maize a further 500 to 600m away, all only a short

flight for dispersing H. armigera. lt is unknown what damage was caused to these crops or

the potential loss of earnings accrued. In addition large numbers of wild chicory plants, the

hawkweeds, and small amounts of bristly ox tongue along with the two sow thistles were

also recorded growing along the roadsides and interspersed within the fodder crops. These

weed / wifd species are also favoured hosts plants ol H. armigera.

For organic farmers wanting beneficial insects to reduce aphids and other occasional pest

populations on commercial crops, it is hard to obtain the right mix of flowering plants hat
serve as food sources and refugia for the adult beneficial insects, with those that are hosts for

pests such as H. armigera. Chicory, with its long flowering period can provide a good nectar

source for beneficial insects, but, it is also a favoured host of H. armigera for similar reasons.

Also of importance are some common garden plants, including annuals such as calendulas

and perennials like dahlias which carr be found growing along roadsides and occasionally

throughout farms. These are often favoured hosts of H. armigera as they have long

flowering periods and large flowers and buds. Many New Zealand gardens hattour one, if

not both of these species, often in large numbers. The rest of the garden plants listed h

Table 3.1 are not commonly found near crops but are found in gardens, especially plants

such as geraniums, lavenders and the other daisy-like annuals that H. armigera favours.

"True" hosts

To determine if a plant is a true' host or not, the insect must be able to complete

development to the adult stage of its life cycle and be able to produce viable offspring on

the plant (Zalucki et al., 1986). In the field it is difficult to determine a "true" host without

extensive study. However, signs of extensive feeding and large numbers of caterpillars of

various instars on the plants are a good indication of its status as a "true" host or not. From

the list given in Table 3.1 it is likely that some of the plants are not 'true" hosts since very few
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caterpillars were found on them. These were marked by an asterisk, there was often very
little sign of caterpillar feeding damage on the plants. Most of these plants are "garden-type

plants" that had caterpillars collected from them in domestic gardens, where they were

growing amongst other plants on which considerable caterpillar damage was evident. An

example of this "garden type plant" is mint (Mentha spicata) where only one caterpillar was

found; it was a fifth instar catepillar and was not actively feeding. The plant was a large and

healthy, none of the growing tips or leaves showed any damage attributable to caterpillars.

Non-garden plant examples of this (i.e. weed species), were catch fly and purple top,

where again only one late instar caterpillar was collected from each and was not feeding nor

was there substantial evidence of caterpillar damage on the plant. All caterpillar instars will

travel across other plants to find new suitable hosts, or if disturbed will drop from their cunent

host on to the vegetation below. Fifth instar caterpillars also travel long distances to find

suitable places to pupate. These behaviours could explain some of the host-plant records

where only one or two caterpillars were found.

However, on other plants where only a few caterpillars were found, such as dandelions

(Taraxacum officinale ), the opposite was the case. Only a few flowers were present but

each flower had a caterpillar actively feeding on it and the flowers were well eaten, a variety

of instars were also present. All these factors point towards the presence of a "true" host-

plant and not just a resting place or ladder on the way to another food source or pupation

site.

Parasitoids

Four different parasitoids were recorded emerging from H. armigera catepillars. Three

were braconids, Cotesia kazak, Microplitis croceipes, Meteorus pulchicomis, and one at
ichneumonid Campoletis sp. (see Plates 3.3 and 3.4). The parasitoids were easily

distinguishable. Cotesia kazak has a fluffy white cocoon and is easily visible in either the field

or containers. Microplitis croceipes has a larger cocoon and the caterpillar creates its own

early pupal cell prior to the parasitoid emerging into the caterpillar pupal cell. The other two

parasitoids were each only found once, Meteorus pulchicomis was found in a catepillar on

gravel groundsel in Hamilton and the ichneumonid, Campoletis sp. was reared from a

caterpillar feeding on sulla at Flock House (identified by J. Berry at Landcare, Auckland).

These two were distinguishable by their pupal cases and adult forms. Both are known to

have a wide range of hosts including noctuids, however, they are not common in New

Zealand. The unidentified Campoletis sp. is not a previously introduced species of

Campoletis, C, chlorideae Uchida from lndia (Cameron et al., 1987) . C. chloideae was

bought into the country on trial as a biological controltor H. armigera in 1969 but this one was
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never released as it was found to have a host range that was considered to be to large (D.

Allan pers. comm.).

C. kazak was the most abundant and widespread. lt was recorded at all collection sites,

while M. croceipes was only found in the tomato fields of Gisborne and Hawkes Bay. Both

of these parasitoids were introduced to New Zealand as biological controls tor H. armigera

on tomatoes and other crops by scientists at Hort Research (Cameron & Valentine, 1985;

Hill etal., 1985; Walker& Cameron, 1989). Both are larual parasitoids and attackthe early

instarcatepillars. M. crocerpes wasthefirst released but did not survive and prosper as

wellas hoped, so C. kazak was liberated and is proving to be of great utility in the tomato

crops and on other species as evidenced here.

Percent Parasitism

The actual meaning of percent parasitism must be carefully considered. Many papers

state a value of percent parasitism that includes allthe individuals collected, as I have done h

Figure 3.4, to show the difference between the two methods. However, this is often not a

true reflection of the actual percent parasitism. "To assess a parasitoid as a moftality factor it

is the percentage of susceptible hosts attacked for the generation that must be determined"

(Van Driesche, 1983). In this case that would be only those caterpillars that were in the first

three instars at the time of collection (i.e. those less than 20 mm in size) as caterpillars larger

than this are not susceptible to parasitism by the two commonly found parasitoids. Hence all

the following analyses were based on those caterpillars less tran 20 mm in len$h upon

collection (Table 3.3).

Other biases can also occur in determining the percent parasitism, such as the behaviour

of the caterpillars, the collection methods of the investigator, and the ability of the caterpillars

to sulive after the parasitoid has emerged. Caterpillar behaviour and collection methods

can be closely linked. "lf the sampling method used to collect caterpillars preferentially

selects either parasitised or unparasitised caterpillars for unrecognised behavioural or

ecological reasons then the percent parasitism will be biased accordingly'' (Van Driesche,

1983). Caterpillars parasitised by C. kazak tend to move to the tips of the leaves just prior

to the parasitoid emerging. A collector who bases their method on visual identification and

sighting of the caterpillars prior to collection will tend to collect more caterpillars parasitised b y

C. l<azak because they are more visible. Caterpillars parasitised by M. croceipes bury

themselves in the soil prior to the parasitoid emerging and pupating hence will not b e

collected by a collector.
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Plate 3.3. Parasitoids collected from Heliothis armigera

study. Microplitis croceipes bottom and Cofesia kazak top.

Cameron, Crop and Food CRI Mt Albert.

caterpillars during this

Photo courtesy of Dr P.
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Pfate 3.4. Parasitoids collected from Heliothis armigera caterpillars during this

study. Meteorus pulchricornis top and Campoletis sp. bottom.
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The percentage parasitism values given are therefore probably overestimates in the

case of C. kazak and underestimates with respectto M. croceipes in the caterpillars trat
weresurveyed. Van Driesche (1983) also stated that all deaths due to parasitism must be
considered. Only those caterpillars from which a parasitoid emerged whilst being raised h
the laboratory have been considered. A large number of caterpillars in the 'death b y

unknown causes'category, may have died due to parasitism as well, as catepillars may live

for several days after the parasitoid has emerged from its body. The presence of a daft
scar on the rearflank of a caterpillar is indicative of the site at which the parasitoid larvae of C.

kazak has emerged. On some crops those caterpillars showing this type of scar was a large

proportion of the total dying from unknown causes. This is especially true if the host-plant

was tomato in the Hawkes Bay and Gisborne regions. Another minor point to take into

consideration is the fact that some caterpillars can survive parasitism under ideal conditions.

The size of the catepillar upon initial parasite infection and the conditions in whict the

catepillar is living upon parasitoid emergence are impoftant. However, the rate of sulival
detected was very low. Of all the parasitised caterpillars collected (1067) only two survived

to emerge as adults.

Figure 3.5 shows the percentage parasitism for host-plants with a sample size greater

han 30. These numbers are across all years and all collections of catepillars less than 20

mm in length, consequently, this averages out some of the extreme numbers seen at oertain

times of the year. An example of this is from the individual sampling's in the Gisborne

region (Figure 3.14), where the highest rate of parasitism (91%) was recorded from

caterpillars collected on tomatoes in mid-February. These tomatoes formed an unsprayed

section of a large commercialtomato field.

Host-plant Morphology

The ability of the parasitoid to actually find caterpillars on different host-plants may be a
reason for the divergent parasitoid infestation figures. The parasitoids were introduced into

lotus, fucerne and tomato crops to control H. armigera early in the season. In the ideal

situation, movement of the parasitoids from the early season crops to late season crops,

such as sweet corn and any weed hosts of H. armigera, would reduce the over-wintering

populations, and hence the numbers emerging the following spring. However, it has been

found that parasitoids do not deeply enter certain crops, such as corn, even when a plot of

tomatoes is planted in the centre (P. Cameron pers. comm.). Yet other hosts show

relatively high levels of parasitism (Figure 3.4). Host-plant morphology, growth habits, how

the hosts are grown (i.e. in monoculture) and catepillar behaviour on the different hosts, may

thus be large factors influencing the ability of the parasitoids to find the caterpillars.
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Sweet corn and maize tend to be grown in monocultures that have very few weed

species within them. They do not provide a nectar source for insects as they are wind

pollinated and the caterpillars are hard to find as they burrow into the silks and so down to the

nutritious kernels. Once inside the silks the caterpillars are protected from the outside

environment including the parasitoids from a very early age. The caterpillars leave the cobs

to pupate in the soil, but by this stage they are late Sth and 6th instar into wh'ah the

parasitoids do not oviposit.

ln trials by Crop Research scientists the number of parasitoids recorded attacking H.

armigera catepillars on tomatoes in the centre of a field of corn was nil (P. Cameron pers.

comm.). The numbers of parasitoids reared from caterpillars collected on the corn was also

very low. In tomatoes, also a monoculture, the caterpillars are much more visible feeding on

both the leaves and fruit and frequently moving between fruits, therefore providing greater

opportunities for the parasitoid to lay its eggs in its favoured instars.

The six plants exhibiting a medium range of parasitism (20-40%) are: lotus, sulla,

Nierembergia, chicory, lucerne, and the hawkweeds (Figure 3.5). All have large smooth

leaves or very fine leaves which provide little cover for the developing caterpillars. This can

be seen in Plate 3.5 which shows the smooth leaves and small buds of sulla upon which the

early instar catepillars are clearly visible when feeding. Sulla flowers, once fully formed, are

large and convoluted; chicory flowers are daisy-like and close up once damaged and d
approximately midday similar to the way other daisies close up in the evenings.

Consequently the caterpillars feeding on either of these flowers are protected from the

external environment to a ceftain degree. They are therefore also inaccessible to the

parasitoids. Lotus has umbrella-type flower heads which the caterpillars chew into from

underneath; lucerne has similar shaped individual flowers massed on a stalk, neither of which

would seem to impede a parasitoid. The hawkweeds have small daisy flowers, as do

Nierembergias in which the caterpillars are very exposed. These last two pose a question

as to why they do not show much greater levels of parasitism than seen in this study.

Of the caterpillars collected on the hawkweeds the majority were of a similar age,

approximately 2nd instar or less. The age of the caterpillars and plant structure suggests that

thesecaterpillarswouldbe someof themostlikelytobe parasitised. Howeverascanbe
seen in Figure 3.5, they are at the low end of the medium range. Chicory, lucerne and the

two sow thistles were growing amongst the hawkweeds. lt may be that the catepillars are

moving off the hawkweeds at a ceftain age and on to the other larger hosts in the vicinity,

therefore biasing the parasitism rates on the different plants. Altematively, the parasites may

have a search image of certain hosts and are attracted to that host in preference to others.
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Pf ate 3.5. Sulla (Hedysarium coronarium) grown at Flock hor-tse as a fodder crop

for sheep. Caterpillar feeding damage and early instar Heliothis armigera caterpillars

are clearly visrble on the leaves. Weeds present include plantain, willow weed and

niohtshade.
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The grouping of host-plants with the lowest levels of parasitism all tend to have large

flowers or flower heads that provide good protection for the caterpillars from the outside

environment. Included in this group are dahlias, geraniums, prickly sow thistles, and African

daisies.

Dahlias are very large flowers with a compact dense centre in which the catepillars bury

themselves to feed (Plate 3.6). The caterpillars can often only be found by breaking open

the flower heads to expose the centre. Roses, asters and many other garden plants have

similar flower heads providing good cover. The only time the caterpillars are visible or

exposed is when they move from one flower to another. In prickly sow thistle and bristly ox

tongue the caterpillarc were only found feeding on the flower heads, where they were

usually buried in the flower head. In this study, no evidence was detected of feeding on the

leaves of the thistles. Since the adults lay their eggs on or near the top of the plants, the

young caterpillars have immediate access to the flowers and flower buds, (the most nutritious

regions) and they are able to hide within them. Geraniums have umbrella-like flower heads

and the leaves are often crinkly, which can provide protection from the parasitoid while the

catepillars are feeding. The caterpillars generally were found underneath the flowers h

amongst the stems, feeding on the bases of the flowers. In some varieties there was

considerable damage to the leaves. African daisy is a large daisy with low faidy dense

herbaceous growth. The caterpillars were quite visible in the flowers but not in the leaves.

However, being a daisy the flowers close up in the evenings and when they become old or

damaged and so could provide the caterpillars with some protection from the parasitoids.

Plants can influence the levels of parasitism in caterpillars. They can emit chemical signals

that can attract parasitoids fiuding et al., 1995). Whether these signals are a by-product of

the caterpillar feeding, or the plants defence system against the caterpillars, or a totally novel

chemical arising purely as a specific attractant, the effect is still the same with the parasitoid

becoming attracted to the caterpillars. Secondly, caterpillars can derive different tastes or

smells from the host-plants upon which they are feeding. These may be distasteful and

deter parasitoids in a similar fashion to the way in which monarch butterfly caterpillars do,

when they sequester the toxins from the milkweeds upon which they feed.
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Plate 3.6. Top: Heliothis armigera caterpillar burying itself in a young Dahlia bud.

Bottom: a number of Heliothis armigera caterpillars in a mature Dahlia flower.
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The groMh habits of the hosts, how they were grown and plant structure c:n effect the

other causes of mortality (see Figure 3.6) as well. Lotus, lucerne and sulla were generally
grown in large fields as fodder crops. Allthe plants were of a similar height, age and densely
planted, provide an ideal microclimate in which fungal and viral particles can thrive. The

tomatoes do not follow this pattem as they are planted with wide spacing between the

plants, here the large number of unknown deaths are probably due to parasitoids as

discussed earlier. Calendulas are probably similar to the tomatoes in that the high level of
caterpillar mortality was due to parasitoid emergence, as they also had a high parasitism rate

(Figure 3.5) and high levels of fungal and viral infection were not obvious. All the rest had

significantly lower rates of mortality due to other causes. The thistles growing amongst the

fodder crops tended to stand out above all the other plants and the chicory was grown h
strips around the edges of the adjoining fields as food plants for beneficial insects. They

both are tall straggly plants without dense foliage except in the immature stages, both

providing unsuitable microclimates for fungal and viral particles.

Figure 3.5 shows sulla with 30% parasitism, and prickly sow thistle with 107o parasitism.

These two hosts were growing mixed in the same field, yet they fall into significantly different

parasitism groupings. The caterpillars collected from both plants showed a variety of instars,

eliminating the possibility that only older caterpillars were being collected from the prickly

sow thistle. The reasons behind the difference in parasitism levels are unknown and will

require more study to determine.

M icro-popu lation Structuring

At Flock House there was a unique opportunity to study H. armigera on a variety of host-

plants within a micro-geographical area. This arose due to the large variety of potential host-

plants available. Caterpillars were collected from a number of crop species, the major ones

being sulla, chicory, lotus, lucerne, and also from a number of weed species including prickly

sow thistle, bristly ox tongue and the hawkweeds. These host-plants were all growing h
close proximity to each other. Detailed information was recorded for these catepillars,

including the causes of death which were separated into three categories, parasitoids, fungal

and unknown (viral etc.) (Figure 3.7).

Caterpillars feeding on lotus had a large proportion of what appeared to be viral infections

(the caterpillars would go from being alive to a liquid mush ovemight) and also fungal

infections (Figure 3.7). Fungal deaths appeared to be of one or two types based on

colours and forms of the emerging fungal groMhs. The majority were of the type shown h
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Plate 3.2. Luceme and sulla also showed high levels of these infections. This may well be
due in pafi to the growth habits of these plants as discussed earlier.

The seasonal moftality graph Figure 3.8 shows that the two months when fungal infections

had their greatest effect were February and March, consistent with the occurence of the

greatest temperatures and humidity. As the weather cooled down into April and May the

numbers of catepillars dropped and the deaths due to fungal infections declined as well.

Figure 3.8 also shows that there are months when caterpillars are less likely to be
parasitised, or die of other causes. This can be seen again in Figure 3.12 tor collections from

chicory over the entire season. These differences can influence results and

recommendations to farmers based on single collections.

The high levels of parasitism shown in sulla during 1994 (Figure 3.9) suggests frat this

host could have provided a source population of parasitoids that have spread over the

ensuing years to chicory and other caterpillar host-plants nearby. lt is also possible that the

smaller sample size in 1994 did not show the true parasitism rates and the 1995, 1996

levels are more typical.

Hawkes Bay and Gisborne

ln Gisborne and Hawkes Bay caterpillars were collected only from tomatoes. ln

Gisborne it was very dry and there were very few plants that were suitable as catepillar

food that were not very desiccated. In Hawkes Bay, although there were other hosts

available, there were never any catepillars on them when searched. This situation is unlike

that found at Flock House. At Flock House there were no tomatoes grown other than those

in home gardens so, H. armigera would have to search for a range of other suitable hosts

(i.e. sulla etc.) as would the parasitoids. By contrast, in the Gisborne and Hawkes Bay

regions H. armigera and its parasitoids appeared to only occur on a single favoured host-

plant. This situation is similar to that found in the dry interior of Australia where large tracts of

land are devoted to monocultures that are inigated and any other plant life is rare and often

desiccated.

Hybridisation

Hybrid offspring produced through the mating of two different species will often be

infertile and this has been the basis of a number of pest control programmes in insects.

Many insects only mate once, the female will lay her eggs and then die. lf the male mated

with is infertile then the eggs produced will be inviable, hence failing to produce the next
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generation. Controlled releases of infertile males produced through species hybridisation
have resulted in much reduced infestations of some insects.

The hybridisation technique has produced sterile males in closely related species within

the Heliothis clade (Figure1.3). H. virescens when crossed with H. subflexa give rise to
viable female offspring but sterile males (Laster, 1972; Miller et al., 1986). These sterile
males have shown promise as a method to control H. virescens (Laster & Sheng, 1995).

Colvin et al., (1994) made a series of crosses between H. armigera from different regions

of the world. All were successful and showed no signs of male or female sterility. However,
he does not state from what host-plants the insects came, or how they were collected.

lnsects coflected from crops may already be F1X hybrids between H. armigera and an as

yetundescribed species. Sheck & Gould (1993) found F1 hybrids between H. virescens
and H. subflexa survived and grew just as well as their parents on crop host-plants. Based
on the assumption that all Colvin et al.'s (1994) sample material was collected from crop

hosts, a similar series of crosses were undeftaken to look for hybrid sterility between
populations. This time however, insects from different wild / native host-plants, which may
represent different host races or even cryptic species, were employed.

The results obtained here are similar to those gained by Laster & Sheng (1995), and

Laster & Hardee (1995) in their search for hybrid sterility between H. zea from Noilh
America and H. armigera from both Chlna and Russia. They found no evidence of hybrid
sterility between these two species from either location.

In the two crosses that produced no offspring (sulla x PST and BOT x the ornamentals)

the females did lay eggs, these however did not hatch. Due to the small numbers of

catepillars collected from both PST and BOT (Table 3.2) there was generally a delay h
finding suitable partners. This may have meant that either partner may not have been at

peak mating condition when the other was, and hence the chance of a successful mating was

missed. Another consequence of only having small numbers of caterpillars meant that it was

not possible to repeat these crosses.

Morphology

Measurements taken in this study were of features that make H. armigera distinct from an

other species of Heliothis. Some of these features have been repofied to show variation h

H. armigera (Walter, 1993) and also in other Heliothisspecies by others (Nurindah, 1994).
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In this study high levels of variation were found within host-plant populations for al
measurements taken. Many of the host-plants produced moths that were variable in overall
size this was evident to the naked eye and may explain away some of the variation found.

The high within-sample population variation might suggest that the chosen population

subdivisions are incorrect and different population divisions should be considered, or tfrat the
high within sample variation is masking any between population subdivisions. Another
possibility, is that allthe samples are from one large intermating population.

Conclusion

The wide host range of H. armigera has been extended in this study by the addition of
36 new host records. Of these, 20 are garden plants and 16 are weed or crop species.
Several of these are important due to their nature as common weeds and fodder crops that

occur in and around economically susceptible crops. Controlling the caterpillars on these
host-plants is important but often ignored as the expense involved far outweighs the low
value of the resulting crop. The total impact of parasitoids and other mortality factors on a
population of catepillars is hard to estimate without an extensive study of the parasitoids,

host-plants, caterpillars, and the interactions between all three. However, from this study

there are definite differences in the levels of caterpillar mortality on the different host-plants.

These may be due to factors ranging from plant structure, form and growth habit, to possible
sequestering of chemicals by the caterpillars. The ability of the parasitoid to develop new
search images for the different hosts or being able to detect the catepillars chemically on the

different hosts may be another factor affecting caterpillar mortality. Not only does the

microclimate created by the host-plants effect the parasitoids and predators of the caterpillars

but also the diseases, both viral and fungal, that the caterpillars are susceptible to.

Variation has been shown to exist in all of the morphological features measured in this

study. However, none showed any relationship to any of the other factors looked at, such as

the hostplants that the caterpillars were collected from. This does not mean that there is no

pattern or that the variation found is not informative in any way. In addition all the crosses

pedormed in this study produced fertile offspring and there was no evidence of any sterility

of either males or females. There was also no evidence that any of the host populations

crossed showed an inability to mate successfully, either within their own population or with

insects from different host-plants or different regions.

There are many avenues for further study into the interactions between H. armigerafrom

different host-plants and the differences found in mortality by parasitism and disease,

especially with respect to the wild / weed species that the caterpillars use as hosts.
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Chapter Four

The Population Structuring in Heliothis armigera
shown by Minisatellite DNA Profiling.

Part 1: Minisatelite DNA Profiling and Population Studies

Introd uction

For minisatellite loci detected by multilocus DNA profiling to be used as robust genetic

matkers in population based studies, they must be somatically stable, inherited in a
Mendelian manner, and there needs to be independence of the restriction fragments
generated (Jeffreys et al., 1985; 1986).

Research indicates that the minisatellites detected by DNA profiling are somatically

stable, with identical DNA present in all tissues of a particular organism. This is true for pure

tissue or blood samples but care must be taken when using entire insects or insect pafts.

Many may have contaminating DNA present, which can lead to a mixture of DNA from the

different organisms being extracted. Examples may be undigested food in the gut,

mutualistic or parasitic bacteria in the body cavity, and nematodes or protozoans present h
the gut system. Extemal parasitic infestations, such as mites found on some moths (Davies,

1969) could also be a possible source of DNA contamination

When collecting specimens for DNA extraction, an understanding of the life histories of the

animals can be important so that the above contaminating factors can be minimised or

avoided. With insects that undergo metamorphosis, emerging adults can be collected and

prepared immediately, or stored before they feed or come into contact with any other

animals, so avoiding the many of these contaminants.
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Pedigree analysis has shown Mendelian inheritance of minisatellites, i.e. approximately
50% of the restriction fragments detected can be attributed to one of an offspring's parents
and the remainder to the other parent (Jeffreys et al., 1986). In addition, segregation
analysis of large families where the relationships are known, demonstrates that the majority of
scorable restriction fragments behave as single heterozygous Mendelian characterc and are

therefore independent of each other (Jeffreys et al.,1986).

The complexity of the band profiles obtained means that in most cases pairs of allelic

bands which are locus specific, cannot be identified. Additionally, chance co-migration of
unrelated lociis possible, reducing the ability to deduce the state of some polymorphic loci

(Bentzen et a1.,1991). Attribution of fragments to specific loci will require time-consuming

breeding experiments and segregation analyses. This type of analysis may not be
possible as low molecular weight fragments are often unresolvable or undetected, thus gene

and genotype frequencies, the basis for much population analysis, is unknown (Lynch,

1eeo).

The DNA profiles generated by multilocus minisatellite DNA probes are dependent on

the restriction enzymes and probes used. The number of bands detected, the band-sharing

values and the probability of obtaining an identical profile for two or more unrelated

individuals will all vary with the enzyme-probe combination (Hanotte et al., 1992), as well as

with the individuals and species. Discriminatory power can be increased by the use of rr
enzyme that allows scoring of the maximum number of bands with minimal band-sharing

between unrelated individuals, and the use of two or more multilocus probes to give
independent estimates of genetic variability (Hanotte et al., 1992; Triggs et a1.,1992). To
determine the best combinations a number of trial gels combining different enzymes and

probes must be investigated.

Despite the inherent limitations associated with multilocus DNA profiling, it has been
successfully applied to population studies in a range of organisms. These include mammals

(Gilbert et al., 1990; Patenaude et al., 1994), birds (Galeotti ef al., 1997; Geyer et al.,

1993), reptiles (Finch & Lamberl, 1996), fish (Laughlin & Turner, 1994; Palo ef a/., 1995;

Prodohl et al., 1992), plants (Besse et al., 1993), fungi (Meyer et a/., 1991), protozoa
(Rogstad etal., 1989) and inveftebrates (Blanchetot, 1992; Saccheri & Bruford, 1993; Zeh

et al., 1992) including snails (Hauser et al., 1992). These studies have encompassed

parentage, sexual typing, genomic diversity, kinship, population subdivision and the

identification of cryptic species and subspecies.
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Minisatellite DNA Profiles

In this study minisatellite DNA profiles were produced using seven different enzymes
(Eco R l, Hae lll, Mbo l, Alu l, Hirrt lll, Psf l, and Bam H l) combined with eight different
probes (per, gg.o, 33.15, Pv47-2, 3'HVR, YNH24, Bkm, and (cA)"). prate 4.1 shows
three enzyme/probe combinations in a trial gel. The enzymes used digest the DNA at a
variety of recognition sites, including both six and four base-pair recognition sites. The
probes were derived from a variety of sources, including human genes through to insects
and manufactured oligonucelotides (Table 4.1). The degree of homology between the
probes and the minisatellite DNA of H. armigera varied greatly and this affected the degree
of hybridisation and number of bands produced. The extraction method used and the
quantity of DNA loaded into the gels also affected the clarity and number of bands available
for scoring. Plate 4.2 shows a variety of extraction techniques and differing volumes of DNA
loaded onto a gel. Extraction techniques trialed were based on a number of standard

techniques the first being that for Extraction of DNA from red blood cells using the detergent
SDS and Protienase K. the second method was that of Saccheri and Bruford (1993) and
the third is one that is used commonly in Australian laboratories using the detergent CTAB
(hexadecyl trimethyl-ammonium bromide) and B+nercaptoethanol. The fourth was using

RSB Buffer (1M Tris, 5M NaCl and 0.5M EDTA) and the fifth was a saft extraction

technique. Variations on all these were tried and the best combination is detailed in the
following methods section. None of the enzyme/probe combinations screened allowed for
the differentiation of the populations based on the presence or absence of specific bands or
combinations of bands.
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Plate 4.'|.. An autoradiograph of an enzyme/probe trial, using three different

enzymes and one probe, on high molecular weight DNA from H. armigera. Lanes 1 to

6 are cut with the enzyme Eco Rl lanes 7 to 12 are cut with the enzyme Hae lll and

lanes 13 to 18 are cut with the enzyme Mbo /. The probe used here is 33.15.
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Pfate 4.2. An autoradiograph showing the results of different extraction techniques used
to gain high molecular weight DNA from H. armigera. Lanes 1 to 9 are different extraction
techniques, as detailed in the text, used on different insects, Lanes 10 to i 7 have different
concentrations of the same sample loaded and lane 18 is the standard animal. The DNA
was cut with the enzyme Hae llland probed with 33.15.
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Table 4.1. Core sequences and sources of the minisatellite and other probes trialed in

this study.

Probe Core Sequence Source Reference

33.15 AGGGcTccAGG Human myoglobin gene Jeffreys et al., 1985

33.6 AGAGGrccccAGGrcc Human myoglobin gene Jeffreys et al., 1985

YNH24 cGAGrrcccccAGGAG Human chromosome 2 Nakamura et al..1gB7
(D2S44)

3'HVR cNGGGGNACAG Human alpha-globin Fowler et a/., 1g88;
gene, chromosome 16 Goodbourn et al., 1g8g

pY47-2 cAcccrccxccrcr Human chromosome 16 Longmire et al., t9g0;
Vassart et al.,1987

per ACNGGN Drosophila Shin ef a/., 1985

Bkm ccArrccrcAcAl,rrrrlJ Snake Panicker& Singh, 1994;
ccccAclrArrrcaAcrcc W chromosome Singh et al., 1980

(CA), cAcAcAcAcACAcA... Oligonucleotide

The average percentage overlap between probes, (number of bands shared divided
by the total number of bands present for the two probes x 100) was calculated for

combinations of probes ttrat gave promising band pattems and whose autoradiographs

where of similar visual appearance. The degree of overlap was low between the majority of
probe combinations examined (Table 4.2). This indicates that these probes detect largely

distinct families of minisatellites.

Tabfe 4.2. Average percent overlap between DNA profile bands detected by four

different minisatellite probes.

Probe combinations Average percent overlap

33.15 & 33.6

33.15 & (CA)"

33.15 & 3'HVR

33.15 & Bkm

3'HVR & (CA),,'

3'HVR & Bkm

Bkm & (CA)^

32%

6o/o

5%

5Yo

4a/"

3o/"

8%

All probes screened visually indicated substantial levels of inter-individual variability and

high levels of homology between the probes and the insect DNA. All visible bands above
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3kb in size were scored, this region corresponds to the area of the autoradiograph where
minisatellite loci present are clearly defined and separated. Consistency in the region scored

allows for direct comparisons between probes. The mean number of bands detected
varied between probes and ranged from 8.6 to 21.2 bands per individual profile (Table

4.3).

Table 4.3. Mean number of bands present and scorable above 3kb in size (n +
standard deviation (SD)) for minisatellite DNA profiles of Heliothis armigera from the

Manawatu region of New Zealand, using four different probes.

Probe 33,1 5 3'HVR BKM (cA).

n*SD 16+3.9 9.4t3.3 8.6t3.9 21.2x,4.2

Of the probe lenzyme combinations trialed, a large number were initially rejected due to

poor quality DNA profiles. The probes rejected were pY47-2, YNH24,33.16 and per. Of

these, pV47-2 and per produced unreadable autoradiographs. Even after adjusting the

stringency's of both the hybridisation and washing stages in the production of the

autoradiographs, they were still unreadable. YNH24 and 33.15 gave clear and well-

distributed profiles, however, the prohibitive cost of YNH24 prevented this from being

used on a regular basis. The level of overlap between the human-derived probes 33.6 and

33.15 was high (32%), relative to the other combinations (Table 4.2). This lead to 33.6

being discarded on the basis that 33.15 gave greater clarity of the same bands at lower

molecular weights.

The four remaining probes, 33.15, Bkm, (CA)n, and 3'HVR gave fingerprint profiles with

well-defined bands which were able to be scored in the low molecular weight range.

However, the intensity and number of bands as shown in Table 4.3 produced with Bkm and

3'HVR was low, implying poor homology to insect DNA. Consequently, the two probes,

33.15 and (CA)", were chosen for routine use on all samples. They both produced a large

number of bands in the preferred size range, low background hybridisation and the intensity

of the bands produced was high, indicating considerable homology between these probes

and the insect DNA.

Of theenzymestrialed, Haelllprovedthemostuseful. Plate4.1 showssixsamples
digestedwiththreedifferentenzymes, EcoRl, HaelllandMbo l,andprobed with33.15.

These enzymes gave a variety of results which are indicative of all enzymes trialed. Eco Rl

digests resulted in DNA with a large proporlion of high molecular weight bands, high levels

of background smearing and produced a distortion in the gel in the lower molecular weight

regions (lanes 1-6 in Plate 4.1). Mbo I and Hae lll, with four base-pair recognition sites
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compared to Eco R1 with a six base-pair recognition site, digested the DNA more
frequently, producing a larger number of smaller fragments. They both give profiles with low
levels of smearing and well-defined bands at a range of molecular weights. However, Hae
lll (lanes 7 -12 in Plate 4.1) resulted in DNA profiles with better definition of the bands at the

lower molecular weights than Mbo | (lanes 13 - 18) and so was chosen as the preferred
enzyme.

One of the DNA samples run on this gel (in lanes 6, 12, and 18, Plate 4.1) was degraded
prior to being digested with the enzymes. This shows the importance of cleaning the DNA
well after extraction and ensuring that the samples are stored conectly both prior to and after

extraction of the DNA.

Plate 4.2 shows the autoradiograph produced when determining the optimum DNA
concentration in the gels (lanes 1 1 through 17) and the extraction protocol that gave the best
quality DNA (lanes 1 through 10). The resulting volumes and protocols used are described

in the methods sections in the appropriate sections. Lane 18 is the standard animal (i.e. the

animal that appears on every gel to allow standardisation of conditions), and although a

constant amount of DNA was used, the probes had a greater affinity to this DNA than to the

H. armigera DNA. This caused the standard lane to be darker than any of the others and care

had to be taken so as not to overexpose the standard animal. This would have made

scoring of this animal difficult and therefore impossible to make comparisons between gels.

Summary

To answer questions of genetic diversity and population structuring in Heliothis armigera, rt

is important to determine the appropriate conditions, protocols, volumes, enzymes and

probes to use early in the study. Every species is different and therefore has different

homology to different probe / enzyme combinations. Other factors must also be sorted out

such as the conect extraction procedure to use. The insects all have different metabolites

and secondary chemicals that must be neutralised or eliminated, as they can affect the

stability of the DNA or the ability of enzymes to cut the DNA successfully. In this study,

there were many such factos to consider. The results showed that it was impoftant to

consider all of them before choosing the final combinations that would optimise the results

and elucidate minisatellite DNA variation in H. armigera.
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Part 2: H. armigera Population Studies using Minisatellite
DNA Profiling

Introduction

ln the past, population genetic studies o'f Heliothis armigera have been examined h
relation to geographical parameters typically involving regional or physical boundaries (Daly

& Gregg, 1985; de Monchy, 1992; McKechnie et al., 1993a; McKechnie et al., 1993b).
These boundaries are often arbitrary and imposed by the researchers largely as a matter of

convenience. Within these geographical regions, collections are often made from multiple

host-plants, usually only crop species (Daly & Gregg, 1985). Some studies have
examined genetic variation within and among different populations living on different host-

plants. However, these studies tend to concentrate on crop hosts, and use standard

collection methods such as sweep netting or pheromone traps to collect samples. Again,

variation in these studies has been examined largely in relation to geographical parameters

(Firempong & Zalucki, 1990; Jallow & Zalucki, 1996). None of these latter studies has used

minisatellite DNA data to investigate population genetic structure. Very few have taken into

account the huge variety of host-plants, other than the at "risK' crops available Io H. armigera

within a smallarea.

Jallow (1996) found that within populations collected from supposed single crop hosts,

gravid females showed differing host-plant preferences and that these preferences were

heritable. This may be because the crops collected from were acting as sinks for adults

coming in from a variety of hosts in the surrounding countryside or it may reflect how the

samples were collected. Many crops have large numbers of weed and other plant species
growing in and around them, especially if they are fodder crops sucfi as lucerne. Many of

these associated plant species are known or possible host-plants for H. armigera and should

be taken into account when collecting from and assigning host-plants to individuals. Sweep
netting tends to be the standard method of caterpillar collection in a number of crops,

especially fodder crops. lt can lead to inconect host assignment and may in the past have

lead to the high levels of genetic variation recorded in H. armigera from different regions and

host-plants. Adult collection usually involves trapping using light or pheromones as

attractants. These can also lead to inconect host assignment. Moths attracted to a specific

pheromone or light trap may only be coming from a certain weed species in or around the

crop or from a host quite some distance away.

Another important factor to consider is that, in some cases, the samples used were not

the field collected generation but a subsequent generation that had been reared in the
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laboratory(e.g.Jallow&Zalucki, 1996; McKechnie et al.,'1993a; McKechnie et al., 1gg3b).
This can bias the results even if there are a large number of insects in the breeding
population. A single female may be more fecund than others, resulting in the probability of
choosing siblings being greater than that of choosing unrelated individuals. This problem can

be amplified by the egg collection duration (i.e. if only one or two moths lay in the firct two
nights and those are the only two nights collected), and by the subsequent culturing practices
(i.e. if a group emerges earlier than another, then they may mate and lay earlier leading to a
greater and greater bias in the sample). This is especially important if the cutture is routinely
used as a catepillar source for pathogen culturing, as the variability of the caterpillars in this

case is not important. lf more than two or three generations pass in laboratory culture, then

inbreeding depression may also have an effect (Cacoyianni et al., 1995). When using

laboratory cultures for sample material, it is important to know the background of the cutture

and to be sure that what is said to be the cufturing method, is what is being done. Hence,

unless the insects are individually hand collected from their host-plants and reared under striC

controls (especially if culturing the animals to increase the sample size), the host-plants
assigned to many of the insects used in many experiments are doubtful at best. This may
not be a problem for some trials as they do not require specific knowledge of the host-plant
from which the insects were collected. In any population or genetic study, which requires

apportioning of samples to ditferent hosts or regions, a good background knowledge of the
animals with detailed accounts of how they were collected and or cultured, is essential to
ensure the validity of the study.

ln this study, genetic variation is examined in H. armigera within a single field, on multiple

hosts, across regions and across the world, using minisatellite DNA profiling. Laughlin &
Turner, (1994) demonstrated that it is possible to detect population differences at the

microgeographic level, through the use of minisatellite DNA profiling, when there is limited
gene flow between populations. This was shown in an abundant, outbred, vagile fish

species (Poecilia tatipinna). H. armigera has similar properties, it is locally and intemationally

abundant (Scott, 1984), it can readily be reared in captivity, and is able to breed wilh
populations from other countries and other species within the genus (Laster & Hardee, 1995;

Laster& Sheng, 1995). In addition il can also be immensely vagile if the conditions suil

(Fox, 1978; Gregg et al., 1993). This microgeographic, micropopulation scale should

overcome some of the problems associated with measuring the true genetic variation within

and between populations of H. armigera, and may provide an insight into host use in by H.

armigera.
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Methods

Collection

H. armigera catepillars were individually collected from cultivated and uncultivated hosts
for three different trials. Firstly, from a single field approximately t hectare in size. This field

contained a number of different fodder crops; luceme (Medicago sativa) sulla (Hedysarium
coronaium) lotus (Lofus pedunculafus) and all the associated weeds that grow wild in the
area (Plate 3.1). Also growing in this field was chicory (Chicoium intybus) both as a fodder
crop and as a food source for beneficial insects, in strips around the edges. The field was
part of a sheep feeding trial at Flock House (Figure 3.1). lt was never sprayed with

insecticides but was treated with herlcicides prior to sowing. These samples were use h
microgeographical population analyses.

Secondly, caterpillars were collected from cultivated and uncultivated hosts at various sites

throughout New Zealand (Figure 3.1) and thirdly from a number of sites throughout Northern

New South Wales and Queensland (Figure 4.1). Both these sets of samples were used h
macrogeographical population analyses.

Caterpillars were collected by hand from as many plants as they could be found on and
placed into individually labelled containers. Detailed records were taken of date, location, and

the host-plant from which the caterpillars were collected. The caterpillars were transported to
the laboratory where they were reared in a constant temperature cabinet at 27oC on a long

day cycle of 16 hours light : 8 hours dark. Insects were reared on an aftificial diet adapted
from Teakle & Jensen, (1985) (Appendix 1). Upon pupation, any uneaten food was

removed and the pupae left to emerge. After emergence, the moths were sexed and

positively identified to species level and then placed directly into a -80oC freezer and

stored.

Five host-plants (lotus, sulla, chicory, lucerne and the hawkweeds-Crepis capillais and

Leontodon traxacoides ) were determined to be the main host-plants in the area examined
for the microgeographical analysis. There were a number of other plants upon which

caterpillars were found in the field, including thistles and white clover

(Table 3.1 and 3.2). The numbers of caterpillars recovered from these hosts at this site

(Flock House) were minimal and were therefore not used in this portion of the study.

To obtain an understanding of genetic variation within a family a pair of adults moths were

allowed to mate and the offspring collected. The F1's were then reared through to adults,

sexed and stored with their parents as above.
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Samples were also obtained from a number of international organisations around the
world. These specimens were imported as pupae and allowed to emerge under quarantine

conditions at the DSIR facility at Mount Albert in New Zealand. Once emerged, the adults
were placed into individual eppendorf containers and snap frozen in liquid nitrogen. These
were stored at -800C at the University of Auckland until required. Samples obtained from
Kenya, Taiwan, and Thailand were used in the macrogeographical analysis. All these
specimens were second generation, of which the parents had been collected from tomato
crops in their respective countries (deMonchy, 1gg2).

DNA Extraction

Adult moths were dissected and either the abdomens or head and thorax were crushed
into 1mL of CTAB (hexadecyl trimethyl-ammonium bromide) extraction buffer (0.1M Tris

HCI pH 8.0, 20mM EDTA, 20mg mL-1 CTAB, 81.8mg mL'' NaCl) with Bpl of B-

mercaptoethanol and 20pl of proteinase K (final concentrations of 7mM and 0.4m9 mL-'

respectively), After ovemight incubation at 55oC on a slowly moving rotisserie, high

molecular weight DNA was extracted once with phenol-chloroform-isoamyl (25:24:1), once
with phenol, once again with phenol-chloroform-isoamyl, and finally with chloroform-isoamyl

Q :1). DNA was precipitated with two volumes of ice-cold 100% ethanol and then washed
three times withTOoh ethanol. The DNA was then resuspended in ddHrO (double distilled

HrO) with 1pl of RNAse (0.5m9/ml) at 37"C overnight.

Approximately 20pg of DNA was digested overnight with Hae lll (10 units) using the
manufacturer's (BRL) buffer in the presence of 4mM spermadine trihydrochloride and 0.1mg
mL-' BSA (Bovine Serum Albumin). Samples were incubated for a further two hours after

the addition of a further ten units of restriction enzyme. Digests and extraction's were size
fractionated on 0.8ol" agarose 1x TBE minigels to ctreck for complete digestion and high

molecular weight DNA respectively.
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Figure 4.1. Collections sites of H. armigera in Australia
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DNA Electrophoresis and Southern Transfer

DNA concentration was measured using a fluorometer and approximately 5pg of
digested DNA was loaded into each well. DNA fragments were resolved in a 0.8%
agarose gel in 1x TBE running buffer (1 .34M Tris, 749mM Boric Acid, 25.5M EDTA). Gels
were run at 45 volts for 48 hours. A control animal was included on every gel to allow
standardisation of hybridisation and wash conditions between gels. Molecular weight
mafters (1kb ladder/Hind lll digested l. DNA, BRL) indicated the distance run and sizes of
restriction fragments analysed across gels.

After electrophoresis, the DNA was depurinated in 0.25M HCI for 15 minutes, denatured
in 0.5M NaOH, 1.5M NaClfor 112 an hour and then neutralised wrth two 15 minutes washes
of 1.5M NaCl,0.5M Tris pH 7.2, 1mM EDTA. The DNA was transfened to a nylon

membrane (Hybond-N, Amersham) by Southem blotting in 6x SSC (0.15M NaCl,
0.015M Na citrate) overnight. After blotting, DNA was permanently bonded to the

membrane by X-linking with UV inadiation and by baking for a minimum of two hours d
800c.

DNA Hybridisation

The human-derived minisatellite sequences 33.15 (Jeffreys et al., 1985), 3'HVR (Fowler

et al., 1988; Goodbourn et al., 1983), and a (CA)" oligonucleotide sequence were
radioactively labelled with a-32P dCTP by random priming (Amersham Rediprime DNA
labelling system). These probes were chosen to be the most appropriate for this study
through the methods described earlier.

The membranes were prehybridized at 55oC in 0.25M NarHPOo pH7.2, 1mM EDTA
pH8.0, 6.5"/" SDS, for a minimum of two hours before the addition of the radioactively

labelled probe. Hybridisation occuned for a minimum of 18 hours at 55oC, Membranes
were then washed with 5 x SSC, 0.1"/" SDS to remove excess probe. Stringency was

increased depending on the age of the cr-t2P down to 1 x SSC, 0.1o/o SDS.

Autoradiography was carried out at -80oC with one intensifying screen for between 1 and 7

days. Before rehybridisation, membranes were stripped in 0.4M NaOH at 45oC for 30-40
minutes, followed by two neutralisation washes of 15 minutes each in 0.1 x SSC, O.|Y"

SDS, 0.2M Tris pH7.5. The membranes were allowed to air dry between successive

hybridisations and were stored dry at room temperature.
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Minisatellite DNA profile analyses

Generalcharacteristics, such as number of fragments and levels of band-sharing between
pairwise combinations of individuals were determined for all DNA profiles obtained. DNA
samples were run on a series of gels with band-sharing being restricted to comparisons
within the same gel.

Band-sharing was calculated as

BS = 2Nab
Na+No

where Na and Nu are the number of fragments scored in each individual respectively, and
Nan is the number of fragments shared between the two individuals, according to the method
of Gilbert (1990). Two bands were considered to be shared if they differed no moretran
two-fold in intensity, and their centres were not more than 0.S mm apart (i.e. a bin size of 0.5
mm)(Bruford et al., 1992). DNA fragments greater tran 3kb were scored for all profiles
produced with 33.15,3'HVR, and (CA)". The large number of bands below this made
scoring unreliable.

Autoradiographs were scored visually with standardisation between autoradiographs
being achieved by the use of a reference animal, which was run on all gels. Standardisation
was achieved by assessing the intensity of a particular band in the standard animal and
scoring the gels using the same band as the minimum intensity scored on all gels.

Unless specified, all individuals on the gels were considered to be unrelated and were
randomly chosen from the entire sample collected from that host-plant. One gel, however,
was specifically designed to give estimates of sibling and parenta/offspring band-sharing.
This gel had only the parents and offspring resulting from an isolated mating upon it. All other
gels contained combinations of different host-plants within one season or a single host-plant
across seasons and collections.

Heterozygosity as a measure of the level of genetic variation among populations was
estimated using equation six from Stephens et al., (1gg2):

A

Isn
k=1

A

A - I r/r-s*
k=1

H- -1
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A and k are the number of scorable bands on the gel and the frequency of occunence of
the kth band, respectively. Calculations of heterozygosity were facilitated by the Macintosh-
based computer program THUMBPRINT (Marshall, 1992).

Standard statistical methods cannot be used to test the significance of differences in band-
sharing values between populations. This is due to the non-independence and lack of
normality of genetic data derived from all pairwise comparisons of individuals (Danforth &
Freeman-Gallant, 1996; Lynch, 1991). T-tests and single factor ANOVA's are too liberal h
proposing significant differences between samples, as the sample sizes are greatly inflated
over the actual number of individuals sampled. This leads to much smaller standard
deviations and hence much smaller standard enors and confidence interuals. This tends to
lead to a 'type one' eror of rejecting the null hypothesis when in fact it is conect. Lynch
(1990, 1991) proposed a method for conecting the problem of interdependence. This
method slightly overestimates the actual sampling variance and therefore yields
conservative estimates for the standard enor and confidence intervals. This can lead to the
possibility of a type two erro/ of failing to reject the null hypothesis when it is, in fact, wrong.

lf t-tests and a single factor ANOVA show that there is no significant difference between
the different populations, this should be regarded as correct. Alternatively, if they show a
significant difference, then the conection proposed by Lynch (1990, 1gg1), and Danforth &
Freeman-Gallant, (1996) should be taken into consideration and the data treated accordingly.

In this study, standard effors and confidence intervals where calculated
standard method:

using both the

Std. Err. = Std. Dev.
|-

1n

where n is the sample size and equation 15 from Lynch (1991) which conects for
interdependence:

Var'(S*u) = 2S(1 -S)(2-S)' n(a-S)

where S is the average band-sharing within the population and n is the average number
of bands exhibited by each individual. The confidence interyal can be calculated using the
square root of this value multiplied by the appropriate t value (Lynch, 1gg1).

Parametric tests are also violated as data is not normally distributed, whereas non-
parametric tests do not have this constraint and hence are more robust. However, non-

i13



Chapter 4

parametric tests do assume equal variances and lend themselves to 'type two' enors.
Mantel's test is a non-parametric permutation test used to look at the association of two
matrices (Smouse et a1.,1986). One of these is a distance matrix of some form and the
other is based on the assumed population structuring. This method was used to test
whether the degree of variability between individuals within the same population was less
than that between individuals from different populations. To facilitate this test, pairwise band-
sharing matrices between all individuals sampled within individual gels were constructed.
These matrices were then compared to matrices of equal dimensions in which the cells
corresponding to individuals within the same populations being zero's and those
corresponding individuals in different populations being one's. A Mantel's test of association
between the two matrices was performed with 1000 randomisation's per gel. pedorming

this test is equivalent to testing the hypothesis that there is a lesser degree of variability
between individuals within the same population, than individuals from different populations.
The null hypothesis of no difference is rejected if less than 5% of the distribution was greater
than the critical value.

Lynch (1991) gives a method of calculating Wright, (1951) F-statistics from multilocus
minisatellite DNA fingerprints. These can be used to examine levels of population
subdivision and to determine whether there is significantly less similarity between samples
from different populations han expected. lnitially an index of between-population band-
sharing, corrected by the within-population band-sharing, must be calculated using Lynch's
(1991)equation 16:

Sii - 1+ S'iy - SLt_Sj

where Sl is the average band-sharing of individuals within population i and S'i; is the
average band-sharing between random pairs of individuals across populations i and j
(Lynch, 1991 ).

Then Fsr which describes the differences between sub-populations can be
approximated using Lynch's (1991) equation 17:

F'sr= 1-So
2-Sw-So

where Su is the average value of Si; over all pairs of populations i, j and Sw is the
average value of Si over all i. F'sr has a maximum value of one when populations are fixed
for different alleles and a minimum value of zero when there is no population subdivision
(Lynch, 1991).

l14



Chapter 4

Discovery curves show the number of novel bands occuning in individuals or populations
as more and more bands are sampled, either with new probes or more individuals. The
number of new bands per individual is mapped against the total number of bands sampled.
This gives a similar measure to the number of alleles found in isozyme studies (Ardem et al.,

1 ee7).

Resu lts

Family Fingerprints

The analysis of minisatellite DNA profiles of a family group comprising both parents and
seven offspring was conducted (Plate 4.3). This allowed the determination of the level of
band-sharing between siblings, between parents and ofispring, and a single comparison of
presumably unrelated individuals (the parents). To ensure that the parents were unrelated

they were sourced from different regions within New Zealand, the female from the Waikato
and the male from the Manawatu. A knowledge of the actual levels of band-sharing
between siblings is important for the later analyses of populations, as populations consisting

of siblings can bias the results. An adult female moth can lay up to 3000 eggs within a shoft
time period. lf all these eggs are laid within a small area, a collector might unwittingly gather

siblings. To know what the level of band-sharing is between siblings allows us to recognise
them in later analyses and treat them accordingly.

Band-sharing was determined for all painruise comparisons between parents, siblings,
and parenVsibling pairings, using two probes (33.15 and (CA)"). This is illustrated irn Figure

4.2 which shows that siblings can easily be distinguished on the basis of band-sharing from

unrelated individuals (the parents). The majority of siblingisibling comparisons resulted ln a

band-sharing value greater than 0.5, indicating that they shared 50"/" or more of their bands.
Only one sibling/sibling comparison was below this level. The mean band-sharing values
for the two probes used are given in Table 4.4.
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and the probe used is 33.15. The parents appear a lot paler due to the length of time the
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Chapter 4

Table 4.4. Mean band-sharing values (x -r- their respective standard erors (SE)), the
range of band-sharing values, the number of pairwise comparisons and the mean number of
bands (x t SE) scored for each individual in a family group of H. armigera, using the two
probes (CA). and 33.15.

Parents Siblings ParenUsibling

Mean band-sharing

Range of values

No. of comparisons

Mean no. of bands

0.172 t 0.057

0.115 - 0.229

2

23 x,2.5

0.629 t 0.013

0.438 - 0.810

42

24 + 1.3

0.567 t 0.02

o.327 - 0.744

28

Microgeog raphic Micropopulations

In general, the DNA profiles produced for each individual showed no obvious pattems

between individuals from the same populations or between individuals from the different

populations. This can be seen in Plate 4.4 where we have populations from two different

hosts, sullaand the hawkweeds, probed with 33.15. The individual profiles have bands

ranging both in intensity and size.

Table 4.5 gives the average band-sharing values and the standard deviations for eacfr

probe, together with the number of individuals sampled, the number of pairwise

comparisons, the range of band-sharing values and the average number of bands witrin

each of the host populations of presumably unrelated individuals. lt also gives the level of

heterozygosity in each population. These band-sharing values confirm what is evident from

examination of the autorads, namely that there are very low levels of band-sharing between

individuals within and between the different populations. The average heterozygosities for

each of the host populations range from 0.8 to 0.85, \^/hich is also indicative of low levels of

relatedness amongst individuals within a population.
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Chapter 4

From the range of values in Table 4,5 it is clear that the majority of individuals are

unrelated, with very few values exceeding 0.45. lt has been shown previously that direct

sibfings within a family group typically share at least 50"/" (a 0.50 band-sharing value) of

their bands. Within the H. armigera collected from the luceme population, we have two

values which exceeded the 0.50 level, 0.643 and 0.622. These values suggest that these

individuals are siblings (two pairs of siblings). The next highest value in the lucerne

population is 0.314 suggesting unrelated individuals.

Figure 4.3 shows the relative frequency and distribution of these band-sharing values for

the five different host-plants using the probe (CA).. The other probe 33.15 gives a similar

graph (data not shown). This graph (Figure 4.3) shows an apparently normal distribution of

band-sharing values, about 0.1 - 0.19.

Mean band-sharing values between the different host populations are given in Table 4.6.

These values would ideally be less than those found within a population, as this would

indicate that the individuals within a population were more similar than those in different

populations. This has been shown in populations of pseudoscorpions (Cordylochernes

scorpioides) where the within-population band-sharing values range from 0.286 to 0.371

and the between-population band-sharing values ranged from 0.015 to 0.079 (Zeh et al.,

1ee2).

Figure 4.4 shows a graph of theoretical band-sharing values. Indicated on this graph are

average band-sharing values for a highly inbred group of birds, the Chatham lsland black

robins, and a large out-breeding population of birds, Adelie penguins. These two

populations show the extremes in their levels of band-sharing wilhin the populations.

ldenticaltwins, which share all bands, have a band-sharing value of one and siblings sharing

the same parents have band-sharing values which tend to fall in the range, 0.5 to 0.99. The

within-sibling comparisons presented eariier confirm this expectation. Unrelated individuals

can have band-sharing levels which range from e (zero) through to about a (0.45).
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Chapter 4

Table 4.6. Mean band-sharing values (x t standard deviation) and the number of
comparisons between all host populations for both probes analysed (33.15 and (CA)").

Host

Combinations 33.15 (cA)"
Probes Number of

Gomparisons
Sulla / Hawk weeds

Sulla / Chicory

Sulla / Lotus

Sulla / Lucerne

Lotus / Lucerne

Hawk weeds / Chicory

Hawk weeds / Lotus

Hawk weeds / Lucerne

Chicory / Lotus

Chicory / Luceme

0.097 (0.075)

0.160 (0.087)

0.157 (0.093)

0.168 (0.090)

0.178 (0.088)

0.154 (0.076)

0.177 (0.106)

0.207 (0.083)

0.165 (0.0990

0.111 (0.087)

0.123 (0.09s)

0.107 (0.092)

0.133 (0.0e8)

o.132 (0.Oee)

0.150 (0.0e6)

0.160 (0.09s)

0.14e (0.0e8)

0.185 (0.096)

0.1s2 (0.0ee)

0.0e2 (0.0e6)

72

35

35

50

40

60

66

72

73

28

When the average band-sharing value for a large population of out-bred individuals is

compared to another similar population, one would hope to see that the between
population values are consistently lower (i.e. at about d in Figure 4.3) tfran the within-
population band-sharing values (b). However, when the populations are very large and
there is very high variability between individuals within the populations, the within-population
band-sharing values are likely to be much lower than this, about c or d. As is the case for the
bushcricket (Poecilimon veluchianus) which has a bandsharing value of 0.17 x. O.O2 within
populations (Achmann et a1.,1992), between c and d. When between values are calculated
for these populations they may fall around d or e, but because these values are very close
to those of the within-population estimates there is no detectable difference between the
two vaf ues. This may very likely be the case wrlh Heliothis armigera, which has shown very
low levels of band-sharing within host populations (Table 4.5).

There are no significant differences between any of the between-population values and

the within-population values for each population combination. However, for both probes,
the between-population values for chicory / lucerne fall below the within-population value for

lucerne, but not that of chicory as shown in Figure 4.5.

The internal variation being high in these populations causes the within-population band-
sharing values to be low, falling at approximately c on the graph in Figure 4.4. This may b e
masking any population subdivisions, as the between-populations band-sharing values are

also atthe same level. This situation is similarto those discussed by Charlesworth (1998)

and Bossaft & Prowell (1998) where models and equations, such as Fsr values, developed
for older techniques may not be able to cope with the high levels of individual variation found
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by more modern techniques. Other markers that do not exhibit such high levels of variability
between individuals (i.e. within populations) may show structuring hidden by the high levels
of variability found here. An overall band-sharing value for each probe is reported in Table
4.7, along with the Fsr scores for the two probes (33.15 and (CA)"). The calculated Fsr
values of 0.011 and 0.021 indicate that only 1J% and 2.1o/o of the variation found, with eacl"r

probe respectively, is due to population level subdivision i.e. there is virtually none.
However, these Fsr values may not be valid due to the high levels of within-population
variation found in this insect.

Table 4.7. The average band-sharing over all populations for the two probes (x I
standard deviation) and the estimated Fsr values.

Probe Mean band-sharing Fsr

33.1 5

(cA)"
0.161 (0.0e26)

0.147 (0.0995)

0.011

0.021

A single factor ANOVA on the different probes and populations showed no significant

differences between average band-sharing values for the probe (cA)" (Fo.ruo = 2.223s, p <
0.05). This is illustrated in Figure 4.6 which shows the population means with their respective
95% confidence intervals. However, forthe probe 33.15, there is a significant difference
between the host populations, F.,.eao = 7.1ZSg, P < 0.05. Figure 4.7 illustrates the
differences between the populations recorded using this probe calculated as discussed
above. H. armigera collected from lotus and lucerne show significantly higher mean band-
sharing values than individuals collected from sulla. However, because of the non-
independence of the samples, 'type one' errors are more likely to occur in such analyses.

By using only independent samples or a conection factor it is possible to reduce the
possibility of a'type one' eror in the results of the ANOVA. However, the use of only
independent pairs will reduce sample sizes markedly (i.e. less than 10 in some cases). A
gel containing 17 individuals can give 135 different dependant comparisons, while

independent comparisons from the same gel only amount to eight. lf the variances witrin
and between the populations are approximately equal, then the use of dependant samples
becomes less of aproblem. Monehan, (1994) showed that in a highly variable species
(Adelie penguins)the mean band-sharing values calculated using both dependant pairs and

independent pairs forthe same populations gave approximately equal values (Table 4.8).
The variances between the different host populations of Heliothis armigera showed no

significant differences when tested before performing the ANOVA on the data band-sharing

data. Hence reducing the chance of a'type one'error.
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Table 4.8. Mean colony average percent difference (APD) (which is 1 - the band-
sharing value) with their standard deviations (SD) for Adelie penguins as determined through
paired and pairurise comparisons of individuals within colonies using the probe 33.15.
Adapted from Monehan, 1994.

Paired comparison Pairwise comparison
Colony APD SD APD SD

Northern Bird

Southern bird

Cape Crozier

Cape Royds

23

23

24

24

0.84

0.83

0.843

0.84

0.096

0.1 38

0.1 23

0.09

170

179

0.835

0.832

0.834

0.815

0.277

0.1 20

0.099

0.099

192

192

Calculating the 95% confidence intervals using Lynch's (1991) conection factor increases
them up to eight-fold above those calculated in the standard manner. Figure 4.8 shows that

there is no significant difference in band-sharing levels between the lotus, lucerne and sulla

hosts using the probe 33.15, when Lynch's correction factor is applied.

Mantel's test (Livingston, 1994; Mantel, 1967) gives the propodion of values greater than a

critical value. lf this number is greater than 5% then we cannot reject the null hypothesis of no

difference between populations. Table 4.9 lists the values gained for each host combination
analysed with both probes. In all combinations, except that of lotus, lucerne and sulla using

the probe 33.15, the values are well above the critiel value. Therefore there is no

difference between the different populations. However, the combination of lotus, lucerne

and sulla using the probe 33.15 is well below the 5% level and indicates frat there is a
difference between the populations on these three hosts.

Table 4.9. Results from Mantel's test showing the propoftion of values greater tran the

critical value and the host combinations on each geltested.

Host combinations Mantels

(cA)"
test results

33.15

Significance

Sulla and Hawkweeds

Lotus, Lucerne, Chicory and Sulla

Lotus, Chicory and Sulla

Lotus, Lucerne and Sulla

Luceme and Hawkweeds

Lotus, Chicory and Hawkweeds

72.5%

45.7"/"

42"/"

71.9Y"

79.1o/o

78.9"/"

96.3%

81.4"/"

77.6"/"

3.9%

96.3%

15.3%

X

x

x
./

X

x
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This finding suppofts the result of the ANOVA between all the host populations using the
probe 33.15, which also indicated a significant difference between these three populations
(Fo.rro =7.1259, P < 0.05, Figure4.7). Another feature of these three populations is the

number of bands scored within a given size range. Table 4.5 lists the number of bands
scored for each population together with their standard deviations. There is a difference h
bandnumbers between lotus (24), luceme (22) and sulla (15) usingthe probe 33.15. An
ANOVA was performed on these figures and resulted in significant differences between the
populations for both of the probes (33.15 and (CA)"). For the probe 33.15 the difference

in band numbers for the five samples is statistically significant with Fo,n, = 6.4087, P<0.0S,

and for the probe (CA)" the difference in band numbers for the five samples is also

statistically significant with Fo,n, =2.M91, at P<0.05.

Figure 4.9 shows the mean number of bands in minisatellite profiles of H. armigera in eacfr

population using the probe 33.15. The 95% confidence intervals show the differences

between the populations. Lotus and lucerne group together at the high end of the scale with

sulla being significantly lower than these two, leaving the hawkweeds and chicory

intermediate and not significantly different to either group. The pattern is slightly different for

the probe (CA)" as the significant difference when plotted (Figure 4.10) falls between sulla

and the hawkweeds.

Macrogeographic Populations of H. armigera

New Zealand Populations ol H. armigera.

Three minisatellite probes (per,33.15, (CA)^) were used to visualise Heliothis armigera

minisatellite DNA profiles throughout New Zealand. Seven regions of specific interest

(Gisbome, Hawkes Bay, Waikato, Canterbury, Taranaki, Manawatu, and Auckland) were

chosen to be representative of the samples collected around the country (Figure 3.1).

Being at least 150 l<rn apart distinct regional differences, if they exist, should become
evident.

Table 4.10 shows the average band-sharing values and their standard deviations along

with the number of painruise comparisons, within and between the regional populations of

presumably unrelated individuals around New Zealand. An over all New Zealand band-

sharing value is also reported of 0.234 (0.111). A single factor ANOVA on the different

populations showed no significant differences between average band-sharing values at the

5% level. This is illustrated in Figure 4.11 which shows the population means with their

respective 95% confidence interuals. The confidence intervals are increased four-fold above

l3l
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those calculated in the standard manner when using Lynch's conection (equation 15, Lynch,
1991). This emphatically indicatesthatthere is no difference in the levels of band-sharing
between populations within New Zealand.

A similar result is obtained using Mantels test for differences between populations. Using
this test the proportion of values greater than the critical value was 69.17o, therefore not

permitting the relection of the null hypothesis of no difference between populations. The

calculated Fst value of 0.055 also indicates that only 5.5olo of the variation found was due to
population level subdivision. The average heterozygosity for the regional populations is

given in Table 4.10. Overall for New Zealand samples an average heterozygosity of 0.87
was recorded. This value is high and is equivalent to values found within individual host

populations earlier.

World-wide Populations of Heliothis armigera

Two minisatellite probes (33.15, (CA)^) were used to detect muftilrcus DNA variation h
Heliothis armigera profiles from a wide geographic range. Samples from five countries (New
Zealand, Australia, Thailand, Taiwan and Kenya) were chosen to be representative of H.

armigera populations from around the world.

Table 4.1 '1 shows the average band-sharing values and their standard deviations along

with the number of painruise comparisons, within and between the regional populations of
presumably unrelated individuals from the above localities. An overall band-sharing value is
also calculated at 0.150 (0.192).

A single factor ANOVA on the different populations showed a signfficant difference

between average band-sharing values at the 5% level (Fo.o, = 22.854 (p<0.05)). This is

illustrated in Figure 4.12 which shows the population means with their respective 95%

confidence intervals. The Taiwanese samples are significantly different to the others

investigated here. The average band-sharing within the Taiwanese samples is 0.480
(0.136) with a maximum band-sharing of 0.622. This suggests that the individuals were first

order relatives. Figure 4.13 illustrates the relative band-sharing within and between countries,

the tail of the graph to the right is due to the Taiwanese samples with the high within-

population band-sharing values belonging to these siblings. Removing the Taiwanese

samples from the ANOVA results in no significant difference between the remaining

populations Fr o" = 0.9922 (P<0.01).
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Flgure 4"9. The mean number sf bands scof€d, rruitiin a certain siee range, from DNA
multiloous, profiles ot' H, armigen individUale tor eacfi host-plant population. Results $qwn
are for the probe 33.15 with their corresponding 95% confidence intervals.
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This result is similar to that shown with Mantels test where the proportion of values more
extreme than the critical value was 0.17o, therefore rejecting the null hypothesis when Taiwan
is included. However, excluding Taiwan gives a value of g7.2o/o, therefore not rejecting of
thenull hypothesisof nodifferencebetween populations. ThecalculatedFstvalueof 0,11
also indicates that only 1 1o/" of the variation found is due to population level subdivision with
Taiwan included, and reduces to 2olo with Taiwan excluded. The average heterozygosity for
the regional populations is also given in Table 4.11, the world-wide samples have an

average heterozygosity of 0.88. This value is high and is equivalent to values found within
New Zealand populations.

The probability of siblings being present in the overseas samples is high due to the
collection methods. The original caterpillars were collected in tomato fields in Taiwan and
Kenya (Table 4.12). They were then reared through to adults and allowed to reproduce h
the laboratory before a number of the resulting F1's were packaged up as pupae and sent
out to New Zealand. As females cen lay up to 3000 eggs in ideal conditions and will start
laying at different times. The possibility of eggs collected in the first three to four days of egg
laying being from only one or two females is high.

Table 4.12. Origin of world-wide collections of Heliothis armigen. (Adapted from de
Monchy, 1992)

Country Parentals Sample size Collected from
host-plant as

Host-
plant

Thailand

Taiwan

Kenya

field collected
pupae sent

50

25

Laryae

Laruae

Tomato

Tomato

Tomato

240

90

41

The samples collected from Thailand are likely to be much more variable as they are field-
collected pupae.

Discovery Curves tor H. armigera.

The number of alleles per locus represents an important measure of genetic variation h
allozymes (Nei ef a1.,1975), this is in addition to the traditional measure of heterozygosity. In

studies of minisatellite DNA variation, the number of novel fragments of varying molecular

weights found in a population similarly represents another source of information (Ardem et al.,

1997). Figure4.14 shows the discovery curyes for restricted populations of H. armigera

within the Manawatu, New Zealand and for more widespread populations, as well as those
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for some other animals for comparison. Discovery curues are the graphical representations
of the cumulative numbers of new fragments sampled for a number of probes.

The discovery curves produced for the H. armigera samples from Flock House, New
Zealand, and the more distant geographic localities are constructed from the number of
bandsfound usingtwo probes, 33.15 and (CA).. The curve produced forthe penguins is
also using two probes, 33.15 and 33.6 (data couftesy of Monehan, 1994). The curves
produced for the whales and the robins are both using three probes, 3'HVR, 33.15, M 1 3
and 33.15, 33.6, pV47.2 respectively (data coudesy of Baker et a1.,1993 and Ardem et al.,

1997 respectively). These species, however, have much lower numbers of novel bands h
comparison to H. armigera. Two of these species are restricted in either numbers (the
whales) or geography (the robins). Penguins are not restricted, and are highly polymorphic
both in mitochondrialand minisatellite DNA (Monehan, 1994). The three locations sampled
for H. armigera do not show any major differences and seem to plateau out only with the last

few individuals added.

D isc u ss ion

Daly & Gregg (1985) suggest that populations within a region may not be a panmictic unit

but instead are subdivided in some way due to the fact that there are persistent trends
towards an excess of homozygotes within populations. This was based their wort on
geographical populations of H. armigera. These populations came from multiple hosts witrin
each geographical population. Other wort on geographical populations has been canied
out, some even restricting themselves to specific host-plants. However, none of these
studies has concentrated on multiple hosts wilhin a single geographical region. This study
using minisatellite DNA profiling has been an attempt to investigate such a situation.

lf adult moths originating from different wild host-plant species (i.e. those hosts that are not

controlled for insect pests (usually weed species) are intermixing in the large monoculture

crops, such as cotton or tomatoes, then any samples taken from these crops will essentially
represent a large randomly mating population. Hence, by taking samples by hand from

individual wild host-plants within a small area and treating these as different populations we
can investigate the structuring hinted at by Daly & Gregg (1985). Populations which show
high individual genetic diversity within small areas (microgeographically), make detecting
population structuring dfficuh. This is especially true if there is high gene flow between the
different populations. This is likely to be the case with native / wild host-plant populations

converging on crop species. Comparisons between regions of the same crops are also

unlikely to show any structuring if native / wild host-plant populations are intermixing on crop
species.
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In this study five wild host-plant species, two weed species (the hawkweeds and
chicory), two crop species (lucerne and sulla) and lotus which is found both as a weed and a
crop ln the area, were chosen as potential host-plant micropopulations. lt was thought frat
these species would show microgeographic micropopulation structuring ol H. armigera, as
they were all growing within close proximity to eacfi other and had large numbers of
catepillarc on them.

Conclusions

Of the two minisatellite probes used in this study 33.15 proved by far the more useful h
determining the population structure shown by Heliothis armigera on a microgeographic
micropopulation level. From the results obtained using this probe, it seems that there is a
difference between the five wild host-plant populations. Sulla tends to show the lowest
levels of band-sharing and the lowest band numbers. Lucerne and lotus show the highest
levels of both. When compared to sulla throughout the study they are consistently
significantly different. The Mantel's test emphasises these results as the gel, whictr directly
compared these three populations, shows a significant difference between them. The other
two populations, (chicory and the hawkweeds), were consistently intermediate between
sulla and the lotus / lucerne group. The probe (CA),.' however did not show any significant

variation between the populations ahhough there is a slight trend towards the separation of
lotus and lucerne from the remaining samples (Figure 4.6).

These data may not, however, be indicative of permanently differentiated populations
based on host-plant races, but may simply be the result of natural fluctuations ln gene
frequencies (i.e. genetic drift) due to high female fecundity and the large number of host -
plants available, which leads to a very large effective population size. Sluss & Gnham
(1979) found a similar situation in Heliothis virescens throughout the United States of
America. They based most of their enzymatic study on large geographical regions,

however, within some of these regions they did examine populations from ornamental

hosts. They found that observed mean heterozygosity was fiar higher, and the numbers of
monomorphic loci were far fewer in these populations, than in regions where monocultures
predominated. They also found that some of the enzymes examined were associated wittr

host-plant races. However, these findings were explained by founder effects and small

sample sizes.

H. armigera samples used in this study were collected over several years, while those
used for the microgeographic minisatellite DNA profiling were all collected in the same
season. The samples used were spread across different sampling periods incorporating
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numerous cohotts. Consequently, the results shown here are representative of the entire
season. Unlike those of Sluss & Graham (1979) whose samples were all collected in the
same sampling period and so presumably came from the same cohort.

Having all the samples coming from the one season has an impact on the interpretation
and applicability of the results to other years and host-plants. lf the pattem shown between
the hosts in this season is repeated in other seasons, in the same area and on the same
host-plants, then we could confidently asseft that there are host-plant races and consequently
micropopulation structuring occuning in H. armigerain this microgeographic region. However,
because this work covered only one season, the pattems seen may be due to genetic drift

or other factors sucfr as founder effects and sampling erors. The high levels of
heterozygosity recorded are indicative that the pattems seen are due to these otherfactors.

The restricted population of H. armigera shows the greatest level of genetic variation h
the discovery curues produced by this study. This is the opposite pattem to that expected
when comparing local (micro), national (macro) and international (mega) populations of a
species sucl'r as H. armigera. However, these populations are not greatly different from

each other and come to a similar plateau. This pattem again emphasises the high level of
within-population variation and adds weight to the conclusions drawn eadier wih respect to
the band-sharing levels in similar populations.

It is also important to remember frat the data collected from minisatellite DNA profiling is

not independent, and therefore must be treated with caution. Although some of the
populations do show some degree of divergence, in order to determine whether they are

structured or represent an instance of temporal differentiation, further analysis of previous and

subsequent years samples is recommended.
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Chapter Five

Mitochondrial DNA Sequence variation in Host-plant
Popufations of Heliothis armigera.

Introduction

Daly & Gregg (1985) posed the question as to whether there was a possibility of ftnding
genetic matkerc n H. armigera that could be easily and quickly determined. They also
wondered if these markers occur at different frequencies in different populations. Their study
was concerned mainly with the possibility of finding regional differences between the
populations from different crops and cropping regions. Any regional differences would then
allow the ttacing of migrating moths back to treir point of origin, and in turn allow the
infestations to be controlled, or at the least monitored before they reached susceptible
crops.

lf these markes could be found they would be of great use to farmerc throughout the
world' The Daly& Gregg (1985) study looked at commercial crops and did not specifically
address the huge range in habitats and ctimates, nor the huge variety of non-crop host-plants
upon t^/hich H. armigera can survive and usually thrive. These ecological factors must be
taken into consideration when searching for genetic markers.

McKechnie et al., (1993a) mention ecologically relevant traits when attempting to isolate
genetic markers in different populations of H. armigera. As they remarked, '\rve would be in a
better position to control this pest if we knew the source of the pest outbreaks, and the
extent of the regional genetic differentiation for ecologically relevant traits'. In the McKechnie
et al. (1993a) study they used cultures of 'Tield collected" individuals collected by 'field
workers", presumably from crop hosts as the areas that they came from are cropping areas.
Culturing of individuals from crop hosts in tfris manner will not give a true insight into the
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ecological aspects of the insect. As McKechnie stated "... there is the possibility of founder
effects causing a low level of variation ln the samples used from cultures". In a later study
McKechnie et al. (1993b), recorded much greater genetic variation in H. armigera wihin
regions when using samples directly collected from the field. However, these samples were
again presumably only collected from crop hosts as they were provided by the same field

workers.

As crop hosts are highly attractive to the moths and are grown in large tnacts of
monoculture or limited diversity, it is logical to assume that a sample taken from a crop host

will show greater variability tran a sample taken from a native / wild host. This is due to
moths immigrating from native / wild host species and other lesser host crops. Crop hosts

have often been genetically modified to give greater yields, and are grown in ideal

conditions, luhtth leads to bigger healthier plants. Consequently, larger numbers of insects

from the above sources can be supported on the crops. The source populations outlined

by Daly (1991) and McKechnie et al. (1993a) come from inland are€F of Australia where

they are living presumably on native / wild hosts, since there are no large-scale crops grown

in these regions. Assuming each native / wild or crop host-plant constitutes a different

population, rclce or even cryptic species, we cen then look for genetic markers within these

ecologically-founded populations.

Methods of genetic determination that are fast and reliable are going to be essential to the

controf of H. armigen. Test results are often needed quickly so any conective or

preventative measures can be applied to the crops. The development of PCR techniques

that can provide resuhs in a short time (3 to 4 hours), compared to older methods whidr canr

take weeks or need specialised storage and collection facilities are preferable. Of these

techniques Random Amplified Polymorphic DNA's (RAPD's) and Restriction Fragment

Length Polymorphism's (RFLP's) are probably the most useful for this situation.

RAPD's have been used extensively in insect studies as tests to address a variety of

problems. A number of studies are listed in Chapter Two. Some of the most relevant are

those involving the ctraracterisation of different populations ln relation to host-plant and

geographical parameters (Adamson, 1993; Black et al., 1992; Chapco et al., 1992; Fukatrsu

& fshikawa, 1994; Haymer & Mclnnis, 1994; Sunnicks et a1.,1997). Due to the success h
other species of insects, both highly gregarious and clonal in origin, RAPD's may prove to
be hefpful in elucidating population structuring in H. armigera. This method may be
especially useful as it can identify a large number of DNA polymorphisms in a genome

quickly and efficiently. Haymer & Mclnnis (1994) found trat even between closely related

populations there was extensive genetic variation to be found using RAPD's. Results such

as this lead to the consideration of this technique as a useful tool in this study.
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To obtain maximum information from RFLP studies a good knowtedge of the nucleotide
sequences, and the biological structure of the population revealed by these sequences is
needed. Mitochondrial DNA is found in high copy number in all cells and therefore makes it

easier to amplify using the PCR technique. lt also has many regions and genes that are well
characterised in many animals. This makes the mitochondrial DNA molecule a likely candidate
in a study of this nature.

The choice of gene or region of mtDNA to examine is crucial. The taxonomic level
determines the type of gene to use (Simon et a1.,1994). With higher level taxonomies, i.e.
questions of deep divergence, protein coding genes and rRNA and IRNA genes are more
useful. These genes are more conserved and show low levels of variation. For intermediate
levels of divergence a less constrained site where amino acids changes om.Ir are of more
use. For low level taxonomy and population level work, unconstrained areas in the
mitochondrion are the most useful (Simon et al.,1gg4).

Wilcox et al. (1997) used the mtDNA COI gene to examine population differences
found by Zeh et al. (1992) with DNA minisatellite fingerprinting in a possible cryptic species
of pseudoscorpion. This gene COI for this animal, proved to be more useful than other
genes and regions whicfr were used in other studies. Sperling et at. (1996) used the COI
gene and the COll gene to look at pheromone lttces in the dingy cutworm Feftia jaculifen
and found distinct mtDNA lineage's. The COll gene has also been used by Liu &
Beckenbach (1992) to examine divergence of 10 different insectorders. The regions that
show the greatest divergence are those that are non-coding. ln the mtDNA there are very
few of these (Simon et a1.,1994). However, there is one region trat is consistently present
across all known orders of animals. This region is known as the control region, vr/hicfl

sunounds the origin of replication for the mitochondrion. In insects, it is known as the AT-ricl'l
region and in vertebrates the D-loop. This region has been used to look at close-order
refationships in a Lepidopteran genus Jalmenus (Taylor et al.,1ggg).

Based on the information gained from previous insect studies, and the work done b y
McKechnie et al. (1993a and 1993b) and Taylor et al. (1993) on H. armigem, two
mitochondrial DNA regions were chosen for this study. These are the AT-rich and COll
regions of H. armigera. Sequence information from these regions was used to examine
variation ln populations based on ecological factors sucfr as host-plants. These host-plants
include both crop and native / wild host-plants across regions and nations.
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Materials and Methods

Collection and Rearing

H. armigeracaterpillars were collected from cultivated and uncuhivated hosts, at a number
of sites throughout the Nofth lsland of New Zealand (see Figure 3.1). Detailed records were
taken of date, location, and the plants from whicl'r caterpillars were collected. Caterpillars
were reared in a constant temperature cabinet atZfC on a long day cycle of 16 hours light :

8 hours dad<. An artificial diet based on that in Teakle & Jensen (1985) was used (Appendix
1). Upon pupation, uneaten food was removed and the pupae left to emerge. After
emergence the moths were sexed and positively identified to species. They were then
stored at -80oC.

DNA Extraction

Adult moths were dissected and the abdomens crushed in 1ml of CTAB
(hexadecyltrimethyl-ammonium bromide) extraction buffer (0.1M Tris HCI pH 8.0, 20mM
EDTA, 20mg mfr CTAB, 81.8mg mfl NaCl; with 8pl of Bmercaptoethanol and 20pl of
proteinase K (final concentrations of 7mM and 0.4mg ml-1 respectively). This was incubated
ovemight at 55oC on a rotisserie. High molecular weight DNA was then extracted, once with
phenol-chloroform-isoamyl (25:24:1), once with phenol, once again with phenol-chloroform-
isoamyl, and finally with chloroform-isoamyl (24:1). DNA was precipitated with two volumes
of cofd 1OO"/" ethanol and then washed three times witr 70% ethanol before being air dried
and resuspended in ddH2O with 1pl of RNAse at 37oC ovemight.

RAPD's

Pooled DNA of genomic DNA from insects originating from one host-plant type were
made up to a concentration of 25 nglpl. Pooled DNA of insects from regional samples were
also created. These pooled DNA's were then screened using a variety of primers. The use
of pooled DNA ratherthan individuals reduces the chances of false positives and makes the
procedure more efficient (Lessells & Mateman, 1988; Michelmore et al., 1991). lf a primer
showed population variation or the promise of population variation then the individuals that

formed the pooled DNA were amplified individually. PCR products were size fractionated
on an agarose gel and the primer assessed again.
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The random primers used in this study were from the kits A, B, F, S, X, and y (Table S.1)
obtained from Operon Technologies Inc. Of the primers all those in kit A were screened and
a selection of primers from the other lcls were screened. Fragments were amplified using a
thermocycling programme on a Hybaid OmniGene thermalcycler. The programme used to
amplify the RAPD's is as follows: on block control, denaturation at g5oC tor 2 minutes
annealing at 94oC for 1 minute, elongation at 36oC for 1 minute. This series was repeated
40 times. The final step was followed by an efira elongation step at TzoC for 2 minutes.
This program follows that given in Haymer & Mclnnis, (1994). The reactions for the random
priming were all canied out in 50 pl volumes consisting of 5 pl of 10x pcR Buffer (perkin-
Elmer/Roche), 0'25 pl of 20 mM dNTP mix, 1 prl of 10 pM primer (Operon random
primers), 5 pl of Mgcl, (2s mM), 0.12 pr (0.6 units) of raq polymerase (perkin-
Elmer/Roche), 1 prl of the pooled DNA (25 ng/ml) or the individual DNA samples and 37.69
pl of ddHrO to make it up to the final volume of 50 prl. To prevent evaporation during the
thermal cycling a top layer of approximately 50 pl of mineral oil was added. The pCR
products were run out on a 1.5% agarose gel with a 1 Kb ladder and visualised with ethidium
bromide on a UV transilluminator. Polaroid photos were taken along with 85 mm photos of
promising primers.

Sequencing

One pl of eachr sample to be sequenced was diluted with 30 to 100 pl of ddH2O
depending on the original concentration of the DNA. Two regions of the mitochondria were
amplified: the AT-rich region (D-Loop or control region) and the cytochrome oxidase ll
(COll) gene. These two regions were amplified on a Hybaid OmniGene thermal cycler.

The programme forthe AT'rich region, which follows, is also set to block control but has a
cold staft. Step 1, a denaturation at 94oC for 45 seconds. Step 2, annealing at S4oC for 1

minute. Step 3, elongation at7zo} for 1 minute. Finally, step 4, a further elongation at72oC
for 5 minutes. Steps 1,2, and 3 were repeated 30 times before advancing to step 4.

The reactions for the COll gene were all catried out in 50;rl volumes consisting of: Spl 10
x PCR buffer (Perkin-Elmer/Roche); 1.5p1 SOmM MgCt; 0.25p1 20mM dNTp mix; 2pl
1OpM A-ILEU primer; 2pl 10pM B-ILYS primer; O.2pl (1 unit) Taq polymerase (Perkin-
Elmer/Roche); 10pl diluted DNA (1/100 dilution); 19.05p1 ddHzO; with a top layer of
approximately 40pl of mineral oil. The Taq was diluted in Spl of ddH2O before being added
to the reactions.
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Table 5.1. Primers used in RApD amplifications.

Primer Name Primer Sequence- 5'to B'

CAG G CCCTTC

TGCCGAGCTG

AGTCAGCCAC

AATCGGGCTG

AGGGGTCTTG

GGTCCCTGAC

GAAACGGGTG

GTGACGTAGG

GGGTAACGCC

GTGATCGCAG

CAATCGCCGT

TCGGCGATAG

CAGCACCCAC

TCTGTGCTGG

TTCCGAACCC

AGCCAGCGAA

GACCGCTTGT

AGGTGACCGT

CAAACGTCGG

GTTGCGATCC

CATCCCCCTG

CCAGTACTCC

AGTCGGGTGG

CAGGGGTGGA

AAGGCTCACC

AGAGCCGTCA

AGACGATGGG

The programme for the COll gene, which follows, has a hot staft and is set to block
control. Step 1, a denaturation at 94oC for one minute 5 seconds, then a pause to add the
Taq. Step 2, a fufther denaturation of 94oC for 10 seconds. Step 3, annealing at SSoC for
10 seconds. Step 4, elongation at 72oC for one minute 30 seconds. Step 5, a fuffrer
efongation of 72oC for 5 minutes. Steps 2,3, and 4 were repeated 28 times before
advancing to step 5.

oPA-01

oPA,02

oPA-03

oPA-04

oPA-05

oPA-06

oPA-07

oPA-08

oPA-09

oPA-10

oPA-11

oPA-12

oPA-13

oPA-14

oPA-1s

oPA-16

oPA- 1 7

oPA-18

oPA-19

oPA-20

oPB-03

oPF-15

oPS-11

oPX-08

oPY-06

oPY-07

oPY-11
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The reactions for the AT-rich region were all canied out in 25pl volumes consisting of; 2.51t1
10 x PCR Buffer (Kocher et at.,1989); 0.25p120mM dNTp mix; 1pl 1OpM primer 1481 or
AT-Rev; 1pl 1OpM primer 1482;0.12;rl (0.16 units) Taq polymerase (Perkin-Etmer/Roche);
2pl Diluted DNA (1/30 or 1i50 dilution) 18.13pr1 ddHz; with a top layer of approximately 20pl
of mineraloil.

PCR primers 1481 and 1 482 (Clary & Wolstenholme, 1985) were designed for the AT-
*Cr region in the mitochondrial genome of Drosophita yakuba. Primer AT-Rev was
designed from an internal region of the fragment amptified by the primer pair 14gZ and
1481. lt was used to amplity back through a monomeric region of A's in combination with
1481. The two primers used to amplify the COll region are A-ILEU and B-tLyS from Liu &
Beckenbach (1992) who used them to amplify this region in a number of different insect
species. Details of primer sequences are given in Table 5.2.

Table 5.2. Details of mitochondrial primer sequences used in this study.

Primer name Nucleotide Sequence Molecular weight
1482

1481

B.tLYS

A-tLEU

AT-Rev

5' TAGGGTATCTAATCGTAGTT 3'

5' TGGGGTATGAACCCAGTAGC 3'

5' GTTTAAGAGACCAGTACTTG 3'

5' ATGGCAGATTAGTGCAATGG 3'

5' TAACCGCAACTGCTGGCACA 3'

61 43

6163

61 37

6202

6052

One pl of the PCR product was added to 1 pl of loading dye, whicfr was run out on a
O.8% agarose gelto confirm the success of PCR reactions. The complete sample was then
separated on a 0.8% minigel and the band excised from the gel. This was then purified
using a coslar column to whk*r 100 pl of ddH2O was added and the samples were eiilrer
frozen at -8OoC for two hours or ovemight at -2OoC. The samples were then thawed and
centrifuged for 5 minutes at 1300 rpm, rotated 18Oo and then centrifuged again for a fudher 5
minutes.

After centrifuging the tubes were dismantled and the filters discarded. The sample
volume was determined, and 0.2 times the volume of NHa acetate added. Two and a half
times the total volume (including the NH4 acetate) of ethanol was then added to precipitate

the DNA fragment. The samples were again frozen. Upon removal of the samples from
the freezer they were centrifuged at 1300 rpm for 30 minutes at 4oC. The resulting pellet
was washed in 707" ethanol three times to remove the salts and any other impurities. The
pellet was then resuspended in 15 pt of ddH2O. One pl of this sample was size fractionated

on a one percent agarose minigel with two pl of Lambda Hrhd lll as a size and quantity
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mafter. Estimation of quantity was performed using the smal6st band, vrdll*t at tris
concentration contains 11 ng of DNA. lf sufficient DNA was present then the sampte was
sequenced using an ABI 377 automated DNA sequencer.

Samples were sequenced from both directions and from the internal primer backwards to
accurately determine all nucleotides. Nucleotide sequences were entered into SeqApp
(Gilbert, 1993) and aligned by eye with reference to Helicoverpa punctigera. Any
nucleotide sequence variation was double checked against the electrophoretograph
produced by the ABI sequencer.

Genetic Analyses

The designated outgroup for the H. armigem AT-rich region was from Helicoverpa
punctigera (McKechnie et al., 1993a) and forthe COll region from a noctuid moth Feftia

iaculifera (Sperling et a1.,1996). Unweighted analyses of all individuals was performed using
the heuristic TBR branch swapping procedure in PAUP (Swofford, 1g8O) to searcfr for the
most parsimonious trees. Multiple searches were canied out (100 random seedings) to
determine if individuals with similar haplotypes clustered together. To weight the tree,
TS/TV ratios and rates of 1st, 2nd and 3rd base changes, for the COll region only, were
calculated in MacClade (Maddison & Maddison, 1992) from the unweighted trees. One
thousand bootstrap replications were performed on weighted heuristic trees produced using
the methods described above, in order to estimate the strengrth of support for the branches.
Host-plants were mapped onto the tree of those individuats from Flock House. Flock
House has the widest variety of infested host-plants in a small area. The geographic
distribution was also mapped onto the trees to determine if certain haplotypes were derived
from, or restricted to, different areas. Mean distances and the number of pairwise differences
between pairs of individuals (i.e. sequence divergence) were calculated in pAUp (Swofford,
1 980).

Results
RAPD's

Plate 5.1 indicates the results gained using RAPD's on H. armigen. These resuhs were
repeatable within individuals and pooled DNA. The RAPD products showed a high level of
variation amongst all individuals and amongst all pooled DNA. This high level of variation
caused the pooled DNA to be of limited used. Primers that showed good distinction
between populations in the mixes did not show constant banding pattems when applied to
the individuals that created the mixes. The high level of variation shown wisr all the RAPD
primers screened, even between insects from the same host-plants in a very small arca,
meant that this technique was not of much utility in finding population markers at any level.
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Plate 5.1. DNA fragments produced using the RAPD primer OPA-13 on pooled DNA
H. armigera.
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The COll Region

Nucleotide sequences for H. amigera were obtained for 667 bases starting at the
beginning of the cytochrome oxidase ll gene. This region was amplified using the
mitochondrial primer pair A-ILEU and B-ILYS. Some individuals did not produce good
sequences at the beginning or end of the fragment. Sequences close to the B-ILYS primer
were unreadable. As a consequence, the entire sequence is approximately 20 base pairs
shott, including the termination codon, when compared to the only other noctuid for whicfr a
sequence forthe COll region has been obtained (F. jacutifera (Sperling et al.,1996)).

The consensus sequence for the COll region from 50 H. armigera individuals from various
hosts and localities is given in Table 5.3. The complete sequences for all insects sampled
are given in Table 5.4. The amplified region is 667 base pairs long with 24 variable sites,
which result in 21 haplotypes flable 5.5). The majority of these variable sites, 16 out ol 24,
are uninformative autapomorphies (i.e. a single base pair change in a single sample). Five
of the remaining seven are informative sites (i.e. the change has occuned in more than one
sample at the same site, changing to the same nucleotide). At the remaining two sites there
has been multiple changes to multiple bases (sites g and 321 in Table 5.5).

Tabfe 5.3. Consensus sequence forthe COll region of Hetiothis armigera.

1n

ATGGCAACAT

lnnnnlnnmm

rFmtar'\lmmmm
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mmmt f\t-^ii^

mlmlmmmnmm

il\m/\A m^1rmUUILnIUmt

7\ rFmm/r 1mmn 
^

rrlmmnmmrna\Jl1.J- J-f1'I IALJA

/ar\ 1 7\ mmr mr nugl.14f f fal"ll\J

.)\ mm7\ /rramlrml6r InugIU16

mmmmmlmmn rTITJINI]l..s

rlnn^nn n 1m^u\fA\J\-f1ft.H, -L \-

AAATTTTATT

2o
GATCAAATTT

7\mmmmnmmm^nrfII!.J.M-

7\armm^nmmnmn\J T J, I'\J J. .L A J.

rnmmmlmmnnnr I r f nt -Lf1\f}1

71mmt/rmmmn nnf l.f-]'\- J, I rftfl.

7\a\'\mr\t tmm^
^u4IUffiI f6

aslmlmmnn n^unf nI I\Jftf\\.t

mlm'\ml 
'\mm/^ININI6..!J. I\-

mrrmmnnmn nmIu I J,L'f1l.f1.6.I

mmlar7\^r\'\ 
^/aa raun\J\-ffi\-

AAAGTAGATG

mf:t: A ir:nr:F 7rLun\-\- l\f\tf1.

7\mlr\lmmmlm

I nmm^n n.fLA I J. Lrf:.fl.

30
TAATTTACAA

t\/-/atmnnmrnNL\Jf,I \..H,J-l1\-

mmnnmianair J.fLtrlIfif\LftA

AGGACry\'\TA

']rmmmrF7\ mmrra.rr4rtnlfuL

AATAACCCAT

airFl m/r 1 l ml m

^/^mr\m'\ 
l m/rnU\- J.I- IIAJ1'l Lf.6.

arl/\ 7\ l mm^mmmL\,ffi I ILJI J- I.

t^innmnnh 
"1'uf,l\-\jl 

Iflfi I L-

nn I I n^^h^^\-AA}!\-\-\- J, \J\J

ll.]nmmmmnmnNI T I I I TNT\J

lnnmtmm^mnn\-\- I.e1,f f \JJ.fI

40 50
AATGGAGCAT CCCCCTTAAT

TTTAATTATC CTTATTATAA
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TAATTACCTT AAAATCAATC

TCAGATTTTC ATAATATTGA
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CACTCCTGAA CTATCCCATC
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1s9



Chapter 5

Table 5.4. The cqmpleJe sequences for the COll r,egion obtained tcr all insece
sampled.
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Table 5,4, Continued.
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When this sequence is translated into its amino acids there are 11 differences between it

and that obtained tor F. iaculifera (Sperling et al., 1996). The amino acid sequence is shown
in Table 5.6.

Tabfe 5.6. The sequence of amino acids forthe COll region of H. armigera.

Met Ala Thr Trp Ser Asn phe Asn Leu Gln Asn

Gly Ala ser Pro Leu Met Glu Gln lleu ileu phe phe

His Asp His Thr Leu lleu lleu Leu lleu Met ileu Thr

lleu Leu Val Gly Tyr Leu Met Thr Asn Leu phe phe

Asn Lys Tyr lleu Asn Arg Phe Leu Leu Glu Gly Gln

Met lleu Glu Leu lleu Trp Thr lleu Leu pro Ala lleu

Thr Leu lleu Phe lteu Ala Leu pro Ser Leu Arg Leu

Leu Tyr Leu Leu Asp Glu Leu Asn Asn pro Leu lleu

Thr Leu Lys Ser lleu Gty His Gln Trp Tyr Trp Ser
Tyr Glu Tyr Ser Asp Phe His Asn lleu Glu phe Asp
Ser Tyr Met lleu Pro Ser Asn Glu Met Asn Ser Asn

Ser Phe Arg Leu Leu Asp Val Asp Asn Arg lleu Val

Leu Pro Met Asn Asn Gln lleu Arg lleu Met Val Thr

Ala Thr Asp Val lleu His Ser Trp Thr lleu pro Ser
Leu Gly Val Lys Val Asp Ala Asn pro Gly Arg Leu

Asn Gln Thr Asn Phe Phe lleu Asn Arg pro Gly lleu

Phe Tyr Gly Gln Cys Ser Glu lleu Cys Gly Ala Asn

His Ser Phe Met Pro lleu Val lleu Glu Ser lleu Ser

lleu Lys Asn Phe lleu Asn Trp
The amino acid codons follow those given in Clary & Wolstenholme, (1985). A - indicates missing amino

acids in comparison to F. jaculifera (Sperling et al., 1996).

ln the unweighted consensus tree there were many instances were haplotypes from the
same populations or countries did not cluster together (Figure 5.1). This can also be seen
when the haplotypes are mapped onto their locality or host-plant (Table 5.7) The transition:

transversion ratio, 2: 3, was calculated from the unweighted consensus tree in MacGlade.
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Aust 67 (s)
Gisb 4 (2)
Aust 1 (1s)
Aust 6 (2)
Aust 12 (2)
Aust 13 (2)
M dric 1 (1)
M bt 4 (16)
MhwlO(13)
M l'tra/ 40 (2)
India 4 (2O)
India 6 (1a)
India 7 ('l 9)
Thai 3 (14)
lndia 12 (21 )
Pu]<e 2 (2,
Puke 3 (2)
Taiwan 14 (2)
Taiwan 36 (17)
Taiwan 75 (2)
Taiwan a3 (2)
Hauk 146 (7)
Auck 1 (9)
Auck 7 (1o)
Hautk 1 (6)
Hauk 2 (11)
Mh\'19(1 2)
Waik 6 (8)
Hautk 3 (1)
M bm 1o (3)
M dric 47 (3,
Mbm9(3)
waik 10 (1)
Aust 112 (1 )
Gisb 36 (1)
waik 2 (1)
Waik 1 (1)
Aust 1A (1)

Aust 19 (1)
M dric 4 (4)
M chic 11 (1)
Mbm5(1)
Waik 2s (1)
wdk 20 (1)
M srlla 4 (1)
Aud< 2 (1)
waik 51 (1)
M €fric 8 (1)
Aus{ 77 (1)
M l'rw 37 (1)
F- jaculifera

Figure 5.1. An unweighted 50% majonty rule consensus tree based on 30OO shortest
trees using mitochondrial COll sequence. Abbreviations for location are as foltows: Auc* -
Auckland, Aust - Australia, M - Manawatu, Thai - Thailand, Hawk - Hawkes Bay, Waik -
Waikato, Puke - Pukekohe, Gisb - Gisbome, Chch - Christchurcfr. Abbreviations for host-
plants are as follows: lot - lotus, hw - Hawkweeds, ctric -chicory, and tom - tomato.
Haplotype follows sample number in brackets.
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Changes in the 1st' 2nd : 3'd position occuned at a rate of 25: 21:78. Based on these
ratios, transitions were weighted 3: 2 greater tran transversions and 1st, 2nd and 3rd base
changes were weighted 5: 16: 2. There was an overall excess of nucleotides A and T as is
common in insect DNA (King & Wallis, 1997), (Table 5.8). The homology between F.

iaculifera and H. amigen for this region is 86%. A further heuristic search was performed h
PAUP using the weighted data obtained above, resulting in the tree shown in Figure 5.2.

Table 5.8. Com.position of the amplifled COll.mitochondrial region of Hetiothis armigen."rp"*d t" th" p"bll

Amplified
Region

Nucleotide
composition

AGTC

Sequence Number Percent
Length of Variation

samples

corl
o//o

F. jaculifera"

o//o

247 70 261 89

37 10 40 13

239 73 284 87

35 11 41 13

667

682 23

3.5"/o

3o/"

50

The percent variation refers to the number ol variable nucleotide positions in the sequince.
'The COlf sequence tor Feltia jaculiferacomesfrom Sperling et at., (1996).

The AT-rich Region

Six-hundred and fifty nucleotides were sequenced for the AT-rich region of H. armigen.
The sequence started in the met-tRNA, continued through the entire AT-rich region, and into
the 12s ribosomal RNA. This sequence was amplified using the mitochondrial primer pair
1481 and 1482 (Clary & Wolstenholme, 1985). The consensus sequence for the AT-rich
region from 52 Heliothis armigera individuals from various hosts and locations is given h
Table 5.9. The amplified region has 26 variable sites, \i/hich result h 26 haplotypes shown
in Table 5.10.
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Aust 67(5)

Hapldype 2

Aust 1 (15)

M lot 4 (16)

M fw 10 (13)

Thai 3 (14)

lndia 4 (20)

India 6 (18)

India 7 (19)

lndia 12 (21)

Taiwan 36 (17) 
_.,1

Hawk 2 (11)

M hw 19 (12)

Hawk 1 (6)

Hawk 146 (7)

Waik6 (8)

M chb 4 (3)

Haplotype 1

Auck 1 (9)

Auck 7 (10)

Haplotype 3

F. jau[fera

Overseas

Grorp

Figure 5.2. A weighted 50"/" majonty rule consensus tree based on 18 shortest trees
using mitochondrial COll sequence haplotypes. Abbreviations for location arc as follows:
Aust - Australia, M - Manawatu, Thai - Thailand, Hawk - Hawkes Bay, Waik - Waikato.
Abbreviations for host-plants are as follows: lot - lotus, hw - Hawkweeds, ch'lc - cfricory.

Haplotype follows sample number in brackets.
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Table 5.9. The consensus sequence for the AT-Rich region of Hetiothis armigen.
10 20

TTATTTTTAA AATATTATTA

GTTTTATGTA TGGTTTAATT

ATATATTAAA TATTTAATTT

ml n 7\ t\ -/\ 7\mrFn tmlml nmmnfrrnhTTla.r1flI J-fi l+TAJ-f|.f\I IA'I

ATTGTTTATT ATTAATTTAG

AAGAGMATT ATTTzu\i\i\TT

AAAAAAAAAA AJUU\,I\ATCTA

TTTATGGTTT AATAATTTAT

GTTAAATATT AATTATTTAA

ATTNUU\TAT TTAAGMATT

ATTTTGTGCC AGCAGTTGCG

GTAATTAATT AJ\TNU\TATT

AAATTTTAAT TTAATTAAAT

JU
mmlmmt mmr m

GATAAATTAT

'\mmt 
7\mrmmnnr r6,ct J..t-lI I?L

nmmn tmnmmm

rTlTtmmm7\ 7\m7\m
IIIIII':^IdA

m'\ tmn tmmmr

TTTA'\'\,IUUU\

m7\m7\ntmmmn

7\m7\ tml rmmn

)\ l^nmmmnnmff!\Jrl'J- I J.I1\JI

GTTAAACAAA

TTTATAATAA

TTTATATTTA

40

ATGAAAAATT

TTATAAATAT

ATATTAATAT

l 
^mmt 

mn m^ lnUI lnff,Iffi

mt nmnmmrmrrf1ftt.t1J. I.n'lft

TATTAAATAT

mmmna.?\m7\m'lr r lnunlnl6

TTTTACATAT

TTTATTTTGT

7\?\mlmmmllrm]nI I rffi

AATTAAATTA

AJU\TTTTAJU\

AATTTATGAT

50

ATTACAAATG

ATATATATAT

AATAAATTAT

ATTAATATAC

AJU\'\GNU\GA

mmml tmtmn n
f I J.lajtI.d'Il-tA

AJ\TruUU\TTC

AAATTTTAGT

AGTAATTAAT

mrnl tm?\ ?\/rt\ rr f tfll.l1fi,\-la.c1\

AATTTTATTA
rruTl7\ mm7\ /r/amrr
I INI INgUf U

TTATAJ\'\Tzu\

Sites 1 - 10 in the sequence is the end of the tRNA-Met region; sites 10 -341 is the AT-
rifi region (the control region including the origin of replication); and sites 341 - 050 is the
beginning of the 12s ribosomal RNA region. There is a region of 18 A's from site 29S
throughtosite316which caused problems when sequenced on the automated sequencer.
Consequently, a new primer AT-Rev (from site 505 through 524 n the 12s ribosomal
RNA) was designed for H. armigen, vvhich is closer to the poly A region. lt is a perfect
match for the Heliothis DNA of both H. armigen and H. punctigera (Table 5.11). This
allowed greater stringency in the reactions, lvhi'ch ln turn allowed the poly A's to be
sequenced through.
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Table5'11. Internal reverse primerAT-Rev from site 500 to site 530 compared to the
sequences tor H. armigera, H. punctigera and two other insects.

AT.Rev 3, ACACGG TCGTCAACGC CAAT 5'

5', ma\m/rf\7l- \.f J- \J\- \-

H. armigera Et 7\mmm\, .-tI l- J-

H. punctigera 5'

J. evagoras 5'

Diptera (black fly) 5'

Insect mitochondrial DNA sequences from McKechnie ef a/., (1993a); Tang et a/., (1995) and Taylor et
a/., (1993).

Figure 5.3 shows an unweighted consensus tree for sequences of the AT-rich region for
Heliothis armigera. There are many instances where haplotypes from the same populations
or countries did not cluster together. Only twice did individuals from the same region or host-
plant form a single haplotype - the three samples from Christctrurcfr and the three samples
from Taiwan. The same figure shows individuals in two haplotypes (numbers four and
seven) did not group closely together. This misclassification is most likely due to the
presence of unknown nucleotides at either end of the sequence (the entire sequences for al
insects are shown in Table 5.12). These individuals were pooled into their respective
haplotypes despite non-clustering in the unweighted tree.

The transition: transversion ratio of 4: 2 was calcutated in MacOlade from the unweighted
consensus tree produced in PAUP. Based on this ratio transitions were weighted two times
greater than transversions.

The homology between H. punctigera and H. armigera is 88%. The variation found in the
area sequenced was allfound in the AT-rich region (the first 300 base pairs). This is shown
in Table 5.12.

AGCAGTTGCG GTTA 3'

AACAAA 3'

3'

:::;;;:: :::l::::
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Aust 29 (3)
Puke 31 (16)
M pst 29 (3)
Wak 56 (3)
Mrtws(3)
M cfric 35 (13)
Aust 31 (23)
Kenya 30 (25)
Kenya 6 (7)
M chic 47 (2)
Mbt6(2)
M sulla 45 (1 1)
M rrc 5 (2)
Aust 2 (2)
Hawera 12 (2)
Havvera 2 (14)
M cfiic 45 (1O)
M Lc 16 (2)
M s..rlla 47 (12)
M chic 26 (a)
M pst 32 (a)
Tdwan 90 (6)
Taiwan 71 (6)
Taiwan e5 (6)
Hawk 3 (1)
wak 73 (a)
Aust 19 (26)
Aust 3 (1)
M srlla 46 (1 )

H.

Taiwan
Group

Christchurch
Group

chch 1o (s) -1
chch 1s (s) |crEh 21 (s) J
M bt 42 (9)
M tn / 28 (15)
M br22 (14)
Gbb 4 (21)
Aust 99 (22)
Gbb 46 (4)
Puke 14 (4)
cbb 10 (1)
Hawera 19 (19)
Indb 1 (1)
Indb 13 (1)
wak 76 (2o)
M bm 5 ('l)
Ken)ra 11 (1 )
M bt 23 (7)
M r|w 27 (1)
M srlla 50 (1)
Thai 3 (1 )
Thai 32 (24)
Thai 33 (17)
M Lc 1a (1)

Figure 5,3. An unweighted 50% majonty rule consensus tree based on 6102 shortest
trees using mitochondrialAT- rich sequence. Abbreviations for location are as follows: Aust -
Australia, M - Manawatu, Thai - Thailand, Hawk - Hawkes Bay, Waik - Waikato, puke -
Pukekohe, Gisb - Gisborne, Chch - Christchurcfr. Abbreviations for host-plants arc €rs

follows: lot - lotus, hw - Hawkweeds, chb - chicory, pst - prickly sow thistle. Haplotype
number in brackets follows sample number.
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Tabte 5.12. Sequenoes for the first 2gB base pairs of the Atlicfi r,egion for all ir6ecgs
sampled.,
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trATlIEINlliAlilTGnNllel,I4lltrscAfimeemIA?EtAtSgr?TAAtrG\ltilAArfEf,tTFliriilCA'g{FAIAttailAneTAgA+E!4lUqqCTlniqtr

|rj..lf..'','.r...'G'..'..}....r..,.'..,..A.
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Table 5.1& Continued
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T-able 5,12. Continued
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Table 5.13. The composition of the amplified mitochondrial AT-rich region of H. armigera
compared to the puUll

Amplified
Region

Nucleotide
composition

AGTC

Sequence Number Percent
Length of Variation

samples
H. armigera

o//o

306 35 298

47546
11

2

650

300 9o/"

4%52

H. punctigera 306 32 303 13 654 79 2"/"

%475462
Ihe percent variation refers to the number of nucleotide positions that were variable in the length of

sequence examined. The values shown in the boxes refer exclusively to the AT - rich. H. punctigera AT-
rich sequence comes from McKechnie ef a/., (1998a and 1993b).

Figure 5.4 shows the weighted consensus tree of the 26 different haplotypes. lt was
computed using the transition: transversion ratios calculated above. The host-plants and
localities were mapped onto this tree. As an additional analysis, the samples from the Flock
House site were separated from the rest and another tree was computed (Figure 5.5). The
host-plants were mapped onto this second tree to determine if there was any micre
population structuring in the insect trat may have been hidden by the bigger tree witfr its
greater diversity of insects. The tree produced is a consensus of 12 trees with a weighting of
transitions: transversions of 1 : 2. Reanangement of the trees into tabular form using the host-
plants and localities of the samples allows us to see the number of haplotypes in eacfr
grouping as well as the spread of the haplotypes (Table 5.14).

For H. armigera, the distribution of the pairwise differences for the AT-rich region of the
mitochondrial DNA shows two non-overlapping peaks (Figure 5.6). The first peak relates to
aff pairwise combinations of the H. armigen samples. The second peak is the comparison
of the H. armigen samples to trat of the outgroup sample H. punctigera. This pattem is

very similar to tl"rat produced for the COll region as shown in Figure 5.7. Again, there are
two peaks, one for the H. armigera samples and the second, which is very hr removed from
the first, is the comparison of the H. armigerawith the outgroup F. jacutifera. The single peak
within the H. armigerasamples of both regions (COll and the AT-rich) indicates the presence
of only one population over allthe host-plants and localities.
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Haplotype 8
Puke 31 (16)

Haplotype 3

M chic 3s (13)

Haplotype 6

Thai 32 (17)

M lot 22 (14)

M hw 28 (15)

M lot 42 (e)

Haplotype 5

Haplotype 4

Hawera 19 (19)

Waik 76 (20)

Gisb 4 (21)

Aust 99 (22)

Aust 31 (23)

Haplotype 7

Haplotype 1

Kenya 30 (25)

Aust 19 (26)

M sulla 45 (11)

Haplotype 2

Hawera 2 (18)

M chic 45 (10)

M sulla 47 (12)

H. punctigera

Overseas

Group

Figure 5.4. A weighted 50% majority rule consensus tree based on 942 shortest trees
using mitocfiondrial AT - ftfi sequence haplotypes. Abbreviations for location are €ts

follows: Puke - Pukekohe, Gisb - Gisborne, Aust - Australia, M - Manawatu, Thai - Thailand,

Waik - Waikato. Abbreviations for host-plants are as follows: lot - lotus, hw - Hawlnreeds,
chic -chicory. Haplotype follows sample number in brackets.
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Chic 26 (8)

Pst 29 (3)

Hw 3 (3)

Chic 35 (13)

Lot 23 (7)

Hw 28 (15)

Lot 42 (9)

Lot22 (14)

Hw 27 (1)

Sulla 50 (1)

Sulla 46 (1)

Luc 18 (1)

Pst 32 (8)

Lot 6 (2)

Sulla 45 (11)

Luc 5 (2)

Chic 45 (10)

Luc 16 (2)

Sulla 47 (12)

Chic a7 (2)

Figure 5.5. A weighted 50% majonty rule consensus tree based on 12 shortest trees
using mitochondrial AT - **r sequence for samples from Flock House. Abbreviations for
host-plants are as follows: Lot - lotus, Hw - Hawkweeds, Chic -chicory, Pst - prickly sow
thistle, Luc - luceme. Haplotype follows sample number in brackets.
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Figurc 5.6. Frequency of pairwise,differences between all samples for the AT -
region. The second peak is that of the out group.

184



Chaper 5

40,0

s50

3CIo

2s0
*.ot
1f 20;0
'=
u-

150

I 00,

6,0

0

t0 ,88

Number of patnwisa,difierences

Figute 5.7. Frequency of painrise,differences betueen all sarnples for lhe COll gene.

Thesecsnd peakis the ou! grcup comparisonsr

x85



Chapter 5

Discuss ion

The choice of gene or region of mtDNA to examine in any study is cnrcial (Simon et al.,

1994). Thischoiceis based on a number of different factors, some of whir*r have been
mentioned earlier. When dealing with an insect of which there is little genetic information it is
difficult to know lvhidl gene or region will be the most informative. lf research has been
conducted on a closely related species, i.e. one in the same genus, it can be especially
helpful. However, more often the closest sequence is from a species in the same family or
order. This makes choosing a gene or region on an informed basis very difficutt. Insects can

also show variation in their rates of mutation of the same gene or region across species,
making it difficult to anticipate the level of variation in the study insect (Simon et a1.,1994).

Of the two regions chosen in this study one was a semi-conseruative protein coding gene
- COll, and the other a highly variable non-coding region, the AT-rich or D-loop region as it is
known in mammals. The COll gene has been used in previous studies to determine
pheromone rctes in a noctuid moth (Sperling et al., 1996), as well as looking at deeper
divergence's between orders of insects (Uu & Beckenbach, 1992). In the present study,
the COll gene revealed a high level of variation, approximately one in two insects showed a
new haplotype. However, this variation was based on the occurence of a large number of
autapomorphies - 16 out of the 24 variable sites. This resulted in 1 1 of the 21 haplotypes.
Of the remaining eight sites, two show a change to all of the different nucleotides available,
rendering them only slightly more informative than the autapomorphies. The last six sites
can be split into two groupings, those that occur twice (four of the six) and those that om.rr

more than twice (two), (Table 5.6).

The resulting phylogenetic analysis is very "comb-like" and not very informative in the

unweighted state (Figure 5.1). Within eadr of the haplotypes, there is a large variety of
host-plants and localities. However, all those insects witfr the same haplotypes did tend to
cluster together. This allowed insects with the same haplotypes to be pooled. The
weighted analysis of the pooled data gave rise to the tree in Figure 5.2. This tree is a 50%
maiority rule tree based on a consensus of 18 trees and shows slightly more structuring than

that seen ln the unweighted tree. lt shows that all samples from countries other than New

Zealand and Australia group together (overseas group). This seems to be due to the

presence of an 'A'at nucleotide site five (Table 5.5). This may be due to the small sample

sizes from these countries and possibly to the effects of laboratory rearing which occr.rned h
many of the samples. Some of the samples from New Zealand and Australia also hll wihin
this group.
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Data can also be analysed by looking at the frequency of the base pair differences
between all pairwise combinations of the samples. According to Marjoram & Donnelly
(1994) this gives a distribution pattem forthe data that can show a "Bl" or "multin modal
distribution if there is more than one different population present. As Figure 5.7 shows, tris
was not the case as all the sample insects group into one smooth peak and only the out-
group comparisons form a second peak far removed from the first.

These results indicate that the COll gene is not going to provide a marker of ecological
significance in relation to host-plant races, sub-populations or in relation to regional

differences. This gene indicates that all the individuals examined are potentially from one
large interbreeding, freely moving population. These resuhs differ greatly from those
differences shown in the study by Sperling et al. (1996) where pheromone ttrces were able
to be genetically determined using this gene.

The second region (AT-rich) was chosen fortwo main reasons. First, it is usually the most
variable region in the mitochondrion, and second, it has been used previously n H.
punc'tigera and H. armigera wilh some interesting results (McKechnie et a/., 1993a and
1993b). lt has not, however, been associated witfr studies into host-plant differences h
these insects. This region showed considerable variation, a greater propoilion of whid,r was
informative, in comparison to the COll region. Of the 52 individuals examined there were 26
variable sites giving rise to 26 haplotypes (Table 5.10). Only 11 of these changes are

autapomorphies. The other 15 sites are informative variations between the sequences.
The unweighted tree produced from these sequences is shown in Figure 5.3. There is a
level of structuring present here, but it does not conelate wifr either host-plant or locality

except in those insects from Christctrurcfr and Taiwan. These insects were first generation

offspring of field-collected individuals. Although the cultures were established with a number
of adults, the possibility exists that all the insects chosen to be sequenced were siblings.

This would explain the identical sequences. All other samples used in the analysis were
fie ld-collected individuals.

The presence of siblings in samples taken from cuhures is possible, as the biology and

rearing methods used tend to bias the samples towards a high proportion of related

individuals. Field-collected caterpillars were reared to adults and allowed to reproduce in the
laboratory before a number of the F1's were sent as pupae for this study. Females can lay

up to 3000 eggs in ideal conditions and will start laying at different times depending upon
their maturity and whether mated. Consequently, the possibility is high of eggs being
collected in the first one to two days of egg laying being from only one or two females.
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The weighted tree (Figure 5.4) is not a great deal more structured tran the unweighted
tree. lf the unweighted tree is redrawn with the haplotypes rather than all the individual
samples, it is very similar to the weighted tree. The structuring produced in the weighted tree
does not fit with the ecological assumptions made at the beginning of this chapter with
respect to the host-plant populations. Similarly, il does not align with any groupings of
localities or countries, although again we have all the overseas samples, including a few from
New Zealand and Australia, occurring in a loose group.

The samples used to create the tree in Figure 5.5 are all from the same field, but were
collected from a variety of host-plants. lt was thought that the inclusion of all the samples into

the analysis may have been masking any localstrucluring present in relation to different host-
plants. This, however, was not the case. There is a modicum of structuring present, but not

in relation to any of the host-plants examined as they occur at all levels and within all groups
proposed by this tree.

The pairwise distribution graph (Figure 5.6) shows a single peak, although not as smooth
when compared to the COll graph (Figure 5.7) for the sample insects. The second peak is
not as far removed as the out-group comparisons of the COll gene. The smaller distance to
the out-group is a reflection of the two species being ln the same genus (Heliothis) whereas

the COf l region out-group insect (F. jaculiferal is only in the same family (Noctuidae).

Understanding the structudng and lack of structuring proposed by the trees produced h
this study may yet be possible with further research into the ecological aspects of this highly
pofyphagous pest. Host-plants are only one aspect of Heliothis ecology, and a very broad
one at that. They can yet be broken down into different types of plants i.e. those containing

ceftain chemicals that can be metabolised by some groups and not others, or more physical

aspects sttch as shape and texture of the leaves, as was investigated by other authors

(Firempong &Zalucki, 1990; Firempong &Zalucki, 1991). Other aspects of life history or
dimatb conditioning may link to the slructuring found here, In combination with genetic

techniques of the fttture, a mad<er or markers may be found that will separate different

populations of H. armigera. Of course there is always the possibility hat the genes and

regions chosen here are completely random in their occunence throughout the populations

and if another gene or region were to be chosen it may reveal interesting population

slructures and groupings. Another possibility is flrat the mitochondrion being inherited only
from the female does not show the structuring present with respect to host-plants and that a

nuclear gene would make all the difference especially if the male in some way determines

the choice of host-plant by the female.



Chapter 5

In conclusion, these two regions of the mitochondrion, although quite variable, show no
sfittctudng with respect to the host-plant upon uJhifi the caterpitlars were found using these
two regions of the mitochondrial DNA. However, there arc many possibilities for future
study into other regions and genes, both mitochondrial and nrdear, with respect to many
other ecofogical factors involved in Heliothis armigem'srife history.
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Chapter Six

Synopsis

Heliothis armigera is a crop pest of world-wide significance causing millions of do1ars worth
of losses every year on many different crop species. A good knowledge of the biology,
ecology and genetics of suct a pest is essential when looking for control measures that will
provide long-term benefits and have minimum effect on the environment. This is especially
important with a pest such as Hetiothis armigerathat has a huge host range and can inhabit a
wide variety of climates. In the past few years many authors have studied Heliothis armigen
and have resolved a number of questions with respect to the life history and ecology. Many
of these studies have brought to light the lack of knowledge we have about this type of
cosmopolitan polyphagous insect. There are questions as to whether there are distinct host
races and if so, what rolels these play in the infestation of commercially sens1pe crops. The
species status of these host races is also of interest witfr the possible o@urTence of cryptic
species. This study has attempted to answer some of these questions genetically.

f n New Zealand, H. armigera is a major pest in the cropping areas of both the North and
South lslands. Infestation mainly occurs in late January through to April, depending on
weather patterns and temperatures. Tomatoes and sweet corn are the crops that suffer the
greatest damage over this period. In the past farmers have sprayed frequently to protect
the ripening fruit. Today a more integrated approach to pest control is used leading to a
reduction in spray residue levels. When using his type of programme a good knowledge
of the biology, including species status and genetic make-up, plus ecology of the pest
species is essential.
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This study also looked at the parasitoids and diseases, both introduced as biological
controls and those occuning natur:ally, that had an impact on the pest in crop and other
situations. Behavioural and morphologicalaspects of H. armigera were examined as well as
a variety of genetical aspects.

The parasitoid Cofesra lezak (Hymenoptera: Braconidae) released as a control measure
against H. armigera, was found to be having quite an impact on the mortality of early in$ar
caterpillars and has become widespread throughout the country. This agrees with work b y
Dr P. Cameron (pers. comm.), The other parasitoid, Microplitis croceipes (Hymenoptera:
Braconidae), was found to only be present witrin tomato crops in the Hawkes Bay and
Gisborne regions. Naturally occuning predators and parasitoids were notable by their
absence. Of the over 4000 caterpillars collected only two other parasitoids were found (one
specimen eactr of Meteorus pulchricornis, a braconid, and an undetermined species of
Cam poletis, an ichnuemonid).

Disease had an impact on the caterpillarc in different crops when dimatjc conditions were
favourable for the growth and spread of the fungal and viral infections afflicting H. armigera.
This was not a major mortality factor in most populations investigate here.

None of the populations of H. armigerawithin New Zealand, based on either host-plant or
a regional basis, showed any inability to interbreed. Additionally none of the offspring
showed any form of deformity or hybrid sterility. There was variation in many of the
morphologicalfeatures examined. This may have been due to the overall size of the adult
insects, with large and small moths produced from many of the host-plants investigated.

Genetically H. armigera moths showed very high levels of variation in mitochondrial DNA
(mtDNA) sequences the (COll region and the AT-rich region). Much of the variation found
was uninformative, with approximately half the insects showing a new haplotype in both of
the mtDNA regions sequenced. There did tend to be one haplotype that occuned more
frequently than the rest, but it was not restricted to any one population or region (it was found
in all populations looked at). Only in the population from Christchurch were all individuals of
the same haplotype, and this may have been due to the presence of siblings as they were
laboratory reared for one generation.

The DNA profiles produced using the probes (CA)" and 33.15 were all highly
individualistic, i.e. all insects showed very unique profiles. Band-sharing between any two
unrelated insects and within any of the host-plant or regional populations was on average
less than 0.25. Only in family groups did the DNA profiling reveal higher levels of band-
sharing, indicating very low levels of relatedness in allthe populations examined. There was
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a trend forsulla to show the lowest level of band-sharing and lotus and lucerne to show the
highest, although frequently they were not significantry different.

All RAPD's produced, both of coc{<tails and individual insects, showed similar high levels
of genetic variation. No distinct banding patterns or frequency of bands was evident in the
resulting gels.

The main feature to come out of these trials is the high level of variation, both genetically
and morphologically, found between insect populations from small and large areas and on
different host-plants. This leads to several conclusions: A) that population subdivisions for
this insect based on host-plants are not real, and that some other ecologicalfeature would be
a better population divider; B) that the high levels of variation within host-plant populations
may be masking the variation between the different populations. This could easily be the
case in populations that have large numbers of offspring in a very short period of time
therefore increasing the mutation rate per annum. This is true tor H. armigera as a single
female can lay up to 3000 eggs in her life time (approximately two weeks) and there can be
in a good season up to three generations; and C) there is no subdivision of the populations
and they are all one latge panmictic unil i.e. there is no evidence for cryptic species or host
ra@s.

Although this study has greatly increased the general understanding of this insect, and has
elucidated a portion of the genetic makeup, this has unfortunately not gone hr towards
helping develop any new control methods.

Further study may reveal that the host-plants and regionat subdivisions looked at here
pose no form of barrier, either in polyphagy or geographical isolation, for Heliothis armigen,
and the true population subdivisions may lie elsewhere. The variation found in tris study
shows that tris insect species is remarkable. lt can exist on numerous host-plants and in a
very wide tttnge of climates. The hct flrat it can do this is quite probably due to the large
amount of variation found in its genetic make up.

ln essence, what ever the common or scientifrc name given to H. armigera anyrruhere h
the world, on whatever host, it seems to be genetically and ecologically the same insect.
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Appendix One

Artificial Diet Recipe

Makes approximately 1L

Beans 106 g (Lima or navy beans)
Water 469 ml (distilled water)

Soak beans in the water ovemight to soften.

Agar 13 g

Water 800 ml (distilled water)

Boil agar in water and keep hot till added to the rest of the ingredients.

Wheatgerm 75 g
Yeast 63 g (Healtheries Brewers yeast)

Ascorbic acid 4 g

Nipagin 4 g (methyt p-hydrory benzoate)
Bee pollen 13 g (dissolved in a small amount of water)
Sorbic acid 1 g

Boilthe beans in the microwave till soft (approximately four minutes on high).

Blend the beans in a food processor till a smooth paste. Add 5 ml of the antiftrngal

solution. Add half the dry ingredients slowly blending as they are added. Add the agar
solution and carefully blend as it is very hot. Add the remaining dry ingredients and blend
thoroughly.

Pour into a clean tray and allow to set or fill a squeeze bottle and dispense into the
individual containers. Can be stored ln the fridge for up to 10 days or frozen for longer
storage.
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Appecdix 1

Prcprionb aold 42ml
Fhosphodeaoid 4 ml

Make' up to 100 ml with distilled wafter;

Adapted from Teakfe & Jensen, lgBS.

Refercnee

Ttsakle, R. E. & Jensen, J. ttll. (1985), Hdiotftis Wncltgqr. ln Handbook af tnffi Rafing
(Singh & Mooro eds-), Vol. 2, pp. 313-BpP.
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Appendix 3

Appendix Three

Table A3.1. Hawkes Bay Collections 1994

Collection Dates 22t2t94 13/1194 10/2/94

Host plants Tomato Tomato Tomato

Cotesia kazak

Other causes of death

Microplitus croceipes

221

{88
4

11

4

6

179

8

4

Total dead Caterpillars 313 21 191

Dead pupae

Female Adults

Male Adults

2

4

4

1

2

5

30

0

0

Totalpupae and adults 10 I 30

TotalCollected 323 29 221

Table A3.2. Gisborne Collections 1994

Collection dates 1211194 912194

Host Plants Tomato Tomato

Cotesia kazak

Other causes of death

Microplitus croceipes

19

3

3

74

3
't

Total dead caterpillars 25 78

dead pupae

Female Adults

Male Adults

2

1

1

2

0

1

Total pupae and adults 4 3

Total Collected 29 81
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