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Abstract 

Semiochemicals are chemical signals that organisms use to communicate with each other in 

their environment. This project explored the semiochemicals of two pest fruitworm moths 

(Carposinidae), Heterocrossa rubophaga (raspberry bud moth) and Coscinoptycha improbana 

(guava moth). The project looked at three distinct areas of communication: pheromones and 

their analogues, host plant volatiles, and herbivore induced plant volatiles (HIPVs). The aim 

of these studies was to improve the general understanding of carposinid moth semiochemistry 

and identify potential pest management tools.  

A new pheromone component, (7Z)-tricosene, was identified for raspberry bud moth. In field 

trapping trials it was unattractive alone, but when applied in combination with the previously 

identified pheromone it over doubled the catch of male moths. Concomitantly, an ester 

pheromone analogue, (4Z)-heptyl undecenoate was identified as a potential mating disruption 

tool, providing 95% trap shutdown in field trials with raspberry bud moth pheromone baited 

traps. Two ester pheromone analogues, (4Z)-heptyl undecenoate, and (2Z)-nonenyl nonanoate, 

gave electrophysiological responses from the male guava moth, yet neither analogue showed 

any significant effects in field trapping trials. 

Host plant volatiles from Syzygium paniculatum (magenta lilly pilly) and Acca sellowiana 

‘Kakariki’ (feijoa) showed 12 antennally active compounds in electrophysiological testing with 

female guava moth. Of these compounds, three were common to both host plant species. 

Female attractant lures were formulated from these compounds and field-tested. Methyl 

benzoate lures were found to be weakly attractive to female guava moth. Raspberry bud moth 

host plant volatiles were produced in such low amounts that there was insufficient material for 

antennal testing and female attractant development.  

For the HIPVs, an effect was only observed with the raspberry bud moth host plants. Rubus 

cissoides (bush lawyer), Rubus ursinus ‘Mapua’ (Boysenberry), and Rubus fruticosus 

(blackberry) released varying HIPVs in response to raspberry bud moth larval feeding. Bush 

lawyer, the native host, gave a limited response restricted to green leaf volatiles (GLVs). The 

non-native hosts, blackberry and Boysenberry, gave strong HIPV responses releasing a number 

of unique nitrogenous compounds in conjunction with the GLVs. Dolichogenidea carposinae 

was found to parasitise raspberry bud moth on blackberry.
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1.1. Semiochemicals 

The term “semiochemical” was first used by the American chemist Fred Regnier in 1971 to 

collectively describe chemical communication compounds which acted between organisms.1 

Regnier derived the term from the Greek word semeion, meaning signal, and divided 

semiochemicals into two major types: intraspecific and interspecific. Intraspecific 

semiochemicals, (those acting between members of the same species), were termed 

“pheromones” as previously described by Peter Karlson and co-workers in 1959.2,3 

Pheromones were further classified into two groups, “releaser” pheromones and “primer” 

pheromones. Releaser pheromones were defined as fast acting, eliciting an immediate 

behavioural response from organisms receiving the signal, whereas primer pheromones were 

considered slow acting, often inducing a physiological change in the organism receiving the 

signal. Interspecific semiochemicals, (those acting between members of different species), 

could also be divided into two types: those that favour the emitter of the compound, 

“allomones” or those that favour the receiver of the compound, “kairomones”.   The terms 

“allomones” and “kairomones” were coined by William Brown and co-workers in 1970.4 

Examples of the different classes of semiochemicals are presented in Table 1. 

The first pheromone to be described was the sex pheromone of the silk moth, Bombyx mori, 

(Linnaeus) (Lepidoptera: Bombycidae) which was reported as (10,12)-hexadecadien-1-ol by 

chemistry Nobel prize winner Adolf Butenandt and co-workers in 1959.5 The complete 

structural elucidation including the stereochemistry took a further two years whereby the 

pheromone was confirmed as (10E,12Z)-hexadecadien-1-ol and simply called bombykol.6 This 

initial work by Butenandt et al. used the glands of 500,000 female silk moths to isolate 

milligram quantities of the pheromone for chemical identification.5,6 In the subsequent 60 years 

since the pioneering work of Butenandt and co-workers’ thousands of semiochemicals have 

been identified.7 Advances in technology, chemical techniques and the large library of 

semiochemicals already known mean it is now possible to identify the pheromone of a moth 

by sampling tens of insects.8  

Of the many pheromones identified to date, most are releaser pheromones. These include sex 

pheromones such as the bombykol mentioned above but also comprise alarm pheromones, 

aggregation pheromones, anti-aphrodisiacs, nestmate recognition and trail pheromones. Moth 

sex pheromones have been the most well reported and are further grouped according to their 

functional groups (Table 1).9 Type I moth pheromones include straight chain primary alcohols  
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Table 1. Examples of semiochemical classes 

Releaser pheromones 

OH

(10E,12Z)-hexadecadien-1-ol (bombykol)
 silk moth (Bombyx mori) sex pheromone

Type I moth sex pheromone

O

OH

O

9-oxo-(2E)-decenoic acid
 honey bee (Apis mellifera) 
sex pheromone component

cis-(9S,10R)-epoxy-(6Z)-nonadecene 
Elm spanworm (Ennomos subsignaria) sex pheromone 

Type II  moth sex pheromone

isoamyl acetate
honey bee (Apis mellifera) 

alarm pheromone

O

O

benzyl cyanide
large white butterfly
 (Pieris brassicae)
anti-aphrodisiac

N

(3Z,6E)--farnsene
fire ant (Solenopsis invicta)

trail pheromone

OH

OH

(2S,3S)-hexane-2,3-diol
red-headed ash borer 

(Neoclytus acuminatus acuminatus)
aggregation pheromone

O

 
Primer pheromone 

 

O

OH

O

9-oxo-(2E)-decenoic acid

O

OH

OH

(9R)-hdroxy-(2E)-decenoic acid

O

OH

OH

(9S)-hdroxy-(2E)-decenoic acid

O

O

HO

methyl p-hydroxybenzoate

4-hydroxy-3-methoxyphenylethanol

OHO

HO

honey bee (Apis mellifera) queen mandibular pheromone components suppress ovary growth in workers  
Allomones & Synomones 

 

2-phenylethanol

HO

(R)-(-)-linalool

OH

(3E,6E)--farnsene

floral odours released by plants attract pollinators  
Kairomones 

benzyl cyanide anti-aphrodisiac of the large white 
butterfly (Pieris brassicae) attracts parasitoid 

(Trichogramma brassicae)

N

(2E,5R,6E,8E)-5,7-dimethyl-2,6,8-decatrien-4-one
sex pheromone of pine blast scale (Matsucoccus 
josephi) attracts predator (Elatophilus hebraicus)

O
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(such as Bombykol)5, acetates and aldehydes, while Type II pheromones are the polyenes 

hydrocarbons and their epoxy derivatives (such as the alkene epoxide of the Elm spanworm,  

Ennomos subsignaria, (Hübner) (Lepidoptera: Geometridae).10 Compounds falling outside 

these designations are grouped together under the title of miscellaneous.9  

In the complex world of chemical communication, a semiochemical may act as different types 

of communication compounds in different situations. The queen honey bee, Apis mellifera, 

Linnaeus (Hymenoptera: Apidae) produced compound 9-oxo-(2E)-decenoic acid is an 

essential component of the honey bee sex pheromone (releaser pheromone) attracting drones 

for mating on the wing.11 Concomitantly, it is also an essential component of the queen 

mandibular pheromone, which inhibits worker ovary development (primer pheromone) inside 

the hive.12 Another example of the dual roles semiochemicals can play is the anti-aphrodisiac 

of the large white butterfly, Pieris brassicae, (Linnaeus) (Lepidoptera: Pieridae). Once the 

female butterfly has mated, she is coated with benzyl cyanide from the male butterfly which 

inhibits other males from trying to mate with her, however a parasitic wasp, Trichogramma 

brassicae, Bezdenko (Hymenoptera: Trichogrammatidae) cues in on this anti-aphrodisiac and 

follows the female butterfly to where she lays her eggs so as to parasitise them.13 Here the 

semiochemical benzyl cyanide is acting as a releaser pheromone for the butterfly to butterfly 

communication but as a kairomone in the butterfly to wasp communication. 

Kairomones are used by many organisms to find their hosts/prey. The example of the 

Trichogramma brassicae listed above is typical of parasitic wasps. An example of the predator-

prey system is that of the predatory bug, Elatophilus hebraicus, Pericart (Hemiptera: 

Anthocoridae) cueing on the sex pheromone of pine blast scale insects, Matsucoccus josephi, 

Bodenheimer & Harpaz (Hemiptera: Matsucoccidae) shown in Table 1.14 Perhaps the greatest 

use of kairomones in the animal kingdom is that of phytophagous insects locating host plants 

from the volatile bouquet of compounds emitted by the plant.15 Here the insects recognise a 

host plant from non-host plants based on a specific blend of plant volatiles, whose ratio is 

unique to those hosts. Although few of these blends have actually been identified due to their 

complex nature, it is assumed most insect species use this mechanism of host location.15 One 

example of this mechanism is that of the black bean aphid, Aphis fabae, Scopoli (Hemiptera: 

Aphididae) cueing on the volatiles of its host plant faba bean, Vicia faba, L. (Fabales: 

Fabaceae).16 Here the aphid was shown to detect 16 compounds in the headspace of the faba 

bean. Of those compounds, 15 were identified and a blend of them at the same ratio as produced 

by the plant was tested on the aphid. The 15 compound blend was attractive to the aphids in 
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bioassays while the compounds were unattractive when tested individually.16,17  This example 

shows the detrimental effect semiochemicals can have in the life of plants, however there are 

semiochemical interactions with insects that plants benefit from. 

The pollination of many plants is reliant on insect pollinators to distribute pollen from the male 

parts of flowers to the female parts of the flower during the plant’s reproductive cycle. To 

achieve this, plants attract insects to the flower with both olfactory and visual cues, while many 

also include a food reward. The olfactory cues used by plants to attract insects for pollination 

are examples of allomones. Honey bees are the dominant commercial pollinating insect on the 

planet, and their ability to locate flowers is reliant on olfactory cues.18 Like the situation above 

for host plant location, honey bees have been shown to use specific blends of compounds in 

the floral headspace to identify the particular flower.19 While the plant has the most direct 

reward (reproduction and species continuation), many of these interactions are mutualistic as 

the pollinators often receive a food reward (nectar and/or pollen), hence the floral odours here 

are acting as synomones (benefitting emitter and receiver). An example of a non-mutualistic 

interaction is the sexual deception pollination of orchids. Here the orchids mimic a particular 

insect’s sex pheromone and often the flowers also bare a physical resemblance to the actual 

insect. The male insect is attracted to the flower which it perceives as a female insect, which it 

then tries to copulate with. During this attempted copulation the male inadvertently pollinates 

the orchid. In this scenario the insect is receiving no reward only an energy deficit. An example 

of this is the pyrazine, 2-hydromethyl-3-(3-methylbutyl)-5-methylpyrazine, used by the orchid 

Drakaea livida J.Drumm. (Asparagales: Orchidaceae) to attract the male thynnine wasp 

Zaspilothynnus nigripes (Guérin-Méneville) (Hymenoptera: Tiphiidae).20 Here the orchid is 

producing the same compound as the female wasp to attract the male wasp to the orchid’s 

flower for pollination.  

Over 60 years have passed since the first pheromone, bombykol, was identify by Butenandt et 

al. Since then thousands of semiochemicals with a very diverse range of functional groups have 

been discovered.7 From acetate Type I moth sex pheromones to pyrazine orchid allomones, 

one key underlying factor is the importance of the stereochemistry in these chemical 

communication channels. Animal olfactory receptors are made up of specific proteins which 

in turn are made up of amino acids, all of which have a fixed stereochemistry. Therefore, when 

identifying and synthesising these compounds it is extremely important to obtain the right 

isomer in high purity. This is especially true for moth sex pheromones where as little as 1% of 

the wrong isomer can inhibit behaviour.21   
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1.2. Carposinid moths 

Moths from the family Carposinidae are commonly known as “fruitworm moths”. They are 

small to medium sized moths with a wingspan of 1 – 4 cm.22 The name “fruitworm moth” 

comes from the tendency of the larvae to feed/bore into fruit.22 There are thought to be 279 

species worldwide, with the majority found in Asia and the South Pacific.22 There is little 

information on this moth family in the scientific literature, which can probably be explained 

by the fact that most of their host plants are not of economic importance. Two important 

carposinid pests that are economically impacting New Zealand horticulture are the raspberry 

bud moth, Heterocrossa rubophaga, (Dugdale) (Lepidoptera, Carposinidae), a New Zealand 

native, and the guava moth, Coscinoptycha improbana, Meyrick (Lepidoptera, Carposinidae), 

an introduced pest that is native to Australia. 

Raspberry bud moth (originally called Carposina adreptella) is a pest of commercial and wild 

Rubus species in New Zealand.23 The larvae feed on the growing parts of the plant, typically 

tunnelling into the fresh shoots, buds and fruit, although they will also feed on the leaves when 

these other parts are unavailable.23 This feeding behaviour causes die back of the shoots and 

buds reducing the fruit production of the plant for the coming season, while their tendency to 

bore into the fruit results in immediate loss of fruit from spoilage. The native host plants of 

raspberry bud moth are reported to be Rubus australis G. Forst. (Rosales: Rosaceae)23 and 

Rubus cissiodes A. Cunn. (Rosales: Rosaceae) (pers. comm. Warren Thomas), sometimes 

referred to as swamp and bush lawyer respectively, although introduced wild blackberry bushes 

(Rubus fruticosus) L. (Rosales: Rosaceae) also support large wild populations of bud moth.23 

The main commercial berryfruit crops in New Zealand susceptible to raspberry bud moth attack 

are; raspberry (Rubus idaeus) L. (Rosales: Rosaceae), Boysenberry1* (Rubus ursinus. hybrid), 

(Rosales: Rosaceae) and blackberry. Recommended control tactics for commercial berry farms 

include pheromone monitoring with timed applications of insecticide.24  

Raspberry bud moth has overlapping generations, with larvae found throughout the year.23 

Development time is longer in the winter, but new larvae still emerge during this time. Figure 

1 below presents the different life stages of the raspberry bud moth. The larval stage is reported 

to be parasitised by Dolichogendia carposinae (formerly Apanteles carposinae) (Wilkinson) 

(Hymenoptera: Braconidae)25 although other researchers have failed to find this parasitoid 

associated with raspberry bud moth.26 Hypsicera nelsonensis Berry (Hymenoptera: 

                                                 
* Boysenberry is spelt with a capital ‘B’ throughout the text since it is named after the breeder Rudolph Boysen. 
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Ichneumonidae) is also recorded as a parasitoid of raspberry bud moth,27 but again it has not 

been reported by other researchers. As mentioned earlier, there is very little published on 

raspberry bud moth in the scientific literature, so some of the background information has been 

obtained from discussion with scientists who have worked with this organism in the past. From 

these discussions other parasitoids associated with raspberry bud moth include Dolichogenidia 

tasmanic (Cameron) (Hymenoptera: Braconidae) (pers. comm. Howard Wearing), 

Xanthopimpla rhopaloceros (Krieger) (Hymenoptera: Ichneumonidae) and Glabridorsum 

stokesii (Cameron) (Hymenoptera: Ichneumonidae) (pers. comm. Warren Thomas). Overall, 

there are few recorded occurrences of parasitism of raspberry bud moth while the moth itself 

is highly abundant. This has led to conjecture and questioning as to whether or not it is regularly 

parasitised.  

 

a) Egg 

 

b) Larva 

 

c) Pupae 

 

d) Adult 

Figure 1. Life stages of raspberry bud moth, Heterocrossa rubophaga. Photos courtesy of Robert Lamberts 

The guava moth, an Australian native moth, arrived in New Zealand sometime before 1997 

when small populations of the moth were first found.28  Guava moth has gone on to become a 

serious pest of feijoa and macadamia crops in the upper North Island of New Zealand29 and 

continues to spread south (pers. comm. Asha Chhagan). The larvae of guava moth feed solely 

on the ripening fruit of the host plant.29 Upon emerging from the egg, larvae tunnel into the 

fruit where they remain until pupation, which typically occurs in either the larval gallery or in 
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the soil below the host plant.29  There is very little orchardists have in the way of effective 

control tactics for these moths due to the cryptic behaviour of the larvae. The purpose of this 

project is to provide some understanding of the chemical communications used by these 

insect/host systems and to provide chemical leads for disruption of their behaviour. 

Guava moth do not diapause over winter, all life stages (Figure 2) are present throughout the 

year. Like raspberry bud moth it is the larval stage that damages horticultural crops. To date 

there are no reported larval parasitoids of guava moth in New Zealand (pers comm. Asha 

Chhagan). In their native range it is likely that guava moth are parasitised, as there are anecdotal 

reports (pers comm. Jenny Dymock), but like the raspberry bud moth there is little published 

in the scientific literature on the guava moth. This is most likely due to it not being a pest in its 

native range. 

 

a) Egg 

 

b) Larva 

 

c) Pupae 

 

d) Adults 

Figure 2. Life stages of guava moth, Coscinoptycha improbana. Photos courtesy of Asha Chhagan 
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1.3. Carposinid sex pheromones and structural analogues 

Very few carposinid moth pheromones have been identified to date and those that have display 

an unusual pheromone chemistry. The first carposinid pheromone identified was that of the 

peach fruit moth, Carposina sasakii, Matsumura (Lepidoptera: Carposinidae) (mistakenly 

named C. niponensis).30 The peach fruit moth’s pheromone was found to be a blend of two 

(7Z)-alken-11-ones: (7Z)-eicosen-11-one and (7Z)-nonadecen-11-one,30 (please note historic 

compound names have been used here to highlight the repeating structural features, IUPAC 

names can also be found in Table 2). Since then only two other carposinid moths have had their 

Table 2: Pheromones and sex attractants identified from the carposinid family of moths 

Insect Pheromone/sex attractant                                  ratio    

Peach fruit moth,  

Carposina sasakii 

O

(7Z)-eicosen-11-one or (13Z)-eicosen-10-one

O

(7Z)-nonadecen-11-one or (12Z)-nonadecen-9-one

20.0

1.0

 
Raspberry bud moth, 

Heterocrossa 

rubophaga 

O

(7Z)-nonadecen-11-one or (12Z)-nonadecen-9-one  

Guava moth,  

Coscinoptycha 

improbana 

O

(7Z)-octadecen-11-one or (11Z)-octadecen-8-one

O

O

(7Z)-tricosen-11-one

(7Z)-tricosene

65.0

10.0

1.5

23.5

(7Z)-nonadecen-11-one or (12Z)-nonadecen-9-one

 
Carposina corena, 

Carposina maritima, 

Commatarcha 

palaeosema, 

Meridarchis excisa, 

Meridarchis jumboa, 

Peragrachis 

syncolleta 

O

(7Z)-eicosen-11-one or (13Z)-eicosen-10-one  
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pheromones identified; raspberry bud moth and guava moth. The raspberry bud moth’s 

pheromone was reported as a single component, (7Z)-nonadecen-11-one,31 while the guava 

moth pheromone was reported as a four component blend consisting of; (7Z)-tricosene, (7Z)-

octadecen-11-one, (7Z)-nonadecen-11-one and (7Z)-tricosen-11-one.32 The main component 

of the peach moth pheromone, (7Z)-eicosen-11-one, has also been shown to attract other 

carposinid moths (Table 2).33,34  

The role of these female produced sex pheromones is to attract male moths for mating. Here 

the female moth releases minute amounts of the sex pheromone compound/s into the air 

creating an odour plume (Figure 3).35 When the male moths come across this odour plume, 

pheromone molecules enter the antenna via pores/tubules and are transported across the 

hydrophilic sensilla lymph by olfactory binding proteins to receptor proteins in the olfactory 

receptor neurons (ORNs) where nerve impulses are generated.36 The male moth then begins a 

zig-zagging flight pattern, coming in and out of the odour plume (Figure 3).35 When the male 

leaves the pheromone plume odour molecules are quickly degraded/removed from the olfactory 

system, readying the ORN to receive fresh pheromone signal.36 As the male moves in and out 

of the plume the antenna fires on and off again respectively, and the zig-zag pattern gets tighter 

and tighter until the male moth reaches the female (Figure 3). Male moths are very sensitive to 

the female produced sex pheromone. For example in the male silk moth a single pheromone 

molecule is reported to stimulate a nerve impulse.37 For the male moth to perceive the 

pheromone at the organism level it requires many nerve impulses firing together.37 For this 

system to function, the male moths must be able to degrade/remove the pheromone molecules 

from their olfactory system very quickly so a fresh signal can be obtained. 

 

Figure 3. Male moth flight behaviour in a pheromone plume. Image courtesy of Plant & Food Research 
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Deactivation of the pheromone within the olfactory system is thought to occur by the action of 

odour degrading enzymes, and this has been experimentally proven for a number of insect 

species.38-40 Here, the pheromone compounds are degraded in the sensilla lymph of the antennal 

cells by antennal esterases. If we consider that there are estimated to be 5.5 million insect 

species on Earth41 and only several of these have had odour degrading enzymes identified to 

date, it is possible that other methods of pheromone removal may have evolved. Regardless of 

the deactivation method, the molecular structure of the pheromone appears critical to the 

functioning of this system, and in turn has received much study. 

Since the identification of bombykol by Butenandt et al. chemists and biologists have been 

exploring the biological activity of structures related to pheromones. These structural 

analogues may be preferred over the original compound because they offer greater stability, 

are cheaper to make or have an inhibitory effect on the insect. Many pheromone analogues 

have been made for the typical Type I moth sex pheromones, such as the alkene acetates, 

alcohols or aldehydes.42 These analogues include compounds with variations to the 

hydrocarbon chain length, changes to the polar group(s), halogenation and isosteric 

replacements within the hydrocarbon chain, (Table 3).42 The analogues’ mode of action 

depends on the change(s) made and the insect’s olfactory receptors. For the purposes of 

discussion in this thesis pheromone analogues shall refer to chemicals of anthropomorphic 

origin that are not found in nature. 

Fluorinated pheromones have probably been one of the most well studied groups of 

semiochemical analogues.43 Here, the high electronegativity of fluorine and its small size in 

space make it an ideal candidate to replace hydrogens at various sites along the pheromone 

backbone (Table 3). Fluorinated analogues produce a spectrum of effects from strong inhibition 

to weak attraction.42 The biochemical means by which the fluorinated analogues disrupt 

behaviour is not fully understood. In most cases it is thought to be the electronegative action 

of the fluorine disrupting the operation of the pheromone binding protein and the pheromone 

degrading enzyme.43 Depending on the structure, some of the fluorinated analogues have the 

potential to form fluoroacetate,42 a potent enzyme inhibitor in mammals. This feature raises 

toxicity concerns for all fluorinated analogues and is probably a contributing factor to their lack 

of development for commercial semiochemical pest control tools.   

Polar group modifications are another common form of pheromone analogue.42 Two examples 

are presented below (Table 3); the formate ester analogue of the aldehyde and the α-keto 
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analogue of the epoxide. Formate analogues have been tried for a variety of aldehyde insect 

pheromones42 and range in effect from being as attractive as the pheromone44 to acting as an 

antagonist.45 The mechanism of action for the formate ester is most likely different for each 

insect depending on the structure of the receptor protein and enzyme, as evidenced by the many 

different responses. However, one main improvement of formate esters over the natural 

pheromone aldehydes is their improved stability. Aldehydes are very susceptible to oxidation 

and have a short shelf-life which is not desirable when using them as a potential pest 

management tool. The other example of a polar group modification above is the α-keto 

analogue of the epoxide. Here the additional carbonyl group provides an alternative point of 

attack for the enzyme, so instead of interacting with the oxygen of the epoxide the enzyme can 

interact with the oxygen of the ketone inhibiting the pheromone breakdown. Isosteric analogues 

have received plenty of attention in the literature, especially the fluorinated analogues 

mentioned above. Other isosteric analogues such as the replacement of oxygen by sulfur and 

carbon by silicon have also been reported (Table 3).46,47 The sulfur analogues like those 

presented below for the processionary moth have shown a range of inhibitory effects both in 

EAG experiments and field testing, although the mechanism of this action is unknown. 

Organosilicon compounds have received very little attention, with the examples below being 

the only ones reported for insect pheromones. Here the Si(CH3)2 was used to replace the CH2 

group instead of SiH2 due to the reactivity of the SiH2 group.47 The dimethyl silyl analogues 

showed no behavioural activity and have not received further study. It was postulated that the 

bulky dimethyl groups prevented good interaction with the protein receptor sites in the example 

above.42  

The other main group of analogues are chain length variants of the pheromone. The chain 

shortening examples below (Table 3) for the turnip moth are only two of the chain length 

analogues prepared by Bengtsson et al.48 They found that as the chain length was further 

shortened, relative activity of the analogue decreased, taking into account the increased 

volatility of the shortened compounds. Varying the chain length of the analogue can give the 

investigators an indication of the dimensions of the receptor protein and has been trialled for 

many organisms.42 While the carposinid moths have not had any pheromone analogues 

synthesised, a chain length variant of the pheromone has been tested for the guava moth. Here 

Suckling et al. used the commercially available pheromone of the peach moth, (7Z)-eicosen-

11-one to disrupt guava moth behaviour in a Macadamia orchard.49 They also showed that the 

C20 pheromone of the peach moth was stimulating the same olfactory receptor neurons as the 
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C18 and C19 components of the guava moth pheromone. While this is not a true analogue by 

my earlier definition, it does show that guava moth have some flexibility in their perception of 

pheromone compounds with regard to chain length.  

Table 3. Examples of pheromone analogues 

Insect Pheromone Example analogues 

Turnip moth 

(Agrotis segetum) 
O

O

 
(5Z)-decenyl acetate 

Type I moth pheromone 

O

O

O

O

 
Chain length analogues48 

Codling moth 

(Cydia 

pomonella) 

HO
 

(8E,10E)-dodecadienol 

Type I moth pheromone 
HO

F

F

HO

F
F

F

HO
Cl

 
Halogenated analogues50 

Carob moth 

(Ectomyelois 

ceratoniae) 

O  
(9Z,11E,13)-tetradecatrienal 

Type I moth pheromone 

O

O  
Formate ester analogue44 

Gypsy moth 

(Lymantria 

dispar) 

O

 
(7R,8S)-cis-7,8-epoxy-2-

methyloctadecane 

miscellaneous moth pheromone 

O

O

O

O  
α-keto analogues51 

Processionary 

moth 

(Thaumetopoea 

 pityocampa) 

O

O

 
(13Z)-hexadecen-11-ynyl acetate 

Type I moth pheromone 

 

O

S

S

O

 
Sulfur analogues46 

O Si

O

O

O

Si

 
Dimethyl silicon analogues47 
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The repeating (7Z)-alken-11-one structure of carposinid moth pheromones is unusual since 

other moth families vary the location or geometry of double bonds and the type of functional 

group to avoid cross species attraction. An example of this is the well-studied family, 

Torticidae, which uses pheromones based predominantly on 12 and 14 carbon acetates. 

Tortricid moth pheromone variations identified include both Z and E isomers with the double 

bond occurring on carbon 5, 7, 8, 9, 10, or 11. They also include conjugated dienes and changes 

of the acetate group to an aldehyde or alcohol.52 The structural repetition in the carposinid 

pheromones identified to date makes them an ideal target for disruption by a single analogue. 

One of the aims of this PhD project is to develop pheromone analogues for carposinid moths 

and improve our understanding of their pheromone perception. This project focusses on 

analogues of the ketone and alkene functional groups, which are common to all carposinid 

pheromones identified to date. Here the goal is to find a single compound capable of disrupting 

pheromone communication of the two pest species of carposinid in New Zealand along with 

other carposinid moths that use the C7-alkene and C11-ketone structural backbone in their 

pheromone. It is hoped this will provide a tool for horticulturists to help manage the two 

carposinid pests already in New Zealand, as well as a potential tool for New Zealand 

Biosecurity to respond to new incursions of carposinid moths, of which there are many in the 

Pacific region.22  

The ketone functional group has been chosen as the main site for analogue modification of the 

carposinid pheromones due to the large dipole moment of the carbonyl. Here the electron 

deficiency of the carbonyl carbon makes it a possible site for nucleophilic attack and is a likely 

enzyme interaction site for pheromone removal from the olfactory system. The other functional 

group, the alkene at C7, provides an important structural feature for the molecule and likely 

regulates its fit inside the receptor protein, hence it has been retained in most of the structures. 

The proposed analogues for carposinid moths for this project are presented below (Table 4) 

and are based on the C19 backbone, since C19 compounds are present in the glands of all 

carposinid moths studied to date.30-32 Analogues I-III represent isosteric changes to the oxygen 

of the carbonyl and concomitant changes to the dipole moment across the double bond. 

Analogue IV represents a change at the carbon of the carbonyl, with associated dipole moment 

changes. The geometry of the bond also changes from trigonal planar to trigonal pyramidal for 

Analogue IV. Analogues V-VII see reduction of the carbonyl and imine to form the associated 

tetrahedral products which have two enantiomeric forms. Analogues VIII-XI represent changes 

adjacent to the carbonyl and are based on the successful formate ester analogues of aldehyde 
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pheromones.44,45 Analogue XII is the trans isomer of the pheromone component. The aim of 

these analogues is to fit into the olfactory receptor proteins and inhibit the enzyme 

action/pheromone removal processes inside the moth’s antennae, hence blocking the sexual 

communication channel of the insect. 

Table 4. Proposed carposinid pheromone analogues 

O

N

S

S

O

OH

O

NH2

Changes at the carbonyl Changes adjacent to the carbonyl

O

O

O

O

O

O

O

O

O

Changes at the double bond

I

II

III

IV

V

VI

VII

VIII

IX

X

XI

XII

  

Insect pheromone chemistry is a broad topic, with thousands of synthetic compounds known 

to affect insect behaviour.7 Compounds range from simple alkanes to complex chiral cyclic 

structures containing multiple functional groups and stereocenters.7 With the varied 

compounds come a variety of synthetic pathways to achieve the desired structures.53 For moths, 

with Type I and Type II sex pheromone structures (Tables 1 & 3) syntheses typically consist 

of carbon-carbon bond forming reactions using organometallic reagents, functional group 

transformations and stereochemistry considerations.53 These same principles apply to the 

synthesis of sex pheromone and analogue structures for carposinid moths. 

 Since the identification of the peach moth sex pheromone and initial eight step synthesis by 

Tamaki et al.30 (Figure 4), many syntheses have been developed for pheromone components of 

the carposinid moths.54-64 These syntheses range from four to eight steps, with the alkene 

functional group typically formed by partial hydrogenation of the related alkyne, (Figure 4). 
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Routes to the ketone functional group showed more diversity, with oxidation of the related 

alcohol formed from Grignard addition (Figure 4) or containment in the starting material being 

two of the more common methods. The synthetic plans for the related analogue structures for 

this PhD project were chosen based on efficiency and that would give high isomeric purity of 

the product. 

Br OH
O

H+ Br O O

Na

NH3
O O

1. NaNH2

2.
Br

OH

H+/MeOH

O O

MgBr

OH

O

CrO3/pyridine

O

CrO3/pyridine

ether

Lindlar's catalyst/H2

O

 

Figure 4. Original synthesis of (7Z)-eicosen-11-one by Tamaki et al.  

Moths can be extremely sensitive to isomer impurities related to their pheromone components, 

therefore compound purity is of the upmost importance. As previously mentioned (Section 
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1.1), as little as 1% of the incorrect isomer can lead to biological responses.21 To achieve high 

isomeric purity, one of the key features is selecting an appropriate synthetic route that gives 

high isomeric purity in the product. Small amounts of the incorrect isomer can be removed 

during compound work-up by both chromatographic and non-chromatographic techniques. 

Argentation chromatography is a powerful tool in the separation of E/Z isomers,65 whereas the 

non-chromatographic technique of urea inclusion complex formation has seen practical 

application in the field of insect pheromones.66   While these high purity pheromones and 

analogues can be powerful tools for influencing male moth behaviour, they generally show 

little behavioural effect with female moths, hence alternative semiochemicals are sought to 

influence female moth behaviour. 

 

1.4. Host plant volatiles  

Plant volatiles represent a vast array of compounds with varied functions in the life of plants, 

from simple transpiration to complex chemical communication channels with other 

organisms.67 From the chemical ecology perspective, floral scents (section 1.1) have received 

much study based on their role in pollination, with over 1700 compounds listed in the review 

by Knudsen et al.68 Defence is another important role of plant volatiles in the chemical ecology 

of plants.69-71 This can be either direct, where plant volatiles prevent pathogen spore 

germination,72 or indirect, where plant volatile release attracts predators of the pest insect to 

the infested plant.71 Volatiles are also used in plant-plant communications.73 For the purposes 

of this project the focus is on the communication channels between host plants and their pest 

insects, along with the tritrophic interactions of the plant-pest-parasitoid system. 

Plant volatiles that are used by an organism to identify a plant as a possible site for feeding, 

shelter or oviposition (and subsequent larval feeding) are termed host plant volatiles. These 

volatiles are generally thought to consist of a specific subset of volatiles from within the whole 

plant’s volatile bouquet, whose specific ratio is used by the insect to recognise that particular 

plant as a host plant.15 An example of this is outlined for the black bean aphid16 above (Section 

1.1) and is thought to be the host recognition system used by insects in general.15 Of the 

thousands of ubiquitous plant volatiles identified to date7 most can be categorised into four 

groups: terpenes and their derivatives, fatty acid derivatives, aromatic compounds, and amino 

acid derivatives (Table 5).67 Volatiles of the carposinid moth host plants are likely to be 

contained within these groups of commonly occurring volatiles at ratios specific to each species 
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of plant. However, like the carposinid moths themselves, their host plants have received little 

attention in the scientific literature. 

Table 5. Examples of the four common classes of plant volatiles  

Terpenes and terpenoids 

 

(R)-1-methyl-4-(prop-1-en-2-yl)cyclohex-1-ene
((+)-Limonene)

OH

(2E)-3,7-dimethylocta-2,6-dien-1-ol
(Geraniol)  

Aromatic compounds 

 

 

 

Benzaldehyde

O

(Methyl salicylate)

HO

O

O

methyl 2-hydroxybenzoate

 

Fatty acid derivatives 

O

Heptan-2-one

OH

(±)-1-Octen-3-ol  

Amino acid derivatives 

3-methyl butanol
OH

O

O

isobutyl acetate

 

 

A preferred host plant of the Australian guava moth in its native range is Syzygium paniculatum 

Gaertn. (Myrtales: Myrtaceae) (Figure 5a), commonly known as magneta lilly pilly.74 Lilly 

pilly is a subtropical small rainforest tree which grows to a height of up to 15 m.75 There have 

been no in situ volatiles measurements from the lilly pilly plant or fruit, although there has been 

one study looking at the distillation products from the picked fruit pulp.76 In their non-native 

environment of New Zealand, guava moth are known to readily infest feijoa trees, Acca 

sellowiana O. Berg. (Myrtales: Myrtaceae) (Figure 5b), and other commercial fruit crops 

including macadamia, plum, peach and guava.29 Of these commercial fruit crops feijoa has 

been chosen as the non-native host system for study due to it suffering severe commercial 

losses (pers. comm. Asha Chhagan). There have been no in situ studies of volatiles released by 

the feijoa tree or fruit.  The volatile emissions from the feijoa fruit have been recorded over 

time following natural abscission and 11 compounds were found: ethyl butanoate, heptan-2-

one, myrcene, ethyl hexanoate, E-β-ocimene, nonan-2-one, 2-heptyl butanoate, 3Z-hexenyl 

butanoate, methyl benzoate, ethyl benzoate and (3Z)-hexenyl hexanoate.77 A lack of study also 

exists around the host plants of the raspberry bud moth. 
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a) Lilly pilly 

 

b) Feijoa 

 

Figure 5. Host plants of guava moth. a) Native host Syzygium paniculatum, (magenta lilly pilly). b) Non-native host Acca 

sellowiana ‘kakariki’ (feijoa). Photos A.M. Twidle 

The native host of the endemic raspberry bud moth is bush lawyer. Bush lawyer, a type of 

bramble, is one of five New Zealand native Rubus species and is characterised by its serrated, 

trifoliate leaves, with red prickles arming the petioles and stems (Figure 6).78 Volatiles 

produced by bush lawyer leaves or fruit have not been studied. Introduced Rubus species such 

as blackberry, raspberry, and Boysenberry are also good hosts for raspberry bud moth.23 New 

Zealand is the largest Boysenberry producer in the world, and as a main commercial Rubus 

berry crop in New Zealand, Boysenberry was chosen as the non-native commercial host to 

study in this project. The other commercial Rubus species have received some attention in the 

literature with regard to plant volatiles, particularly of picked fruit.79-82 The Boysenberry 

cultivars on the other hand have received much less attention with only one study of picked 

fruit volatiles found,83 while the in situ volatiles remains unstudied. Volatiles of wild 

blackberry were also considered, since they are thought to support most of the wild raspberry 

bud moth population (pers. comm. Warren Thomas).  

a) Bush lawyer 
 

 

b) Boysenberry 
  

 

c) Blackberry 

 

Figure 6. Host plants of raspberry bud moth. a) Native host Rubus cissoides, (bush lawyer) seedling. b) Non-native 

commercial host Rubus ursinus ‘Mapua’ (Boysenberry) dib. c) Non-native wild host Rubus fruticosus (blackberry) dib. 

Photos A.M. Twidle 
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One of the aims of this project is to identify the plant volatile cues used by both guava moth 

and raspberry bud moth to recognise host plants. By understanding how these moths recognise 

host plants it could be possible to predict potential new host plants that may be under threat as 

guava moth spreads south. It also creates an opportunity for the development of a 

semiochemical pest management tool such as a female attractant, replicating the attractive host 

plant odour blend as a lure for the pest moth.  Aside from host plant volatiles, the volatiles 

produced by pest larvae feeding in these systems also needs to be considered. 

 

1.5. Herbivore induced plant volatiles  

Feeding by phytophagus insects on plants can cause changes in the volatiles emitted by those 

plants, such volatiles are called herbivore induced plant volatiles (HIPVs).  These volatiles 

result from secondary plant metabolites and range from fast acting green leaf wounding 

volatiles to slower acting primer compounds and predator attractants. When plant cells are 

damaged, whether it be by insect feeding or any other form of wounding, there is an immediate 

release of volatiles. This is caused by enzymatic (hydroperoxide lyase) cleavage of oxygenated 

fatty acids to produce C6 alcohols, aldehydes and esters, which are termed green leaf volatiles 

(GLVs).84 The most common example of these GLVs is the characteristic fresh cut grass smell 

associated with lawn mowing, which consists of a mixture of 2- and 3-hexenals and hexen-1-

ols released from the damaged grass.84 Most angiosperm plants are capable of producing this 

type of wounding volatile response. These C6 compounds are known be antimicrobial and are 

likely involved in pathogen defence.72,85,86 They also act as both attractants and repellents for 

different insect species,70 and are known to be involved in plant to plant communications.70 

The role of GLVs in plant to plant interactions occur more slowly whereby plants adjacent to 

those under attack are ‘primed’ by the GLVs to produce anti-feeding/repellent compounds of 

their own.70 While GLVs are produced by insect feeding or any other form of damage, many 

other secondary plant metabolites are produced only in response to insect feeding. 

Another well-known group of plant volatile defence compounds are the antagonists/repellents. 

These range from common feeding deterrents such as isothiocyanates in brassicas87 to mimics 

of pest alarm pheromone in transgenic plants.88 In the brassica case, insect feeding stimulates 

the plant to produce glucosinolates, which in turn react with enzymes (myrosinases) being 

released from damaged tissue to form the inhibitory isothiocyanate plant volatiles.87  

Isothiocyanates are reactive compounds that have been shown to decrease larval survival rates 
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and growth rates,89 or simply repel larvae.90 The exact mechanism of their action is unknown, 

but is likely that the reactive nature of the R–N=C=S group disrupts cellular processes. At the 

other end of the spectrum plants can be engineered by humans to produce repellent volatiles. 

In the example mentioned above the transgenic plant, Arabidopsis thaliana (L.) Heynh. 

(Brassicales: Brassicaceae) with a cloned gene, was able to produce high levels of (E)-β-

farnesene and repel aphids.88 The high levels of (E)-β-farnesene, the aphid’s alarm pheromone, 

also acted as a parasitoid arrestant.88 So far only the plant-pest interaction has been considered, 

but another important communication channel exists between the plant and pest predator.   

Perhaps the most interesting of the HIPVs are those that result in tritrophic interactions. Here 

the feeding of an insect on a plant results in the release of specific volatiles from that plant 

which in turn attract a parasitoid/predator to attack the feeding insect (Figure 7).69 These 

tritrophic systems act as an indirect form of plant defence and can operate in a number of ways.  

 

Figure 7. Tritrophic interaction of light brown apple moth larvae (Epiphyas postvittana) feeding on apple tree leaves 

(Malus domestica) and inducing plant volatiles that attract the parasitic wasp Dolichogenidia tasmanica. Imaged 

reprinted courtesy of Suckling et al.91 

The most straightforward of these is the generalist parasitoids/predators cueing on the 

wounding volatiles associated with generalist insect feeding.70,87 Here the immediate damage 
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to the plant tissue results in an increased release of GLVs or isothiocyanates or other wounding 

compounds (depending on the plant species), which in turn attracts the generalist 

predator/parasitoid to the infested plant to prey on/parasitise the pest insect. More specific 

signalling systems operate for some species of plant, where certain compounds in the oral 

secretions of the pest insect induce changes in the volatiles emitted by that plant.92 The most 

well reported of these are the fatty acid - amino acid conjugates (FACs) contained in the oral 

secretions of lepidopteran larvae. When the FAC, either insect produced or synthetic, are 

applied to damaged plant tissue the plant responds by producing significantly more wounding 

volatiles than healthy or mechanically damaged plant tissue, which results in the attraction of 

the natural enemies of the pest insect.93 

The area of HIPVs remains unexplored for carposinid moths and their host plants. An aim of 

this PhD project is to explore these interactions. By identifying the differences between the 

HIPVs from native and non-native hosts it is hoped that it will be possible to identify 

parasitoid/predator cues which could be used by entomologists to test for/screen new 

parasitoids/predators for these carposinid pests.  

 

1.6. Biological testing of semiochemicals 

Once putative semiochemicals are identified for a pest species they must then be tested on the 

pest organism to see whether or not they are biologically active. In the field of insect chemical 

ecology, the first step in testing a mixture of putative semiochemicals for activity is generally 

gas chromatography coupled with electroantennogram detection, (GC-EAD) (Figure 8).94 Here 

an insect head or antenna is connected between electrodes, which are in turn connected to an 

amplifier and computer. The antennal mount is then exposed to the effluent gas stream from 

the GC in a stream of humidified air and the electrical depolarisations of the olfactory receptor 

neuron cells within the antennal mount are recorded in conjunction with the peaks of the 

chromatogram. This is a very powerful tool for finding the subset of insect active compounds 

within a bouquet of plant volatiles or other biologically active extracts. This tool has been used 

to identify all manner of semiochemicals from moth sex pheromones for mate location95 to the 

blend of floral volatiles used by honey bees in flower recognition.19 To discover the type of 

olfactory receptor neuron firing, another technique, single sensillum recording can be used.  
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Figure 8. Overview of GC-EAD system. Image reprinted courtesy of A.M. Twidle96 

Single sensillum recording (SSR) as the name suggests, focuses on the response of the olfactory 

receptor neurons contained within a single hair (sensillum) on the antennae of an insect to a 

stimulus (Figure 9b).97,98  Unlike the GC-EAD mentioned above, the whole insect (Figure 9c) 

is used to give the SSR preparation a longer lifetime which is desirable due to its more difficult 

set-up. Once the insect has been restrained a chemically sharpened tungsten recording electrode 

is inserted through the cuticle of a sensillum into the sensillum lymph (Figure 9b and 9d) while 

the reference electrode is connected to another part of the body. The SSR preparation can then 

be exposed to stimulus sources ranging from GC effluent to odourants on filter paper. Small 

pores on the sensillum (Figure 9b) allow the stimulus molecules to enter where olfactory 

binding proteins transport the molecules across the sensillum lymph to receptor proteins in the 

ORNs where nerve impulses are generated. These nerve impulses are recorded as the difference 

in electrical potential between the recording electrode (Figure 9b) and reference electrode. The 

advantage of SSR over EAD experiments is that SSR gives information about the specific 

ORNs detecting the odour molecules and in turn can be used to predict behavioural outcome, 

(i.e. pheromone ORNs are firing hence the compound can disrupt pheromone communication 

channel).   
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a)

 

b) 

 

c)

 

d)

 

e)

 

Figure 9. Overview and setup of SSR system. a) SSR instrumentation. b) Overview of SSR. c) Restrained moth ready 

for SSR recording. d) Tungsten electrode (left) connected to single sensillum. e) View of sensilla under electron 

microscope. Images provided courtesy of Dr K.C. Park 

Once an electrophysiological response has been established for an insect to a particular 

compound it is then tested for a behavioural effect. Behavioural testing can be lab based 

bioassays or outdoor field trials, or both. Lab trials are generally either simple ‘Y-tube’ 

olfactometer bioassays or larger scale wind tunnel testing. Both systems have their advantages 

which depend upon the odour system being tested. The ‘Y-tube’ test is a simple choice test 

where the insect walks up the base of the ‘Y’ and chooses which ever branch of the ‘Y’ smells 

more appealing. This works well for walking insects and for the shorter range attractants of 

flying insects.99,100 For longer range cues such as sex pheromones, a wind tunnel is the preferred 

option as it gives the insect more space to orientate in all three dimensions.100 Here an odour 

source is set-up to create an odour plume down the length of the tunnel (Figure 10a). The insect 

is placed downwind from the odour source. If the insect finds the odour source attractive it will 

generally start wing fanning then take flight (Figure 10b) and fly to the odour source (Figure 

10c). The final step of any semiochemical testing is usually field trials. 
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a) 

 

b) 

 

c) 

  

Figure 10. Wind tunnel testing. a) Example odour plume inside wind tunnel. b) Moth beginning flight towards 

attractive odour source. c) Moth reaching attractive odour source. Photos courtesy of Drs L. D. Stringer and A. M. El-

Sayed 

Field trials are the most comprehensive test for a potential semiochemical as they take into 

account the many other competing odour sources of the natural environment. Trials usually 

consist of traps baited with the prospective compound and a means of catching the target insect 

(e.g. a sticky base or suction trap). The nature of the field trials depends upon the type of 

semiochemical being tested. For a prospective attractant the trial is based around number of 

insects caught per trap. For a repellent, it is the reduction in trap catch that is measured when 

the prospective repellent is put out with a known attractant. The performance of the 

semiochemical is typically tested against both a negative control (blank trap) and positive 

control (known attractant trap). Once a semiochemical has proven itself under natural 

conditions it can be taken forward as potential new pest management tool in orchard scale 

trials. 

1.7. Crop protection using semiochemicals 

Since the mid twentieth century, horticulture has relied on pesticides as a means of crop 

protection. However, following the initial success of these treatments many environmental 

concerns have been raised, particularly relating to the longevity of pesticides in the 

environment and their damaging effects to non-target organisms. Initial concerns were raised 

by Rachel Carson with the publication of her book “Silent Spring” in 1962 highlighting the 

longevity and toxicity of first generation pesticides such as DDT. While pesticides have 

evolved significantly from the organochlorines, concerns still remain today with the recent 
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banning of three neonicotinoids; clothianidin, imidacloprid and thiamethoxam by the European 

Union in response to pollinator declines in Europe. Alternatives to pesticides have long been 

sort, and even before the structural elucidation of the first insect pheromone, the potential of 

semiochemicals in pest management had been recognised.101  

Semiochemicals have a long history of use in pest management,101 but didn’t become 

widespread until the identification of insect pheromones began.35,102 Pheromones in particular 

are species specific so only target the pest insects, and due to their airborne “chemical signal” 

nature, they are relatively short lived in the environment giving them immense potential as pest 

control tools. Pheromones and the majority of other semiochemicals are of natural origin7 and 

can be applied at low levels.102 This makes semiochemicals environmentally friendly pest 

management tools that can be used a number of ways in successful pest management 

programmes.103 

Pest monitoring was one of the first applications of semiochemicals in horticulture.101 Here an 

attractant compound such as a sex pheromone can provide information on population densities 

within an area as well as providing information on the phenology of the target pest. This 

information can be used to precisely time the application of pest management treatments for 

optimum effect on the pest species.103 As a monitoring tool, semiochemical attractants are also 

used to indicate the arrival of insects into an area. This is especially important for Biosecurity 

applications where monitoring programmes, such as the New Zealand gypsy moth surveillance 

programme,104 can detect individual insects early before populations build up so eradications 

can be attempted. Semiochemical monitoring is also used to measure the spread of insects on 

the landscape, like the large scale gypsy moth monitoring programme in the USA which 

deploys over 100,000 monitoring stations per year.105 On top of these applications 

semiochemicals also see direct roles in pest control. 

Lure and kill systems, including mass trapping, work to directly lower the pest insect 

populations as their names suggest. Here an attractant will draw the pest insect to a killing 

station which can be an insecticide containing dollop (lure and kill) or a trap (mass trapping). 

There are many commercial formulations available for a variety of pest insects ranging from 

fruit flies to moths.106  The advantage of this over traditional insecticide spraying is that the 

insecticide is only contained in the attracticide dollop (attractant plus insecticide), and not 

sprayed over the entire crop. For the lure and kill application, the dollop can be applied to posts 

or the ground, so the insecticide does not contact the fruit and there is no beneficial insect by-
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kill. This results in fruit that has ultralow or zero pesticide residue and an orchard environment 

where beneficial insects can flourish. 

Mating disruption is the other main form of semiochemical-based pest management.103 Here, 

many point sources of sex pheromone or pheromone analogue are applied throughout the 

orchard/crop to out complete the female moths and confuse the male moths as to the female’s 

location. Mating disruption is starting to see widespread use in NZ with one of the most 

successful examples being the ‘Apple Futures’ programme in the Hawkes bay.107 Here, the 

apples of the region are protected from codling moth and leafroller moths by a multiple species 

mating disruption system marketed under the name ‘4-Play™’.108 Use of this system has 

allowed NZ growers access to lucrative international markets with ultralow pesticide residue 

requirements. 

1.8. Project objectives and thesis structure 

The central aim of this doctoral research programme is to gain a better understanding of the 

chemical communication channels used by carposinid moths. Identifying the chemical signals 

these pests use and being able to disrupt their specific odour communication systems is the first 

stage in the development of potential pest management tools. As outlined above, the project 

focusses on three areas of chemical communication: Pheromones and analogues, host plant 

volatiles and HIPVs. 

The study begins with the synthesis and testing of two groups of pheromone analogues for the 

carposinid moths (Chapter 2 and 3). Here, pheromone perception is explored in the quest for a 

mating disruption tool. Concomitant to the analogue work, the raspberry bud moth sex 

pheromone is also re-investigated (Chapter 4), with the aim of improving the current 

monitoring tool while adding to the knowledge of pheromone chemistry within the carposinid 

family. Alongside the pheromone work, host plant volatiles of the two moth species are studied 

(Chapter 5 and 6). Here the main goals are to identify the volatiles of the headspace, find the 

cues used by the female moths, and then investigate their potential as female attractants. 

Concurrently, HIPVs are also studied (Chapter 7) to gain more information about the wider 

semiochemical system at a trophic level and discover whether or not the moths are being 

parasitised. The overall results of the project are summarised in Chapter 8 and the experimental 

details are presented in Chapter 9.  
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 Ester analogues for carposinid moths 
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2.1. Pheromone and analogue synthesis 

The purpose of this study was to investigate the effects of pheromone analogues on raspberry 

bud moth and guava moth, expanding our knowledge of their pheromone perception, in the 

search for alternative pest management tools. The pheromone analogues proposed in section 

1.3 (Table 4.) were prepared for antennal and behavioural testing. Schemes were designed upon 

a combination of factors including; isomeric purity, availability of starting materials, toxicity 

of reagents, number of steps required, and yields of compounds. Initially, high isomeric purity 

was the main goal as moths can be very sensitive to isomeric impurities, hence all synthetic 

analogues were prepared and purified to have isomeric purities greater than 93% for antennal 

and 97% for behavioural testing. However, before studying respective analogues the actual 

pheromone needed to be prepared for comparison with the analogues. 

The (12Z)-nonadecen-9-one (5), sex pheromone of the raspberry bud moth and pheromone 

component of the guava moth, was prepared using a method similar to that of Yang et al.64 

(Scheme 1). Starting with the readily available 2,3-dihydrofuran the first step of the synthesis 

was acid hydration. Initial attempts at this using the DCM solvent system of Yang et al. proved 

unsuccessful, so the more traditional approach of Kodato et al.109 was followed using aqueous 

conditions. This proved much more reliable, and gave a satisfactory 55% yield of 2-

hydroxytetrahydrofuran (1), although work up of the product was tedious requiring multiple 

solvent washes to isolate the product. The product was identified as 2-hydroxytetrahydrofuran 

(1) based on GC-MS analysis which showed m/z 88 [M]+ and comparison of 1H NMR data 

matched that reported.110 

The second step was the alkene-forming Wittig reaction. First the phosphonium salt was 

prepared from triphenylphosphine and 1-bromoheptane. The resulting 

heptyltriphenylphosphonium bromide was converted to the ylide using potassium 

hexamethyldisilazide as the base. The use of a non-stabilised ylide and Li-salt free conditions 

were chosen to favor the Z-alkene product.111 The reaction proceeded well giving the (4Z)-

undecen-1-ol (2) in 44% yield, with good isomeric purity. The product was tentatively 

identified as (4Z)-undecen-1-ol (2) based on GC-MS analysis which showed m/z 170 [M]+ and 

m/z 152 [M – H2O]+. The product was then confirmed by 1H NMR where data matched that 

reported by Miura et al.112 
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Scheme 1. Synthesis of pheromone component (12Z)-nonadecen-9-one 

Dess-Martin oxidation of the primary alcohol (4Z)-undecen-1-ol (2) afforded the 

corresponding aldehyde, (4Z)-undecenal (3), with good yield (73%). The product was 

tentatively identified as (4Z)-undecen-al (3) based on GC-MS analysis which showed m/z 168 

[M]+ and m/z 150 [M – H2O]+. The identity of the product was confirmed by 1H NMR which 

showed a characteristic aldehyde proton at 9.77 ppm (1H, t, J = 1.6 Hz), and matched data 

previously reported.61 

The next step was chain lengthening via addition of a Grignard reagent to the aldehyde (3).  

Octylmagnesium bromide was prepared from 1-bromooctane and Mg turnings, then was 

reacted with (4Z)-undecenal (3) to give (12Z)-nonadecen-9-ol (4) in satisfactory yield (69%). 

The product was tentatively identified as (12Z)-nonadecen-9-ol (4) based on GC-MS analysis 

which showed m/z 282 [M]+ and m/z 264 [M – H2O]+.The product was confirmed by 1H NMR 

where data matched that reported by Wenkert et al.61  
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The final step was Dess-Martin oxidation of (12Z)-nonadecen-9-ol (4), providing the target 

compound (12Z)-nondecen-9-one (5) in good yield (89%) plus a small amount of the E isomer, 

which was able to be separated using silver nitrate impregnated silica gel. The product was 

tentatively identified as (12Z)-nondecen-9-one (5) based on GC-MS analysis which showed 

m/z 280 [M]+ and m/z 141 [C9H17O]+. The product was confirmed by 1H NMR where data 

matched that reported in literature.58 The small amount of isomerisation observed during this 

synthetic pathway turned out to be of benefit, as synthesis of the E isomer from the Z isomer 

had been planned using the method outlined by McGinn and Wheatley.113 Whilst obtained in 

small amounts, (12E)-nondecen-9-one (6) was isolated from the synthesis of (12Z)-nondecen-

9-one (5) in sufficient quality and quantity for spectroscopic and electrophysiological testing. 

The initial focus of analogue synthesis was on the ester analogues of the ketone pheromone 

since most of the starting materials were on hand. For these esterifications the mild Steglich 

method was chosen (Scheme 2).114  

Synthesis of (4Z)-heptyl undecenoate (8) proceeded initially with silver oxide oxidation of the 

previously prepared (4Z)-undecenal (3) to the corresponding acid, (4Z)-undecenoic acid (7), 

with a satisfactory yield (58%). The product was tentatively identified as (4Z)-undecenoic acid 

(7) based on GC-MS analysis which showed m/z 184 [M]+, m/z 166 [M – H2O]+ and the 

characteristic  m/z 60 [C2H4O2]
+ along with a broad ‘shark fin’ peak on the non-polar column 

in the chromatogram, characteristic of a carboxylic acid.  The identity of the product was 

confirmed by 1H NMR which matched data previously reported.115  

The acid (7) was then subjected to reaction with DCC to form the O-acylisourea intermediate 

which was coupled with heptan-1-ol using DMAP as a catalyst, to give the target ester, (4Z)-

heptyl undecenoate (8) in good yield (73%). Initial analysis by GC-MS showed m/z 282 [M]+ 

representing the desired molecular ion. Further analysis by HRMS gave the molecular formula 

of C18H34NaO2, representing the desired [MNa]+. The 1H NMR data showed increases of the 

integrals at 0.89 ppm (3H to 6H) and at 1.27-1.32 ppm (8H to 16H) relevant to the new –CH3 

protons (H-7′) and –CH2– protons (H-3′, H-4′, H-5′, H-6′) of the methyl and methylene 

environments of the new hydrocarbon tail respectively. There was also a new two proton 

resonance at 4.06 ppm (2H, t, J = 6.7 Hz, H-1′)  assigned to the methylene group bound to the 

ether oxygen of the ester. The 13C NMR also supported the ester formation with a resonance at 

64.6 ppm (–O–CH2–, C-1′) assigned to the methylene carbon bound to an ether oxygen and at 

173.4 ppm (C=O, C-1) for a carbonyl carbon. The IR data also supported the formation of an 



 

32 

 

ester with strong signals at 1161 cm-1 (C–O) and 1737 cm-1 (C=O). The combined data gave a 

strong indication that the synthesis of (4Z)-heptyl undecenoate  (8) was successful. 

Similarly, (2Z)-nonenyl formate (9) was prepared in 64% yield from the reaction of formic acid 

and (2Z)-nonen-1-ol, again using Steglich conditions. Initial analysis by GC-MS showed m/z 

170 [M]+ representing the desired molecular ion. Further analysis by HRMS gave the molecular 

formula of C10H18NaO2, representing the desired [MNa]+. The 1H NMR data showed a two 

proton resonance at 4.72 ppm (2H, d, J = 6.9 Hz, H-1′) asigned to the methylene group bound 

to the ether oxygen of the ester and a single proton resonance at 8.07 ppm (1H, s, H-1) for the 

formate proton. The 13C NMR also supported the ester formation with a shift at 59.8 ppm (–

O–CH2–, C-1′) assigned to the methylene carbon bound to an ether oxygen and at 161.0 ppm 

(C=O, C-1) for the formate carbonyl. The IR data also supported the formation of an ester with 

strong signals at 1156 cm-1 (C–O) and 1725 cm-1 (C=O). The combined data gave a strong 

indicaiton that the synthesis of (2Z)-nonenyl formate (9) was successful. 
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Scheme 2. Synthesis of ester analogues 
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The (2Z)-nonenyl nonanoate (10) was likewise prepared from nonanoic acid and (2Z)-nonen-

1-ol in good yield (69%). Initial analysis by GC-MS showed m/z 282 [M]+ representing the 

desired molecular ion. Further analysis by HRMS gave the molecular formula of C18H34NaO2, 

representing the desired [MNa]+. The 1H NMR data showed a two proton resonance at 4.62 

(2H, d, J = 6.8 Hz, H-1′) assigned to the methylene group bound to the ether oxygen of the 

ester. In comparison to the formate above there were increases of the integrals at 0.86-0.90 

ppm (3H to 6H) and at 1.27-1.38 ppm (8H to 18H) relevant to the –CH3 protons (H-9) and –

CH2– protons (H-4, H-5, H-6, H-7, H-8) of the methyl and methylene environments of the 

hydrocarbon tail respectively. The 13C NMR also supported the ester formation with a 

resonance at 60.2 ppm (–O–CH2–, C-1′) assigned to the methylene carbon bound to an ether 

oxygen and at 173.8 ppm (C=O, C-1) for the carbonyl carbon. The IR data also supported the 

formation of an ester with strong signals at 1161 cm-1 (C–O) and 1737 cm-1 (C=O). The 

combined data gave a strong indication that the synthesis of (2Z)-nonenyl nonanoate (10) was 

successful. 

The carbonate analogue was prepared via the reaction of  (2Z)-nonen-1-ol with triphosgene,  

using pyridine as the base (Scheme 3).116 This gave the di (2Z)-nonenyl carbonate (11) in 

reasonable yield (48%), although the isomeric purity was only 93%. Due to inactivity of the 

carbonate with the moths, no attempts were made to improve the yield of this reaction or 

isomeric purity of the product. Initial analysis by GC-MS showed m/z 310 [M]+ representing 

the desired molecular ion. Further analysis by HRMS gave the molecular formula of 

C19H34NaO3, representing the desired [MNa]+. Due to the symmetrical nature of the product, 

1H NMR data showed doubling of the integrals at 0.88 ppm (3H to 6H), 1.27-1.38 ppm (8H to 

16H), 2.11 ppm compared to the (2Z)-nonenyl formate (9). The 13C NMR also supported the 

carbonate formation with a resonance at 63.7 ppm (–O–CH2–, C-1′, C-1′′) assigned to the 

methylene carbon bound to an ether oxygen and most discerning, the 155.3 ppm (C=O, C-1) 

resonance which is characteristic of the carbonyl of a carbonate.117 The IR data also supported 

the formation of a carbonate with strong signals at 1243 cm-1 (O–C–O) and 1744 cm-1 (C=O). 

The combined data gave a strong indication that the synthesis of di (2Z)-nonenyl carbonate 

(11) was successful. 
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Scheme 3. Synthesis of carbonate analogue 

 

2.2. EAG testing of the pheromone 

Before testing of the pheromone analogues could commence, the dose responses of the two 

moth species to the sex pheromone component (12Z)-nonadecen-9-one (5) needed to be 

established. The doses tested were 0 ng (solvent only), 1 ng, 10 ng, 100 ng, 1 µg, 10 µg and 

100 µg. Full details of the experimental set up can be found in Section 9.10. The guava moth 

appeared to be more sensitive (Figure 11), exhibiting significant EAG responses to the puff 

from the 100 ng cartridge (F6,63 = 34.65, P < 0.001). 

 

 

Figure 11. Mean EAG responses (± SEM) of male guava moth to (12Z)-nonadecen-9-one, (n = 10). Bars that do not 

have the same letter are significantly different (Tukey 95% confidence intervals). 
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On the other hand, the raspberry bud moth (Figure 12) started eliciting significant EAG 

responses at the 1 µg cartridge loading (F6,35 = 36.23, P < 0.001). Both species showed no 

difference in their EAG responses between the two highest doses of (12Z)-nonadecen-9-one 

(5), 10 µg and 100 µg (P > 0.05). The somewhat higher sensitivity of the guava moth was 

unexpected since (12Z)-nonadecen-9-one (5) alone is barely attractive to guava moth32 yet is 

the principal component of the raspberry bud moth pheromone.31 This sensitivity can perhaps 

be explained by the low percentage of (12Z)-nonadecen-9-one (5) in the guava moth 

pheromone blend. It may be that there are specialized olfactory receptor neurons (ORN) for 

each chain length variant of the (7Z)-alken-11-ones, yet the work of Suckling et al.49 showed 

that there is a degree of plasticity in the pheromone receptors of guava moth to these (7Z)-

alken-11-ones and were unable to tell if the 18 carbon and 19 carbon pheromone compounds 

used different ORNs. Based on these results a cartridge loading of 10 µg was chosen for 

screening the analogues for antennal activity.  

 

 

Figure 12. Mean EAG responses (± SEM) of male raspberry bud moth to (12Z)-nonadecen-9-one, (n = 6). Bars that do 

not have the same letter are significantly different (Tukey 95% confidence intervals). 
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Example EAG runs for both moths are included below (Figure 13). 

a) Guava moth EAG response 

 

b) Raspberry bud moth EAG response 

 

 

Figure 13. Example EAG responses of carposinid male moths to 10 µg dose of pheromone component (12Z)-nonadecen-

9-one. a) Guava moth EAG response. b) Raspberry bud moth EAG response. 
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2.3. EAG testing ester analogues 

Following on from the dose response experiment above, the first set of analogues synthesised 

were tested, specifically the ester analogues and the geometric E isomer. A dose of 10 µg was 

chosen based on the dose response to (12Z)-nonadecen-9-one (5). Initial EAG testing of the 

analogues (Figure 14) showed that two of the esters, (2Z)-nonenyl nonanoate (10) and (4Z)- 

heptyl undecenoate (8) elicited significant EAG responses from raspberry bud moth compared 

with the DCM control puffs (F6,35 = 24.05, P < 0.001).  

 

Figure 14. Mean EAG responses (± SEM) of male raspberry bud moth to 10 µg of ester type analogues and the 

geometric isomer, (n = 6). Bars that do not have the same letter are significantly different (Tukey 95% confidence 

intervals). 

Guava moth on the other hand, only showed significant responses to (4Z)-heptyl undecenoate 

(8) (F6,35 = 13.01, P < 0.001) (Figure 15). Neither moth species showed a response to the 

geometric isomer (12E)-nonadecen-9-one (6), the formate analogue (9) or the carbonate (11) 

(P > 0.05). The complete lack of response to (12E)-nonadecen-9-one (6) was a little surprising 

since it has been shown in numerous moth species that the related geometric isomer can be 

antagonistic,118 even at very low levels.21 It also suggests that these species are not using the 

geometric isomers to achieve sexual isolation from related species.21,118   
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Figure 15. Mean EAG responses (± SEM) of male guava moth to 10 µg of ester type analogues and the geometric isomer, 

(n = 6). Bars that do not have the same letter are significantly different (Tukey 95% confidence intervals). 

The lack of response from the (2Z)-nonenyl formate (9) is also informative, since the formate 

(9) with its greater volatility compared with the other analogues, would have been experienced 

at a much higher real dose on the antenna. This especially relates to the significant EAG activity 

induced by (2Z)-nonenyl nonanoate (10), where the -H of the carbonyl in the formate (9) is 

replaced by the -C8H17 hydrocarbon tail. This suggests that the saturated hydrocarbon tail is 

important for the fit of the pheromone molecule within the receptor protein in the ORN. 

Accordingly, only (2Z)-nonenyl nonanoate (10) and (4Z)-heptyl undecenoate (8) were taken 

forward for dose response testing. 
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Dose response testing of the two EAG active analogues showed similar responses for both 

moth species (Figures 16 & 17). Neither analogue was consistently detected at the cartridge 

loading of 1 µg, meaning the raspberry bud moth antennae were about 10 times less sensitive 

to the analogues (Figures 12 & 17), while the guava moth antennae were approximately 100 

times less sensitive than to the pheromone component (Figures 11 & 16).  Responses to the 

highest loading of each analogue, 100 µg, were not significantly different from the moth 

responses to 10 µg of the pheromone component (12Z)-nondecen-9-one (5) (P > 0.05).  

 

Figure 16. Mean EAG responses (± SEM) of male guava moth to 10 µg of (12Z)-nonadecen-9-one and dose responses 

to (2Z)-nonenyl nonanoate and (4Z)-heptyl undecenoate, (n = 10). Bars that do not have the same letter are significantly 

different (Tukey 95% confidence intervals). 

At the 10 µg loading of each analogue, the guava moth showed no difference in response from 

that of the pheromone component (5) (P > 0.05). This was different to the original screening 

of analogues where the (2Z)-nonenyl nonanoate (10) was significantly different from the 

pheromone component for the guava moth. In the dose response trial, the increase in replicates 

(n = 10 compared with n = 6 in the screening) improved the sensitivity of the test showing a 

significant difference between the control, the 10 µg loading of (2Z)-nonenyl nonanoate (10) 
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and the pheromone component (5) (F13,126 = 30.79, P < 0.001). The raspberry bud moth on the 

other hand, gave similar responses to those seen in the initial screening tests at the 10 µg 

loading of analogues with significant differences between the control and the 10 µg loadings 

of both analogues (F13,70 = 28.23, P < 0.001). 

 

Figure 17. Mean EAG responses (± SEM) of male raspberry bud moth to 10 µg of (12Z)-nonadecen-9-one and dose 

responses to (2Z)-nonenyl nonanoate and (4Z)-heptyl undecenoate, (n = 6). Bars that do not have the same letter are 

significantly different (Tukey 95% confidence intervals). 
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2.4. SSR testing of antennally active ester analogues 

Examination of the male guava moth and raspberry bud moth antenna under an electron 

microscope showed several different receptor cell types (Figure 18). Single sensillum  

a) Guava moth male antenna 

 

 

b) Raspberry bud moth male antenna 

 

 

 

Figure 18. Scanning electron microscope images of male moth antenna. a) Guava moth. b) Raspberry bud moth. 

recordings were conducted from receptors responding to the pheromone component (12Z)-

nonadecen-9-one (5) and/or the analogues, details of the experimental set-up can be found in 

section 9.12 while the results are reported below. Single sensillum recording showed similar 

results to the EAG dose response testing. The pheromone component (12Z)-nondecen-9-one 

(5) and the 100 µg dose of (4Z)-heptyl undecenoate (8) elicited significant responses from the 

antennal ORNs in both species (guava moth F5,60 = 17.18, P < 0.001, raspberry bud moth F5,36 

= 9.91, P < 0.001)  (Figures 19, 20 and Figures  21, 22 respectively).  
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Figure 19. Mean SSR response (± SEM) of male guava moth to 10 µg of (12Z)-nonadecen-9-one and dose responses to 

(2Z)-nonenyl nonanoate and (4Z)-heptyl undecenoate, (n = 11). Bars that do not have the same letter are significantly 

different (Tukey 95% confidence intervals).  

 

Figure 20. Example single sensillum action potentials of male guava moth to pheromone component and analogues. 
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For the guava moth the pheromone component (5) elicited a mean of 139 ± 19 spikes sec-1 (± 

SEM) while the 100 µg dose of (4Z)-heptyl undecenoate (8) elicited a mean of 82 ± 16 spikes 

sec-1 (± SEM) (Figure 19). The other treatments gave intermittent responses, sometimes 

causing the ORN to fire (Figure 20), while other times they did not respond at all. Only the 

pheromone component (12Z)-nondecen-9-one (5) and the 100 µg dose of (4Z)-heptyl 

undecenoate (8) consistently triggered responses from all the sensilla tested. The raspberry bud 

moth responded similarly. Here the pheromone component elicited a mean of 114 ± 25 spikes 

sec-1 (± SEM) while the 100 µg dose of (4Z)-heptyl undecenoate (8) elicited a mean of 86 ± 18 

spikes sec-1 (± SEM) (Figure 21). Again, the other treatments gave intermittent responses, 

 

Figure 21. Mean SSR response (± SEM) of male raspberry bud moth to 10 µg of (12Z)-nonadecen-9-one and dose 

responses to (2Z)-nonenyl nonanoate and (4Z)-heptyl undecenoate, (n = 7). Bars that do not have the same letter are 

significantly different (Tukey 95% confidence intervals). 

sometimes causing the ORN to fire (Figure 22), while at other times they did not and hence 

were not significantly different from the control. For both species only one type of spike was 

observed in the SSR testing so it was unclear whether or not more than one ORN was present 

in the sensilla recorded from. This intermittent ORN firing may have been due to different 

ORNs for each component of the pheromone on different sensilla. This may be especially true 

for the guava moth since its pheromone blend consists of at least three (7Z)-alken-11-ones. 
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Concurrently, the shape of each analogue and its fit within the receptor protein will be 

determining the degree of response. 

 

Figure 22. Example single sensillum action potentials of male raspberry bud moth to pheromone component and 

analogues. 

The shift of the ether oxygen position between the two ester analogues showed an effect on the 

ORNs of both species. Both moth species responded most strongly to the (4Z)-heptyl 

undecenoate (8) out of the analogues tested. This indicates that the original pheromone 

configuration between the (Z) double bond and carbonyl is the most important feature of the 

molecule with regard to its fit within the receptor protein. When the ether oxygen of the ester 

analogue was contained between the (Z) double bond and carbonyl as in the (2Z)-nonenyl 

nonanoate (10), the response of both moth species was not significantly different to that of the 

solvent puff. 

The test puff of the mixture of compounds to identify the active ORNs at the start of SSR 

testing did not inhibit responses to the individual compounds tested indicating that none of the 

compounds were binding irreversibly to the receptor proteins of either moth species.   
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2.5. Field testing of ester analogues 

Field trapping trials were conducted in summer of 2019/2020. Full experimental details can be 

found in section 9.13. Trapping trials for raspberry bud moth recorded a total male moth catch 

of 1,362 across four replicates over two weeks (Figure 23). On the other hand, trapping trials 

for guava moth recorded a total male catch of only 308 moths across five replicates over three 

weeks (Figure 24). Both trials were hindered by patchy distribution of moths, while the guava 

moth trial was also affected by a low moth population, which reduced the statistical power of 

the analysis. A Kruskal-Wallis test was used to confirm that the pheromone and zero catch 

traps were indeed different for the guava moth (P = 0.037) before the zero catch treatments 

were omitted from the statistical calculations.  

 

 

Figure 23. Mean catch per trap (± SEM) of raspberry bud moth males to sex pheromone and pheromone analogues 

alone and in combination. Treatments with the same letter are not significantly different (Tukey’s test, P < 0.05). An * 

indicates a trap catch of zero for all traps of that treatment. Total number of male moths caught over two week trapping 

period was 1362 across four replicates. 
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 The pheromone traps for the raspberry bud moth had a mean catch of 148 ± 61 (± SEM) moths 

per trap while traps containing (2Z)-nonenyl nonanoate (10) or (4Z)-heptyl undecenoate (8) 

caught a total of zero moths. The zero catch here showed that neither analogue was attractive 

to the raspberry bud moth. Traps loaded with a 1:1 blend of (2Z)-nonenyl nonanoate (10) and 

pheromone had a mean catch of 63 ± 11 (± SEM) moths per trap while those loaded with a 1:1 

blend of (4Z)-heptyl undecenoate (8) and pheromone had a mean catch of 63 ± 32 (± SEM) 

moths per trap. At the higher analogue dose of 10:1 the (2Z)-nonenyl nonanoate (10) and 

pheromone mix had a mean catch of 61 ± 26 (± SEM) moths per trap while the (4Z)-heptyl 

undecenoate (8) and pheromone mix had a mean catch of 6 ± 3 (± SEM) moths per trap. Only 

the 10:1 (4Z)-heptyl undecenoate (8) and pheromone mix catch per trap was significantly 

different from the mean pheromone catch per trap (F4,15 = 5.48, P = 0.006) (Figure 23). 

The pheromone traps for the guava moth had a mean catch of 10 ± 4 (± SEM) moths per trap 

while traps containing (2Z)-nonenyl nonanoate (10) or (4Z)-heptyl undecenoate (8) caught a 

total of zero moths. The zero trap catch here was expected since the guava moth relies on a 

four component blend for attraction.32 Traps loaded with a 1:1 blend of (2Z)-nonenyl nonanoate 

(10) and pheromone had a mean catch of 20 ± 11 (± SEM) moths per trap while those loaded 

with a 1:1 blend of (4Z)-heptyl undecenoate (8) and pheromone had a mean catch of 17 ± 8 (± 

SEM) moths per trap. At the higher analogue dose of 10:1 the (2Z)-nonenyl nonanoate (10) 

and pheromone mix had a mean catch of 12 ± 7 (± SEM) moths per trap while the (4Z)-heptyl 

undecenoate (8) and pheromone mix had a mean catch of 2 ± 1 (± SEM) moths per trap. None 

of the treatments were significantly different from one another (F4,20 = 1.97, P = 0.138) (Figure 

24). 

The trapping trials for the raspberry bud moth indicated that field behaviour aligned well with 

the SSR testing, both showing that only the highest dose of (4Z)-heptyl undecenoate (8) 

produced a significant result compared with control traps. The 10:1 ratio of (4Z)-heptyl 

undecenoate (8) to the pheromone gave a reduction in trap catch of over 95% compared to the 

pheromone alone, showing that the (4Z)-heptyl undecenoate (8) was having a strong inhibitory 

effect on raspberry bud moth. 
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Figure 24. Mean catch per trap (± SEM) of guava moth males to sex pheromone and pheromone analogues alone and 

in combination. Treatments with the same letter are not significantly different (Tukey’s test, P < 0.05). An * indicates 

a trap catch of zero for all traps of that treatment. Total number of male moths caught over three week trapping period 

was 308 across five replicates. 

The guava moth showed similar results, with neither analogue alone showing any attraction.  

An effect from the highest dose of the (4Z)-heptyl undecenoate (8) in combination with the 

pheromone was expected, yet its trap catch of two moths per trap was not significantly different 

from the pheromone catch of 10 moths per trap. This may have been due to the low overall trap 

catch of the trial failing to give sufficient sensitivity with stochasticity at low density, or 

alternatively could have resulted from separate ORNs for each component of the pheromone. 

If the latter is the case, then the receptors for the other (7Z)-alken-11-ones of the guava moth 

pheromone may be receiving enough signal from those pheromone components for attraction. 

Or put another way, the (4Z)-heptyl undecenoate (8) may not be disrupting these other (7Z)-

alken-11-one receptors as well as it is disrupting or binding to the (12Z)-nondecen-9-one 

receptor. 
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The (4Z)-heptyl undecenoate (8) with its strong inhibitory effect on raspberry bud moth trap 

catch has potential as a mating disruption agent.119,120 Demand for pesticide free fruit and more 

environmentally-friendly pest management techniques have seen mating disruption develop as 

a successful pest control tool based on pheromone technology.107,108 Here the pheromone or 

analogue dispensers are placed throughout the orchard or crop, they are not sprayed directly on 

to the fruit like pesticide treatments, meaning the fruit has much lower residues from the pest 

management treatment. Mating disruption also has the added advantage of only targeting the 

pest species. It is hoped (4Z)-heptyl undecenoate (8) can now be investigated as a mating 

disruption tool for commercial berry fruit crops.  
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 Carbonyl analogues for carposinid 

moths 
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3.1. Analogue synthesis 

Following the success of the ester analogue (8) from Chapter 2, expectations were high for the 

second set of analogues to be made, those with changes made directly to the C = O double bond 

of the carbonyl. The synthetic pathways to these analogues are presented below (Schemes 4-6) 

and specific details are provided in section 9.9. Starting with the previously prepared (12Z)-

nonadecen-9-one (5) a series of functional group interconversions were attempted (Scheme 4), 

beginning with the methylene analogue, (7Z)-11-methylenenonadecene (12). 

O
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Scheme 4. Functional group transformations from ketone pheromone component, (12Z)-nonadecen-9-one  

The methylene analogue (12) was prepared via an alkene forming Wittig reaction. The 

commercially available phosphonium salt, methyltriphenylphosphonium iodide was converted 

to the ylide using potassium hexamethyldisilazide as the base. The reaction proceeded well 

giving the (7Z)-11-methylenenonadecene (12) in 63% yield. The product was tentatively 

identified as (7Z)-11-methylenenonadecene (12) based on GC-MS analysis which showed m/z 

278 [M]+ representing the desired molecular ion. The 1H NMR data showed two new proton 

singlets at 4.71 ppm (H-1´) and 4.72 ppm (H-1´), assigned to the two methylene protons from 

the = CH2. The 13C NMR also supported the methylene formation with a resonance at 108.7 

ppm for the terminal = CH2 group (C-1´), and a resonance at 149.8 ppm for the internal R2C = 
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of the vinylidene (C-11) along with the absence of a ketone carbonyl resonance. The IR data 

also supported the formation of a methylene analogue with a strong signal at 889 cm-1 and a 

medium signal at 1646 cm-1 both characteristic of a vinylidene group. The combined data gave 

a strong indication that the synthesis of (7Z)-11-methylenenonadecene (12) was successful. 

The (12Z)-nonadecen-9-amine (13) was likewise prepared from (12Z)-nonadecen-9-one (5) via 

a reductive amination using sodium cyanoborohydride as the base. The reaction gave a low 

yield of 33%, but was sufficient for the compound testing required. Initial analysis by GC-MS 

showed m/z 281 [M]+ representing the desired molecular ion. Further analysis by HRMS gave 

the molecular formula of C19H40N, representing the desired [MH]+. The 1H NMR data showed 

a new quintet (J = 6.4 Hz) proton resonance at 3.15 ppm (H-9), assigned to H – CR2NH2. The 

13C NMR also supported the amine formation with a resonance at 52.2 ppm for the carbon 

attached to the amine group and loss of the ketone resonance. The N – H bend at 1612 cm-1 

and 722 cm-1 in the IR spectrum were also supportive of an amine. The combined data gave a 

strong indication that the synthesis of (12Z)-nonadecen-9-amine (13) was successful. 

Next, the imine (12Z)-N-(nonadecen-9-ylidene)cyclopropanamine (14) was prepared also 

starting from the (12Z)-nonadecen-9-one (5). Initial attempts at this reaction used Na2SO4 as 

the dehydrating agent to remove the water formed (and prevent the reverse reaction) were 

unsuccessful. Molecules sieves were tried in place of the Na2SO4 and this worked well, with 

the reaction running to completion. Preliminary analysis by GC-MS showed m/z 319 [M]+ 

representing the desired molecular ion. However, upon exposure to moisture from the air, the 

reverse hydrolysis reaction was favoured and the imine (14) returned to the ketone (5) inside 

of one hour (Figure 25). Due to this instability under ambient conditions no further testing was 

conducted with the imine since it did not represent a viable option as a pest management tool. 
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Figure 25. Reversion of the imine analogue to the ketone, (12Z)-nonadecen-9-one, on exposure to moisture from the air 

Attempts were also made to prepare the thione, (12Z)-nonadecene-9-thione from the ketone (5) 

using Lawesson reagent. However, multiple attempts at this varying both the reaction 

conditions and the batch of reagent itself, proved unsuccessful. Investigation in the literature 

showed that Camps et al. had experienced similar problems with Lawesson reagent when trying 

to prepare moth pheromone like structures and had to resort to alternative methods.46 Rather 

than pursue such alternative routes to the thione, it was decided there were already sufficient 

analogues to test, so the thione was abandoned. 

In a similar fashion to the function group transformations listed above, the methyl ether 

analogue (7Z)-11-methoxynonadecene (15), was prepared from the alcohol precursor of the 

pheromone, (12Z)-nonadecene-9-ol (4) below (Scheme 5). First, methyl iodide was prepared 

via the reaction of methanol and concentrated hydroiodic acid in water,121 with the methyl 

iodide being distilled off. The alcohol (4) was first treated with the base NaH, then the methyl 

iodide was added as a methylating agent. The reaction proceeded well giving (7Z)-11- 
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Scheme 5. Synthesis of methyl ether analogue 

methoxynonadecene (15) in a 60% yield. Initial analysis by GC-MS showed m/z 296 [M]+ 

representing the desired molecular ion, while further analysis by HRMS gave the molecular 

formula of C20H40NaO, representing the desired [MNa]+. The 1H NMR data showed a new 

three proton singlet at 3.32 ppm (Me), assigned to the methyl group attached to the ether 

oxygen. The 13C NMR also supported the formation of a methyl ether with a resonance at 56.3 

ppm for the methyl carbon attached to the oxygen of the ether. The IR data also supported the 

formation of a methyl ether analogue with a strong signal at 1100 cm-1 characteristic of a C – 

O – C group. The combined data gave a strong indication that the synthesis of (7Z)-11-

methoxynonadecene (15) was successful. 

Synthesis of the sulfoxide analogue (3Z)-1-(octylsulfinyl)-decene (19) (Scheme 6), began with 

the preparation of (3Z)-decen-1-ol (16) from the related alkyne using Lindlar’s catalyst. This 

reaction proceeded extremely well giving alcohol (16) in an excellent 95% yield and high 

isomeric purity. Initial GC-MS analysis of the alcohol (16) product showed m/z 156 [M]+ and 

m/z 138 [M-18]+ representing the desired molecular ion and the characteristic loss of water 

from the alcohol respectively. The identity of the product was confirmed by 1H NMR which 

showed two characteristic one proton resonances at 5.33-5.40 ppm and 5.53-5.61 ppm assigned 

to H-3 and H-4 respectively on the double bond matching the 1H NMR data reported by Alonso 

et al.122  

The next step, mesylation of alcohol (16) gave (3Z)-decenyl methanesulfonate (17) in excellent 

yield of 98%. The product was first checked by GC-MS and showed m/z 234 [M]+ representing 

the desired molecular ion. Further analysis by HRMS gave the molecular formula of 

C11H22NaO3S, representing the desired [MNa]+. The 1H NMR data showed a new three proton 

singlet at 3.00 ppm assigned to the methyl group attached to a sulfonate, while the new two 
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proton triplet (J = 7.0 Hz) at 4.21 ppm was assigned to O – CH2R adjacent to the mesylate (H-

1).  The 13C NMR also supported the mesylate formation with a resonance at 37.5 ppm for the 

methyl group attached to the sulfonate group and a resonance at 69.3 ppm for the carbon 

adjacent to the mesylate (C-1). The IR data also supported the formation of a mesylate with 

strong signals at 1171 cm-1 and 1352 cm-1 characteristic of the S = O bonds of a sulfonate. The 

combined data gave a strong indication that the synthesis of (3Z)-decenyl methanesulfonate 

(17) was successful. 

Hexane, 95%

MsCl, Et3N

CH2Cl2
98%

16

17

18
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OH
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Scheme 6. Synthesis of sulfoxide analogue 

The mesylation was followed by the formation of the thioether, (3Z)-decenyl(octyl)sulfane (18) 

which proved to be the most difficult part of this synthetic route. Calcium ethoxide was first 

prepared from CaH2 and ethanol. This was then used to form the thiolate for a Williamson 

ether-like synthesis. Initial attempts using solvents purged with argon proved ineffective, with 

the thiolate preferentially forming a disulfide rather than the desired thioether. More rigorous 

degassing of the solvent using the Freeze-Pump-Thaw123 technique reduced the unwanted 

disulfide formation, giving the target compound (3Z)-decenyl(octyl)sulfane (18) with a 

satisfactory yield of 54%. The product was first checked by GC-MS and showed m/z 284 [M]+ 
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representing the desired molecular ion. Further analysis by HRMS gave the molecular formula 

of C18H36NaS, representing the desired [MNa]+. The 1H NMR data showed a new six proton 

resonance at 0.86-0.90 ppm assigned to two methyl groups (H-10, H-8´) while the new 18 

proton multiplet at 1.24-1.38 ppm was assigned to five new – CH2 – environments (H-3´, H-

4´, H-5´, H-6´, H-7´) contained within a hydrocarbon chain. The new four proton resonance at 

2.49-2.55 ppm was assigned to the protons on the two α-carbons to the sulfur group – CH2 – S 

– CH2 – (H-1, H-1´). Similarly, the 13C NMR also supported this with resonances at 32.1 and 

32.2 ppm for the two α-carbons to the sulfur group – CH2 – S – CH2 – (C-1, C-1´). The IR data 

provided little additional information since the C – S bond typically gives weak signals with a 

variable position between 600 – 700 cm-1.124 The combined data gave a strong indication that 

the synthesis of (3Z)-decenyl(octyl)sulfane (18) was successful. 

The final step of the synthesis was the oxidation of the thioether (18) to the target sulfoxide 

(3Z)-1-(octylsulfinyl)decene (19) using the TeO2-H2O2 system of Kwan et al.125 This reaction 

proceeded well giving the sulfoxide (19) in 87% yield. Initial analysis by GC-MS proved 

unsuccessful, as the compound appeared to break up in the injection port. Further analysis by 

HRMS gave the molecular formula of C18H36NaOS, representing the desired [MNa]+. The 1H 

NMR data showed a new four proton resonance at 2.60-2.74 ppm assigned to the protons of 

the carbons bound to either side of the sulfoxide (H-1, H-1´). Similarly, the 13C NMR also 

supported this with resonances at 52.3 and 52.5 ppm for the two carbons bound to the sulfoxide 

(C-1, C-1´). The IR data also supported this with a strong signal at 1026 cm-1 characteristic of 

a S = O group. The combined data gave a strong indication that the synthesis of (3Z)-1-

(octylsulfinyl)decene (19) was successful. 
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3.2. EAG testing carbonyl analogues  

Based on the previous EAG testing, a dose of 10 µg was once again chosen for the second 

round of analogue testing. For the raspberry bud moth only the pheromone component (5) and 

the alcohol analogue (4) gave EAG responses that were significantly different from the DCM 

control puff (Figure 26). From the previous trials with ester analogues it was surprising to get 

only one analogue giving a very minor response. When the alcohol’s (4) tetrahedral structure 

was considered, compared to the planar structure of the pheromone, it seemed unlikely that 

only this analogue would give a response. The methylene analogue (12) was planar like the 

pheromone while the sulfoxide analogue (19) had an oxygen with a double bond. Meanwhile 

the methyl ether (15) and amine analogues (13) were similar tetrahedral structures to the 

alcohol analogue (4). This led to further investigation of the alcohol analogue (4). 

 

Figure 26. Mean EAG responses (± SEM) of male raspberry bud moth to 10 µg of pheromone component (12Z)-

nonadecen-9-one and pheromone analogues, (n = 5). Bars that do not have the same letter are significantly different 

(Tukey 95% confidence intervals).  

Since the alcohol had not been freshly prepared, (it was a sample saved from the previous trial) 

it seemed possible that a small amount of the alcohol may have oxidised to the pheromone 

component (12Z)-nonadecen-9-one (5). However, initial GC-MS analysis of a dilute solution 

of alcohol (4) had shown no sign of the pheromone component.  The ketone (5) and alcohol 
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(4) were already known to separate well on the GC, so coupled GC-EAD tests were run with 

three different moths testing the concentrated alcohol analogue (4) solution that had been used 

for the EAG experiments above. Here a response was observed from all three moths to a small 

peak before the main alcohol peak (Figure 27), which based on retention time, matched that of 

the ketone pheromone component (5). To confirm there was no lag in the system, and that the 

response was indeed from the ketone (5) and not the alcohol (4), 5 ng of the pheromone 

component was also tested in subsequent runs. These GC-EAD runs showed that the alcohol 

analogue (4) solution did contain very small amounts of the pheromone component (5) (< 1%). 

Based on these GC-EAD runs the response seen from raspberry bud moth to the alcohol 

analogue (4) solution in previous EAG experiments were attributed to the small amount of the 

ketone pheromone (5) present in the alcohol analogue (4) solution. Hence none of the analogues 

with changes at the carbonyl were biologically active with raspberry bud moth. 

  

 

Figure 27. Example GC-EAD responses of male raspberry bud moth (n = 3) to the alcohol analogue solution (left) and 

pheromone component (right).  

Guava moth responded similarly, only giving a weak response to the alcohol analogue (4), all 

other analogues were not significantly different from the control DCM puff (Figure 28).  
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Figure 28. Mean EAG responses (± SEM) of male guava moth to 10 µg of pheromone component (12Z)-nonadecen-9-

one and pheromone analogues, (n = 5). Bars that do not have the same letter are significantly different (Tukey 95% 

confidence intervals). 

Again, GC-EAD analysis was run with the alcohol analogue (4) solution from the EAG testing 

on guava moth to isolate the response from that solution. Again, the small ketone peak before 

the alcohol analogue (4) was observed to give a response from the guava moth male antenna 

(Figure 29). 

 

Figure 29. Example GC-EAD responses of male guava moth (n = 3) to the alcohol analogue solution. 

0

200

400

600

800

1000

1200
A

n
te

n
n

al
 d

ep
o

la
ri

sa
ti

o
n

, µ
V

Compound tested

Antennal response 

of guava moth 

Pheromone (5) 

contaminant 

1000 ng of alcohol 

analogue (4)  

a 

cd cd 
bc bc 

b 

d 



 

59 

 

Due to their lack of activity with EAG testing, SSR testing and field testing were not conducted 

with the carbonyl analogues.  

The lack of response from the two moth species to the carbonyl analogues was both surprising 

and disappointing. The initial success of the ester analogues had been very encouraging, and it 

was hoped that this series of analogues would produce more potential pest management tools, 

unfortunately that was not the case. From comparison with other moth families it is interesting 

that only the ester analogues gave responses for the carposinids. For the more widely studied 

tortricid and noctuid moth families, multiple functional groups have been found to be 

antennally active as analogues.50,126,127 However, these are typically analogues of the Type I 

moth pheromones that naturally show variation in functional group (alcohol, acetate and 

aldehyde), double bond position (C-3 to C-13) and configuration (Z or E), since it is these 

variations that the moth species use for their reproductive isolation.7,52 For the few carposinid 

sex pheromones identified to date, there is no variation in functional group or double bond 

location and geometry, so perhaps it should be expected that few analogues will be detected by 

these moths. This of course could change, and new opportunities arise as more is learnt about 

the reproductive behaviour and pheromone chemistry of the wider carposinid family.  

Concomitant to the search for pheromone analogues, the raspberry bud moth sex pheromone 

was also re-visited, since it seemed unusual that raspberry bud moth only had one component 

identified as its sex pheromone, when both other species of carposinid moth used multiple 

components in their pheromone blends. 
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 Re-investigation of raspberry bud 

moth sex pheromone  
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Tricosene Improves Pheromone Trap Catch of Raspberry Bud Moth, Heterocrossa rubophaga. 

J. Chem. Ecol. 2020, 46, 830-834. https://doi.org/10.1007/s10886-020-01205-2  

Reprinted with permission from Springer Nature. Copyright © 2020, Journal of Chemical 
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Raspberry bud moth sex pheromone was initially investigated in the late 1990s.31 Since then 

instrument sensitivity and experimental techniques for the identification of low level volatiles 

have improved. With the improved GC-MS sensitivity, the pheromone chemistry of the 

raspberry bud moth was re-investigated with the hope of finding additional components to 

increase the effectiveness of the sex pheromone’s attractiveness.  

4.1. Isolating the sex pheromone 

Initial investigation focused on air entrainments collected from individual calling females. This 

was the preferred method of pheromone determination, since the actual pheromone being 

released into the air is captured rather than the more traditional gland extraction method which 

focuses on the compounds contained in the body, which may or may not be released into the 

air.94 However, theory and practice failed to meet here as the volatile collections from single 

moths produced very low levels of volatiles and the previously identified sex pheromone 

component (12Z)-nonadecen-9-one was not observed. Unfortunately, the small raspberry bud 

moth colony only produced one female at a time so that large-scale volatile collections from 

multiple insects at once were not possible. Instead, the more traditional gland extraction 

technique was used since the pheromone gland of an individual female could be excised then 

stored at -80°C until the next female emerged allowing the extracted glands to be easily pooled. 

Analysis of a pooled sample containing five female glands showed the reported pheromone 

component (12Z)-nonadecen-9-one along with an unidentified alkene and a range of alkanes 

(Figure 30). The alkanes were the largest peaks in the extract, yet as solids at room temperature 

it seemed unlikely that they would be candidates for airborne attractants. This left the alkene 

as the sole compound of interest. 

 

Figure 30. Chromatograph of female glands extracted from raspberry bud moth. Unmarked peaks are all alkanes. 
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4.2. Identification and microchemical analysis of the unknown alkene 

Analysis of the mass spectrum of the unknown alkene (Figure 31) showed a molecular ion at 

m/z 322 [M+] and characteristic CnH2n-1
+ ion series indicative of a 23 carbon alkene.  

 

Figure 31. Mass spectrum of unknown alkene from raspberry bud moth gland extract. 

Reaction of dimethyl disulfide (DMDS) with the female gland extract resulted in the loss of 

the alkene peak as expected, along with the emergence of a new peak late in the chromatograph 

(Figure 32). 

 

Figure 32. Tracking DMDS reaction via GC-MS. 

Analysis of the DMDS adduct showed diagnostic ions at m/z 145 and m/z 271, with a molecular 

ion at m/z 416 [M+] indicative of a 7-tricosene isomer (Figure 33).  
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Figure 33. DMDS adduct. Top, mass spectra. Bottom, schematic showing characteristic fragmentation of adduct. 

Injection of synthetic standards of (7Z)-tricosene (Kovats retention index = 2280) and (7E)-

tricosene (Kovats retention index = 2285) revealed the moth compound to be (7Z)-tricosene at 

a ratio of approximately 2.3:1 compared to (12Z)-nonadecen-9-one. Based on the gland extract 

each female gland was estimated to contain 1.8 ng of (7Z)-tricosene and 0.8 ng of (12Z)-

nonadecen-9-one. The (7Z)-tricosene is the same alkene that is present in the guava moth 

pheromone gland. 
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4.3. Testing the biological activity of (7Z)-tricosene 

Antennal testing was conducted using synthetic material, as all of the gland extract was used 

in the DMDS reaction. Dose response testing showed that (7Z)-tricosene was active on the 

raspberry bud moth antenna with loadings ≥ 1 µg in the odour cartridge giving responses 

significantly greater than the DCM control (P < 0.001). 

 

Figure 34. Mean EAG responses (± SEM) of male raspberry bud moth to (7Z)-tricosene, (n = 10). Bars that do not have 

the same letter are significantly different (Tukey 95% confidence intervals). 

Based on the gland extract it was not known how much of, or if at all, (7Z)-tricosene was 

volatilised as a component of the airborne pheromone. Therefore, field trapping trials were 

planned with doses both above and below the amount found in the gland to test for attraction 

and concomitantly optimize the dose. Specific details of the trial can be found in section 9.13.3 

and the results are presented below. 

Over the course of the trapping trial 3,153 male raspberry bud moth were captured. Traps baited 

with (12Z)-nonadecen-9-one alone had a mean catch of 83 ± 30 (±SEM) male moths per trap. 

Traps baited with combinations of (12Z)-nonadecen-9-one and (7Z)-tricosene at ratios of 1:1, 

1:2.3 and 1:3.7 had mean catches of 178 ± 43, 179 ± 32 and 191 ± 37 (±SEM) respectively. 

Traps baited with a combination of (12Z)-nonadecen-9-one and (7Z)-tricosene caught 

significantly more male moths than traps baited with (12Z)-nonadecen-9-one alone (P = 0.003) 

(Figure 35). There was no significant difference in trap catch between treatments baited with 

both components in various doses (P > 0.05). Blank traps (DCM) and traps baited with (7Z)-

tricosene alone did not catch any moths. 
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Figure 35. Mean catch per trap (± SEM) of raspberry bud moth males to sex pheromone gland components alone and 

in combination (n = 5). Pheromone (P) = (12Z)-nonadecen-9-one, Alkene (A) = (7Z)-tricosene. Treatments with the 

same letter are not significantly different (Tukey 95% confidence intervals). An * indicates a trap catch of zero for all 

traps of that treatment. 

Based on the results here, it appears that only the presence or absence of the alkene affects trap 

catch with no significant difference seen between the catch of the three different doses. For 

growers looking to use this improved blend for monitoring, the lowest tested alkene dose, 300 

µg of (12Z)-nonadecen-9-one plus 300 µg of (7Z)-tricosene is recommended. The improved 

sensitivity of this lure also lends itself to possible development as a pest management tool such 

as a mating disruptant or as part of an attracticide.   

The identification here of a second carposinid moth using an alkene as part of its pheromone 

blend from the three identified to date suggests alkenes are likely to be found in more moths of 

this family. While their mechanism of biosynthesis remains unknown, the use of a (Z) monoene 

alkene and the related ketone does bear a certain similarity to the Type II moth pheromones 

using the (Z) diene and triene alkenes with related epoxides. 9 Although it seems unlikely that 

the carposinid compounds are originating from linoleic acid derivatives like those of the 

classical Type II pheromones, due to the double bond locations falling outside the C6 and C9 

positions 128,  the Type II moth pheromone class could be expanded to include these compounds 

in the future. 
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The identification of (7Z)-tricosene and its addition to (12Z)-nonadecen-9-one provides an 

improved monitoring tool of raspberry bud moth for berry growers, while expanding our 

knowledge of the pheromone chemistry of the little studied family Carposinidae.  

While these pheromone and pheromone analogues of the previous chapters can be used in pest 

management to target the male moths, there was also a need for tools targeting the female 

moths. Hence the investigation of host plant volatiles as potential female attractants was run in 

parallel to the pheromone work above.  
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 Host plant volatiles of raspberry bud 

moth 
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Here begins the work on semiochemicals for the female carposinid moths. The focus here was 

on the host plant volatiles which are believed to act a oviposition cues for the female moths.15  

5.1. Volatile collection method development 

For the raspberry bud moth host plants, the target area for collecting plant volatiles was the 

growing shoot tips and new leaves, since these are infested by bud moth all year round. Based 

previous experience with other plants,91 sampling from the leaves only would mean it was 

likely that plant volatiles would be present at very low levels.  The first volatile collection 

system tried, took this into account by using small custom built two-piece glass chambers to 

encase the growing shoot tip and leaves (Figure 36a). Using a dynamic ‘pull’ headspace system 

(where a suction pump on the Tenax trap drives the system), air entered the glass chamber 

through a charcoal filter, while volatiles produced were trapped on 100 mg of Tenax#-GR 

35/60 (per tube). With the small sampling volume, air flow through the system was set to ca. 

100 mL/min. Two Tenax traps were used in series to monitor for breakthrough (Figure 36a). 

Volatiles were collected and compounds were eluted from the Tenax trap with 1.2 mL of 

distilled hexane and ethyl acetate. This initial attempt was unsuccessful, even when samples 

were concentrated 100 times there proved to be insufficient volatiles captured for GC-MS 

analysis. 

a) Growing tip sampling 

 

b) Whole plant sampling 

 

        Control                 Boysenberry           Bush lawyer 

(empty bag and foil) 

Figure 36. In situ volatile sampling of raspberry bud moth host plants. a) Volatile collection from growing tip of mature 

Boysenberry plant. b) Volatile collection from whole Boysenberry dib and bush lawyer seedling. Photos A.M. Twidle 
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The next method tried whole plant sampling from both Boysenberry dibs and bush lawyer 

seedlings as this has been successfully used to isolate volatiles in other plant systems.91,129  Here 

the soil pot was foil wrapped to hold moisture in, then encased in a PET Glad© oven bag to 

exclude soil odours from the sampling system. The whole system was then bagged and sampled 

from using a dynamic ‘pull’ headspace system similar to the first system above, scaled up for 

the use of the bag and whole plant (Figure 36b). However, this too proved unsuccessful as the 

seal of the bag around the soft stem of the plant was unable to be tightened sufficiently without 

crushing the plant tissue. Hence the slight negative pressure created by suction through the 

Tenax trap meant that air was drawn in around the seal of the bag. Even though compounds 

could be seen in the GC-MS, the contamination of the system from the negative pressure 

created by the suction was too high for reliable results. For very low level volatile emissions 

other researchers have used thermal desorption since the whole sampled collected can be sent 

to the GC-MS.130 However, this was not ideal here because some of the sample was to be set 

aside for use with antennal testing and/or microchemical derivatisations for subsequent 

compound identifications. 

The next method tried was a dynamic ‘push-pull’ headspace sampling system (Figure 37a), 

rather than the ‘pull’ system above. Here air was pumped into the system through the charcoal 

filter (500 mL/min) while at the same time air was being drawn out of the system through the 

Tenax trap (400 mL/min), hence a positive pressure was established inside the system. This 

meant odours from the soil and lab would be totally excluded from the system headspace. Low 

a) Push-pull dynamic headspace sampling 

 

b) Dual phase volatile trap 

 

Figure 37. Push-pull dynamic headspace sampling of raspberry bud moth host plants. a) Sampling set-up b) Two phase 

sampling trap. Photos A.M. Twidle 
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boiling point solvents were also used to elute the Tenax traps, which allowed vigorous 

concentration of the samples without major losses of plant volatiles from within the samples. 

Concomitant breakthrough testing using Tenax traps in series was also conducted and 

unfortunately breakthrough of α-pinene was observed in the bush lawyer samples (Figure 38a). 

To overcome this a second volatile trap consisting of 50 mg of activated charcoal was placed 

in series after the Tenax trap while the air flow in and out of the system was reduced to 200 

mL/min and 100 mL/min respectively. Subsequent testing showed no obvious breakthrough 

with the second charcoal tube in line. It also showed the presence of another unknown small 

molecule previously not captured by the Tenax traps. Based on these results new two phase 

volatile sampling traps were constructed from Tenax GR and activated charcoal (Figure 37b). 

These new two phase traps showed excellent volatile capture performance and no breakthrough 

of small molecules and monoterpenes when compared to the standard Tenax traps (Figure 38).  

a) Tenax GR trap 

 

b) Tenax GR and charcoal trap 

 

Figure 38. Breakthrough testing for volatile collections from bush lawyer, top chromatogram is from first adsorbent 

tube, while bottom chromatogram is from second adsorbent tube in series. a) Sampling with Tenax GR only. b) 

Sampling with dual phase Tenax GR - charcoal.  

Due to the success of these two phase sampling traps, they were used for all subsequent volatile 

sampling of raspberry bud moth host plants. Specific experimental details for volatile 

collections from all raspberry bud moth host plants can be found in section 9.5.1 and the results 

are reported below.  
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5.2. Headspace analysis and compound identification 

The combined headspace of the three Rubus species host plants for raspberry bud moth (Table 

6) was made up predominantly of terpenes, fatty acid derivatives and aromatic compounds. 

More than 90 compounds were found across the species, while 30 compounds were common 

to all three Rubus species. The headspace of in situ bush lawyer seedlings consisted mainly of 

terpenes with β-elemene, trans-β-ocimene, β-caryophyllene, and α-pinene being the most 

abundant respectively while an unknown aromatic compound was also prolific.  

Table 6. In situ volatiles from seedlings of raspberry bud moth host plants; bush lawyer (Rubus cissoides), Boysenberry 

(Rubus ursinus ‘Mapua’) and blackberry (Rubus fruticosus). The values represent the relative percentage of the plant 

headspace following normalisation to the internal standard. 

Compound 
Retention Index Host plant 

DB-5ms DB-wax Bush lawyer Boysenberry Blackberry 

(3Z)-Hexen-1-ol (plus co-eluting 

unknowns) 

853-8 1392 (NC) 0.54 0.15 15.73 

(2E)-Hexen-1-ol  862 1414   tr 

Hexan-1-ol (co-eluting unknowns in 

bush lawyer) 

866-7 1360 (NC) 1.24 0.08 0.27 

2-Heptanone 886 1187  1.27 0.64 

2-Heptanol* (nonane co-eluting in 

bush lawyer) 

899-900 1325 

(900) 

0.78 0.51 0.62 

α-Pinene* 932 1023 5.96 1.75 2.50 

Unknown monoterpene 1 950 NC 0.27   

Benzaldehyde 960-1 1537 0.39 tr  

Unknown monoterpene 2 972 NC 0.15   

β-Pinene* 977 1113 2.01 0.32 tr 

6-Methyl-5-heptene-2-one 983 1345 0.28 tr  

β-Myrcene  988-9 1166  0.81 tr 0.55 

Unknown aromatic 1 993 NC 0.35   

(3Z)-Hexenyl acetate  1004 1323 1.41 10.21 12.01 

Hexyl acetate 1011 1277  tr tr 

(2E)-Hexenyl acetate   1014 1339 tr   

Unknown 1 1020 NC 0.35   

p-Cymene 1025 1277 0.69 0.28 tr 

Limonene* 1029 1204 1.73 1.47 tr 

cis-β-Ocimene 1035 1238 0.20 tr 0.14 

trans-β-Ocimene 1046 1255 7.01 1.96 7.00 

Unknown 2 1059 NC  tr  

Unknown 3 1064 NC tr  0.18 

Linalool oxide isomer 1071 1455 0.50 0.13 0.36 

Linalool oxide isomer 1087 1483 0.52 0.15 0.18 

Unknown 4 1091 NC 0.20  1.04 

Linalool*  1100 1552 1.72 0.17 tr 

Undecane 1100 1100 tr tr 0.64 

Nonanal 1105 1400 2.62 tr tr 

Unknown 5 1107 NC tr   

Unknown 6 1110 NC tr   

4,8-Dimethyl-1,3(E),7-nonatriene 1113 1310 tr 14.81 15.21 

Allo-Ocimene 1128 1378  tr tr 

Cosmene 1130 1453  tr 0.17 

Unknown 7 1148 NC 0.32 tr 0.42 

(3Z)-Hexenyl butyrate 1184 1467  tr 2.29 

Hexyl butanoate 1189 1421    

Methyl salicylate  1191-93 1795 0.18 4.91 2.55 

α-Terpineol* (Myrtenal in 

Boysenberry) 

1196 1711 

(1649) 

0.82 tr  
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Compound continued 
Retention Index Host plant 

DB-5ms DB-wax Bush lawyer Boysenberry Blackberry 

Decanal  1206 1506 1.02 tr tr 

Cosmen-2-ol 1207 1828    

Unknown 8 1220 NC 0.18   

Unknown 9 1227 NC tr   

Hexenyl methylbutanoate isomer 1230 1479  0.11 3.69 

(3Z)-Hexenyl 3-methylbutanoate 

(plus co-eluting unknown in 

Boysenberry) 

1235 1495 (NC)  tr 0.32 

Nonanoic acid 1267 2193   2.76 

Unknown aromatic 2 1313 1866 0.84 0.68 0.12 

Hexenyl methylbutenoate isomer 1322 1678  0.12  

Unknown sesquiterpene 1 1334 NC 0.51   

Unknown sesquiterpene 2 (plus co-

eluting unknown in Boysenberry) 

1336-37 NC 0.90 0.11 tr 

Unknown sesquiterpene 3 1349 NC 0.19 1.66  

Unknown sesquiterpene 4 1361 NC 0.10   

Unknown sesquiterpene 5 1372 NC 0.30 1.50  

α-Copaene (plus co-eluting unknown 

in Boysenberry) 

1378-79 1506 (NC) 1.01 4.27  

Unknown sesquiterpene 6 1384 NC 0.84   

Unknown 12 1387 NC 0.20   

β-Elemene (Unknown sesquiterpene 

in Boysenberry and blackberry) 

1390-91 1600 (NC) 17.06 1.70 0.15 

cis-Jasmone 1393 1969  tr  

Unknown sesquiterpene 7 1406 1565 0.67 1.47  

Unknown sesquiterpene 8 1421 NC 0.71 0.58 tr 

β-Caryophyllene* 1423 1616 6.84 1.50 8.43 

Unknown sesquiterpene 9 1428 NC   0.25 

β-Copaene (co-eluting sesquiterpenes 

in bush lawyer) 

1433-34 NC 2.69 tr tr 

Unknown aromatic 3 1445 1969 16.90 3.35 1.45 

α-Humulene 1459 1689 1.27 0.12 0.39 

Unknown sesquiterpene 10 1463 NC 0.55   

Germacrene D* 1484 1729 4.63 0.28 0.66 

Unknown sesquiterpene 11 1487 NC  5.63  

(3Z,6E)-α-Farnesene 1489 1729  0.69 0.23 

Unknown sesquiterpene 12 1490 NC 0.70   

β-Selinene 1493 1739 2.99   

α-Selinene 1499 1743 4.52   

(3E,6E)-α-Farnesene 1504 1755 0.28 27.94 15.82 

Unknown 13 1511 NC 0.14   

β-Cadinene 1520 1772 0.30 2.55 tr 

Unknown sesquiterpene 13 1523 NC 0.10   

cis-Nerolidol* 1528 2004  tr  

Unknown 14 1550 NC  tr  

trans-Nerolidol* 1561 2046  tr tr 

(3Z)-Hexenyl benzoate (plus co-

eluting unknown) 

1573 2150 (NC) tr 2.97 3.26 

Unknown 15 1587 1884 2.20   

Unknown sesquiterpene 14 1595 NC  0.24 tr 

Farnesene epoxide 1615 2040  tr  

Unknown 16 1671 NC  0.54  

Kaur-16-ene  2062 NC 0.31 3.86  

 

NC = Not Confirmed on the DB-wax column possibly due to co-elution, column affinity or poor spectra 

tr = Trace compound below 0.1% of headspace 

Regular text = Tentative identification based on spectra, Kovats retention index and NIST library match 

Bold = Confirmed by comparison with synthetic standard on both DB-5ms and DB-wax columns 

* = Chirality not confirmed 
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  The headspace of in situ Boysenberry ‘Mapua’ dibs were likewise dominated by terpenes, 

with (3E,6E)-α-farnesene and 4,8-dimethyl-1,3(E),7-nonatriene representing over 40% of the 

total headspace, while the GLV (3Z)-hexenyl acetate was also abundant. The headspace of in 

situ blackberry dibs also contained large amounts of the terpenes with (3E,6E)-α-farnesene and 

4,8-dimethyl-1,3(E),7-nonatriene again dominating, while the GLVs (3Z)-hexen-1-ol and (3Z)-

hexenyl acetate were abundant too. Both the blackberry and Boysenberry headspace showed 

higher levels of GLVs compared to the bush lawyer. The high level of terpenes and their 

derivatives across all of the samples meant there were a lot of similar compounds which 

resulted in compound co-elution and made for difficult compound identifications. 

The headspace of the three species showed a lot of similarity, with Boysenberry and blackberry 

being particularly alike sharing 43 compounds from the total 48 in the blackberry headspace. 

This was expected since Boysenberry is believed to be a blackberry cross developed by the 

Swedish-American horticulturist Rudolf Boysen based in California in the 1920s.131 The 

elevated levels of GLVs in the headspace of Boysenberry and blackberry when compared to 

bush lawyer can be explained by the difference in plant morphology. All three plants have 

thorns on the stems and underside of the leaves, yet bush lawyer has robust waxy leaves while 

Boysenberry and blackberry have delicate thin leaves (Figure 39). These leaves of the 

Boysenberry and blackberry receive minor damage from their own thorns in the wind as the 

leaves bump against the thorns of the stem and other leaves creating small tears and punctures. 

Moving the plants during the set-up of volatile collections also resulted in small leaf tears of 

these plants. Bush lawyer on the other hand, with its more robust leaves was relatively immune 

to this type of damage. 

Boysenberry leaves with thorn punctures 

 

Bush lawyer leaves with no damage 

 

Figure 39. Comparison of leaves; Boysenberry (left) and bush lawyer (right). 



 

74 

 

Work on in situ volatiles from plants in the Rubus genus has received very little attention in 

the scientific literature. Most studies of volatiles within this genus focus on the picked 

commercial fruit,79-83 although there have been studies looking at distillation products from the 

dried leaves.132 Here the main compounds reported for the dried blackberry leaves were (3Z)-

hexen-1-ol and 1-octen-3-ol, both of which are fatty acid derivatives. These are formed from 

the breakdown of linoleic acid from exposure to cellular enzymes, such as hydroperoxide lyase, 

which are released when cells are damaged. Therefore, these volatiles are likely the result of 

the destructive sample preparation used by Maga et al. rather than being healthy plant volatiles. 

 

5.3. Electroantennogram testing 

Due to the extremely low volatile emissions from the raspberry bud moth host plants, there was 

insufficient headspace material for the planned antennal testing part of the project. Hence, the 

quest for a female attractant for raspberry bud moth was abandoned. However, it is hoped the 

headspace volatiles identified here can be of use to entomologists in 

electrophyislogy/behavioural experiments at the laboratory level to learn more about the host 

location mechanisms of this pest moth.  
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 Host plant volatiles of guava moth 
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6.1. Volatile collection method development 

For the guava moth host plant volatiles, the aim was to collect from the intact fruit on the tree 

since guava moth larvae only infest the fruit, not the leaves or stems like raspberry bud moth 

larvae. Initial headspace collections were similar to those outlined by Stewart-Jones and Poppy 

for field sampling in situ apple tree volatiles using polyester oven bags.133 Volatiles were 

collected by dynamic ‘pull’ headspace sampling for 2 h periods at different stages of the day 

to see if there were changes in the volatile emissions of healthy and infested plants between the 

photo and scotophases for the plant. The leaves and ripening fruit were enclosed in a polyester 

oven bag, air entered the bag through a charcoal filter, while volatiles produced were trapped 

on 100 mg of Tenax#-GR 35/60. Air flowed through the system at a rate of ca. 650 mL/min. 

The Tenax trap was eluted with 1.2 mL of distilled hexane and ethyl acetate, the resulting 

solution was analysed by GC-MS. The 2 h sampling period proved to be too short. Even when 

samples were concentrated 50× chromatograms still had very low levels of volatiles. This lead 

to the trialing of different methods to sample the volatiles being produced. 

Solid phase microextration (SPME) following a method similar to that of Hern and Dorn for in 

situ sampling of apple volatiles134 was tried next. Here leaves and fruit of a healthy plant were 

enclosed in a PET oven bag and left for 1 h to accumulate. The SPME (Figure 40a) fibre 

a) SPME sampling 

 

b) GC-MS results 

 

Figure 40. In situ feijoa volatile sampling by SPME. a) SPME fibre inserted into oven bag headspace for 1h. b) GC-MS 

analysis. Photo and image A.M. Twidle 
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was then inserted into the oven bag and left for 1 h under ambient conditions to adsorb the 

volatiles. Two different fibre types were tried; a polydimethylsiloxane fibre (red SPME) and a 

polydimethylsiloxane/divinyl benzene fibre (blue SPME). The blue fibre was the most 

successful of these and gave trace peaks of some feijoa headspace volatiles when thermally 

desorbed in the GC-MS (Figure 40b). While the SPME sampling of the volatiles showed a 

small improvement over the 2 h dynamic headspace sampling, it was still insufficient for 

practical use with regard to compound identification and antennal testing. 

The next method tried was the long term (24 h) dynamic ‘pull’ headspace sampling with 

concomitant breakthrough testing. Here the samples were set up as outlined for the 2 h 

collection with an additional Tenax trap added in series to catch any compounds that may get 

drawn through the first trap over the longer sampling period i.e. breakthrough testing (Figure 

41a). This method proved to be successful (Figure 41b), although there were fluctuations in the 

level of volatiles being produced depending on the ripeness of the fruit, with those closest to 

abscission producing more volatiles. To reduce this variation, collections were made from large 

fruit which appeared to be within 1-2 days of abscission.  

a) Dynamic headspace sampling 

 

b) GC-MS results 

 
Figure 41. Dynamic headspace sampling of in situ feijoa volatiles. a) Sampling set up with two Tenax tubes in series for 

24 h. b) GC-MS analysis. Photo and image A.M. Twidle 
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There was no obvious breakthrough with the dynamic ‘pull’ system, indicating the method was 

a reliable representation of the individual fruit’s headspace. Sampling from freshly abscised 

fruit was also undertaken since it is not known at what stage the guava moth lay their eggs on 

the fruit. This also gave a consistent age of fruit being sampled unlike the in situ samples which 

were only estimated. The abscised fruit was sampled for 24 h but this led to breakthrough with 

some of the compounds (Figure 42a). To overcome this, the dual phase Tenax-charcoal system 

employed for the raspberry bud moth host plants was used here. This system again proved 

successful with no breakthrough observed in the abscised fruit collections (Figure 42b). 

a) Tenax GR only 

 

b) Tenax GR and charcoal 

 

Figure 42. Breakthrough testing for picked feijoa volatile collections, top chromatogram is from first adsorbent tube, 

while bottom chromatogram is from second adsorbent tube in series. a) Sampling with Tenax only. b) Sampling with 

dual phase Tenax-charcoal. 

The other host plant system to be studied, magenta lilly pilly, was much more difficult to access 

than feijoa, which in turn made method development more limited. Lilly pilly did have one 

advantage though, the fruit grew in large aggregations which contained fruit of varying stages 

of ripeness so fruit age was not such a concern as with feijoa. In the literature, the paper of 

Quijano-Celis et al. reported the volatiles in the distillation extract of picked lilly pilly fruit of 

which α-pinene was the major substituent.76 Based on previous experience with α-pinene in the 
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bush lawyer, it seemed prudent to use the dual phase Tenax-charcoal traps to sample the lilly 

pilly volatiles. Doing this kept the systems in line and comparable for sampling the different 

host plant systems. Breakthrough testing with the lilly pilly fruit was run concomitantly with 

the host plant volatile collection due to the remote location of the trees. No breakthrough of 

lilly pilly volatiles was observed in these experiments. Only the in situ lilly pilly was sampled 

for the host volatile experiment since the larvae are known to infest fruit on the tree.74 The dual 

phase sampling trap, coupled with the dynamic ‘pull’ headspace collection system was used to 

sample volatiles from all guava moth host plants, specific experimental details can be found in 

section 9.5.2 and the results are reported below. 

 

6.2. Headspace analysis and compound identification 

The headspace of the naturally abscised feijoa fruit and the in situ feijoa fruit and leaves from 

the ‘Kakariki’ cultivar contained a total of 44 compounds across all samples (Table 7). Twenty 

six compounds were found in the naturally abscised fruit while the in situ samples were found 

to have 37 compounds. The extra compounds from the in situ samples were mostly terpene 

compounds, while the abscised fruit samples contained elevated levels of esters along with 

three esters not present in the in situ samples. Both headspace samples were dominated by 

methyl benzoate which represented over a third of the total headspace in each sample type.  

The headspace of in situ mixed stage lilly pilly fruit and leaves was found to contain 24 

compounds. These were dominated by terpene compounds, with the main constituent being α-

pinene, which represented over 70% of the total headspace. Other prominent terpenes included 

cis-β-ocimene, and limonene.  The lilly pilly headspace also contained low levels of some 

esters, notably methyl benzoate and (3Z)-hexenyl butanoate which were also present in the 

feijoa samples. Seven compounds were common to the headspace of all three host plants; (3Z)-

hexen-1-ol, β-myrcene, cis-β-ocimene, trans-β-ocimene, methyl benzoate and (3Z)-hexenyl 

butanoate. 
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Table 7. Volatiles from fruit and leaves of guava moth host plants; feijoa (Acca sellowiana var. ‘Kakariki’) and magenta 

lilly pilly (Syzygium paniculatum). The values represent the relative percentage of the headspace following 

normalisation to the internal standard. 

Compound 

Retention Index Host plant 

DB-5ms DB-wax 
Abscised 

feijoa 

In situ 

feijoa 

In situ 

lilly pilly 

Ethyl butanoate 800 1043 19.22 0.13  

(3Z)-Hexen-1-ol 851 1392 0.86 0.68 tr 

2-Heptanone  887 1190 0.25 1.29  

Ethyl pentanoate  900 1140 0.23 0.46  

Methyl hexanoate 922 1193 0.17   

α-Pinene* 933 1029  0.19 70.47 

Monoterpene 1 971 1125  0.12  

β-Pinene* 977 1116   1.92 

β-Myrcene 988 1168 1.26 3.19 1.08 

Ethyl hexanoate 997 1239 2.73   

Hexenyl acetate isomer 1002 1313  0.29  

(3Z)-Hexenyl acetate   1004 1323 0.37 9.04  

p-Cymene 1024 1278  0.64 0.30 

Limonene* 1029 1206  0.66 4.12 

cis-β-Ocimene 1035 1238 0.21 1.30 6.03 

2-Heptyl acetate enantiomer 1037 1267 0.11 0.31  

trans-β-Ocimene 1046 1256 4.36 6.73 1.92 

2-Nonanone 1090 1397 tr 1.21  

Methyl benzoate 1094 1637 35.03 39.63 2.87 

Undecane 1100 1100  0.28  

(E)-4,8-Dimethyl-1,3,8-nonatriene 1113 1310   1.01 

Allo-Ocimene isomer 1127 1378 0.06 0.52 1.94 

Cosmene isomer 1129 1453 0.17   

Ethyl benzoate 1170 1682 4.22  tr 

Hexenyl butanoate isomer 1181 1458  0.32  

(3Z)-Hexenyl butanoate 1184 1467 16.48 11.93 1.40 

Hexyl butanoate 1190 1422 0.41   

Unknown 1 1205 1584 1.01 0.45  

2-Heptyl butanoate enantiomer 1209 1403 0.25 0.95  

Hexenyl methylbutanoate isomer 1281 1565 0.14   

Methyl geranate isomer  1320 1704 0.12 tr  

α-Cubebene enantiomer 1349 1467  0.24 0.65 

Sesquiterpene 1 1373 1481   0.12 

Hexenyl hexanoate isomer 1375 1654  0.51  

α-Copaene enantiomer 1378 1506   2.74 

(3Z)-Hexenyl hexanoate 1379 1664 6.62 6.67  

Hexyl hexanoate 1384 1616 0.14   

β-Bourbonene enantiomer 1387 1534  0.47  

Sesquiterpene 2 1390 1551  0.17  

2-Heptyl hexanoate enantiomer 1398 1590  0.27  

Tetradecane 1400 1400  0.13  

Sesquiterpene 3 1410 1546  0.12 0.15 

β-Caryophyllene* 1423 1615  0.76 1.81 

Sesquiterpene 4 1442 1626   0.53 

α-Humulene 1459 1689  tr 0.18 

Sesquiterpene 5 1464 1665   0.20 

Sesquiterpene 6 1493 NC   0.30 

Calamenene isomer 1524 1851  0.18 0.19 

Hexenyl benzoate isomer 1562 2124  0.64 tr 

(3Z)-Hexenyl benzoate 1573 2149 5.16 6.50  

2-Heptyl benzoate enantiomer 1587 2049 0.23 2.57  

NC = Not confirmed on the DB-wax column possibly due to co-elution or column affinity 

Regular text = Tentative identification based on spectra, Kovats retention index and NIST library match 

Bold = Confirmed by comparison with synthetic standard on both DB-5ms and DB-wax columns 

* = Chirality unconfirmed  

In situ samples of both feijoa and lilly pilly were concentrated ca 20 times before GC-MS injection 

Abscised feijoa samples were run without concentrating.   
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The headspace results for both species were in line with previously published results. 76,77,135,136 

The large number of terpene compounds found in the in situ feijoa samples likely originate in 

the leaves, as Mosbah et al.136 reported 31 terpene related compounds coming from the leaves 

of feijoa. Most of the terpenes found in the in situ feijoa samples above (Table 7) were detected 

in the leaf analysis by Mosbah et al., where limonene and β-caryophyllene were found to be 

the major constituents. The study of picked feijoa fruit by Shaw et al.77 found a total of 11 

compounds, all of which were found in the present study too. The 15 additional compounds 

reported above (Table 7) likely reflect the technology advancements in mass spectrometry and 

sample collection techniques. Like the present study, both the work of Shaw et al. and earlier 

study of Hardy and Michael135 on feijoa fruit oil, report methyl benzoate as the main 

constituent. For the lilly pilly, the in situ study (Table 7) on mixed stage fruit and leaves showed 

similar results to the distillation-solvent extraction technique applied to ripe fruit by Quijano-

Celis et al.76 Both studies showed the three main constituents to be α-pinene, cis-β-ocimene 

and limonene, although the level of α-pinene in the above in situ study was 70.5% which was 

over double the 32.5% reported by Quijano-Celis et al for the distillation-solvent extract. The 

differences in minor components particularly the absence of methyl benzoate from the Quijano-

Celis et al. study may originate from the differences in sampling techniques along with the age 

of the fruit sampled from. 

6.3. Electroantennogram testing 

Female guava moth antenna consistently responded to 12 compounds across the different 

headspace samples (Table 8 and Figure 43). The naturally abscised feijoa and in situ feijoa  

Table 8. Mean (±SEM) female guava moth antennal depolarisations (µV) in response to volatiles from host plants, 

feijoa (Acca sellowiana var. ‘Kakariki’) and magenta lilly pilly (Syzygium paniculatum). 

Compound 

 

Abscised feijoa 

mean µV ± SEM 

n=7 

    In situ feijoa 

mean µV ± SEM 

n=7 

    In situ lilly pilly 

mean µV ± SEM 

n=7 

(3Z)-Hexen-1-ol 1.90 ± 0.37 1.95 ± 0.28 2.08 ± 0.51 

(3Z)-Hexenyl acetate    1.67 ± 0.17    

trans-β-Ocimene 0.82 ± 0.13 0.93 ± 0.18    

Methyl benzoate 3.44 ± 0.39 3.75 ± 0.51 4.27 ± 0.46 

(E)-4,8-Dimethyl-1,3,8-nonatriene       2.94 ± 0.37 

Ethyl benzoate 2.93 ± 0.39    1.92 ± 0.25 

(3Z)-Hexenyl butanoate 2.97 ± 0.40 2.50 ± 0.36 0.78 ± 0.09 

Unknown 1 1.54 ± 0.19 1.21 ± 0.15    

Methyl geranate isomer 1.05 ± 0.19 1.06 ± 0.17    

(3Z)-Hexenyl hexanoate 2.29 ± 0.36 2.52 ± 0.38    

α-Humulene       1.10 ± 0.13 

(3Z)-Hexenyl benzoate 1.97 ± 0.36 1.77 ± 0.21    
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a) Female guava moth GC-EAD response to abscised feijoa headspace 

 

b) Female guava moth GC-EAD response to in situ feijoa headspace 

 

c) Female guava moth GC-EAD response to in situ lilly pilly headspace 

 

Figure 43. Example GC-EAD runs of female guava moth to host plant headspace. a) Abscised feijoa headspace. b) In 

situ feijoa headspace. c) In situ lilly pilly headspace. 
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headspace each had nine consistently active compounds with the female guava moth, although 

the responses were not all to the same compounds across the two sample types. The in situ lilly 

pilly headspace had six consistently active compounds. Three compounds gave consistent 

responses across all the samples tested: (3Z)-hexen-1-ol, methyl benzoate and (3Z)-hexenyl 

butanoate, suggesting that these three compounds were possible common host location cues. 

Methyl benzoate gave the largest antennal response in all sample types tested. Surprisingly, the 

α-pinene gave no response from the female guava moth despite representing over 70% of the 

lilly pilly in situ headspace. Since none of the chiral compounds were antennally active, the 

specific enantiomers present in the headspace of guava moth host plants were not identified. 

Before testing the antennally active compounds in the field, the morphological features of the 

female moths were checked under an electron microscope in comparison with the male moths. 

First the front legs and tarsi were examined for other potential specialised olfactory receptors 

(Figure 44), then the antennae (Figure 45) were checked. Analysis of the guava moth’s front 

legs under the electron microscope showed no obvious female specific receptors suggesting  

a) Female guava moth front leg 

 

b) Male guava moth front leg 

 

Figure 44. Scanning electron microscope image of guava moth front leg tarsus. a) Female. b) Male. 

that any cues perceived here were not sex specific. However, when the antennae were viewed 

under the electron microscope there was obvious sexual dimorphism between the male and 

female guava moth (Figure 45). This was not surprising since the male moth is highly tuned to 

find the female moth using the sex pheromone as a cue, hence its specialised receptor cells. 

However, the female moth also has unique receptors on its antennae, such as the sensillum 

coeloconicum (Figure 45), which are likely to be involved in host location. Coeloconicum 

sensilla are shallow pits with a fringe of ‘spokes’, and were absent from the male antenna. 
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a) Female guava moth antenna 

 

b) Male guava moth antenna 

 

Figure 45. Comparison of guava moth sexes antenna under a scanning electron microscope. a) Female, with sensillum 

coeloconicum, (Co)  b) Male, sensillum coeloconicum are absent. 

 

6.4. Field trapping with synthetic compounds 

Following the successful volatile collection from the host plants and elecroantennogram testing 

with the female moths during the 2019 season, a number of possible female attractants were 

proposed. Based on the antennal recordings of the female guava moth, the compound that gave 

the largest antennal response was methyl benzoate. This compound was found in both host 

plants, magenta lilly pilly and feijoa, so was chosen as a possible attractant and hence a 1-

component lure. Only two other compounds that gave antennal responses, were present in both 

host plants types. These two compounds, (3Z)-hexen-1-ol and (3Z)-hexenyl butanoate, were 

added to the methyl benzoate to make a 3-component lure. Due to the guava moth’s plasticity 

in host plants29 other antennally active compounds across both plant types that were 

commercially available were also considered. This resulted in a 7-component lure consisting 

of (3Z)-hexen-1-ol, (3Z)-hexenyl acetate, methyl benzoate, ethyl benzoate, (3Z)-hexenyl 

butanoate, (3Z)-hexenyl hexanoate and (3Z)-hexenyl benzoate. The addition of a known 

synergist female moth attractant, acetic acid137,138 was also included with several of the 

treatments, even though this was not identified from headspace sampling here. However, before 

these compounds could be tested in the field appropriate dispensers had to be developed. 

Co 

Co 

Co 
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6.4.1 Dispenser release rate  

Based on previous work with odour dispensers, 139,140 polyethylene (PE) sleeves were trialled 

as delivery devices for most of the compounds selected above. A sleeve thickness of 100 µm 

was chosen, and three different loadings of methyl benzoate were trialled; 10 mg, 100 mg and 

1000 mg (Figure 46). A crude measure of the release rate had determined these loadings based 

on their smell to the human nose: the 10 mg dispenser was similar to a ripe fruit odour, the 100 

mg dispenser was similar to strong ripe fruit odour, while the 1000 mg loaded sleeve gave an 

odour overload, much stronger than the fruit. A 25 mg loading of (3Z)-hexenyl butanoate was 

also tested to represent the aliphatic esters. The only compound not included in the PE pouch 

was the (3Z)-hexen-1-ol. This was released from rubber septa instead, since previous 

experience had shown me that short chain polar molecules don’t release well from inside the 

PE pouches. 

The 10 mg dispenser was almost entirely depleted after 1 day as shown by the change in 

residual weight (Figure 46) but also as odour perceived, of which there was none after one day. 

The 100 mg dispenser gave a uniform release for the first couple of days, while also presenting 

an odour similar to that of very ripe fruit over the first two days. After three days only a faint 

odour remained for the 100 mg dispenser as the majority of the methyl benzoate had been 

released. The 1000 mg dispenser gave a continuous uniform release over the 7 day trial period 

and still smelt strongly of the methyl benzoate after the trial was complete. 

Based on these results the 1000 mg loading was chosen as the optimum lure loading as it gave 

a constant release over the 1 week period which was considered a minimum for trap servicing. 

It also gave an odour much stronger than that of the fruit which was hoped would help it to out-

compete the actual fruit. In addition, the 100 mg loading, which gave an odour release closer 

to the fruit level, was also tested to ensure the strong odour of the 1000 mg lure was not over-

loading the moth antenna.  
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a) 10 mg initial loading of methyl benzoate 

 

b) 100 mg initial loading of methyl benzoate 

 

c) 1000 mg initial loading of methyl benzoate 

 

Figure 46. Release rate of methyl benzoate from a 100 µm thick polyethylene bag measured as residual content over 

time, n = 3 for each loading. 
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6.4.2 Female trapping with host plant volatiles 

Unfortunately, none of the putative female attractant blends caught many moths (Table 9). 

Methyl benzoate alone at a loading of 1000 mg was the most successful female attractant 

capturing a total of five female moths across the trials. The 100 mg and 3000 mg loadings of 

methyl benzoate caught no moths suggesting that these loadings were too low and high 

respectively. The 3-component and 7-component blends also caught female moths at the 1000 

mg loading but no more than the lone methyl benzoate. The addition of acetic acid to the lures 

did not improve the trap catch as hoped. The steady catch of male moths at all locations showed 

that guava moth were present at the orchard trial sites. 

Table 9. Trap catch data for trials 1 (top), 2 (middle) and 3 (bottom) 

Trial 1. Treatment Catch / trap / week 

1) Blank 0.0 

2) 100 mg Methyl benzoate 0.0 

3) 1000 mg Methyl benzoate 0.2 

4) 100 mg 3-Component mix 0.0 

5) 1000 mg 3-Component mix 0.1 

6) 1 mg Sex pheromone 34.4* 

 

Trial 2. Treatment Catch / trap / week 

1) Blank 0.0 

2) 1000 mg Methyl benzoate 0.2 

3) 3000 mg Methyl benzoate 0.0 

4) 1000 mg 7-Component mix 0.1 

5) 3000 mg 7-Component mix 0.0 

6) 1 mg Sex pheromone 14.4* 

 

Trial 3. Treatment Catch / trap / week 

1) Blank 0 

2) 1000 mg Methyl benzoate 0 

3) 1000 mg Methyl benzoate + 3 mL acetic acid 0 

4) 1000 mg 7-Component mix 0 

5) 1000 mg 7-Component mix + 3 mL acetic acid 0 

6) 3 mL Acetic acid 0 

7) 1 mg Sex pheromone 32.2* 
 

* = catch of male guava moth at field site 

 

While it is generally considered that female moths use the emitted plant volatiles for host 

location,15,141 the actual mechanism is not so well understood. For each species, questions such 

as odour specificity, non-host/odour avoidance and plasticity/learning need to be considered,15 
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hence from a pest management sense, few female attractants have been found. Looking back 

over the last 60 years there have been over 700 moth sex pheromones identified as attracting 

conspecific males, while another 1300 species have had male attractants identified.142  On the 

other hand, the number of female moth host plant/oviposition attractants discovered during this 

time is very limited, with the pear ester for codling moth (Cydia pomonella) being one of the 

few that is commercially available.143  

For the female guava moth the 1000 mg methyl benzoate, 3-component and 7-component 

dispensers appeared weakly attractive. To better understand these results, the responses of the 

female moths to a range of host plant odours are now being tested by entomologists at PFR in 

a laboratory setting, free from the complex odour bouquet of the orchard environment to try to 

better understand their behaviour. 

Following the study of host plant volatiles for both guava moth and raspberry bud moth, 

investigation of herbivore induced plant volatiles and potential tritrophic interactions was 

initiated. 
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 Herbivore induced plant volatiles 

from raspberry bud moth feeding 
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7.1. HIPV compounds from carposinid host plants 

To explore the wider semiochemical interactions of carposinid moths, herbivore induced plant 

volatiles (HIPVs) were investigated. For the Rubus plants HIPVs were collected concomitantly 

with the healthy plant volatiles outlined in Chapter 5 above. The infested plants had 20 mixed 

instar larvae added to the plant 24 h before the volatile collections were made as described in 

sections 9.2, 9.3 and 9.5. Herbivore induced plant volatiles were also investigated for the guava 

moth in feijoa crops, but here there were no observed changes in plant volatiles from caterpillar 

feeding. This was expected since guava moth larvae only feed on the fruit of the plant,29 not 

the leaves or stems, and plants want their fruit to be eaten for seed dispersal.144 Hence, that line 

of investigation was not pursued for guava moth. Instead, the strong HIPV response caused by 

raspberry bud moth feeding within the Rubus genus was explored as outlined below. 

7.2. Raspberry bud moth HIPVs 

Preliminary analysis of the caterpillar infested Rubus headspace in comparison to the healthy 

Rubus headspace showed a dramatic plant response from Boysenberry and blackberry in 

particular to the raspberry bud moth feeding (Figure 47).  

 

Figure 47. Preliminary analysis of host plant headspace by functional group and total ion count (TIC). 
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All three Rubus species appeared to have a typical quantitative response to the insect feeding, 

with the total amount of volatiles being produced increasing as evidenced by the increase in 

total ion counts (TIC) between healthy and infested samples of each species. Boysenberry and 

blackberry plants also appeared to produce much larger quantities of volatiles in both healthy 

and infested states compared to bush lawyer based on TIC from their GC-MS runs. However, 

the most striking difference was that infested Boysenberry and blackberry also produced a 

range of nitrogen containing compounds not present in the healthy plant headspace or in any 

of the bush lawyer samples. Of the seven nitrogen containing compounds found, two appeared 

typical with NIST library and Kovats matches tentatively identifying them as benzyl nitrile and 

indole. The five remaining nitrogenous compounds did not appear as straightforward and the 

process of their identification is outlined below. 

 

7.3. Identification of unknown nitrogen containing HIPV compounds 

Five unknown nitrogen containing compounds were present in both infested Boysenberry and 

infested blackberry samples. The first two unknown compounds to be worked on were those 

with a Kovats retention index of 1175 and 1180 on the DB-5ms column, since both compounds 

were very similar (likely isomers), and appeared related to benzyl nitrile, which offered a good 

starting point for the identification (Figure 48). The two related compounds had a molecular 

ion of m/z 149 and base peak of m/z 117, along with a prominent ion of m/z 91, indicative of 

an aromatic compound. The base peak of m/z 117, implied a relationship with benzyl nitrile 

and literature searching suggested the two unknowns were phenylacetaldehyde O-methyloxime 

isomers, the methyloxime isomers of benzyl nitrile.145 
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Figure 48. Unknown compounds at Kovats 1175 and 1180, chromatograms (top), mass spectra for 1175 peak (bottom 

left) and 1180 peak (bottom right). 

The next unknowns to be worked on were those with the Kovats at 769 and 776 on the DB-

5ms column (Figure 49). The NIST 18 library suggested the compounds were oximes, but the 

Kovats retention index did not support this, as a six-carbon oxime would be expected to have 

a Kovats over 900 on a non-polar column (NIST 18). Based on EI-MS the molecular weight 

was 115.1, indicative of a molecular formula of C6H13NO. Combining the NIST library spectra, 

Kovats retention index data and molecular formula it was likely the unknown compounds were 

 

1175 

1180 
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Figure 49. Unknown compounds at Kovats 769 and 776, chromatogram (top), mass spectra for 769 peak (bottom left) 

and 776 peak (bottom right). 

methyloxime isomers. With NIST spectra available for some of the methyloximes, some 

compounds were able to be ruled out, hence the likely candidates to be synthesised were 

narrowed down to three options; Pentanal O-methyloxime, 2-methyl butanal O-methyloxime 

and 3-methyl butanal O-methyloxime. The 2-methyl butanal O-methyloxime seemed the most 

769 

776 
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likely candidate since a McLafferty rearrangement would give the ion at m/z 87 whereas the 

other two isomers had no obvious way to lose ethylene, as their McLafferty rearrangement 

products would both yield neutral propene fragments (Figure 50). However, with very limited 

amounts of the headspace available for comparison, and only the pentanal starting material on 

hand initially, all three compounds were synthesised before comparison with the headspace. 

NO
N

H O

-e

McLafferty
rearrangement

N
H O

+

m/z 73

NO
N

H O

-e

McLafferty
rearrangement

N
H O

+

m/z 87

NO
N

H O

-e

McLafferty
rearrangement

N
H O

+

m/z 73

 

Figure 50. Formation of ions in candidate methyloximes from McLafferty rearrangements. 

 

The final unknown nitrogen containing compound was not observed until the samples were run 

on a DB-wax column. Here the compound had a Kovats retention index of 1090, and the NIST 

18 library suggested the compound was 2-methylbutanenitrile, likely the related nitrile to the 

unknown methyloxime isomers above. The solvent delay for the DB-5ms column was carefully 

reduced and the samples were re-run on the DB-5ms column, where the unknown compound 

was found to have a Kovats of 732 (Figure 51).  
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Figure 51. Early eluting unknown compound at Kovats 732 on DB-5ms column. 

 

732 
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7.4. Synthesis of the nitrogenous compounds 

The methyloximes were prepared from the related aldehyde and methoxyamine hydrochloride 

using sodium carbonate as the base (Scheme 7).  The (Z)- and (E)- isomers of 

phenylacetaldehyde O-methyloxime (20) were prepared in 46% yield from the reaction of 

phenylacetaldehyde and methoxyamine hydrochloride. Initial GC-MS analysis of the product 

showed m/z 149 [M]+ representing the desired molecular ion and comparison with literature 

MS data confirmed the synthesis had been successful.145 The 1H NMR data for the main isomer 

showed a characteristic three proton singlet at 3.52 ppm of the methyl group attached to the 

oxime oxygen, and matched data reported by MacNevin et al.161 Separation of the 

stereoisomers was not attempted since the compounds were not being used for 

antennal/behavioural testing and were in similar ratios to the plant headspace. 

Similarly, (Z)- and (E)-  isomers of pentanal O-methyloxime (21) were prepared from pentanal 

and methoxyamine hydrochloride with a satisfactory yield (51%). The product was tentatively 

identified as pentanal O-methyloxime (21) based on GC-MS analysis which showed m/z 115 

[M]+ representing the desired molecular ion. The 1H NMR data for the main isomer showed a 

proton triplet at 7.36 ppm (J = 6.3 Hz) assigned to – HC = N – O while a new three proton  

O

2-methylbutanal

NO

Na2CO3

H2O, 22%

CH3ONH2 HCl

22

phenylacetaldehyde

O

Na2CO3

H2O, 46%

CH3ONH2 HCl
N

O

20

NOO

pentanal
Na2CO3

H2O, 51%

CH3ONH2 HCl

21

O

3-methylbutanal

Na2CO3

H2O, 53%

CH3ONH2 HCl NO

23

 

Scheme 7. Synthesis of methyloximes 
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singlet at 3.81 ppm was assigned to the methyl group attached to the oxime oxygen, = N – O – 

CH3. The 13C NMR also supported the formation of methyloxime  (21) with a  resonance at 

151.0 ppm assigned to the carbon of the oxime – HC = N – O while the methyl carbon attached 

to the oxime oxygen gave a resonance at 61.1 ppm, = N – O – CH3. The combined data gave a 

strong indication that the synthesis of pentanal O-methyloxime (21) had been successful. 

The (Z)- and (E)- isomers of 2-methylbutanal O-methyloxime (22) were likewise prepared 

from 2-methylbutanal and methoxyamine hydrochloride in low yield (22%). Unlike the other 

methyloximes, 2-methylbutanal O-methyloxime favoured one isomer in excess (likely the (E)- 

isomer due to the steric hinderance associated with the (Z)- isomer), allowing for a more 

conclusive compound analysis. Initial analysis by GC-MS showed m/z 115 [M]+ representing 

the desired molecular ion. The 1H NMR data for the main isomer showed a proton doublet at 

7.21 ppm (J = 7.4 Hz) assigned to – HC = N – O while a new three proton singlet at 3.81 ppm 

was assigned to the methyl group attached to the oxime oxygen, = N – O – CH3. The 13C NMR 

also supported the formation of methyloxime  (22) with a  resonance at 155.3 ppm assigned to 

the carbon of the oxime – HC = N – O while the methyl carbon attached to the oxime oxygen 

gave a resonance at 61.2 ppm, = N – O – CH3. The combined data gave a strong indication that 

the synthesis of 2-methylbutanal O-methyloxime (22) had been successful. 

In an analogous manner (Z)- and (E)-  isomers of 3-methylbutanal O-methyloxime (23) were 

prepared in a satisfactory 53% yield from the reaction of 3-methylbutanal and methoxyamine 

hydrochloride. The product was tentatively identified as 3-methylbutanal O-methyloxime (23) 

based on GC-MS analysis which showed m/z 115 [M]+ representing the desired molecular ion. 

The 1H NMR data for the main isomer showed a proton triplet at 7.37 ppm (J = 6.6 Hz) assigned 

to – HC = N – O while a new three proton singlet at 3.82 ppm was assigned to the methyl group 

attached to the oxime oxygen, = N – O – CH3. The 13C NMR also supported the formation of 

methyloxime  (23) with a  resonance at 150.3 ppm assigned to the carbon of the oxime – HC = 

N – O while the methyl carbon attached to the oxime oxygen gave a resonance at 61.2 ppm, = 

N – O – CH3. The combined data gave a strong indication that the synthesis of 3-methylbutanal 

O-methyloxime (23) had been successful. 

The final nitrogenous compound prepared was the 2-methylbutanenitrile (24) (Scheme 8). Here 

the starting aldehyde, 2-methylbutanal was converted to the  desired nitrile (24) using 

hydroxylamine hydrochloride in DMSO following the method of Augustine et al.146 The 

reaction gave a low yield of 26%, but was sufficient for the purposes required. The product 
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was tentatively identified as 2-methylbutanenitrile (24) based on GC-MS analysis which 

showed m/z 83 [M]+ representing the desired molecular ion. The product was then confirmed 

by 1H NMR where data obtained matched that reported by De Luca and Giacomelli.147  

O

2-methylbutanal
DMSO, 26%

NH2OH HCl

24N

 

Scheme 8. Synthesis of 2-methylbutanenitrile 

Chirality was not determined for any of the compounds as there was no antennal/behavioural 

testing carried out for this part of the project. 
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7.5. Confirming the HIPVs 

Once the synthetic standards of the suspected nitrogenous HIPVs had been prepared, they were 

compared with the Rubus headspace samples on both DB-5ms and DB-wax columns. The two 

unknown compounds with a Kovats retention index of 1175 and 1180 on the DB-5ms column 

were compared to the two isomers of the synthetic phenylacetaldehyde O-methyloxime (20) 

(Figure 52). The synthetic and headspace samples matched on both columns indicating that 

these compounds were indeed the (Z)- and (E)-  isomers of phenylacetaldehyde O-methyloxime 

(20). The absolute configuration of each compound was not determined. The ratio of the 

stereoisomers in the plant headspace appeared to be very similar to the ratio of stereoisomers 

in the synthesis, suggesting the plants were not stereoselective in the biosynthesis of these 

compounds.    

  

Figure 52. Confirmation of phenylacetaldehyde O-methyloxime isomers on DB-5ms (left) and DB-wax (right) columns. 

Plant headspace (top) and synthetic standards (bottom).  

For the unknown compounds at Kovats 769 and 776 comparison of the mass spectra with the 

synthetic products; pentanal O-methyloxime, 2-methylbutanal O-methyloxime and 3-

Phenylacetaldehyde O-methyloxime isomers 

DB-5ms 

 

Phenylacetaldehyde O-methyloxime isomers        

DB-wax 

 

Pooled infested Boysenberry headspace 

DB-5ms 

 

Pooled infested Boysenberry headspace       

DB-wax 
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methylbutanal O-methyloxime, quickly revealed the unknowns were likely to be the (Z)- and 

(E)-  isomers of 2-methylbutanal O-methyloxime (Figure 53). As had been previously predicted 

Plant compound 

 

Pentanal O-methyloxime 

 

2-Methylbutanal O-methyloxime 

 

3-Methylbutanal O-methyloxime 

 

Figure 53. Mass spectra of plant unknown compared with synthetic standards (main isomer only). 

above (Section 7.3) the 2-methylbutanal O-methyloxime stereoisomers had a prominent ion of 

m/z 87, in line with the plant produced compounds while the pentanal O-methyloxime and 3-

methylbutanal O-methyloxime stereoisomers did not. However, when the retention times of 

the 2-methylbutanal O-methyloxime stereoisomers were compared with the plant produced 

compounds there were discrepancies. The retention times between the synthetic standards of 

(Z)- and (E)-  2-methylbutanal O-methyloxime and plant-produced compounds were slightly 
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different. This was most likely due to solvent effects on the very early eluting compounds in 

the GC run, so these plant compounds were confirmed by co-injection with the synthetic 2-

methylbutanal O-methyloxime stereoisomers (Figure 54). Interestingly, the ratios of the (Z)- 

and (E)-  isomers from the synthetic versus plant produced 2-methylbutanal O-methyloxime 

appeared very similar suggesting the plant biosynthesis for these compounds too are not 

stereoselective.  The 2-methylbutanenitrile was also confirmed by co-injection (Figure 54) 

since it eluted closer to the solvent front and therefore was expected to experience the same 

solvent effect. All other synthetic standards were confirmed by comparison on both DB-5ms 

and DB-wax columns (Table 10). 

  

Figure 54. Identification of 2-methylbutanenitrile and 2-methylbutanal O-methyloxime by co-injection. Top left is 

pooled infested blackberry headspace, middle left is the synthetic 2-methylbutanal O-methyloxime major isomer and 

bottom left a co-injection of the two. Top right is expanded view of pooled infested blackberry headspace, while bottom 

right is the expanded view of the co-injection, the large β-ocimene peak from the plant headspace serves as an internal 

standard for the co-injection vs pooled plant headspace.  

This study appears to be the first HIPV study in the Rubus genus, and has identified interesting 

variations of volatiles between the different species. The native host bush lawyer appears to 

have a simple wounding type response to the raspberry bud moth feeding, with production of 

GLVs representing the majority of new compounds found in the infested headspace (Table 10). 

These compounds include (2E)-hexenal, (2E)-hexen-1-ol, hexyl acetate, (3Z)-hexenyl 

butanoate, and (3Z)-hexenyl 3-methylbutanoate all confirmed by comparison with synthetic 

standards. This type of GLV response is common to most plants and is the result of fatty acid 

 

Nitrile 

Methyloxime major isomer  

β-Ocimene 

Nitrile 

Methyloxime major isomer 

β-Ocimene 

Methyloxime minor isomer 

Methyloxime minor isomer 
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Table 10. In situ volatiles from raspberry bud moth host plants; bush lawyer (Rubus cissoides), Boysenberry (Rubus 

ursinus ‘Mapua’) and blackberry (Rubus fruticosus). The values represent the relative percentage of the plant 

headspace following normalisation to the internal standard. 

Compound 
Retention Index 

Host plant 

Bush lawyer Boysenberry Blackberry 

DB-5ms DB-wax Healthy Infested Healthy Infested Healthy Infested 

2-Methylbutanenitrile*  732 1090    0.35P  10.47P 

2-Methylbutanal O-

methyloxime isomer*   
769 965    0.18P  0.40P 

2-Methylbutanal O-

methyloxime isomer*   
776 975    5.18  11.89 

(2E)-Hexenal  848 1224  1.74  tr  tr 

(3Z)-Hexen-1-ol (plus co-

eluting unknowns) 
853-8 

1392 

(NC) 
0.54 5.51 0.15 1.58 15.72 8.92 

(2E)-Hexen-1-ol  862 1414  tr  0.46 tr 0.15 

Hexan-1-ol (co-eluting 

unknowns in bush lawyer) 
866-7 

1360 

(NC) 
1.24 0.91 0.08 0.60 0.27 0.11 

2-Heptanone 886 1187   1.27 3.35 0.64 0.93 

2-Heptanol* (nonane co-

eluting in bush lawyer) 
899-900 

1325 

(900) 
0.78 0.76 0.51 2.59 0.62 0.94 

α-Pinene* 932 1023 5.96 4.81 1.75 0.80 2.50 0.26 

Unknown monoterpene 1 950 NC 0.27 0.28     

Benzaldehyde 961 1537 0.39 1.93 tr 0.15  tr 

Unknown monoterpene 2 972 NC 0.15 tr     

β-Pinene* 977 1113 2.01 1.40 0.32 0.25 tr tr 

6-Methyl-5-heptene-2-one 983 1345 0.28 0.74 tr 0.21   

β-Myrcene  989 1166  0.81 0.84 tr 0.40 0.55 0.32 

Unknown aromatic 1 993 NC 0.35 0.66     

(3Z)-Hexenyl acetate  1004 1323 1.41 1.31 10.21 5.56 12.01 2.52 

Hexyl acetate 1011 1277  0.13 tr 1.12 tr tr 

(2E)-Hexenyl acetate   1014 1339 tr 0.12  1.43  tr 

Unknown 1 1020 NC 0.35 0.39     

p-Cymene 1025 1277 0.69 0.41 0.28 0.10 tr tr 

Limonene* 1029 1204 1.73 1.68 1.47 0.70 tr 0.17 

cis-β-Ocimene 1035 1238 0.20 0.17 tr 0.63 0.14 0.85 

trans-β-Ocimene 1046 1255 7.01 1.80 1.96 12.19 7.00 20.36 

Unknown 2 1059 NC   tr 0.15   

Unknown 3 1064 NC tr 0.27   0.18 tr 

Linalool oxide isomer 1071 1455 0.50 0.81 0.13 0.30 0.36 0.11 

Linalool oxide isomer 1087 1483 0.52 0.44 0.15 0.24 0.18 0.13 

Unknown 4 1091 NC 0.20 0.24   1.04 tr 

Linalool*  1100 1552 1.72 15.36 0.17 5.10 tr 0.94 

Undecane 1100 1100 tr tr tr tr 0.64 tr 

Nonanal 1105 1400 2.62 2.35 tr tr tr 0.18 

Unknown 5 1107 NC tr 0.21     

Unknown 6 1110 NC tr 0.14     

4,8-Dimethyl-1,3(E),7-

nonatriene 
1113 1310 tr 0.14 14.81 8.57 15.21 6.00 

Allo-Ocimene 1128 1378   tr 0.35 tr 0.54 

Cosmene 1130 1453   tr 0.46 0.17 0.19 

Benzyl nitrile 1137 1946    0.92  1.35 

Myroxide 1139 1495    0.38   

Unknown 7 1148 NC 0.32 0.50 tr 0.12 0.42 0.22 

Phenylacetaldehyde O-

methyloxime isomer 
1175 1695    2.32  0.28 

Phenylacetaldehyde O-

methyloxime isomer 
1180 1695    1.16  0.17 

(3Z)-Hexenyl butanoate 1184 1467  0.68 tr 0.37 2.29 0.73 

Hexyl butanoate 1189 1421    tr  tr 

Methyl salicylate  1192 1795 0.18 0.26 4.91 1.42 2.55 0.63 

α-Terpineol* (Myrtenal in 

Boysenberry) 

 

1196 
1711 

(1649) 
0.82 1.92 tr 1.17  tr 
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Compound continued 
Retention Index 

Host plant 

Bush lawyer Boysenberry Blackberry 

DB-5ms DB-wax Healthy Infested Healthy Infested Healthy Infested 

Decanal  1206 1506 1.02 1.05 tr 0.20 tr 0.13 

Cosmen-2-ol 1207 1828    0.32  tr 

Unknown 8 1220 NC 0.18 0.19     

Unknown 9 1227 NC tr 0.10     

Hexenyl methylbutanoate 

isomer 
1230 1479  0.30 0.11 0.32 3.69 1.04 

(3Z)-Hexenyl 3-

methylbutanoate (plus co-

eluting unknown in 

Boysenberry) 

1235 
1495 

(NC) 
 1.83 tr 0.79 0.32 0.66 

Hexyl pentanoate 1241 NC  0.30     

Unknown 10 1243 NC  0.29     

Nonanoic acid 1267 2193     2.76 0.25 

Indole 1292 2475    0.43  tr 

Unknown 11 1295 NC    0.22   

Unknown aromatic 2 1313 1866 0.84 0.58 0.68 0.15 0.12 tr 

Hexenyl methylbutenoate 

isomer 
1322 1678   0.12 0.33  tr 

Unknown sesquiterpene 1 1334 NC 0.51 0.33  tr  tr 

Unknown sesquiterpene 2 

(plus co-eluting unknown in 

Boysenberry) 

1336-37 NC 0.90 0.21 0.11 0.33 tr 0.18 

Unknown sesquiterpene 3 1349 NC 0.19 0.65 1.66 0.24  tr 

Unknown sesquiterpene 4 1361 NC 0.10 0.37     

Unknown sesquiterpene 5 1372 NC 0.30 0.42 1.50 0.11   

α-Copaene (plus co-eluting 

unknown in Boysenberry) 
1378-79 

1506 

(NC) 
1.01 2.28 4.27 0.87  0.16 

Unknown sesquiterpene 6 1384 NC 0.84 0.62     

Unknown 12 1387 NC 0.20 tr     

β-Elemene (Unknown 

sesquiterpene in 

Boysenberry and 

blackberry) 

1390-91 
1600 

(NC) 
17.06 11.78 1.70 0.17 0.15 0.36 

cis-Jasmone 1393 1969   tr 0.62   

Unknown sesquiterpene 7 1406 1565 0.67 1.18 1.47 tr   

Unknown sesquiterpene 8 1421 NC 0.71 0.42 0.58 0.32 tr 0.33 

β-Caryophyllene* 1423 1616 6.84 6.78 1.50 2.82 8.43 5.99 

Unknown sesquiterpene 9 1428 NC     0.25 tr 

β-Copaene (co-eluting 

sesquiterpenes in bush 

lawyer) 

1433-34 NC 2.69 0.60 tr 0.19 tr 0.27 

Unknown aromatic 3 1445 1969 16.90 6.73 3.35 0.77 1.45 0.20 

α-Humulene 1459 1689 1.27 1.25 0.12 0.42 0.39 0.70 

Unknown sesquiterpene 10 1463 NC 0.55 0.32     

Germacrene D* 1484 1729 4.63 2.92 0.28 1.91 0.66 2.22 

Unknown sesquiterpene 11 1487 NC   5.63 0.27   

(3Z,6E)-α-Farnesene 1489 1729   0.69 0.29 0.23 0.30 

Unknown sesquiterpene 12 1490 NC 0.70 0.51     

β-Selinene 1493 1739 2.99 2.48     

α-Selinene 1499 1743 4.52 3.04     

(3E,6E)-α-Farnesene 1504 1755 0.28 0.55 27.94 22.31 15.82 16.18 

Unknown 13 1511 NC 0.14 0.13     

β-Cadinene 1520 1772 0.30 0.83 2.55 0.26 tr tr 

Unknown sesquiterpene 13 1523 NC 0.10 0.10     

cis-Nerolidol* 1528 2004   tr 0.29   

Unknown 14 1550 NC   tr 0.45  tr 

trans-Nerolidol* 1561 2046   tr 0.16 tr 0.10 

(3Z)-Hexenyl benzoate 
(plus co-eluting unknown) 

 

1573 
2150 

(NC) 
tr 0.25 2.97 0.67 3.26 1.01 
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Compound continued 
Retention Index 

Host plant 

Bush lawyer Boysenberry Blackberry 

DB-5ms DB-wax Healthy Infested Healthy Infested Healthy Infested 

Unknown 15 1587 1884 2.20 1.47     

Unknown sesquiterpene 14 1595 NC   0.24 0.14 tr 0.15 

Farnesene epoxide 1615 2040   tr 0.86   

Unknown 16 1671 NC   0.54 0.67   

Kaur-16-ene  2062 NC 0.31 0.24 3.86 1.23   

NC = Not Confirmed on the DB-wax column possibly due to co-elution, column affinity or poor spectra 

tr = Trace compound below 0.1% of headspace 

Regular text = Tentative identification based on spectra, Kovats retention index and NIST library match 

Bold = Confirmed by comparison with synthetic standard on both DB-5ms and DB-wax columns 
p = Estimated from a pooled sample on a DB-5ms column 

* = Chirality not confirmed 

interaction with cellular enzymes following cell damage.84 Boysenberry and blackberry on the 

other hand showed a more complex response to raspberry bud moth feeding with a series of 

nitrogenous compounds being produced as well as the GLVs.  

The nitrogenous compounds from Boysenberry and blackberry included 2-methylbutanenitrile, 

(Z)- and (E)-  2-methylbutanal O-methyloxime, benzyl nitrile, (Z)- and (E)-  

phenylacetaldehyde O-methyloxime and indole. These compounds were likely a direct result 

from caterpillar feeding since all healthy plants had a natural level of mechanical damage to 

their leaves from their own thorns and accompanying GLVs in their headspace. These types of 

nitrogenous compounds have been found across many other plant systems7 and are typical of 

specific plant responses to herbivore feeding.91,130,148-150 These systems have been well studied 

for more common plant-pest systems such as corn, Zea mays L. (Poales: Poaceae) and beet 

armyworm larvae, Spodoptera exigua (Hübner) (Lepidoptera: Noctuidae).93,151 Here the plants 

have been shown to respond specifically to oral secretions of the caterpillars, which when 

applied to mechanical wounds induce a volatile response that is different from the volatiles 

produced by mechanical wounding alone.151 In many of these systems the elicitor compounds 

in the spit have been identified as fatty acid-amino acid conjugates (FACs) as was the case in 

the corn system above where the FAC was found to be  N-(17-hydroxylinolenoyl)-L-glutamine 

(named volicitin).93 The elicited volatiles produced by the corn in response to the FAC are 

attractive to a parasitic wasp species Cotesia marginiventris (Cresson) (Hymenoptera: 

Braconidae) which prey on these beet armyworm larvae, completing the tritrophic interaction 

between the corn plant, the beet army worm larvae and the parasitic wasp.151  

For blackberry and Boysenberry the production of nitrogenous compounds is likely a result of 

a FAC (or other elicitor) from the saliva of the raspberry bud moth larvae causing an induced 

response within the plants to produce specific volatile emissions similar to those reported 
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throughout many other Lepidopteran families.152 These types of responses to herbivore oral 

secretions by plants are typically signals for specific tritrophic interactions in nature153 and 

indicate that blackberry, and its cross Boysenberry, are likely trying to signal to a specific 

parasitoid or predator from their native environment. 

Comparing the volatile changes quantitatively (Table 11) the bush lawyer had much lower 

production of its unique infested compounds and infested compounds overall than the two non-

native hosts. The release of (2E)-hexenal was the most prolific of the unique infested 

compounds in bush lawyer, with the release rate estimated to be 4.4 pg/h/g of fresh weight 

plant tissue. (3Z)-Hexen-1-ol went from barely detectable, to one of the most prolific 

compounds with an estimated release rate of 10.2 pg/h/g, while linalool was the most abundant 

compound overall in the infested headspace, with an estimated release rate of 12.0 pg/h/g.  

Boysenberry on the other hand, had an estimated release rate of 113 pg/h/g for the main 2-

methylbutanal O-methyloxime isomer, which was the most prolific of its unique infested 

compounds. (3E,6E)-α-Farnesene was the most abundant of the infested Boysenberry 

headspace compounds, being released at an estimated rate of 440 pg/h/g. Blackberry also had 

the same 2-methylbutanal O-methyloxime isomer as its most prolific unique infested 

compound, with an estimated release rate of 258 pg/h/g, this also made it the most abundant of 

all the blackberry infested headspace compounds. The 2-methylbutanenitrile and (3E,6E)-α-

farnesene were also highly abundant in the infested blackberry headspace, both having 

estimated release rates over 200 pg/h/g. Interestingly, Boysenberry had a higher release rate of 

the aromatic nitrogenous compounds compared to blackberry, while the blackberry had much 

higher emission rates of the short chain aliphatic nitrogenous compounds.  

Examining Table 11, there is considerable variation amongst the pg/h/g release rate data as can 

be seen by the large standard error of the associated means. This variation arose in part from 

the various degrees of feeding by the larvae in the trials, but also from the variability in plant 

size. While every effort was made to have the plants of similar size, this was not always 

achievable. The large range of concentrations of headspace volatiles in relation to the internal 

standard also influenced the accuracy of these calculations, since volatile concentrations 

spanned several orders of magnitude. Hence, some of the compounds that were highly abundant 

in the headspace were being injected at concentrations that overloaded the column/detector, so 

the lower abundance compounds could be observed. 
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Table 11. Quantification of confirmed plant volatiles in picograms/hour/gram of fresh plant tissue ±SEM 

Confirmed compound 

Host plant 

Bush lawyer Boysenberry Blackberry 

Healthy Infested Healthy Infested Healthy Infested 

n = 4 n = 4 n = 4 n = 4 n = 4 n = 4 

2-Methylbutanenitrile*     7.06P  208.00P 

2-Methylbutanal O-

methyloxime isomer*   
   3.88P  8.66P 

2-Methylbutanal O-

methyloxime isomer*   
   

112.52 ± 

39.49 
 

257.51 ± 

146.23 

(2E)-Hexenal   4.43 ± 3.69    0.75 ± 0.67 

(3Z)-Hexen-1-ol  0.52S 10.23PW 2.03S 58.07PW 13.11PW 22.39PW 

(2E)-Hexen-1-ol     13.69 ± 12.41  1.35 ± 1.02 

Hexan-1-ol    0.09 ± 0.05 7.15 ± 6.17 0.21 ± 0.10 1.27 ± 0.50 

2-Heptanone   2.78 ± 2.43 42.72 ± 26.04 0.91 ± 0.72 7.44 ± 2.14 

2-Heptanol  Co-eluting Co-eluting 1.37 ± 1.26 14.43 ± 10.18 1.05 ± 0.69 7.67 ± 2.37 

α-Pinene* 1.88 ± 0.39 3.17 ± 0.87 2.45 ± 0.65 2.69 ± 0.59 0.88 ± 0.32 1.01 ± 0.33 

Benzaldehyde 0.07 ± 0.06 1.10 ± 1.01 0.20 ± 0.12 0.42 ± 0.17  0.27 ± 0.17 

β-Pinene* 0.62 ± 0.17 1.01 ± 0.08 0.52 ± 0.19 0.60 ± 0.27  0.14 ± 0.06 

6-Methyl-5-heptene-2-

one 
0.12 ± 0.04 0.91 ± 0.49 0.75 ± 0.69 2.22 ± 1.24   

β-Myrcene  0.43 ± 0.15 1.11 ± 0.13 1.09 ± 0.77 4.52 ± 1.89 0.46 ± 0.09 2.94 ± 0.80 

(3Z)-Hexenyl acetate  0.89 ± 0.23 2.28 ± 1.23 
178.91 ± 

135.72 

152.77 ± 

124.15 
14.01 ± 3.58 23.17 ± 6.67 

Hexyl acetate  0.12 ± 0.11 0.16 ± 0.16 25.30 ± 23.88 0.05 ± 0.03 0.41 ± 0.29 

(2E)-Hexenyl acetate   0.01 ± 0.01 0.17 ± 0.16  48.30 ± 43.86  0.52 ± 0.40 

p-Cymene 0.21 ± 0.12 0.22 ± 0.09 0.33 ± 0.19 0.48 ± 0.23 0.02 ± 0.01 0.05 ± 0.03 

Limonene* 0.57 ± 0.07 1.28 ± 0.20 3.12 ± 1.35 2.46 ± 0.92  1.26 ± 0.66 

cis-β-Ocimene 0.05 ± 0.04 0.12 ± 0.08 0.26 ± 0.26 8.91 ± 5.86 0.09 ± 0.05 4.95 ± 1.60 

trans-β-Ocimene 1.65 ± 1.16 1.64 ± 0.90 10.96 ± 6.96 
156.45 ± 

99.60 
4.66 ± 0.82 

143.69 ± 

41.77 

Linalool*  0.53 ± 0.53 12.02 ± 6.28 1.57 ± 0.94 21.00 ± 6.49  7.67 ± 2.34 

Undecane     0.51 ± 0.21  

Nonanal 0.69 ± 0.14 2.02 ± 1.29    0.88 ± 1.23 

4,8-Dimethyl-1,3(E),7-

nonatriene 
0.02 ± 0.02 0.16 ± 0.05 

158.91 ± 

98.98 

117.99 ± 

70.03 
18.16 ± 8.95 71.22 ± 43.69 

Benzyl nitrile    8.19 ± 5.41  8.65 ± 5.06 

Phenylacetaldehyde O-

methyloxime isomer 
   42.52 ± 24.33  1.60 ± 0.94 

Phenylacetaldehyde O-

methyloxime isomer 
   25.46 ± 16.60  0.96 ± 0.53 

(3Z)-Hexenyl 

butanoate 
 0.88 ± 0.29 0.43 ± 0.41 9.40 ± 7.70 3.34 ± 2.06 7.11 ± 2.73 

Methyl salicylate  0.11 ± 0.08 0.37 ± 0.28 94.62 ± 83.71 38.14 ± 33.18 1.77 ± 0.58 7.21 ± 3.68 

α-Terpineol*  0.42 ± 0.29 2.32 ± 0.74     

Decanal  0.32 ± 0.18 1.04 ± 0.73 1.05 ± 0.91 1.37 ± 0.64  1.01 ± 1.04 

(3Z)-Hexenyl 3-

methylbutanoate  
 1.62 ± 0.49 Co-eluting Co-eluting 0.33 ± 0.25 3.50 ± 0.92 

Indole    2.67 ± 1.64  1.08 ± 0.97 

cis-Jasmone   0.46 ± 0.46 10.15 ± 6.51   

β-Caryophyllene* 1.93 ± 0.26 4.07 ± 1.19 3.14 ± 1.14 17.02 ± 7.03 4.54 ± 1.13 28.55 ± 6.97 

α-Humulene 0.26 ± 0.08 0.54 ± 0.10 0.23 ± 0.12 1.79 ± 0.74 0.16 ± 0.06 2.21 ± 0.62 

Germacrene D* 2.40 ± 1.72 3.31 ± 2.02 3.76 ± 2.31 29.57 ± 16.15 0.44 ± 0.11 14.85 ± 4.81 

(3Z,6E)-α-Farnesene   4.62 ± 2.61 4.07 ± 3.07 0.11 ± 0.07 1.49 ± 1.00 

(3E,6E)-α-Farnesene 0.11 ± 0.05 0.61 ± 0.24 
326.54 ± 

183.62 

440.45 ± 

298.13 
17.60 ± 4.60 

207.15 ± 

118.57 

cis-Nerolidol*   7.48 ± 4.64 43.08 ± 34.06   

trans-Nerolidol*   1.07 ± 1.07 18.38 ± 11.61   

(3Z)-Hexenyl benzoate  Co-eluting Co-eluting Co-eluting Co-eluting Co-eluting Co-eluting 
p = Estimated from pooled sample on a DB-5ms column, PW =  Estimated from pooled sample on a DB-wax column 
S = Estimated from single sample on a DB-wax 

Co-eluting = Another compound co-eluted here impairing quantification  

* = Chirality unconfirmed 
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The prolific release rate and varied nature of compounds from the infested Boysenberry and 

blackberry in comparison to the infested bush lawyer (Figure 47 and Table 11) raised a lot of 

questions. In particular: Why such differences? And are predators/parasitoids cueing on these 

signals? The first clue came from observing the plants from the headspace trials, both 

Boysenberry and blackberry plants showed much more dramatic signs of larval feeding than 

the bush lawyer (Figure 55). In the Boysenberry and blackberry, the larvae attacked both the 

stems/canes as well as the leaves and growing tips (Figure 55). Bush lawyer on the other hand, 

only had feeding damage on growing tips and the leaves (Figure 55). To better understand this, 

the feeding behaviour of the larvae in the field was observed. 

Feeding on Boysenberry dib  

 

Feeding on bush lawyer seedling 

 

Figure 55. Infested plants from the headspace collection trials from Boysenberry (left), and bush lawyer (right). 

7.6. Morphology of plants and feeding behaviour of caterpillars  

The feeding behaviour of raspberry bud moth was recorded on both wild type bush lawyer and 

wild type blackberry in the field. Plants of each species were examined and the type of feeding 

behaviour was categorised into three types; feeding on growing tips, feeding internally on the 

cane or feeding on the leaves. A complete description of the methodology used can be found 

in section 9.2.2.  

Examination of the feeding sites in bush lawyer showed a predominance for leaf and growing 

tip feeding (Figure 56 and 58) with only 24% of fed upon bush lawyer canes showing signs of 

internal feeding. Blackberry on the other hand, showed equal signs of feeding at the three 

different sites (Figure 57 and 58). The lack of internal feeding in bush lawyer can easily be 

explained by examination of the plant. Bush lawyer has thin ‘fibrous’ canes, where only the 

Stem feeding 

Leaf feeding 

Leaf feeding only 
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Figure 56. Feeding of raspberry bud moth on wild bush lawyer leaves and growing tips (left), internal cane (middle), 

and healthy growing tip agglomeration representing the site where larvae can enter a bush lawyer cane (right). 

 

    

 Figure 57. Feeding of raspberry bud moth on wild blackberry growing tip, leaves, entrance hole to cane and inside 

cane (from left to right). 

 

  

Figure 58. Feeding behaviour of raspberry bud moth on bush lawyer (n=45) and blackberry (n=43) expressed as a 

percentage of occurrence of each damage type on the fed upon cane 
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occasional agglomeration of growing tips (Figure 56) offers a point of access to the internal 

cane. Conversely, blackberry (and Boysenberry) have thick ‘succulent’ canes, which the larvae 

can burrow into at any point (Figure 57). The ability of raspberry bud moth to feed on all parts 

of the blackberry and Boysenberry plants helps explain why these plants were more 

dramatically fed upon in the headspace trials and hence is a likely reason why they produced 

more volatiles. With a plausible explanation for the differences in quantitative volatile 

production, the questions around parasitism still remained. Yet another question had also 

arisen: Did this difference in feeding behaviour also lead to a difference in phenology of the 

insect in the two different host systems? Were raspberry bud moth going into diapause over 

winter on bush lawyer due to low food availability (i.e. little new plant growth during winter) 

compared to blackberry where the abundant more ‘succulent’ canes provide a food source year 

round? Was this another mechanism of adapted insect control between the native host plant 

and native moth where the raspberry bud moth populations were being further contained by an 

overwintering stage in the life cycle of the moth? 

7.7. Phenology of raspberry bud moth 

The phenology of raspberry bud moth was recorded in both wild blackberry and wild bush 

lawyer from the summer of 2019 to the summer of 2020 (Figure 59), specific details of the  

 

Figure 59. Phenology data for raspberry bud moth in blackberry and bush lawyer from Dec 2019 to Dec 2020 
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methodology are provided in section 9.13.5. Raspberry bud moth was active throughout the 

year on both host plants and showed no sign of diapause. The peak populations of the moths 

coincided with flowering and fruiting of the host plants, while both populations reached lows 

in mid-winter. While trends were the same, the population of moths within the two host plant 

systems were vastly different, with populations in the blackberry over ten times higher than the 

bush lawyer population at the same stage of the plant life cycle. This again likely ties back to 

the morphology of the plant, in that being able to feed on all parts of the blackberry plant means 

much larger populations of the moth can be supported on that plant type. This answered the 

question of diapause but did not address the parasitism question raised in Chapter 1, is 

raspberry bud moth regularly parasitised? 

 

7.8. Parasitism of raspberry bud moth in blackberry 

The first parasitism trial was run in the spring of 2019, and from the 120 mixed stage larvae 

collected, only one parasitoid emerged, details of the experiment can be found in section 9.2.1. 

The lone parasitoid was identified as Meteorus pulchricornis (Wesmael) (Hymenoptera: 

Braconidae) by Dr Darren Ward of Landcare Research (Figure 60). Meteorus pulchricornis is 

an introduced generalist parasitoid with a wide host range154 and its lone occurrence here 

suggests an opportunistic encounter, hence regular parasitism seemed unlikely from the results 

of the first year of testing. 

  

Figure 60. Parasitoid (right) and pupal case (left) from the first raspberry bud moth larval collection spring 2019. 

Identified as Meteorus pulchricornis by Dr Darren Ward of Landcare Research. Parasitoid photograph courtesy of 

Robert Lamberts. 
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A second parasitism trial was run in the summer of 2020, and from the 123 mixed stage larvae 

collected, 30 parasitoids emerged, details of the experiment can be found in section 9.2.1. All 

30 parasitoids were identified as Dolichogenidea carposinae (Wilkinson) (Hymenoptera: 

Braconidae) by Dr Darren Ward of Landcare Research (Figure 61) and 25 of the specimens 

were deposited in the New Zealand Arthropod Collection. 

  

Figure 61. Parasitoid (right) and pupal case (left) from the second raspberry bud moth larval collection summer 2020. 

Identified as Dolichogenidea carposinae by Dr Darren Ward of Landcare Research. Parasitoid and pupal case 

photographs courtesy of Robert Lamberts. 

Dolichogenidea carposinae is reported to be a native New Zealand Braconid parasitic wasp25 

that has been previously reported to parasitise raspberry bud moth.23,25 However, the first 

parasitism trial conducted here in 2019 found none of these parasitoids while the work of 

Parrott published in 195426 also reported none of these parasitoids over a five year sampling 

period. In trying to understand the different results and sporadic collection of Dolichogenidea 

carposinae from raspberry bud moth, differences between the trials were considered. The two 

main differences identified between the second trial and first trial of this study were the time 

of year and the location on the plant from where the larvae were collected. The first trial was 

in spring, when the majority of larvae were collected from inside canes whereas in the summer 

trial most larvae were collected from inside the flower buds. This suggests two possible 

scenarios; the parasitoids have a defined phenology and are not active in spring, or the 

parasitoids are unable to parasitise the larvae when they are deep inside the canes. When larvae 

are inside flower buds they are more exposed to possible parasitism. 

Concomitant larvae collections were attempted from the bush lawyer, and while there were 

numerous signs of feeding and a known moth population in the area (based on adult trap catch), 

larvae location proved extremely difficult, with multiple days searching yielding only three 

larvae in total. This was in line with what other researchers had experienced (pers comm. 

Warren Thomas and Graham Burnip), that is numerous signs of feeding, but no sign of larvae. 
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Due to low availability of larvae from bush lawyer, parasitism was not determined for this host 

system. Larvae collections were not attempted from commercial Boysenberry plantations given 

that moth populations are controlled by pesticide spray programmes. 

The low-level generalist GLV herbivore induced response from bush lawyer plants seems 

likely it would attract generalist predators/parasitoids,155,156 while its morphology appears to 

afford it some protection by limiting feeding of raspberry bud moth. The more specific HIPV 

response (i.e. nitrogenous compounds) in Boysenberry and blackberry headspace gives the 

chance of also attracting a specialist predator/parasitoid. This was confirmed for blackberry, 

where the predominant parasitoid found was Dolichogenidea carposinae. Dolichogenidea 

carposinae has only been found occasionally with other moth species in very low numbers, 

suggesting it is a specialist parasitoid of raspberry bud moth.157 Plant responses to herbivore 

elicitors have been shown to be highly distinctive, even between related plant species,158 as 

demonstrated by blackberry and bush lawyer in this project. Concomitantly, specialist 

parasitoids are also very selective of the chemical cues for their hosts.159 Therefore it seems 

unlikely that Dolichogenidea carposinae would parasitise raspberry bud moth on bush lawyer 

based on the very different HIPV response of the two plants, and the seemingly specialist 

behaviour of the parasitoid.  

Interestingly, the related parasitoid Dolichogenidea tasmanica, which has been reported to 

occasionally parasitise raspberry bud moth (pers. comm. Howard Wearing), is predominantly 

found associated with another tritrophic system, light brown apple moth (LBAM) Epiphyas 

postvittana (Walker) (Lepidoptera: Tortricidae) larvae feeding on apple trees Malus domestica 

Borkh. (Rosales: Rosaceae).91 This is interesting given that it is another case of a parasitoid 

from the genus Dolichogenidea responding to a Rosaceae plant experiencing herbivory by 

moth larvae. Furthermore, the LBAM infested apple headspace includes two of the nitrogenous 

compounds found in the blackberry and Boysenberry systems, benzyl nitrile and indole.91 It is 

also an example of a native moth and native parasitoid associated with an introduced plant. 

The blackberry tritrophic system is similar to the apple one mentioned above, since blackberry 

is an introduced plant being fed upon by native moth larvae, with its ‘cry for help’ being 

answered by a native parasitoid. Blackberry’s induced volatiles are likely to be in response to 

saliva compounds from raspberry bud moth caterpillars, such as FACs, yet European 

blackberry evolved separately from the New Zealand based raspberry bud moth and 

Dolichogenidea carposinae due to their original geographical isolation. Elicitors from 
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caterpillars have shown some repetition of compounds amongst families,152 yet plants show a 

lot of diversity in the HIPV responses.158 Hence this tritrophic system is a little unexpected and 

raises evolutionary and taxonomic questions. What is the elicitor in raspberry bud moth saliva? 

Does a European native blackberry pest contain the same elicitor compound as raspberry bud 

moth and hence stimulate this type of response from blackberry in Europe? Does 

Dolichogenidea carposinae parasitise raspberry bud moth on bush lawyer and/or Boysenberry? 

Are other native Rubus species a host for raspberry bud moth and are they giving a HIPV 

response more similar to blackberry? Does Dolichogenidea carposinae typically parasitise 

another native moth species on an unrelated native plant which coincidently gives a similar 

HIPV response to the blackberry-raspberry bud moth system? While all interesting questions, 

these represent many more years of inter-continental study to understand the semiochemical 

conversations occurring in these systems. 

This initial study of Rubus HIPVs has revealed a rich semiochemistry in the genus and while 

the questions raised above are beyond the scope of this PhD project, they offer opportunities 

for further study of the semiochemicals in these unique tritrophic systems. 
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 Summary and future work 
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8.1. Summary 

The semiochemicals found for the two pest carposinid moths during this project represent a 

varied array of compounds capable of relaying diverse messages critical to the lives of these 

insects. The initial aims of this project were to gain a better understanding of the chemical 

communication channels used by these moths and identify new opportunities for 

semiochemical pest management tools. The project focussed on three areas of study; 

pheromones and their analogues, host plant volatiles and HIPVs, along with the relevant 

biological testing. The findings are summarised below. 

A total of 11 pheromone analogues were prepared for the two pest moth species. These were 

divided into two broad groups; the ester type analogues and the carbonyl analogues. Only two 

ester analogues (4Z)-heptyl undecenoate and (2Z)-nonenyl nonanoate showed any 

electrophysiological response, and the compounds were active with both moth species. Field 

trapping trials were conducted using the analogues alone and in combination with the 

pheromone. No attraction was observed to either analogue alone, by either moth species.  

However, when (4Z)-heptyl undecenoate was coupled with the pheromone it produced a strong 

inhibitory effect in raspberry bud moth, reducing male moth trap catch by over 95%. No 

inhibitory effect on male moth trap catch was observed for guava moth. The (4Z)-heptyl 

undecenoate can now be taken forward by entomologists and tested as a mating disruption pest 

control tool for raspberry bud moth in commercial berry crops. 

In parallel to the analogue work, the raspberry bud moth sex pheromone was re-investigated 

using the females from the larvae that had been reared through for the male antennal testing 

above. Here the alkene, (7Z)-tricosene, was identified from female moth gland extracts, and 

the synthetic compound gave antennal responses with the male moths. Field testing of (7Z)-

tricosene showed that it was unattractive alone, but in combination with (12Z)-nonadecen-9-

one it more than doubled male moth trap catch for all doses tested compared to that of (12Z)-

nonadecen-9-one alone. This is the second report of the (Z)- alkene as a pheromone component 

in the carposinid family from the three sex pheromones identified to date. The identification of 

(7Z)-tricosene and its addition to (12Z)-nonadecen-9-one provides an improved monitoring 

tool for raspberry bud moth, while expanding our knowledge of the pheromone chemistry of 

this little studied moth family (Carposinidae). 

For the host plant volatile work GC-EAD and GC-MS were used in tandem to identify possible 

female attractants. Female guava moths responded to 12 compounds from the headspace of the 
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two host plants tested, magenta lilly pilly and feijoa. Only three compounds of the 12 were 

common to both species. Based on the antennal recordings, a range of lures were trialled as 

possible female attractants. Three lures showed very weak attraction to female guava moth, 

with the one component methyl benzoate lure catching the highest total amount of female 

moths across the trials. To better understand these limited results, the responses of the female 

moths to a range of host plant odours are now being tested by entomologists at PFR in a 

laboratory setting, free from the complex odour bouquet of the orchard environment. For the 

raspberry bud moth, plant volatile production was in the picogram range so there was 

insufficient material for antennal testing. Hence the search for a female attractant was 

abandoned for this moth. 

The HIPV work uncovered an especially rich semiochemistry for the tritrophic blackberry, 

raspberry bud moth and Dolichogenidea carposinae system. Here raspberry bud moth larval 

feeding stimulated the blackberry plant to produce a range of nitrogenous compounds which 

were exclusive to the caterpillar infested plants. These compounds were identified as 2-

methylbutanenitrile, (Z)- and (E)-  2-methylbutanal O-methyloxime, benzyl nitrile, (Z)- and 

(E)-  phenylacetaldehyde O-methyloxime and indole by comparison with synthetic standards. 

It was likely that these compounds exclusively attracted Dolichogenidea carposinae to 

parasitise raspberry bud moth on blackberry in the second parasitism trial. Bush lawyer, the 

native host of raspberry bud moth only released simple GLVs as its HIPV response to larval 

feeding. No HIPVs were observed for guava moth host plants, which was expected since guava 

moth larvae only feed on the fruit. 

Overall, this project has provided new leads for pheromone trapping and disruption of 

raspberry bud moth mating while identifying a vast range of compounds involved in the 

chemical communication of guava moth and raspberry bud moth in their respective 

environments. Still, many opportunities for further study exist as outlined below. 

 

8.2. Future directions 

The work presented in this thesis gives a lot of insight into the semiochemistry of this moth 

family, but has also raised many new questions. 
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Again, beginning with the pheromones and analogues, the pheromones these carposinids 

produce fall outside the classical pheromone classes. This raises the question of what 

biosynthetic route is used by the carposinid moths to produce their pheromones? While they 

show some similarity to the Type II moth pheromones, with the aliphatic alkene components, 

it is unlikely that they descend from the fatty acids due to their C-7 double bond location. In 

regard to the analogues testing, various chain lengths of the successful ester analogues could 

be interesting and provide more information about the pheromone sensilla in this family. It 

would also be insightful to test the analogues from this project on the Asian peach moth which 

was not studied during this project due to quarantine restrictions. 

Host plant volatile work could be extended to include more host plants for guava moth since 

they are such generalist feeders. As mentioned above, PFR entomologists are already working 

on odour testing at the laboratory scale for guava moth to try and better understand their host 

location behaviour. 

The area of HIPVs appears rich and diverse for raspberry bud moth and its tritrophic system/s, 

presenting many more study opportunities. These include but aren’t limited to: 

- Investigation of blackberry in its native environment. What is feeding on it? What 

volatiles are produced? Are parasitoids attracted to blackberry when the HIPVs 

identified in this project are applied to the healthy plant? 

- Identification of the elicitor/s in the oral secretions of raspberry bud moth 

- Antennal testing of parasitoids with plant headspace and HIPVs 

- Testing HIPV response in other native New Zealand Rubus species to raspberry bud 

moth feeding 

These represent substantial bodies of work and present challenges for future students and/or 

researchers alike.  
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9.1. General procedures 

All NMR spectra were recorded on a 400 MHz spectrometer. Chemical shifts are reported 

relative to the solvent peak of chloroform and/or CDCl3 (δ 7.3 for 1H and δ 77.0 for 13C, 

respectively). 1H NMR data is reported as position (δ), relative integral, multiplicity (s, singlet; 

d, doublet; t, triplet; dt, double triplet; m, multiplet; br, broad peak), coupling constant (J, Hz), 

and the assignment of the atom. 13C NMR data are reported as position (δ) and assignment of 

the atom. NMR assignments were performed using HSQC and HMBC experiments. Infrared 

(IR) spectra were recorded using a Perkin-Elmer Spectrum 1000 series Fourier Transform IR 

spectrometer. Absorption maxima are expressed in wave numbers (cm-1). High-resolution mass 

spectroscopy (HRMS) was carried out by electrospray ionization (ESI) on a MicroTOF-Q mass 

spectrometer. 

Synthesis reactions were monitored by thin layer chromatography (TLC). Premade silica gel 

on aluminium foil plates were purchased from Sigma-Aldrich. The plates were developed by 

applying a 5% solution of vanillin in acidified (H2SO4) ethanol and heating. 

Column chromatography was carried out using a medium pressure liquid chromatography 

(MPLC) system. Silica gel was purchased from Sigma-Aldrich, both standard 230 mesh and 

10% AgNO3 impregnated 230 mesh silica grades. The AgNO3 columns were wrapped in 

aluminium foil to exclude light and increase the longevity of the AgNO3. For the AgNO3 

columns the flow rate was greatly reduced to allow sufficient time for the π electrons of the 

double bonds to interact with the silver ions and achieve the desired isomeric separation. The 

AgNO3 columns were re-used following back-flushing of the system with DCM. 

9.2. Insects 

Raspberry bud moth larvae were collected from the canes and flower buds of wild blackberry 

plants in Chaney’s forest (43°25'53.1"S 172°40'02.9"E) Christchurch. Larvae were maintained 

on fresh blackberry and Boysenberry leaves inside a mesh cage until use, while old leaves and 

sand were provided for pupation (Figure 62). Alternatively, the group rearing method of Clare 

and Singh was used.160 Guava moth pupae were kindly provided by Asha Chhagan of PFR in 

Auckland. Pupae of both species were individually stored in humidified 30 mL plastic 

containers at 20 – 24°C until emergence. Larvae used in HIPV trials were starved for 3 h before 

the trials began to insure that feeding took place. 
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Figure 62. Plant material for maintaining raspberry bud moth larvae to pupation. Photo A.M. Twidle 

9.2.1 Parasitism of raspberry bud moth 

One houndred and twenty mixed instar raspberry bud moth larvae were collected between 28th 

October 2019 and 17th November 2019 from Chaney’s forest and maintained on Rubus leaves 

as outlined above until emergence. Larvae collected were found predominantly in the canes 

and on the growing tips of the wild blackberry. A second collection of raspberry bud moth 

larvae (123 mixed instars) was made on 14th December 2020 from Chaney’s forest and treated 

similarly. The larvae from this second collection were found in the canes, on the growing tips 

and inside the flower buds of the wild blackberry. Parasitoids that emerged were kindly 

identified by Dr Darren Ward of Landcare Research. 

9.2.2 Feeding behaviour of raspberry bud moth 

The feeding behaviour of raspberry bud moth was recorded on wild blackberry at Chaney’s 

forest and on wild bush lawyer at Banks Peninsula (43°49'25.5"S 172°47'03.2"E). The feeding 

behaviour was classified as internal cane feeding, growing tip feeding or leaf feeding. Twenty 
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plants from each species were sampled from with all canes showing signs of feeding being 

recorded (n=43 blackberry, n=45 bush lawyer). 

9.3. Plants 

Bush lawyer (Rubus cissoides) seedlings were purchased from the Department of Conservation 

nursery. Boysenberry (Rubus ursinus ‘Mapua’) dibs were kindly provided by Geoff Langford 

of Berryworld. Wild blackberry (Rubus fruticosus) plants were manually collected from 

Chaney’s forest. To keep plants free from insect damage, all plants were stored in insect proof 

mesh cages (Figure 63). Some of the plants were initially infested with aphids. These were 

removed using a permethrin insecticide spray (Raid© Odourless) at least one month prior to 

volatile collections experiments. Aphids remaining and/or found within one month of testing 

were removed manually by hand. Plants were stored outdoors at ambient temperature. 

 

Figure 63. Insect proof cage for outdoor plant cultivation. Photo A.M. Twidle 

Plants for use in HIPV trials were infested with 20 mixed instar larvae, which had been starved 

for 3 h. Larvae were applied manually with a paintbrush 24 h before the volatile collection 

began to ensure plants had time to produce a HIPV response. Infested plants were maintained 

in a room separate from the healthy plants so as to avoid any plant to plant communication. 
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9.4. Chemicals 

9.4.1 Solvent preparation 

All solvents used in headspace elution and syntheses were distilled before use to afford high 

purity solvents free from trace impurities and stabilisers. Solvents used in moisture sensitive 

reactions were stored over dried molecular sieves following distillation. For the ethers (THF 

and Et2O) distillation was carried out over LiAlH4 which removed any potentially explosive 

peroxides formed during storage. To slow peroxide formation in the unstabilised ether the 

storage temperature was maintained at -80°C. 

9.4.2 Reagents 

Unless otherwise stated all reagents were purchased from commercial suppliers and used 

without further purification.  

Methyl iodide was prepared via the reaction of methanol and hydroiodic acid (aq) 121 with the 

methyl iodide being distilled off as it was formed. The methyl iodide was dried (MgSO4) before 

use. 

9.4.3 Synthetic standards not synthesised during project 

Unless otherwise stated, compounds were obtained from Sigma-Aldrich (St. Louis, MO, USA) 

and had the chemical purity listed (%): Alkane series heptane to Dotriacontane (99%), ethyl 

butanoate (98%), (2E)-hexanal (98%), (3Z)-hexen-1-ol (98%), (2E)-hexen-1-ol (95% from 

Bedoukian (Danbury, CT, USA), hexan-1-ol (98%), 2-heptanone (98%), (±)-heptan-2-ol 

(98%), methyl hexanoate (99%), (±)-α-pinene (98%), benzaldehyde (99%), (-)-β-pinene 

(99%), 6-methyl-5-hepten-2-one (99%), β-myrcene (90%), ethyl hexanoate (98%), (3Z)-

hexenyl acetate (98%), (2E)-hexenyl acetate (98% from Bedoukian Danbury, CT, USA), hexyl 

acetate (98%), p-cymene (99%), (+)-limonene (97%), ocimene isomer mix (90%), 2-nonanone 

(99%), methyl benzoate (99%),  (±)-linalool (97%), nonanal (95%), benzyl nitrile (98%), ethyl 

benzoate (99%), (3Z)-hexenyl butyrate (97%), hexyl butanoate (99%), methyl geranate isomer 

mix (99%),  methyl salicylate (99%), α-terpineol (90%),  decanal (97%), (3Z)-hexenyl 3-

methylbutanoate (97%), 2-phenylethyl acetate (99%), indole (99%), cis jasmone (99%) from 

Bedoukian (Danbury, CT, USA), (3Z)-hexenyl hexanoate (98%),  hexyl hexanoate (97%), (-)-

β-caryophyllene (98%), α-humulene (96%), cis-trans nerolidol mix (98%), trans-nerolidol 

(85%), (3Z)-hexenyl benzoate (97%). (-)-Germacrene D (92%) and (3E,6E)-α-farnesene (98%) 
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were gifts from Ms Aimee Harper formerly of PFR.  4,8-Dimethyl-1,3(E),7-nonatriene (95%), 

(3Z,6E)-α-farnesene (99%), (11Z)-octadecen-8-one (99%), (7Z)-tricosen-11-one (99%), (7Z)-

tricosene (98%) and (7E)-tricosene (98%) were gifts from Mr Barry Bunn of PFR.  

9.5. Volatile collections 

9.5.1 Raspberry bud moth host plants and HIPVs 

The headspace of raspberry bud moth host plants; bush lawyer, Boysenberry and blackberry 

were collected using dynamic ‘push-pull’ volatile collection systems. Both healthy (n=4 for 

each plant species) and infested (n=4 for each plant species) plants were sampled from. Here 

young whole individual plants first had their pot wrapped in tin foil to reduce soil odour and 

prevent moisture loss. The pots were further excluded from the experiment by encasing in a 

PET Glad© oven bag. The foliage was then carefully encased in an extra-large PET Glad© 

oven bag which was tied off around the base of the stem. Air entering the system was pumped 

through a charcoal filter fitted to the top of the oven bag at a rate of ca. 200 mL/min using a 

KNF micro diaphragm pump (Freiburg, Germany) and Dwyer 500 mL flow meter (Dwyer 

Instruments, Pty Ltd, Australia). The charcoal filter was conditioned for a minimum of 18 h at 

150°C before use. Air leaving the system was drawn through a dual phase Tenax GR 100 mg / 

charcoal 50 mg adsorbent trap at a rate of ca. 100 mL/min. The adsorbent traps were 

conditioned in a nitrogen atmosphere at 250°C for 3 h before use. Another pump and flow 

meter were used to control the air flow leaving the bag. A healthy plant, an infested plant and 

an empty system (control) were all collected from alongside each other. All volatile collections 

were run for a 24 h duration. The adsorbent traps were eluted with 600 µL of distilled pentane 

and 600 µL of distilled diethyl ether. Twenty microliters of hexane containing 100 ng of 

phenylethyl acetate was added to the eluted samples as an internal standard. Samples were 

concentrated ca. 100 times before GC-MS analysis. 

9.5.2 Guava moth host plants 

The headspace of guava moth host plants, feijoa and lilly pilly were gathered using a dynamic 

‘pull’ volatile collection system. Feijoa fruit was sampled at a commercial orchard 

(37°00'59.4"S 174°59'15.0"E) from ‘Kakariki’ trees (n=8 for abscised, n=4 for in situ) while 

magenta lilly pilly was sampled from wild trees (n=3) in the Mangonui region (35°00'37.1"S 

173°33'29.3"E). Here both in situ fruit on the host plant and naturally abscised fruit were 
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enclosed in PET Glad© oven bags (Figure 64). An empty system was used as a control for each 

individual set up. Air entered the system through a charcoal filter and the volatiles from the 

enclosed fruit were trapped on a dual phase Tenax GR 100 mg / charcoal 50 mg adsorbent trap 

with a flow rate of ca. 100 mL/min using a KNF micro diaphragm pump (Freiburg, Germany).  

a) In situ feijoa volatile collection 

 

b) In situ lilly pilly volatile collection 

 

c) Abscised feijoa volatile collection 

 

Figure 64. Volatile collections from guava moth host plants. a) In situ feijoa.  b) In situ lilly pilly. c) Abscised feijoa. 

Photos A.M. Twidle 

The charcoal filter was conditioned for a minimum of 18 h at 150°C before use and the 

adsorbent traps were conditioned in a nitrogen atmosphere at 250°C for 3 h before use. All 
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volatile collections were run for 24 h duration. The adsorbent traps were eluted with 600 µL of 

distilled pentane and 600 µL of distilled diethyl ether. Ten microliters of hexane containing 5 

µg of phenylethyl acetate (abscised fruit) or 125 ng of phenylethyl acetate (in situ fruit) was 

added to the eluted samples as an internal standard. In situ headspace samples were 

concentrated ca. 20 times before GC-MS analysis, abscised samples were not concentrated. 

9.6. Analytical spectroscopy 

Headspace collections, reaction products and synthetic standards were analysed on either an 

Agilent 7890B GC coupled to an Agilent 5977A MSD or a Varian 3800 GC coupled to a Saturn 

2200 MS.  All injections were splitless for 0.6 min and helium was used as a carrier gas at a 

flow rate of 1.6 mL/min for the Agilent system and 1 mL/min for the Varian system. Samples 

were run on either a non-polar DB-5ms column (30 m × 0.25 mm i.d. × 0.25 µm) and/or a polar 

DB-wax column (30 m × 0.25 mm i.d. × 0.50 µm). The oven temperature for both columns 

started at 40 °C (2 min hold) then was increased at a rate of 4 °C/min up to 280 °C for the non-

polar column and 230 °C for the polar column. Reaction products were analysed using a faster 

oven ramp rate of 10 °/min, otherwise all parameters were the same. 

9.7. Female moth gland extraction 

At the beginning of scotophase 1 day old virgin female moths were anaesthetised with CO2, 

then placed under a dissecting microscope. The abdomen was then squeezed with self-closing 

forceps, which caused the ovipositor tip to protrude, revealing the pheromone gland. This was 

removed with fine dissecting scissors and placed directly into a 1 mL tear drop vial which was 

immediately closed and stored at -80°C until more glands could be added. Once sufficient 

glands were in the vial, 100 µL of distilled pentane was added to the vial, which was allow to 

warm to room temperature. After 15 min the pentane extract was transferred to a clean vial and 

concentrated to ca. 5 µL under a gentle stream of argon for GC-MS analysis and DMDS 

reaction.  

9.8. Dimethyl disulfide reaction 

Two microliters of the concentrated female moth gland extract was reacted with 4 µL of DMDS 

in 100 µL of pentane and 10 µL of iodine in Et2O (60 mg/mL). The reaction vessel was sealed 

and then reacted for 4 h at 30°C. After this time the reaction was quenched with 50 µL of 5% 
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Na2S2O3 (aq) solution. The aqueous layer was removed and the remaining organics were dried 

(MgSO4) and concentrated to 2 µL for GC-MS analysis. 

9.9. Synthetic procedures 

 2-Hydroxytetrahydrofuran (1) 

O
OH

1

2

34

5

 

To a solution of concentrated HCl (1 mL) in water (10 mL), 2,3 dihydrofuran (5.00 g, 71.3 

mmol) was added dropwise at 0 °C over 15 min. The reaction mixture was stirred for a further 

30 min, then 1 M NaOH was added to neutralise the reaction mixture. The resulting solution 

was saturated with NaCl and then extracted with DCM. The organic extracts were dried 

(MgSO4) and the solvent was removed to give the crude product 2-hydroxytetrahydrofuran (1) 

(3.48 g, 39.5 mmol, 55% yield) as a clear colorless oil. 

Rf : 0.67 (MeOH) 

δH (400 MHz; CDCl3; Me4Si) 1.82-2.09 (4H, m, H-3, H-4), 3.13 (br s, 1H, OH), 3.83-3.88 (1H, 

m, H-5), 4.02-4.08 (1H, m, H-5), 5.53-5.55 (1H, m, H-2). The 1H NMR data matched that 

reported in literature.110 

MS data 70 eV, m/z (relative intensity) 88 (2, M+), 87 (11), 71 (9), 70 (8), 69 (8), 58 (13), 57 

(42), 43 (21), 42 (100), and 41 (50). 
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(4Z)-Undecen-1-ol (2) 

OH

1
2

3

4 5

6

7

8

9

10

11  

A solution of 1-bromoheptane (7.16 g, 40.0 mmol) and triphenylphosphine (10.49 g, 40.0 

mmol) in dry CH3CN was heated at reflux under argon. After 48 h the solvent was removed to 

leave a clear colourless gel. The gel was then dissolved in DCM (30 mL) and triturated with 

pentane (70 mL). The solvents were removed and the precipitated heptyltriphenylphosphonium 

bromide was dried under hard vacuum for 8 h, and used without further purification. 

To a solution of heptyltriphenylphosphonium bromide (6.62 g, 15.0 mmol) in dry THF (50 

mL), potassium hexamethyldisilazide solution (15.0 mL of 1.0 M in THF, 15.0 mmol) was 

added dropwise at room temperature under argon. The resulting solution was heated at reflux. 

After 1 h the mixture was cooled to -80 °C and 2-hydroxytetrahydrofuran (1) (1.32 g, 15.0 

mmol) was added dropwise. The mixture was allowed to warm to room temperature and after 

3 h the reaction was quenched with 20 mL of NH4Cl (aq) solution. The organics were extracted 

with hexane (50 mL x 3) and dried (MgSO4). The solvent was removed and the crude product 

was purified by column chromatography (silica gel, hexane:EtOAc gradient) to give (4Z)-

undecen-1-ol (2) (1.13 g, 6.65 mmol, 44% yield) as a clear pale yellow oil. 

Rf : 0.27 (4:1 hexane, EtOAc) 

δH (400 MHz; CDCl3; Me4Si) 0.88 (3H, t, J = 6.9 Hz, H-11), 1.27-1.34 (9H, m, H-7, H-8, H-

9, H-10, OH), 1.60-1.67 (2H, m, H-2), 2.01-2.06 (2H, m, H-6), 2.10-2.15 (2H, m H-3), 3.66 

(2H, t, J = 6.5 Hz, H-1), 5.35-5.44 (2H, m, H-4, H-5). The 1H NMR data matched that 

reported.112 

MS data 70 eV, m/z (relative intensity) 170 (<1, M+), 152 (10), 124 (13), 109 (18), 95 (53), 81 

(100), 68 (99), 67 (95), 55 (65), and 41 (57)  
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(4Z)-Undecenal (3) 

O
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To a solution of (4Z)-undecen-1-ol (2) (661 mg, 3.88 mmol) in DCM (50 mL), Dess-Martin 

periodinane (1.65 g, 3.89 mmol) was added. The resulting suspension was stirred at room 

temperature for 18 h. The reaction was quenched with a saturated solution of Na2S2O3 (20 mL) 

and a saturated solution of NaHCO3 (20 mL). The organics were extracted with DCM (3 x 20 

mL), washed with brine and dried (MgSO4). The solvent was removed under vacuum and the 

crude product was purified by column chromatography (SiO2, hexane:EtOAc) to give (4Z)-

undecenal (3) (479 mg, 2.85 mmol, 73% yield) as a clear colourless oil. 

Rf : 0.38 (9:1 hexane, EtOAc) 

δH (400 MHz; CDCl3; Me4Si) 0.88 (3H, t, J = 7.1 Hz, H-11), 1.27-1.32 (8H, m, H-7, H-8, H-

9, H-10), 2.02-2.10 (2H, m H-6), 2.36-2.41 (2H, m, H-3), 2.46-2.48 (2H, m, H-2), 5.31-5.46 

(2H, m, H-4, H-5), 9.77 (1H, t, J = 1.6 Hz, H-1). The 1H NMR data matched that reported.61 

MS data 70 eV, m/z (relative intensity) 168 (<1, M+), 150 (10), 124 (32), 111 (6), 97 (31), 84 

(100), 83 (55), 67 (40), 55 (53), and 41 (54)  
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(12Z)-Nonadecen-9-ol (4) 

OH

12 13 15 17 19108642

1 3 5 7 11 14 16 18

9

 

Magnesium turnings (554 mg, 22.8 mmol) were primed with sublimed I2 and a drop of 1-

bromooctane under argon. Once the reaction had commenced, 1-bromooctane (4.22 g, 21.9 

mmol) was added dropwise by syringe. The reaction mixture was then heated at reflux for 2.5 

h until most of the Mg had reacted to form a grey clear solution. The mixture was then cooled 

to 0 °C and solution of (4Z)-undecenal (3) (1.83 g, 10.9 mmol) in Et2O was added dropwise 

under argon. The mixture was allowed to warm to room temperature, then heated at reflux for 

3 h. The reaction was quenched with water (15 mL) and 1 M HCl (5 mL). The organic products 

were extracted with Et2O (20 mL x 2), combined and dried (MgSO4). The solvent was removed 

under vacuum and the crude product was purified by column chromatography (SiO2, 

hexane:EtOAc) to give (12Z)-nonadecen-9-ol (4) (2.11 g, 7.47 mmol, 69% yield). 

Rf : 0.45 (4:1 hexane, EtOAc) 

δH (400 MHz; CDCl3; Me4Si) 0.88 (6H, t, J = 7.0 Hz, H-1, H-19), 1.28-1.55 (25H, m, H-2, H-

3, H-4, H-5, H-6, H-7, H-8, H-10, H-15, H-16, H-17, H-18, OH), 2.02-2.07 (2H, m, H-14), 

2.10-2.17 (2H, m, H-11), 3.59-3.63 (1H, m, H-9), 5.35-5.44 (2H, m, H-12, H-13). The 1H NMR 

data matched that reported.61 

MS data 70 eV, m/z (relative intensity) 282 (2, M+), 264 (22), 96 (100), 95 (95), 82 (90), 81 

(90), 67 (82), 55 (83), 43 (68) and 41 (58) 
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(12Z)-Nonadecen-9-one (5) 

O

12 13 15 17 19108642

1 3 5 7 11 14 16 18

9

 

A solution of (12Z)-nonadecen-9-ol (4) (2.11 g, 7.47 mmol) in DCM (80 mL), was added to 

Dess-Martin periodinane (3.49 g, 8.23 mmol). The resulting suspension was stirred at room 

temperature for 18 h. The reaction was quenched with a saturated solution of Na2S2O3 (40 mL) 

and a saturated solution of NaHCO3. The organics were extracted with DCM (3 x 20 mL), 

washed with brine and dried (MgSO4). The solvent was removed under vacuum and the crude 

product was purified by column chromatography (SiO2, DCM) to give (12Z)-nonadecen-9-one 

(5) (1.87 g, 6.67 mmol, 89% yield) as a clear colourless oil. The title product was further 

purified via AgNO3 chromatography to give a final isomeric purity > 99%. 

Rf : 0.71 (DCM) 

δH (400 MHz; CDCl3; Me4Si) 0.88 (3H, t, J = 7.1 Hz, H-1 or H-19), 0.88 (3H, t, J = 7.0 Hz, H-

1 or H-19), 1.27-1.36 (18H, m, H-2, H-3, H-4, H-5, H-6, H-15, H-16, H-17, H-18), 1.54-1.58 

(2H, m, H-7), 2.03 (2H, dt, J = 6.9 and J = 7.2 Hz, H-14), 2.27-2.32 (2H, m, H-11), 2.36-2.45 

(4H, m, H-8, H-10), 5.27-5.33 (1H, m, H-12), 5.35-5.42 (1H, m, H-13). The 1H NMR data 

matched that reported.58 

MS data 70 eV, m/z (relative intensity) 280 (5, M+), 141 (100), 124 (19), 96 (15), 83 (26), 71 

(42), 57 (39), 55 (33), 43 (30) and 41 (25) 
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(12E)-Nonadecen-9-one (6) 

O

12

13 15 17 19

108642

1 3 5 7 11

14 16 18
9

 

Isolated from AgNO3 chromatography of (12Z)-nonadecen-9-one (5). 

Rf : 0.71 (DCM) 

δH (400 MHz; CDCl3; Me4Si) 0.88 (6H, t, J = 7.2 Hz, H-1, H-19), 1.27-1.31 (18H, m, H-2, H-

3, H-4, H-5, H-6, H-15, H-16, H-17, H-18), 1.56-1.57 (2H, m, H-7), 1.96 (2H, dt, J = 6.4 and 

J = 7.0 Hz, H-14), 2.25 (2H, dt, J = 6.9 and J = 7.3 Hz, H-11), 2.38 (2H, t, J = 7.5 Hz, H-8), 

2.45 (2H, t, J = 7.7 Hz, H-10), 5.34-5.47 (2H, m, H-12, H-13). 

δC (100 MHz; CDCl3) 14.1 (C-1, C-19), 22.6 (C-2, C18), 23.8 (C-7), 26.9 (C-11), 28.8, 29.2, 

29.3, 29.4, 29.5 (C-4, C-5, C-6, C-15, C-16) 31.7, 31.8 (C-3, C-17) 32.5 (C-14), 42.7 (C-10), 

43.0 (C-8) 128.4 (C-12), 131.6 (C-13), 211.0 (C-9). 

IR: νmax(film)/cm-1; 2955, 2919, 2849, 1705, 1471, 1377, and 962. 

MS data 70 eV, m/z (relative intensity) 280 (6, M+), 141 (100), 124 (19), 96 (15), 83 (28), 71 

(43), 57 (40), 55 (34), 43 (30) and 41 (25) 

HRMS (ESI+) found (MNa+): 303.2653 C19H36NaO requires 303.2658 
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(4Z)-Undecenoic acid (7) 
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To a solution of sodium hydroxide (450 mg, 11.3 mmol) in water (5 mL) at room temperature, 

a solution of silver nitrate (464 mg, 2.73 mmol) in water (5 mL) was added. The reaction 

mixture was stirred for 10 min, then the brown silver oxide precipitate was collected by 

filtration and washed successively with acetone (5 mL) and diethyl ether (5 mL). The silver 

oxide was then added to a solution of sodium hydroxide (222 mg, 5.55 mmol) in water (5 mL), 

followed by the dropwise addition of (4Z)-undecenal (3) (200 mg, 1.19 mmol). The resulting 

mixture was stirred for 2 h. The silver precipitate was removed by filtration and the resulting 

filtrate was acidified with 1 M HCl (5 mL). The organics were extracted from the filtrate with 

Et2O (10 ml × 2) and dried (MgSO4). The solvent was removed under vacuum to give the crude 

product (4Z)-undecenoic acid (128 mg, 0.69 mmol, 58% yield) as a clear pale yellow oil. 

Rf : 0.41 (3:2 hexane, EtOAc) 

δH (400 MHz; CDCl3; Me4Si) 0.88 (3H, t, J = 7.2 Hz, H-11), 1.26-1.34 (8H, m, H-7, H-8, H-

9, H-10), 2.05 (2H, dt, J = 6.8 and J = 7.2 Hz,  H-6), 2.36-2.42 (4H, m, H-2, H-3), 5.32-5.37 

(1H, m, H-5), 5.41-5.47 (1H, m, H-4). The 1H NMR data matched that reported.115 

MS data 70 eV, m/z (relative intensity) 184 (4, M+), 166 (22), 124 (44), 96 (58), 82 (55), 69 

(79), 67 (72), 60 (29), 55 (100), and 41 (88) 
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(4Z)-Heptyl undecenoate (8) 
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To a solution of (4Z)-undecenoic acid (7) (88 mg, 0.48 mmol) in dry DCM (5 mL) at 0 °C, a 

solution of heptan-1-ol (124 mg, 1.07 mmol) in dry DCM (2 mL) was added with constant 

stirring. This was followed by the addition of a solution DMAP (23 mg, 0.19 mmol) in dry 

DCM (1 mL) and a solution of DCC (200 mg, 0.97 mmol) in dry DCM (2 mL). The resulting 

four component mixture was allowed to warm to room temperature and then left over night 

with constant stirring. Upon completion, as monitored by TLC analysis, the dicyclohexylurea 

precipitate was filtered and the filtrate was washed with 1 M HCl (10 mL × 2), a saturated 

solution of NaHCO3 (10 mL) then dried (MgSO4). The solvent was removed under vacuum 

and the crude product was purified by column chromatography (silica gel, DCM) to give (4Z)-

heptyl undecenoate (8) (99 mg, 0.35 mmol, 73% yield, isomeric purity 99% by GC) as a clear 

colorless oil. 

Rf : 0.67 (DCM) 

δH (400 MHz; CDCl3; Me4Si) 0.88 (3H, t, J = 6.5 Hz, H-11 or H-7′), 0.89 (3H, t, J = 7.5 Hz, 

H-11 or H-7′),1.27-1.32 (16H, m, H-7, H-8, H-9, H-10, H-3′, H-4′, H-5′, H-6′), 1.60-1.64 (2H, 

m, H-2′), 2.04 (2H, dt, J = 6.9 and J = 7.1 Hz, H-6), 2.32-2.36 (4H, m, H-2, H-3), 4.06 (2H, t, 

J = 6.7 Hz, H-1′), 5.30-5.33 (1H, m, H-4), 5.34-5.38 (1H, m, H-5).  

δC (100 MHz; CDCl3) 14.07, 14.10 (C-11, C-7′), 22.6, 22.7 (C-10, C-6′), 22.9 (C-3), 25.9 (C-

3′), 27.2 (C-6), 28.7 (C-2′), 28.9, 29.0 (C-7, C-4′), 29.6 (C-8), 31.7, 31.8 (C-9, C-5′), 34.5 (C-

2), 64.6 (C-1′), 127.4 (C-4), 131.5 (C-5), 173.4 (C-1).  

IR: νmax(film)/cm-1; 2956, 2925, 2856, 1737, 1466, 1353, 1239, 1151, 1066, and 724. 

MS data 70 eV, m/z (relative intensity) 282 (2, M+), 185 (9), 166 (37), 124 (67), 96 (55), 84 

(49), 69 (53), 57 (100), 55 (74) and 41 (70) 

HRMS (ESI+) found (MNa+): 305.2444 C18H34NaO2 requires 305.2451 
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(2Z)-nonenyl formate (9) 
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To a stirred solution of formic acid (51 mg, 1.11 mmol) in dry DCM (5 mL), a solution of (2Z)-

nonen-1-ol (174 mg, 1.22 mmol) in dry DCM (4 mL) was added. This was followed by the 

addition of a solution DMAP (48 mg, 0.39 mmol) in dry DCM (1 mL) and a solution of DCC 

(455 mg, 2.21 mmol) in dry DCM (4 mL). The resulting four component mixture was stirred 

overnight. Upon completion as monitored by TLC analysis, the dicyclohexylurea precipitate 

was filtered and the filtrate was washed with 1 M HCl (15 mL × 2), a saturated solution of 

NaHCO3 (15 mL) then dried (MgSO4). The solvent was removed under vacuum and the crude 

product was purified by column chromatography (silica gel, pentane: DCM gradient) to give 

(2Z)-nonenyl formate (9) (120 mg, 0.70 mmol, 64% yield, isomeric purity 97% by GC) as a 

clear colorless oil.  

Rf : 0.65 (DCM) 

δH (400 MHz; CDCl3; Me4Si) 0.89 (3H, t, J = 7.0 Hz, H-9′), 1.27-1.57 (8H, m, H-5′, H-6′, H-

7′, H-8′), 2.11 (2H, dt, J = 7.3 and J = 7.4 Hz, H-4′), 4.72 (2H, d, J = 6.9 Hz, H-1′), 5.51-5.58 

(1H, m, H-2′), 5.65-5.72 (1H, m, H-3′), 8.07 (1H, s, H-1). 

δC (100 MHz; CDCl3) 14.1 (C-9′), 22.6 (C-8′), 27.5 (C-4′), 28.9 (C-5′), 29.3 (C-6′), 31.7 (C-

7′), 59.8 (C-1′), 122.6 (C-2′), 136.3 (C-3′), 161.0 (C-1). 

IR: νmax(film)/cm-1; 2926, 2857, 2120, 1725, 1460, 1378, 1275, 1156, 893 and 725. 

MS data 70 eV, m/z (relative intensity) 170 (<1, M+), 141 (3), 124 (44), 109 (7), 95 (53), 81 

(62), 67 (74), 55 (78), 54 (100), and 41 (74). 

HRMS (ESI+) found (MNa+): 193.1200 C10H18NaO2 requires 193.1199 
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(2Z)-nonenyl nonanoate (10) 
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To a stirred solution of nonanoic acid (159 mg, 1.00 mmol) in dry DCM (5 mL), a solution of 

(2Z)-nonen-1-ol (159 mg, 1.12 mmol) in dry DCM (4 mL) was added. This was followed by 

the addition of a solution DMAP (44 mg, 0.36 mmol) in dry DCM (1 mL) and a solution of 

DCC (413 mg, 2.00 mmol) in dry DCM (4 mL). The resulting four component mixture was 

stirred overnight. Upon completion as monitored by TLC analysis, the dicyclohexylurea 

precipitate was filtered and the filtrate was washed with 1 M HCl (15 mL × 2), a saturated 

solution of NaHCO3 (15 mL) then dried (MgSO4). The solvent was removed under vacuum 

and the crude product was purified by column chromatography (silica gel, DCM) to give (2Z)-

nonenyl nonanoate (10) (195 mg, 0.69 mmol, 69% yield, isomeric purity 98% by GC) as a 

clear colorless oil. 

Rf : 0.71 (DCM) 

δH (400 MHz; CDCl3; Me4Si) 0.86-0.90 (6H, m, C-9, C-9′), 1.27-1.38 (18H, m, H-4, H-5, H-

6, H-7, H-8, H-5′, H-6′, H-7′, H-8′), 1.58-1.66 (2H, m, H-3), 2.10 (2H, dt, J = 7.2 and J = 7.5 

Hz, H-4′), 2.30 (2H, t, J = 7.6 Hz, H-2), 4.62 (2H, d, J = 6.8 Hz, H-1′), 5.49-5.56 (1H, m, H-

2′), 5.61-5.67 (1H, m, H-3′). 

δC (100 MHz; CDCl3) 14.1 (C-9, C-9′), 22.6, 22.7 (C-8, C-8′), 25.0 (C-3), 27.6 (C-4′), 28.9, 

29.1, 29.17, 29.23, 29.4 (C-4, C-5, C-6, C-5′, C-6′), 31.7, 31.8 (C-7, C-7′), 34.4 (C-2), 60.2 (C-

1′), 123.4 (C-2′), 135.5 (C-3′), 173.8 (C-1).  

IR: νmax(film)/cm-1; 2960, 2924, 2856, 1737, 1460, 1378, 1161, 1109, 968, and 723. 

MS data 70 eV, m/z (relative intensity) 282 (3, M+), 197 (8), 141 (100), 124 (15), 96 (18), 81 

(24), 71 (36), 57 (40), 43 (26) and 41 (26) 

HRMS (ESI+) found (MNa+): 305.2452 C18H34NaO2 requires 305.2451 
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Di (2Z)-nonenyl carbonate (11) 
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To a stirred solution of (2Z)-nonen-1-ol (1.76 g, 12.4 mmol) in dry pyridine (4 mL) and dry 

THF (30 mL), a solution of triphosgene (642 mg, 2.16 mmol) in dry THF was added dropwise 

over 2 h. The solution was then stirred at room temperature for a further 4 h, after which, the 

solvent was removed under vacuum. The crude product was purified by column 

chromatography (silica gel, hexane: ethyl acetate gradient) to give di (2Z)-nonenyl carbonate 

(11) (321 mg, 1.03 mmol, 48% yield, isomeric purity 93% by GC) as a clear colorless oil. 

Rf : 0.57 (9:1 hexane, EtOAc) 

δH (400 MHz; CDCl3; Me4Si) 0.88 (6H, t, J = 7.1 Hz, H-9′, H-9′′), 1.27-1.38 (16H, m, H-5′, H-

6′, H-7′, H-8′, H-5′′, H-6′′, H-7′′, H-8′′), 2.11 (4H, dt, J = 7.1 and J = 7.5 Hz, H-4′ and H-4′′), 

4.68 (4H, d, J = 6.8 Hz, H-1′, H-1′′), 5.52-5.59 (2H, m, H-2′, H-2′′), 5.63-5.70 (2H, m, H-3′, 

H-3′′). 

δC (100 MHz; CDCl3) 14.07, 14.12 (C-9′, C-9′′), 22.6, 22.7 (C-8′, C-8′′), 27.6 (C-4′, C-4′′), 

28.9, 29.4 (C-5′, C-6′, C-5′′, C-6′′), 31.6, 31.7 (C-7′, C-7′′), 63.7 (C-1′, C-1′′), 122.7 (C-2′, C-

2′′), 136.0 (C-3′, C-3′′), 155.3 (C-1). 

IR: νmax(film)/cm-1; 2957, 2925, 2856, 1744, 1459, 1372, 1243, 941, 792, and 724. 

MS data 70 eV, m/z (relative intensity) 310 (<1, M+), 141 (1), 124 (100), 96 (56), 82 (79), 69 

(96), 55 (77), 54 (71), 43 (37) and 41 (55) 

HRMS (ESI+) found (MNa+): 333.2403 C19H34NaO3 requires 333.2400 
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(7Z)-11-methylenenonadecene (12) 
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To a solution of methyltriphenylphosphonium bromide (714 mg, 2.00 mmol) in dry THF (10 

mL), potassium hexamethyldisilazide solution (2.00 mL of 1.0 M in THF, 2.00 mmol) was 

added dropwise at room temperature under argon. The resulting solution was heated at reflux. 

After 2 h the mixture was cooled to -80 °C and (12Z)-nonadecen-9-one (5) (240 mg, 0.86 

mmol) in dry THF (5 mL) was added dropwise. The mixture was allowed to warm to room 

temperature and after 3 h the reaction was quenched with 40 mL of NH4Cl (aq) solution. The 

organics were extracted with hexane (30 mL x 3) and dried (MgSO4). The solvent was removed 

and the crude product was purified by column chromatography (SiO2, hexane:EtOAc) to give 

(7Z)-11-methylenenonadecene (12) (151 mg, 0.54 mmol, 63% yield, isomeric purity 94% by 

GC) as a clear colourless oil. 

Rf : 0.77 (9:1 hexane, EtOAc) 

δH (400 MHz; CDCl3; Me4Si) 0.88 (6H, t, J = 7.0 Hz, H-1, H-19), 1.23-1.43 (20H, m, H-2, H-

3, H-4, H-5, H-13, H-14, H-15, H-16, H-17, H-18), 1.99-2.06 (6H, m, H-6, H-10, H-12,), 2.14-

2.19 (2H, m, H-9), 4.71 (1H, s, H-1′), 4.72 (1H, s, H-1′), 5.33-5.39 (2H, m, H-7, H-8).  

δC (100 MHz; CDCl3) 14.0, 14.1 (C-1, C-19), 22.6, 22.7 (C-2, C-18), 25.6 (C-9), 27.3 (C-6), 

29.0, 29.3, 29.4, 29.5, 29.7 (C-4, C-5, C14, C15, C16), 31.8, 31.9 (C-3, C-17), 36.0, 36.1 (C-

10, C-12), 108.7 (C-1′), 129.2 (C-8), 130.2 (C-7), 149.8 (C-11). 

IR: νmax(film)/cm-1; 2957, 2926, 2856, 1646, 1466, 1378, 889 and 737 

MS data 70 eV, m/z (relative intensity) 278 (2, M+), 179 (66), 165 (62), 109 (37), 95 (77), 81 

(100), 69 (49), 67 (71), 55 (58) and 41 (55) 

HRMS (ESI+) found (MNa+): No result 
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(12Z)-Nonadecen-9-amine (13) 
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To a solution of (12Z)-nonadecen-9-one (5) (150 mg, 0.53 mmol) and NH4OAc (412 mg, 5.35 

mmol) in dry methanol (20 mL), NaBH3CN (34 mg, 0.54 mmol) was added. The mixture was 

stirred for 96 h after which time TLC analysis showed the reaction was complete. The methanol 

was then removed in vacuo and the resulting residue was taken up in HCl acidified water (pH 

< 2) and washed with EtOAc. The aqueous layer was then basified with NaOH (aq) (pH > 10) 

and extracted with DCM (20 mL × 3). The product unexpectedly dispersed through the EtOAc 

and water layer in the acidification step so the EtOAc and DCM fractions were combined and 

dried (MgSO4). The solvent was removed under vacuum and the crude product was purified 

by column chromatography (silica gel, DCM:MeOH gradient) to give the title product (12Z)- 

nonadecen-9-amine (13) (50 mg, 0.18 mmol, 33% yield, isomeric purity > 99% by GC) as a 

clear pale yellow oil. 

Rf : 0.33 (9:1 DCM, MeOH) 

δH (400 MHz; CDCl3; Me4Si) 0.86-0.90 (6H, m,  H-1, H-19), 1.27-1.45 (22H, m, H-2, H-3, H-

4, H-5, H-6, H-7, H-15, H-16, H-17, H-18, NH2), 1.66-1.80 (4H, m, H-8, H -10), 2.02-2.05 

(2H, m, H-14), 2.14-2.22 (2H, m, H-11), 3.15 (1H, quin., J = 6.4 Hz, H-9), 5.28-5.34 (1H, m, 

H- 12) 5.38-5.45 (1H, m, H-13). 

δC (100 MHz; CDCl3) 14.1 (C-1, C-19), 22.66, 22.68 (C-2, C18), 23.2 (C-11), 25.3 (C-7), 27.4 

(C-14), 29.0, 29.3, 29.4, 29.7 (C-4, C-5, C-6, C-15, C-16) 31.8, 31.9 (C-3, C-17), 32.6, 32.7 

(C-8, C-10), 52.2 (C-9), 127.3 (C-12), 131.7 (C-13). 

IR: νmax(film)/cm-1; 2957, 2923, 2855, 1612, 1519, 1459, 1379, 1116, 722 

MS data 70 eV, m/z (relative intensity) 281 (<1, M+), 264 (2), 210 (7), 196 (9), 182 (12), 168 

(92), 142 (100), 69 (16), 55 (18), and 43 (21) 

HRMS (ESI+) found (MH+): 282.3153 C19H40N requires 282.3155 
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(12Z)-N-(Nonadecen-9-ylidene)cyclopropanamine (14) 
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To a solution of (12Z)-nonadecen-9-one (5) (280 mg, 1.00 mmol) in dry ethanol (10 mL), 

cyclopropylamine (692 µL, 10.0 mmol) and acetic acid (5 drops) were added dropwise at room 

temperature under argon over 3 Å molecular sieves. The mixture was heated at reflux and left 

overnight. The product was not observed by TLC analysis due to its instability, but GC-MS 

analysis confirmed the reaction had proceeded to completion. The product proved unstable and 

was not taken forward for any other testing.  

 

Figure 65. Imine synthesis product as shown by GC-MS. 

Rf : Too unstable for TLC analysis 

MS data 70 eV, m/z (relative intensity) 319 (3, M+), 318 (5, M-1), 248 (100), 234 (78), 220 

(43), 206 (51), 122 (40), 108 (36), 96 (45) and 41 (41) 

  



 

140 

 

(7Z)-11-Methoxynonadecene (15) 
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To a solution of NaH (240 mg, 10 mmol) in THF (10 mL), alcohol (4) (230 mg, 0.81 mmol) in 

THF (5mL) was added dropwise at room temperature under argon. The resulting mixture was 

stirred for 90 min after which time MeI (1 mL, 16.1 mmol) was added via syringe. The reaction 

was monitored by TLC. After 17 h more NaH (240 mg, 10.0 mmol) in THF (10 mL) was added, 

followed by a second addition of MeI (1 mL, 16.1 mmol). After 65 h the reaction had proceeded 

sufficiently and was quenched with 30 mL of MeOH, and poured into brine (50 mL). The 

organics were extracted with Et2O (20 mL × 3), washed with brine and dried (MgSO4). The 

solvent was removed under vacuum and the crude product was purified by column 

chromatography (silica gel, hexane:EtOAc gradient) to give the title product (7Z)-11-

methoxynonadecene (15) (146 mg, 0.49 mmol, 60% yield, isomeric purity > 87% by GC) as a 

clear pale yellow oil. 

Rf : 0.69 (4:1 hexane, EtOAc) 

δH (400 MHz; CDCl3; Me4Si) 0.88 (6H, t, J = 6.8 Hz, H-1, H-19), 1.27-1.36 (20H, m, H-2, H-

3, H-4, H-5, H-13, H-14, H-15, H-16, H-17, H-18), 1.43-1.52 (4H, m, H-10, H-12), 1.98-2.10 

(4H, m, H-6, H-9), 3.11-3.17 (1H, m, H-11), 3.32 (3H, s, Me), 5.34-5.41 (2H, m, H-7, H-8). 

δC (100 MHz; CDCl3) 14.1 (C-1, C-19), 22.6, 22.7 (C-2, C18), 23.0 (C-9), 25.2 (C-13), 27.2 

(C-6), 29.0, 29.3, 29.6, 29.7, 29.9 (C-4, C-5, C-14, C-15, C-16) 31.8, 31.9 (C-3, C-17), 33.3, 

33.4 (C-10, C-12), 56.3 (Me), 80.4 (C-11), 129.4, 130.3 (C-7, C-8). 

IR: νmax(film)/cm-1; 2960, 2927, 2856, 1466, 1378, 1100, 736 

MS data 70 eV, m/z (relative intensity) 296 (<1, M+), 264 (45), 183 (36), 138 (33), 110 (50), 

95 (70), 83 (75), 69 (100), 55 (64) and 41 (44) 

HRMS (ESI+) found (MNa+): 319.2971 C20H40NaO requires 319.2971 
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 (3Z)-Decen-1-ol (16) 
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To a solution of 3-decyn-1-ol (2.00 g, 13.0 mmol) in hexane (50 ml), Lindlar’s catalyst (280 

mg) and two drops of quinoline were added. The system was flushed with hydrogen and left 

for 90 min at room temperature after which time the reaction was confirmed as complete by 

GC-MS analysis. The catalyst was filtered and the organic layer was washed successively with 

1 M HCl and water (20 ml each) then dried (MgSO4). The solvent was removed under vacuum 

to afford the title product (3Z)-decen-1-ol (16) (1.92 g, 12.3 mmol, 95% yield, isomeric purity 

99% by GC) as a clear colourless oil which was used without further purification. 

Rf : 0.20 (DCM) 

δH (400 MHz; CDCl3; Me4Si) 0.88 (3H, t, J = 7.0 Hz, H-10),  1.27-1.39 (9H, m, H-6, H-7, H-

8, H-9, OH),  2.07 (2H, dt, J = 7.0 and 7.2 Hz,  H-5), 2.34 (2H, dt, J = 4.4 and 6.6 Hz,  H-2), 

3.62-3.66 (2H, m,  H-1), 5.33-5.40 (1H, m, H-3), 5.53-5.60 (1H, m, H-4). The 1H NMR data 

matched that reported.122  

MS data 70 eV, m/z (relative intensity) 156 (<1, M+), 138 (8, M-18), 110 (17), 109 (17), 95 

(37), 81 (80), 68 (100), 67 (84), 55 (97) and 41 (68) 
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(3Z)-Decenyl methanesulfonate (17) 
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To a solution of (3Z)-decen-1-ol (16) (1.00 g, 6.40 mmol) and Et3N (1782 µL, 12.8 mmol) in 

dry DCM (30 mL) under argon at 0 °C, mesyl chloride (986 µL, 12.7 mmol) was added 

dropwise by syringe with constant stirring. The mixture was stirred for 2 h and allowed to warm 

to room temperature. Upon completion the reaction was quenched with water (10 mL) and was 

washed with 1 M HCl (10 mL × 2), aq. sat. NaHCO3 (20 mL) and brine (20 mL). The organic 

phase was dried (MgSO4) and the solvent removed under vacuum to give the title product (3Z)-

decenyl methanesulfonate (17) (1.47 g, 6.27 mmol, 98% yield) as a clear yellow oil. 

Rf : 0.50 (DCM) 

δH (400 MHz; CDCl3; Me4Si) 0.89 (3H, t, J = 7.0 Hz, H-10),  1.28-1.36 (8H, m, H-6, H-7, H-

8, H-9),  2.05 (2H, dt, J = 7.1 and 7.4 Hz,  H-5), 2.48-2.53 (2H, m,  H-2), 3.00 (3H, s, MsO), 

4.21 (2H, t, J = 7.0 Hz,  H-1), 5.30-5.37 (1H, m, H-3), 5.54-5.60 (1H, m, H-4). 

δC (100 MHz; CDCl3) 14.1 (C-10), 22.6 (C-9), 27.37, 27.40 (C-2, C-5), 28.9 (C-7), 29.5 (C-6), 

31.7, (C-8), 37.5 (MsO), 69.3 (C-1), 122.6 (C-3), 134.3 (C-4). 

IR: νmax(film)/cm-1; 2960, 2927, 2856, 1467, 1352, 1171, 953, 910, 803, 734 

MS data 70 eV, m/z (relative intensity) 234 (<1, M+), 138 (26), 109 (20), 95 (31), 81 (83), 68 

(99), 67 (100), 55 (57), 54 (62) and 41 (45) 

HRMS (ESI+) found (MNa+): 257.1183 C11H22NaO3S requires 257.1182 
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(3Z)-Decenyl(octyl)sulfane (18) 
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Calcium ethoxide was prepared by adding CaH2 (546 mg, 13.0 mmol) to dry ethanol (5 mL). 

The resulting mixture was stirred overnight then rigorously degassed and stored under argon. 

Octyl thiol (450 mg, 3.08 mmol) was weighed into a dry flask and the mesylate (17) (760 mg, 

3.24 mmol) was added along with 5 mL of dry ethanol. This mixture was also rigorously 

degassed and the ethoxide solution prepared earlier was slowly added under argon. The 

reaction proceeded very slowly and a second addition of thiol (450 mg, 3.08 mmol) was made 

after 7 d. The reaction was complete after 14 d and the mixture was acidified with 1 M HCl. 

Water (25 mL) was added and the organics were extracted with DCM (20 mL × 3). The 

organics were then dried (MgSO4) and the solvent removed under vacuum. The crude sulfide 

was then purified by column chromatography (silica gel, hexane) to give the title product (3Z)-

decenyl(octyl)sulfane (18) (495 mg, 1.74 mmol, 54% yield) as a clear colourless oil. 

Rf : 0.20 (hexane) 

δH (400 MHz; CDCl3; Me4Si  0.86-0.90 (6H, m, H-10, H-8´),  1.24-1.38 (18H, m, H-6, H-7, 

H-8, H-9, H-3´, H-4´, H-5´, H-6´, H-7´),  1.57-1.62 (2H, m, H-2´), 2.04 (2H, dt, J = 6.8 and 7.0 

Hz,  H-5), 2.33 (2H, dt, J = 7.2 and 7.4 Hz,  H-2), 2.49-2.55 (4H, m, H-1, H-1´), 5.35-5.48 (2H, 

m, H-3, H-4).  

δC (100 MHz; CDCl3) 14.1 (C-10, C-8´), 22.7 (C-9, C-7´), 27.4 (C-5), 27.7 (C-2), 29.0, 29.22, 

29.24, 29.6, 29.7 (C-6, C-7, C-2´, C-3´, C-4´, C-5´),  31.8, 31.8, (C-8, C-6´), 32.1, 32.2 (C-1, 

C-1´), 127.5 (C-3), 131.6 (C-4). 

IR: νmax(film)/cm-1; 2953, 2923, 2854, 1459, 1378, 967, 723 

MS data 70 eV, m/z (relative intensity) 284 (<1, M+), 255 (1), 171 (100), 159 (16), 129 (13), 

87 (29), 69 (71), 61 (40), 55 (50) and 41 (37)  

HRMS (ESI+) found (MNa+): 307.2428 C18H36NaS requires 307.2430 
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(3Z)-1-(Octylsulfinyl)decene (19) 

41 3 6 8 10

S
2 5 7 9

1'3'5'7'

4'6'8' 2'
O

 

To a solution of thioether (18) (284 mg, 1.00 mmol), TeO2 (16 mg, 0.10 mmol) and HCl (cat.) 

in methanol (5 mL), 30% H2O2 (227 µL, 2.00 mmol) was added dropwise at room temperature 

with vigorous stirring. Upon completion of the reaction as shown by TLC analysis, the organics 

were extracted with DCM (20 mL × 3) then washed with water (20 mL × 2) and dried (MgSO4). 

The solvent was removed under vacuum to give the title compound (3Z)-1-

(octylsulfinyl)decene (19) (262 mg, 0.87 mmol, 87% yield) as a clear colourless oil. The 

product was not purified further by column chromatography due to its instability and retention 

on the silica. Chemical purity was estimated at 92% based on NMR.  

Rf : 0.14 (DCM)  

δH (400 MHz; CDCl3; Me4Si) 0.86-0.90 (6H, m, H-10, H-8´),  1.27-1.47 (18H, m, H-6, H-7, 

H-8, H-9, H-3´, H-4´, H-5´, H-6´, H-7´),  1.72-1.79 (2H, m, H-2´), 2.06 (2H, dt, J = 7.0 and 7.2 

Hz,  H-5), 2.53 (2H, dt, J = 7.8 and 8.2 Hz,  H-2), 2.59-2.75 (4H, m, H-1, H-1´), 5.34-5.41 (1H, 

m, H-3), 5.48-5.51 (1H, m, H-4).  

δC (100 MHz; CDCl3) 14.08, 14.09 (C-10, C-8´), 20.7 (C-2),  22.6 (C-9, C-2´, C-7´), 27.3 (C-

5), 28.9, 28.97, 29.04, 29.2, 29.5 (C-6, C-7, C-3´, C-4´, C-5´),  31.8 (C-8, C-6´), 52.3, 52.5 (C-

1, C-1´), 125.6 (C-3), 133.0 (C-4). 

IR: νmax(film)/cm-1; 2955, 2924, 2855, 1459, 1409, 1377, 1026, 723 

MS data 70 eV, m/z (relative intensity): The product disintegrated in the GC-MS injection port.  

HRMS (ESI+) found (MNa+): 323.2375 C18H36NaOS requires 323.2379 
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Phenylacetaldehyde O-methyloxime (20) 

N

O
1'

1

2

3

4 5

6

78  

To a solution of methoxyamine hydrochloride (129 mg, 1.54 mmol) and sodium carbonate 

(162 mg, 1.53 mmol) in water (10 mL), phenylacetaldehyde (120 mg, 1.00 mmol) in ethanol 

(1.20 mL) was added dropwise with vigorous stirring. The mixture was stirred for 4 h after 

which time TLC analysis indicated the reaction was complete. The organics were extracted 

with Et2O (20 mL × 3) then washed with water (20 mL × 2) and dried (MgSO4). The solvent 

was removed under vacuum and the crude product was purified by column chromatography 

(hexane: EtOAc gradient, on silica gel) to give a mixture of (Z)- and (E)- phenylacetaldehyde 

O-methyloxime (20) (3:2 ratio, unassigned) (69 mg, 0.46 mmol, 46% yield) as a clear 

colourless oil. 

Rf : 0.36 (9:1 hexane, EtOAc) 

δH (400 MHz; CDCl3; Me4Si) Main stereoisomer: 3.52 (2H, d, J = 6.5 Hz, H-2), 3.86 (3H, s, 

H-1´), 7.19-7.33* (5H, m, H-4, H-5, H-6, H-7, H-8), 7.46 (1H, t, J = 6.5 Hz, H-1). The NMR 

data for the main stereisomer matched that reported.161 

* Range of ppm is extended due to isomer overlap. 

MS data 70 eV, m/z (relative intensity) Main stereoisomer: 149 (10, M+), 117 (100), 104 (3), 

91 (51), 90 (51), 89 (19), 77 (6), 65 (12), 51 (6) and 41 (2) 
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Pentanal O-methyloxime (21) 

NO

1 3 5

42

1'  

A mixture of methoxyamine hydrochloride (250 mg, 2.99 mmol), sodium carbonate (318 mg, 

3.00 mmol) and pentanal (174 mg, 2.02 mmol) in water (20 mL) was vigorously stirred for 6 

h after which time TLC analysis indicated the reaction was complete. The organics were 

extracted with Et2O (20 mL × 3) then washed with water (20 mL × 2) and dried (MgSO4). The 

solvent was removed under vacuum to give a mixture of (Z)- and (E)- pentanal O-methyloxime 

(21) (3:1 ratio, unassigned) (119 mg, 1.03 mmol, 51% yield) as a clear colourless oil. 

Rf : 0.21 (9:1 hexane, EtOAc) 

δH (400 MHz; CDCl3; Me4Si) δH (400 MHz; CDCl3; Me4Si) Main stereoisomer: 0.92 (3H, t, J 

= 7.3 Hz,  H-5), 1.21-1.50* (4H, m, H-3, H-4), 2.16-2.21* (2H, m, H-2), 3.81 (3H, s, H-1´), 

7.36 (1H, t, J = 6.3 Hz, H-1).  

* Range of ppm is extended due to isomer overlap. 

δC (100 MHz; CDCl3) Main stereoisomer: 13.7 (C-5), 22.2 (C-4), 28.8 (C-3), 29.1 (C-2), 61.1 

(C-1´), 151.0 (C-1). 

MS data 70 eV, m/z (relative intensity) Main stereoisomer: 115 (8, M+), 100 (3), 87 (5), 86 

(26), 73 (100) 68 (4), 56 (11), 55 (10), 43 (29) and 41 (33) 
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2-Methylbutanal O-methyloxime (22) 

NO

1 3
42

1'

1''

 

A mixture of methoxyamine hydrochloride (250 mg, 2.99 mmol), sodium carbonate (318 mg, 

3.00 mmol) and 2-methylbutanal (172 mg, 2.00 mmol) in water (20 mL) was vigorously 

stirred for 6 h after which time the reaction was stopped. The product did not show up on 

TLC analysis so the reaction time of 6 h for the previous product 21 was used. The organics 

were extracted with Et2O (20 mL × 3) then washed with water (20 mL × 2) and dried 

(MgSO4). The solvent was removed under vacuum to give a mixture of (Z)- and (E)- 2-

methylbutanal O-methyloxime (22) (24:1 ratio, unassigned) (50 mg, 0.43 mmol, 22% yield) 

as a clear colourless oil. 

Rf : No spot visible (9:1 hexane, EtOAc) 

δH (400 MHz; CDCl3; Me4Si) Main stereoisomer: 0.91 (3H, t, J = 7.4 Hz, H-4), 1.06 (3H, d, J 

= 6.9 Hz, H-1´´), 1.37-1.50 (2H, m, H-3), 2.23-2.30 (1H, m, H-2), 3.81 (3H, s, H-1´), 7.21 

(1H, d, J = 7.4 Hz, H-1).  

δC (100 MHz; CDCl3) Main stereoisomer: 11.5 (C-4), 17.8 (C-1´´), 27.7 (C-3), 35.9 (C-2), 

61.2 (C-1´), 155.3 (C-1). 

IR: νmax(film)/cm-1; 2971, 1715, 1364, 1223, 913, 736 

MS data 70 eV, m/z (relative intensity) Main stereoisomer: 115 (3, M+), 100 (44), 87 (83), 86 

(22), 73 (100), 69 (20), 60 (10), 56 (52), 54 (32) and 41 (48) 
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3-Methylbutanal O-methyloxime (23) 

NO

1

3
42

1'

1''  

A mixture of methoxyamine hydrochloride (254 mg, 3.04 mmol), sodium carbonate (320 mg, 

3.02 mmol) and 3-methylbutanal (174 mg, 2.02 mmol) in water (20 mL) was vigorously stirred 

for 6 h after which time the reaction was stopped. Again this product did not show up on TLC 

analysis so the reaction time for the earlier synthesised product 21 was used. The organics were 

extracted with Et2O (20 mL × 3) then washed with water (20 mL × 2) and dried (MgSO4). The 

solvent was removed under vacuum to give a mixture of (Z)- and (E)- 3-methylbutanal O-

methyloxime (23) (3:1 ratio, unassigned) (123 mg, 1.07 mmol, 53% yield) as a clear colourless 

oil. 

Rf : No spot visible (9:1 hexane, EtOAc) 

δH (400 MHz; CDCl3; Me4Si) δH (400 MHz; CDCl3; Me4Si) Main stereoisomer: 0.95 (6H, d, 

J = 6.8 Hz, H-4, H-1´´), 1.77-1.85 (1H, m, H-3), 2.07 (2H, dd, J = 6.6 Hz and J = 6.8 Hz H-

2), 3.82 (3H, s, H-1´), 7.37 (1H, t, J = 6.6 Hz, H-1).  

δC (100 MHz; CDCl3) Main stereoisomer: 22.3 (C-4 or C-1´´), 22.4 (C-4 or C-1´´), 26.8 (C-3), 

38.1 (C-2), 61.2 (C-1´), 150.3 (C-1). 

MS data 70 eV, m/z (relative intensity) Main stereoisomer: 115 (21, M+), 100 (44), 84 (3), 73 

(100), 69 (11), 60 (3), 57 (9), 56 (11), 43 (41) and 41 (34) 
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2-Methylbutanenitrile (24) 

1 3
42

1'

N  

A mixture of hydroxyamine hydrochloride (764 mg, 11.0 mmol), and 2-methylbutanal (861 

mg, 10.0 mmol) in DMSO (5 mL) was heated to 90 °C in a closed system. After 1 h the 

mixture was allowed to cool to room temperature and the mixture was then poured into water 

(20 mL). The organics were extracted with Et2O (20 mL × 3) then washed with water (20 mL 

× 2) and dried (MgSO4). The solvent was removed under vacuum and the crude product was 

passed through a short plug of silica gel with 100 mL of DCM to give the title compound 2-

methylbutanenitrile (24) (216 mg, 2.60 mmol, 26% yield) as a clear pale yellow oil. 

Rf : No spot visible (9:1 hexane, EtOAc)  

δH (400 MHz; CDCl3; Me4Si) 1.08 (3H, t, J = 7.4 Hz, H-4), 1.31 (3H, d, J = 7.3 Hz, H-1´), 

1.59-1.67 (2H, m, H-3), 2.51-2.60 (1H, m, H-1). The 1H NMR data matched that reported.147 

MS data 70 eV, m/z (relative intensity) 83 (<1, M+), 82 (2, M-1), 68 (1), 64 (2), 56 (5), 55 

(100), 54 (47), 52 (5), 43 (2) and 41 (7)  
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9.10. Electroantennogram testing  

9.10.1 General conditions 

Antennal depolarisations of guava moth and raspberry bud moth were recorded in response to 

volatile headspace samples and synthesis products using a Syntech IDAC-4 recording unit 

(Okenfels Syntech, GmbH, Kirchzarten, Germany) alone or coupled to an Agilent 7890B GC. 

Healthy 1 – 6 day old males or 1 – 5 day old females were anaesthetised under CO2 and the 

antenna was excised adjacent to the scape and the tip of the terminal segment was removed. 

The freshly excised antenna was then mounted between two silver electrodes contained within 

Ringer’s solution filled glass capillaries (Figure 66). Guava moth are not recorded as present 

in the South Island of New Zealand so all electrophysiological experiments using guava moth 

in Lincoln were conducted in a physical containment level 2 (PC2) facility. 

a) Male guava moth antennal preparation 

 

b) Female guava moth antennal preparation 

 

Figure 66. Antennal preparations of guava moth. a) Male moth. b) Female moth. Photos A.M. Twidle 

9.10.2 EAG testing 

For EAG experiments 1 mL solutions of synthesis products were prepared in DCM to give the 

desired amount of compound (1 ng, 10 ng, 100 ng, 1 µg, 10 µg, or 100 µg) in a 10 µL aliquot. 

A 10 µL aliquot of each solution was then added to a separate piece of filter paper (Whatman 

No.1 USA) with a surface area of approximately 1 cm2 (2 cm × 0.5 cm). The filter paper with 

the test compound was left inside a fumehood for 5 min to allow the DCM to evaporate off. 

Each piece of filter paper containing a test compound was then transferred to an individual 

Pasteur pipette for testing on the antenna. The antennal preparation described above (Section 

9.10.1) was then placed in a charcoal filtered, humidified airstream with a flow rate of 600 

mL/min. The tip of the Pasteur pipette containing the test compound was then inserted into a 

small hole in the main airstream tube approximately 20 cm upwind from the antennal 

preparation. A stimulus controller (CS-55, Okenfels Syntech, GmbH, Kirchzarten, Germany) 

was then used to puff a 0.1 s pulse of air from the Pasteur pipette into the main airstream. 
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Compounds were tested in a randomised order allowing at least 30 s between each puff for the 

antenna to stabilise. The maximum amplitude of the antennal depolarisation was recorded for 

each compound and dose using the Syntech IDAC-4 recording unit and Syntech EAG Pro 

software. Each stimulus type was tested with at least five different individual insects. 

9.10.3 GC-EAD testing 

Female guava moth antennal preparations described above (Section 9.10.1) were placed in a 

charcoal filtered, humidified airstream adjacent to the GC-FID. The effluent port of the GC-

FID entered the main airstream approximately 10 cm up wind from the antennal preparation. 

Individual headspace samples of each host plant type were pooled and concentrated ca. 30 × 

under a gentle stream of argon to give a similar concentrations of volatiles (10 ng – 100 ng/µL 

range). The naturally-abscised feijoa headspace samples were not concentrated due to their 

initial high concentration. One µL of this pooled headspace was then injected into the GC-FID. 

The injector of the GC was set at 250°C and the injection was splitless for 0.6 min. The GC 

oven ramp consisted of a 2 min hold at 40°C then increased by 10°C/min up to 280°C. The GC 

oven was equipped with a DB-5ms column (30 m × 0.25 mm i.d. × 0.25 µm) and used helium 

as the carrier gas with a flow rate of 1.2 mL/min. A Syntech IDAC-4 recording unit and Syntech 

GC-EAD software recorded maximum antennal depolarisations from the antennal preparation 

along with peak areas and retention times from the FID. Each host plant headspace type was 

tested with at least seven different individual female moths. For GC-EAD testing of the alcohol 

analogue (4) solution the male antennae were prepared as outlined above, and only three 

individuals were tested from each moth species. 

9.11. Scanning electron microscopy 

Individual body parts of both male and female moths of each species were fixed in a 70% 

ethanol solution for 24 h. The fixed body parts were then air dried before mounting on a sticky 

tape coated aluminium stub. The mounted samples were then further dried over molecular 

sieves in a glass desiccator overnight. The dried samples were then gold-coated using a sputter 

coater (Q150RS, Quorum Technologies, United Kingdom). All images were captured using a 

NeoScope Scanning Electron Microscope (JCM-5000, JEOL, Tokyo, Japan) operating at 10 

kV. 
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9.12. Single sensillum recording 

The single sensillum recording technique used during this project was based on the methods 

and instruction of Dr Kye Chung Park.162,163 Individual adult males of both guava moth and 

raspberry bud moth were anaesthetised under CO2 before careful mounting on a Plasticine© 

block. Each individual moth was restrained using small copper wires (Figure 67).  

 

Figure 67. Restrained guava moth ready for SSR experiment. Photo A.M. Twidle 

The restrained moth was then positioned in a charcoal filtered humidified airstream, ready for 

odour stimulation. The compounds for testing were prepared in the same manner as those for 

the EAG testing (Section 9.10.2). Once in the humidified airstream, a reference electrode was 

inserted into the soft membranous region separating segments of the abdomen of the moth.  

The reference electrode consisted of a silver-silver chloride wire housed in a pulled glass 

capillary (tip diameter < 10 µm) containing saline solution. The recording electrode was a 

chemically sharpened tungsten electrode (tip diameter < 0.1µm). The tungsten electrode was 

inserted into an olfactory sensillum in the antenna of the restrained moth using 

micromanipulators (MP-225, Sutter Instruments, USA) under a light microscope (Leica, 

Germany). Signals from individual sensillum were recorded on a Syntech IDAC-4 recording 

unit with a sampling rate of 12,000 signals per second. A stable contact between the tungsten 

electrode and the sensillum was indicated by the spontaneous firing of action potentials (Figure 

68). 
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Figure 68. Example single sensillum output. A. Not connected to neuron. B. Stable connection to neuron indicated by 

action potential spikes. 

Once a stable contact between the sensillum and tungsten electrode had been made a mixture 

of all the compounds to be tested was puffed over the antennal in the same manner as the EAG 

samples (Section 9.10.2). If the mixture elicited any electrophysiological response, all 

compounds were then tested individually on the connected sensillum. When testing the 

individual compounds at least 30 s was given between stimulus puffs for the sensilla to recover. 

The responsiveness of the sensilla was measured by the change in the number of action 

potentials before and after stimulation using the Syntech IDAC-4 recording unit and Syntech 

Autospike 32 software. Each stimulus type was tested with at least seven different individual 

insects. 

 

9.13. Field trapping trials  

9.13.1 Lure preparation 

Pheromone and analogue lures were prepared using red rubber septa (Figure 69) (West 

Pharmaceutical Services, Australia). The desired amount of compound (300 µg to10 mg) was 

added to the septa in a 100 µL volume of DCM, which drew the compound into the rubber 

matrix. The DCM was allowed to evaporate off in a fumehood, then the lures were sealed 

individually in foil pouches and stored at -20°C until use.  

Female attractant lures at loadings under 10 mg were added to rubber septa as described above. 

For loadings over 10 mg (25 mg to 1000 mg) compounds were added to 100 µm thick 

polyethylene bags (Accord Plastics, New Zealand) containing a felt absorbent (Figure 69) 

(Arbee Craft, Australia). The PE bags were then heat sealed and stored in foil pouches at -20°C 

until use. For loadings over 1 mL, compounds were added to 8 mL PE vials (Thermo Scientific, 

Rochester NY, USA), the vials contained cotton (Swisspers, NSW, Australia) as an absorbent 
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(Figure 69). Each vial had two lids, one intact for transport/storage and one with a 3 mm 

aperture for compound release. The vials were refrigerated with the intact lid until use. 

   

Figure 69. Different lure preparations used for trials, red rubber septa (left), PE bag (middle) and PE vials (right). 

Photos Andrew Twidle 

9.13.2 Host plant volatiles as female attractants 

Trapping trials were conducted at a commercial feijoa orchard in Clarks Beach, Auckland 

(37°08'44.1"S 174°44'13.8"E). The treatments were deployed across five blocks (1.9 ha total) 

within the orchard from February to March 2020. Five replicates of each treatment were 

deployed across the orchard (one replicate per block). Each treatment was placed on a white 

sticky base within a green delta trap. Treatments were placed in a randomised block design and 

each trap was at least 20 m apart from the nearest trap within the same block. Each trap was 

placed at a height of c. 1.5–2 m. The canopy height in the feijoa orchard ranged from c. 2 to 3 

m. Guava moth trap catch was recorded weekly. 

Trial 1. Five treatments were prepared using the PE pouch with felt: 1) Blank PE pouch and 

rubber septa, 2) 100 mg methyl benzoate, 3) 1000 mg methyl benzoate, 4) 100 mg 3-component 

mix (74 mg methyl benzoate + 25 mg (3Z)-hexenyl butanoate), 5) 1000 mg 3- component mix 

(740 mg methyl benzoate + 250 mg (3Z)-hexenyl butanoate). Treatments 4) and 5) also had a 

rubber septa lure containing (3Z)-hexen-1-ol at 1 mg and 10 mg loadings respectively. Rubber 

septa lures containing the female produced sex pheromone were also put out at the trial site to 

check guava moth were present. The trial was run for three weeks. 

Trial 2. Five treatments were prepared: 1) Blank PE pouch and PE vial, 2) 1000 mg of methyl 

benzoate in a PE pouch, 3) 3000 mg of methyl benzoate in an 8 mL PE vial with a 3 mm 

diameter  aperture, 4) 1000 mg 7-component mix (120 mg (3Z)-hexenyl acetate + 470 mg 

methyl benzoate + 60 mg ethyl benzoate + 150 mg (3Z)-hexenyl butanoate + 100 mg (3Z)-

hexenyl hexanoate + 90 mg (3Z)-hexenyl benzoate in a PE pouch). 5)  3000 mg 7-component 

mix (30 mg (3Z)-hexen-1-ol + 360 mg (3Z)-hexenyl acetate + 1410 mg methyl benzoate + 180 
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mg ethyl benzoate + 450 mg (3Z)-hexenyl butanoate + 300 mg (3Z)-hexenyl hexanoate + 270 

mg (3Z)-hexenyl benzoate in a 8 mL PE vial with a 3 mm aperture). Treatment 4) also had a 

rubber septa lure containing 10 mg of (3Z)-hexen-1-ol. Rubber septa lures containing the 

female produced sex pheromone were also put out at the trial site to check guava moth were 

present. The trial was run for two weeks. 

Trial 3. Six treatments were prepared: 1) Blank PE pouch and PE vial, 2) 1000 mg of methyl 

benzoate in a PE pouch, 3) 1000 mg of methyl benzoate in a PE pouch + 3 mL of acetic acid 

in a 8 mL PE vial with a 3 mm diameter aperture (AA vial), 4) 120 mg (3Z)-hexenyl acetate + 

470 mg methyl benzoate + 60 mg ethyl benzoate + 150 mg (3Z)-hexenyl butanoate + 100 mg 

(3Z)-hexenyl hexanoate + 90 mg (3Z)-hexenyl benzoate in a PE pouch + 10 mg (3Z)-hexen-1-

ol in a rubber septa, 5) treatment 4 + AA vial, 6) AA vial. Rubber septa lures containing the 

female produced sex pheromone were also put out at the trial site to check guava moth were 

present. The trial was run for only one week due to COVID-19 restrictions. 

9.13.3 Testing (7Z)-tricosene with raspberry bud moth 

Biological activity of the (7Z)-tricosene was tested alone and in combination with the 

pheromone at varying doses. Six treatments were prepared as 100 µL aliquots in DCM loaded 

into red rubber septa as described above: 1) Blank (DCM alone), 2) 300 µg (12Z)-nonadecen-

9-one, 3) 700 µg (7Z)-tricosene, 4) 300 µg (12Z)-nonadecen-9-one + 300 µg (7Z)-tricosene, 5) 

300 µg (12Z)-nonadecen-9-one + 700 µg (7Z)-tricosene,  and 6) 300 µg (12Z)-nonadecen-9-

one + 1100 µg (7Z)-tricosene. A higher loading of the alkene was used for the individual 

compound testing compared to the ketone to account for its lower volatility. Treatments were 

tested at five different sites within Chaney’s forest (43°25'52.8"S 172°39'59.2"E) from 10 

March 2020 to 17 March 2020. Treatments were spaced at 25 m intervals along 150 m long 

transects. Each transect was separated by at least 100m. Male moths were trapped on white 

sticky bases in red delta traps (Etec Crop Solutions, Auckland, New Zealand) containing the 

rubber septa prepared above. 

9.13.4 Ester analogues 

Eight treatments were prepared for the raspberry bud moth using the optimum 300 µg dose 

reported by Foster and Thomas31: 1) blank (DCM only), 2) 300 µg (12Z)-nonadecen-9-one, 3) 

300 µg (2Z)-nonenyl nonanoate, 4) 300 µg (4Z)-heptyl undecenoate, 5) 300 µg (12Z)-

nonadecen-9-one plus 300 µg (2Z)-nonenyl nonanoate, 6) 300 µg (12Z)-nonadecen-9-one plus 
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300 µg (4Z)-heptyl undecenoate, 7) 300 µg (12Z)-nonadecen-9-one plus 3 mg (2Z)-nonenyl 

nonanoate, and 8) 300 µg (12Z)-nonadecen-9-one plus 3 mg (4Z)-heptyl undecenoate. These 

treatments were tested at four different sites within Chaney’s Forest, (43°25'52.8"S 

172°39'59.2"E) Christchurch, New Zealand over a two week period between 8 January and 22 

January 2020. Each site consisted of a continuous blackberry transect at least 250 m long 

(Figure 70), with treatments randomly placed along the transect at 25 m intervals. Each transect 

was separated by at least 100 m. Trap bases were replaced weekly, lures were not replaced. 

 

Figure 70. Transect of wild blackberry at Chaney’s forest, with red detla traps spaced at 25 m. Photo A.M. Twidle 

For the guava moth, eight treatments were also prepared in a similar manner where the 300 µg 

of (12Z)-nonadecen-9-one above was replaced with the recommended 1 mg of the four 

component guava moth pheromone mix32: 650 µg of (7Z)-tricosene, 235 µg of (11Z)-

octadecen-8-one, 15 µg of (12Z)-nonadecen-9-one and 100 µg (7Z)-tricosen-11-one. The 

analogues were used at doses of 1 mg and 10 mg to keep the same ratios of 1:1 and 1:10 used 

above for the raspberry bud moth. For the guava moth, treatments were put out in a commercial 

feijoa orchard (Figure 71) (36°56'04.3"S 174°36'30.9"E) Auckland, New Zealand, in a 

randomised block design 25 m apart, with five replicates of each treatment type dispersed 
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throughout the orchard. The trial ran over a three week period between 10 February and 02 

March 2020. Trap bases were replaced weekly, and lures were not replaced. The longer 

sampling period was used for the guava moth trial because of lower moth population and hence 

trap catch. 

 

Figure 71. Commercial feijoa orchard. Photo courtesy of Asha Chhagan. 

9.13.5 Raspberry bud moth phenology trial 

Phenology traps consisted of a red delta trap with a white sticky base and a red rubber septa 

containing 300 µg of the sex pheromone component (12Z)-nonadecen-9-one. Phenology traps 

were established in Chaney’s Forest amongst wild blackberry (Figure 72a) at three sites 

separated by at least 200 m. Concurrently, phenology traps were also established at three sites 

on Banks Peninsula amongst wild bush lawyer (Figure 72b), again at least 200 m apart. Trap 

bases were changed every one to four weeks (depending on catch rate) from December 2019 

until December 2020. Pheromone lures were changed every 4 weeks. Due to COVID-19 

restrictions trap bases and lures were not changed between 24th March and 29th April 2020.  

 



 

158 

 

 

a) Phenology trap in blackberry 

 

b) Phenology trap in bush lawyer 

 

Figure 72. Phenology traps for raspberry bud moth in a) non-native and b) native host plants. Photos A.M. Twidle 

 

9.14. Statistical analysis 

Homogeneity of variance was checked before analysis of data was performed. Where 

necessary, data was transformed to stabilize the variance. Details of the analysis conditions are 

outlined below for each set of experiments. All statistical calculations were performed using 

Minitab 18. 

9.14.1 Pheromone dose response EAG testing  

Individual antennal depolarisation measurements for both raspberry bud moth and guava moth 

recordings were transformed by Log10(µV+1) to stabilise variance and the transformed data 

was analysed by one-way ANOVA. Treatments were compared using Tukey’s pairwise 

comparisons (P<0.05). 

9.14.2 EAG testing of ester analogues 

Individual antennal depolarisation measurements from guava moth for the initial analogue 

experiment were used without transformation, all other experiments had data transformed by 

Log10(µV+1) to stabilise variance. Data was analysed by one-way ANOVA and treatments 

were compared using Tukey’s pairwise comparisons (P<0.05). 
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9.14.3 SSR testing of ester analogues 

Untransformed spikes per second measurements for both raspberry bud moth and guava moth 

from SSR recordings were analysed by one-way ANOVA. Treatments were compared using 

Tukey’s pairwise comparisons (P<0.05). 

9.14.4 Raspberry bud moth trapping trial with (7Z)-tricosene 

Treatments that had a mean catch of zero, and hence zero variance, were omitted from 

statistical analyses to reduce the skewing of the data.164 Individual trap catch data were 

transformed by Log10(catch + 1) to stabilise variance and the transformed data were analysed 

by one-way ANOVA. Treatments were compared using Tukey’s pairwise comparisons (P < 

0.05). 

9.14.5 Raspberry bud moth field trapping trial with ester analogues 

Treatments that had a mean catch of zero, and hence zero variance, were omitted from 

statistical analyses to reduce the skewing of the data.164 Individual trap catch data was 

transformed by Log10(catch+1) to stabilise variance and the transformed data was analysed by 

one-way ANOVA. Treatments were compared using Tukey’s pairwise comparisons (P<0.05).  

9.14.6 Guava moth field trapping trial with ester analogues 

Treatments that had a mean catch of zero, and hence zero variance, were omitted from 

statistical analyses to reduce the skewing of the data.164 Individual trap catch data was 

transformed by Log10(catch+1) to stabilise variance and the transformed data was analysed by 

one-way ANOVA. Treatments were compared using Tukey’s pairwise comparisons (P<0.05).   
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