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Abstract 

 

Fruit fly species are amongst the most damaging horticultural pests globally and have a 

devastating impact on food production. Fruit flies typically release volatile compounds, 

usually interpreted as sex pheromones, as an integral element of their sexual biology. 

Understanding the composition and function of released volatiles is an important aspect of 

understanding fruit fly sexual biology and can also provide valuable knowledge for the 

development of attractants that can be used for fruit fly monitoring and control.  

 

This PhD thesis provides the chemical profiles of rectal gland contents and emissions of four 

pest species, Bactrocera musae, B. frauenfeldi, B. bryoniae and B. kraussi, by using gas 

chromatography-mass spectrometry; and evaluates the detection and function of natural 

blends of both sexes by gas chromatography-electroantennogram detection and/or gas 

chromatography-electropalpogram detection and Y-tube olfactometry. Across both sexes of 

all species, four chemical classes were present including carboxylic acid, esters, spiroacetals 

and acetamides. Analysis showed that esters and spiroacetals were the two 

electrophysiologically active classes of compounds in these four species. Interestingly, 

Y-tube olfactometer assays for B. kraussi showed that the natural blend of female rectal 

glands attracted males, while for B. frauenfeldi the females were attracted to male rectal 

glands. For B. bryoniae, both males and females were attracted to the conspecific natural 

rectal gland blends. Males of this species were also attracted to the conspecific male rectal 

glands, while this was not observed for B. kraussi and B. frauenfeldi. No females were 

attracted to volatiles from conspecific female rectal glands across all species.  

 

This PhD thesis also examined the most common techniques for sampling rectal glands and 

headspace volatile compounds of fruit flies, using B. tryoni as a model organism as it has 

been studied previously for its chemistry. Extraction of the rectal glands with the different 

polarity solvents n-hexane, dichloromethane and ethanol was conducted, with both crushed 

and non-crushed glands examined. Headspace collection of the gland volatiles was also 

investigated using static and dynamic methods. For the static methods, three different types 

of solid phase microextraction fibres (polydimethylsiloxane, 

polydimethylsiloxane/divinylbenzene and polyacrylate) were compared. For the dynamic 

methods, the performance of two common sorbent polymers, Tenax-GR and PoraPak Q, and 

the effect of sampling duration on performance of each sorbent, were also examined. Both 
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male and female B. tryoni were found to emit a wide range of volatile compounds, including 

acetamides, spiroacetals and esters. Six new compounds that have not been reported in 

previous studies, ethyl propanoate, ethyl isobutyrate, ethyl 2-methylbutanoate, propyl 

isobutyrate, ethyl 2-methylpentanoate and diethyl succinate, were identified in the male 

rectal glands and headspace samples, along with six previously reported amides. Three new 

compounds, propyl laurate, methyl myristate and N-(2-methylbutyl)acetamide, were also 

identified in female rectal glands and headspace samples, as well as nineteen compounds 

previously reported including fatty acid esters, spiroacetals and amides. For the rectal gland 

extractions, dichloromethane was found to extract greater amounts of amides, while there 

was no significant difference between the three solvents in extraction of spiroacetals. No 

significant differences were observed for esters between the n-hexane and dichloromethane 

extracts. Ethanol was found to be an unsuitable solvent as it did not contain as many of the 

short chain esters. Extraction of the crushed and non-crushed rectal gland samples afforded 

the same range of compounds, however, the crushed glands provided higher concentrations 

of each compound. For static headspace samples, polydimethylsiloxane performed better in 

collecting spiroacetals while type of fiber did not affect the amounts of esters and amides. 

Polyacrylate had relatively low affinity for spiroacetals, ethyl isobutyrate and ethyl-2-

methylbutanoate. The results from the dynamic methods showed that Tenax was more 

suitable for amides and esters except ethyl isobutyrate. Sampling duration was a critical 

factor for the dynamic headspace methods. These studies show that when interpreting 

volatile profiles of fruit flies, and when comparing species, it is important to consider the 

biases that can be introduced by sampling methods. 

 

Overall, this PhD study provides insight into the development of new lures for fruit fly 

control and also provides guidelines for method selection for fruit fly pheromone studies. 
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Introduction 

This PhD study investigated chemical mediation of sexual communication in four 

economically important pest fruit fly species; the banana fruit fly Bactrocera musae (Tryon), 

the mango fruit fly Bactrocera frauenfeldi (Schiner), Bactrocera bryoniae (Tryon) and 

Bactrocera kraussi (Hardy). Of the four species, the composition of chemical profile of male 

B. kraussi has been studied before, but the research into the other species as well as female

B. kraussi is entirely novel. Using the most economically destructive fruit fly in Australia,

B. tryoni (Froggatt), as a model this study also compared sampling methods used to collect

fruit fly volatiles, identifying numerous previously unreported volatiles in this species. 

1. 1.  The fruit fly life cycle

There are more than 4000 species of true fruit flies (Diptera: Tephritidae), with many 

regarded as significant horticultural pests.1,2 In 2014, total damage caused by fruit flies was 

estimated to be more than $2 billion USD annually.3 In Australia alone, losses caused by 

fruit flies was valued at $159 million AUD per annum.4 Adding to this economic burden, 

the presence of fruit flies in fruit-producing areas also impedes trade, with many countries 

imposing strict quarantine restrictions before importation of produce is allowed. Of the 

tephritid fruit flies, members of the genus Bactrocera are among the most damaging. Many 

are serious quarantine pests and significant contributors to economic losses in production of 

fruits and vegetables, and are regarded as a major concern for international trade of fresh 

fruits and vegetables.5–9 Thus, efficient and effective detection and control measures are 

essential. 

The tephritid fruit fly life cycle consists of four different stages: egg, larva, pupa and adult 

(Figure 1). Adult female fruit flies cause direct damage by laying eggs under the skin of 

fruits and vegetables. Bacteria can infect the site of oviposition which results in the partial 

or complete degradation of the crop and hence render the crop unmarketable. The eggs hatch 

into larvae that feed on the internal tissue of their host, damaging the crop and making it 

inedible or resulting in premature fruit drop.7,10 After several days, when the larvae have 

grown sufficiently, they jump out of the host to pupate in the soil. 11–14 The adult flies emerge 
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from the pupal cases in the soil and then disperse from the soil surface. Fruit fly life cycles 

differ according to species and environmental conditions. Maturation from eggs to adult flies 

that are able to lay eggs usually takes 3-5 weeks in favourable conditions for many tropical 

species.6 The short life cycle of fruit flies can enable rapid population increases.  

 

 

Figure 1. Schematic diagram of tephritid fruit fly life cycle; Bactrocera dorsalis (Oriental fruit fly) as a 

model.15,16 

 

In Australia, an estimated 46 exotic and endemic species of fruit fly are considered to present 

significant economic threats to agriculture,6,17 with the Queensland fruit fly (Bactrocera 

tryoni) as the most destructive pest fruit fly species. Bactrocera tryoni infests around 250 

different crops, including many economically important horticulture crops such as apple, 

peach, kiwi fruit, orange and tomatoes.6,7,18,19 Bactrocera tryoni is native to northern and 

eastern states of Australia, having spread southward from Queensland through New South 

Wales, and is now established in much of Victoria as well as some Pacific Islands.7,20,21 

Climate change and inadequate control may have contributed to the expansion of B. tryoni 

into the southern states of Australia.7,18,22 In addition to B. tryoni, other economically 

important pest fruit fly species in Australia include B. musae (Tryon) (the banana fruit fly), 

B. frauenfeldi (Schiner) (the mango fruit fly), B. bryoniae (Tryon) and B. kraussi (Hardy) 

(Figure 2). These species are polyphagous pests that are known to infest a range of both wild 

and commercial host plants. Bactrocera musae has been recorded on 16 hosts from nine 

plant families including Musaceae, Caricaceae and Myrtaceae, and its major hosts are 
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banana, papaya and guava.2,23 Bactrocera frauenfeldi has been found on 109 hosts from 37 

plant families including Anacardiaceae, Caricaceae, Moraceae, Musaceae, Myrtaceae, 

Oxalidaceae, Passifloraceae, Rutaceae, Sapotaceae and Solanaceae. Its major commercial 

hosts include mango, banana, citrus, guava, papaya and star apple.2,23–25 Bactrocera bryoniae 

has been recorded on 9 hosts from 5 families including Cucurbitaceae, Loganiaceae, 

Musaceae, Passifloraceae and Solanaceae, and  chilli is the main commercial host for this 

species.2,26,27 Bactrocera kraussi has been recorded on 106 hosts from 31 families including 

Anacardiaceae, Musaceae, Myrtaceae, Oxalidaceae, Passifloraceae, Rosaceae, Rubiaceae, 

Rutaceae, Sapindaceae, Sapotaceae and Solanaceae. Its major commercial hosts include 

mango, banana, guava, feijoa, carambola, peach, citrus and tamarind.2,23  

Bactrocera musae is distributed throughout mainland Papua New Guinea. In Australia, it is 

very common along the eastern coast of Queensland as far south as Townsville.2,28 

Bactrocera frauenfeldi is endemic to Papua New Guinea29 and has become established on 

several Pacific Islands, including the Solomon Islands, the Federated States of Micronesia, 

the Republic of Kiribati, Marshall Islands, Palau, Nauru, West Papua in Indonesia30–32 and 

in Australia.2,23,28,33,34 Bactrocera bryoniae is well established throughout Indonesia (Papua), 

Papua New Guinea (every province except Bougainville and Manus), and parts of Australia 

(Queensland, Northern Western Australia, Northern Territory, east coast south to Sydney, 

New South Wales, and the Torres Strait Islands).2,35,36 Bactrocera kraussi is found in the 

Torres Strait Islands and Northeast Queensland, reaching as far south as Townsville.2 In 

Australia, B. musae, B. frauenfeldi, B. bryoniae and B. kraussi are all currently restricted to 

specific regions20 but with climate change and availability of hosts they have potential to 

become established in other regions.22 

4



  

  

Figure 2. Up left: male B. musae26, up right: female B. bryoniae26, bottom left: female B. frauenfeldi26, 

bottom right: female B. kraussi (photo by author). 

 

1. 2.  Fruit fly control methods 

 

A number of control methods have been deployed to manage fruit fly populations. The most 

successful and widely employed method is use of insecticides, mainly dimethoate and 

fenthion which have been used over the past 50 years.19 These organophosphate insecticides 

only require contact rather than ingestion to be effective. Insecticides are most often applied 

to the entire tree by cover spraying, with the intention to kill adult fruit flies prior to 

oviposition (laying eggs) into the fruit.19 Organophosphates are cholinesterase inhibitors,19 

and are hazardous to humans as they can inhibit human acetyl cholinesterase. Exposure to 

these insecticides can cause severe hypotension, and affect the function of the central 

nervous system7,19 leading to several serious neurotoxic effects and death.37,38 Moreover, 

organophosphate insecticides are hazardous to birds and aquatic life and are also non-

discriminatory to insects, killing natural enemies and pollinators as well as pests.39,40 

Dimethoate and fenthion, along with other organophosphates, are being phased out or are 

now used only under restrictive regulations.19,41,42 The Australia Pesticide and Veterinary 

Medicines Authority (APVMA) conducted reviews into dimethoate and fenthion, 

determining that many common historical use patterns of dimethoate and fenthion would 

exceed the acceptable daily intake and/or associated acute reference dose. As a result, the 

use of dimethoate has been suspended on many crops in Australia, whilst fenthion use has 

ceased.41,42 
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Figure 3. Structures of dimethoate (O,O-dimethyl S-[2-(methylamino)-2-oxoethyl] phosphorodithioate) (left) 

and fenthion (O,O-dimethyl O-[3-methyl-4-(methylsulfanyl)phenyl] phosphorothioate) (right). 

 

With restrictions on the use of organophosphate insecticides, other fruit fly control methods 

are and will become more heavily relied on to protect crops. More environmentally benign 

approaches that have been deployed include the sterile insect technique (SIT) and 'lure and 

kill'. SIT involves producing and releasing sterile males of the target pest species to compete 

with wild males in mating with wild females, hence preventing the females from reproducing 

and reducing the fruit fly population over generations.43,44 The 'lure and kill' technique has 

an emphasis on food-based or semiochemical-based lures in combination with an insecticide 

in a trap. Food-based lures attract both male and female fruit flies,45,46 while semiochemical-

based lures such as cuelure, zingerone, raspberry ketone and methyl eugenol (Figure 3)7,47,48 

attract males for the ‘male annihilation technique’ (MAT). Semiochemical-based male 

attractants are generally more powerful attractants than the food-based lures.47 

 

 
 

  

cuelure zingerone raspberry ketone methyl eugenol 

 

Figure 4. Chemical structures of the male lures cuelure, zingerone, raspberry ketone and methyl eugenol. 

 

While available chemical lures are attractive to many Bactrocera and closely related Dacus 

and Zeugodacus species, approximately 50% of the identified species do not respond to any 

known lure or have only a weak response.7,47,49,50 Female fruit flies cause direct damage to 

crops, but available female lures have very limited efficacy. There remains significant 

interest in developing new lures for females and for males of species that do not respond to 

known lures. 
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1. 3.  Fruit fly pheromones 

 

Semiochemicals are produced by organisms and are involved in biological 

communication.51,52 Semiochemicals are subdivided into allelochemicals and pheromones. 

Allelochemicals are emitted by one species in order to modify the behaviour of another 

species. Allelochemicals are further classified into allomones (benefit only the originator but 

not the receiver), kairomones (benefit only the receiver but not the originator) and 

synomones (benefit both originator and receiver). Pheromones are like allelochemicals, 

except they are emitted by members of a species to modify the behaviour of other members 

of the same species. Pheromones are subdivided into several categories based on the nature 

of the interaction, including sex pheromones (released by members of one sex to attract the 

opposite sex), aggregation pheromones (attract both males and females to a small area), and 

alarm pheromones (alert individuals to danger).51–53 

 

The rectal gland of tephritid fruit flies (Figure 4) is well known as a sex pheromone secreting 

organ.54–59 Emission of volatile sex pheromones into the atmosphere during calling and 

courtship has been considered as mechanism for short and long range attraction of the 

opposite sex.60–63 The volatile emissions also play an important role in attracting the same 

sex to mating aggregations.64,65 During periods of sexual activity, which is usually restricted 

to a specific time of day, mature males release pheromones to attract females.8,65 The males 

start sexual behaviour by releasing sex pheromones from the rectal gland through the anus. 

They rub the rectal gland content onto the wings using the hind legs, and disperse the 

contents by rapid wing fanning that produces unique audible pulses of buzzing that is 

generally known as ‘calling’.58,66,67 

 

7



 

 

  

Figure 5. Up: schematic diagram of the anatomy of a rectum of a sexually mature Bactrocera species 

showing the rectal gland (reservoir containing pheromone) 59. Bottom left: female B. bryoniae rectal gland 

(photo by author). Bottom right: male B. bryoniae rectal gland (photo by author). 

 

Of more than 450 species in the genus Bactrocera, the sex and aggregation pheromones of 

only a few pest species have been investigated for potential applications as attractants.68 One 

of the first investigations was conducted by B. S. Fletcher, who showed that male B. tryoni 

(Froggatt) produce and release sex pheromones.59 This was reported as a blend containing 

six aliphatic amides (Figure 5).69 Male fruit flies have been assumed to be the main 

pheromone producer for most tephritid fruit flies70–75 and most studies have focused on 

chemical profiles of males.69,76,77 However, there are at least three studies that show females 

also produce sex pheromones. For example, 1,7-dioxaspiro[5,5]undecane has been described 

as a female-produced pheromone of B. oleae,78 although later studies also reported this 

compound in rectal glands of young males.79 While 1,7-dioxaspiro[5,5]undecane has been 

used extensively for monitoring and mass trapping of B. oleae,80 sex specific olfactory cues 

of B. oleae are driven by synergistic actions of a number of compounds that are not yet fully 

understood.8,81 Similarly, in the melon fly, Z. cucurbitae (Coquillett), females are attracted 

by male rectal gland secretions containing three aliphatic amides, two pyrazines and an 

aromatic acid,82 while males are attracted by female headspace constituents containing 

2,8-dialkyl-1,7-dioxaspiro[5,5]undecanes and N-(3-methylbutyl)acetamide.83 Similarly, 

males of the oriental fruit fly, B. dorsalis (Hendel), produce two phenols and an aliphatic 

cyclic alcohol in rectal glands that show pheromonal activity towards females,84,85 while 

females emit several spiroacetals that attract males.83 
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Figure 6. Structures of amides reported in the pheromone profile of male B. tryoni. 

 

Given that chemical-mediated sexual communication is a key component in the reproductive 

biology of tephritid fruit flies,8,86 and the potential application of volatiles as attractants, 

understanding of the chemical communication of economically important species is of 

particularly interest. To better understand this, the PhD study aimed to identify and 

characterise rectal gland composition and volatiles released from males and females of four 

important Bactrocera species, B. musae, B. frauenfeldi, B. bryoniae and B. kraussi. This was 

done using gas chromatography-mass spectrometry to identify the volatile emissions; gas 

chromatography-electroantennogram detection and gas chromatography-electropalpogram 

detection to identify electrophysiologically active components present in the emissions of 

each sex; and y-maze olfactometers to evaluate the attractiveness of the volatile compounds 

to the opposite and same sex.87–89 

 

 

1. 4.  Gas chromatography-mass spectrometry 

 

Gas chromatography-mass spectrometry (GC-MS) permits a screening of compounds in 

complex chemical mixtures such as fruit fly pheromones, and is a common practice for the 

identification of fruit fly volatile compounds.89–93 GC separates complex mixtures into 

individual components, allowing sequential analysis of the components by MS. Individual 

components can be tentatively identified by matching the fragmentation pattern with a mass 

spectral library. If the compound is not available in a spectral library, detailed analysis of the 

fragmentation pattern provides an alternative approach to identification. Finally, comparison 
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of mass spectra and retention times to authentic samples provides definitive identification of 

each compound. 

 

 

1. 5.  Electrophysiological assays  

 

Electroantennogram and electropalpogram detection (EAD and EPD, respectively) measure 

the difference in electrical potential between the tip and base of the antenna/maxillary palps 

on exposure to volatiles. When a chemical stimulus is introduced to the antenna/palps, if 

there are receptors that detect the stimulus, the depolarisation of receptor neurons is 

measured as the electrical response (amplitude) in millivolts. Coupling GC to an EAD/EPD 

permits a rapid screening of compounds in complex mixtures; the electrophysiological 

response of the antenna/palp to different compounds (peaks) indicates which components in 

a blend are detectable by the insect sensory system (Figure 6). The electrophysiological 

responses do not reliably indicate whether a compound will influence the behaviour of an 

insect or what the behaviour might be. Therefore, behavioural assays are needed to evaluate 

behavioural responses, such as attraction.   
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Figure 7. GC-EAD apparatus used in this study (photo by author). 

 

 

1. 6.  Behavioural assays  

 

Olfactometer experiments, in which insects are given the choice between two or more odour 

sources to test behavioural preferences, are commonly used in chemical ecology studies. 

Y-Tube olfactometers, in particular, have been widely used in the studies of sex and 

aggregation pheromones of fruit flies.87–89 They comprise of a Y-shaped tube with one 

central arm in which the release chamber is located, and two upwind side arms, each of 

which is connected to a control or stimulus source (Figure 7). Once the fly reaches the 

junction of the Y, they then make a choice between the two arms. Compared to other 

behavioural assays, Y-tube olfactometry provides clearer responses and enables much higher 

throughput because it is possible to run multiple trials in parallel. This is particularly 
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important when studying volatiles associated with mating, for which many fruit flies are 

commonly only responsive for ~30 minutes each day. 

 

 

Figure 8. Y-Tube apparatus used in this study (photo by author). 

 

 

1. 7.  Semiochemical sampling techniques  

 

Diverse sampling methods have been used for the collection of insect volatile 

semiochemicals. Because semiochemicals are commonly produced and released at low 

concentrations, efficient sampling methods are needed for collection and subsequent 

identification and quantification of composition.55,94–97 Each sampling method may have 

different sensitivities to different compounds, and may be insensitive to some compounds. 

This has consequences both for understanding of each species’ semiochemical profile and 

for comparisons across species. The most common method deployed for sampling of 
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tephritid fruit fly rectal gland volatiles involves immersion of rectal glands in organic 

solvents. Selection of the extraction solvent depends on the specific nature of compounds 

being targeted and the extraction yield can be affected by the polarity of the solvent. 

Common solvents that have been used for fruit fly rectal gland extraction differ in polarity 

and include n-pentane, n-hexane, acetone, dichloromethane and ethanol.56,70,71,87,89 Some 

studies have extracted compounds from intact rectal glands by immersing them in the 

solvent, but in other studies the glands have been crushed.61,71,90,98 Instead of focusing on 

compounds stored in the rectal glands, other studies have focused on the volatiles released 

by live fruit flies. In most studies, the isolation technique entails trapping volatiles onto an 

adsorbent material using either dynamic or static sampling techniques.99 Dynamic sampling 

techniques involve purging and trapping volatiles onto an adsorbent material such as 

Porapak (ethylvinylbenzene-divinylbenzene copolymer), activated charcoal or Tenax 

(porous polymer based on 2,6-diphenyl-p-phenylene oxide) by passing a constant air flow. 

Tenax71,100,101 and Porapak74,102 have been broadly used in sampling of fruit fly 

semiochemicals. Static sampling techniques involve use of adsorbent materials under static 

air. The most commonly deployed static sampling method uses SPME (solid phase 

microextraction) adsorbent fibres, such as this with polydimethylsiloxane (PDMS), 

carboxen (CAR), divinylbenzene (DVB), polyacrylate (PA) or mixed-phase coatings, 

depending on the polarity of compounds of interest. The PDMS fibre is extensively used for 

extraction of non-polar semiochemicals.79,103–105 Polyacrylate (PA) has been used for less 

volatile semiochemicals due to its high affinity to more polar compounds.106,107 

Polydimethylsiloxane/divinylbenzene (PDMS/DVB), a mixed-phase coating that covers a 

broader spectrum due to PDMS and DVB’s different polarities, has also been used for 

collection of semiochemicals.63,90,98,106,108,109 Because adsorbent materials differ in affinity 

for particular groups of semiochemicals, an inappropriate selection of adsorbent can result 

in substantial under-sampling, or failure to detect, even compounds that are quite abundant. 

Thus, chemical and physical characteristics need to be carefully considered in employing 

both sampling tools and materials. This PhD study compared the effects of common 

sampling methods and materials on the detection and quantification of fruit fly 

semiochemicals and provides guidance for choosing the most suitable method. 

 

 

 

 

 

13



1. 8.  Objectives of study 

 

Current restrictive regulations on the use of insecticides for fruit fly control has raised the 

need to develop alternative fruit fly monitoring and control methods. The central role of 

chemical-mediated sexual communication in the reproduction of fruit flies, and the potential 

application of volatiles as attractants, as well as the fact that little is known about fruit fly 

pheromones and sexual selection in the genus Bactrocera, highlight the need to characterise 

the pheromone profile of more Bactrocera species. Thus, the core objectives of this study 

were to: 

 examine and identify the rectal gland compositions and volatiles released from males 

and females of important pest species; Bactrocera musae, B. frauenfeldi, B. bryoniae 

and B. kraussi using GC-MS;  

 compare the effects of common sampling methods and materials on the detection and 

quantification of fruit fly semiochemicals using B. tryoni, Australia’s most 

economically damaging fruit fly species as a model. 
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Preamble 

 

Bactrocera musae (Tryon) is a polyphagous pest species belongs to order Diptera and 

family Tephritidae. Similar species to B. musae are B. bancroftii (Tryon), B. endiandrae 

(Perkins and May), B. opiliae (Drew and Hardy) and B. dorsalis (Hendel).1 Bactrocera 

musae differs from B. bancroftii in not having an apical band on the scutellum and having 

a wider costal band and narrower anal streak. They differ from B. endiandrae in having a 

wider costal band, narrower anal streak, longer less tapered vittae and less of a distinct T or 

wraparound T on the abdomen. Difference between B. musae and B. opiliae is that B. 

musae has a wider costal band that overlaps R2+3, a slightly wider anal streak, and usually 

less patterning on the abdomen (B. opilae has a distinct T). This species differs from B. 

dorsalis in having a wider costal band that overlaps at R2+3, a slightly wider anal streak, 

slightly tapering and shorter vittae that usually end at the intra-alar setae, and usually less 

patterning on the abdomen.1  

 

All molecular markers separate B. musae from B. endiandrae and B. bancroftii; however, 

RPA2 does not separate B. musae from B. opiliae and B. dorsalis.1,2 

 

Among these species only pheromone profile of B. dorsalis has been studied. Both males 

and females of this species have been reported to be attracted to the volatiles from opposite 

sex.3–5 Baker and Bacon reported N-3-methylbutyl acetamide as the major component of 

the aeration extract of female B. dorsalis.6 Three spiroacetals were also reported from 

female volatiles. The two major components were (E,E)-2,8-dimethyl-l,7-

dioxaspiro[5.5]undecane and (E,E)-8-ethyl-2-methyl-l,7-dioxaspiro[5.5]undecane and the 

minor spiroacetal component was reported as (E,E)-8-methyl-2-propyl-l,7-

dioxaspiro[5.5]undecane. Moreover, a series of fatty acid esters including ethyl laurate, 

ethyl myristate, ethyl myristoleate and ethyl palmitate were reported for female.6 Later 

Shen et al reported that a new female based-compound, 4-allyl-2,6-dimethoxyphenol to be 

robustly attractive to conspecific males.3 For males of B. dorsalis long-chain fatty acids 

including lauric acid, myristic acid, palmitic acid, palmitoleic acid, oleic acid, elaidic acid 

and ethyl laurate were reported as the major components.7 Other minor compounds that 

have been reported in males include (E,E)-2-ethyl-8-methyl-1,7-dioxaspiro[5.5]undecane, 

3-hydroxy-2,8-dimethyl-l,7-dioxaspiro[5.5]undecane, N-(3-methylbutyl)acetamide, 
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trimethyl pyrazine, 3,5-dihydroxy-2-methyl-4H-pyran-4-one, 2-hydroxy-3-methylbutanoic 

acid.7 
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Abstract: The banana fruit fly, Bactrocera musae (Tryon) (Diptera: Tephritidae), is an economically
important pest endemic to Australia and mainland Papua New Guinea. The chemistry of
its rectal glands, and the volatiles emitted during periods of sexual activity, has not been
previously reported. Using gas chromatography–mass spectrometry (GC-MS), we find that
male rectal glands contain ethyl butanoate, N-(3-methylbutyl) acetamide, ethyl laurate and ethyl
myristate, with ethyl butanoate as the major compound in both rectal gland and headspace
volatile emissions. Female rectal glands contain four major compounds, ethyl laurate, ethyl
myristate, ethyl palmitate and (E,E)-2,8-dimethyl-1,7-dioxaspiro[5.5]undecane, as well as 11 minor
compounds. For both male and female B. musae, all compounds found in the headspace were
also present in the rectal gland extracts, suggesting that the rectal gland is the main source of
the headspace volatiles. Gas chromatography–electroantennography (GC-EAD) of rectal gland
extracts confirms that male antennae respond to male-produced ethyl laurate and female-produced
(E,E)-2,8-dimethyl-1,7-dioxaspiro[5.5]undecane, while female antennae respond to male-produced
ethyl butanoate but no female-produced compounds. This is an important step in understanding
the volatiles involved in the chemical communication of B. musae, their functional significance, and
potential application.

Keywords: B. musae; headspace; electroantennography; insect volatile; GC-EAD

1. Introduction

In tephritid fruit flies (Diptera: Tephritidae), courtship and mating are typically mediated by
pheromones [1,2]. Sex pheromones are usually secreted and stored in the rectal glands and emitted
during periods of mating activity [3–6]. The volatile compounds released by fruit flies are known
to attract the opposite sex in many species [7–10], as well as members of the same sex to form
mating aggregations [11,12]. Although males are commonly thought of as the major sex pheromone
producers [13,14], there are also examples of female fruit flies that produce and release sex pheromones.
For example, in Bactrocera oleae (Rossi), sex pheromones are produced mainly by the female [15,16],
while for Zeugodacus cucurbitae (Coquillett) and Bactrocera dorsalis (Hendel), both male and female
volatile emissions attract the opposite sex [17–20].

Insects 2020, 11, 32; doi:10.3390/insects11010032 www.mdpi.com/journal/insects
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Bactrocera musae (Tryon) is a polyphagous pest species endemic to Australia and mainland Papua
New Guinea [21]. In Australia, B. musae is very common along the eastern coast of Queensland as far
south as Townsville [22], where bananas (Musa spp.) are an important commercial crop [23]. Unlike
many other fruit fly species that oviposit in ripe fruits, B. musae lays eggs in unripe bananas [24,25].
Therefore, harvesting bananas at a green stage to avoid fruit fly infestation is not a solution in these
regions [24]. Although banana is its major host, papaya (Carica papaya L.) and guava (Psidium guajava L.)
are also occasional hosts of B. musae [23]. Sex pheromones of many of the most economically important
Bactrocera species have been documented [2,15,17,18,26–30]. However, the chemical profiles of rectal
gland and volatile emissions of B. musae are unknown, despite its moderate to high pest status [31].
This study presents the rectal gland chemical profiles of both male and female B. musae, as well
as headspace samples, using gas chromatography–mass spectrometry (GC-MS), and evaluates the
antennal electrophysiological response of male and female B. musae to the volatiles produced by the
opposite sex using gas chromatography–electroantennogram detection (GC-EAD).

2. Materials and Methods

2.1. Banana Fruit Fly Rearing

Laboratory-reared populations of B. musae were obtained from the Queensland Government
Department of Agriculture and Fisheries (QDAF) in September 2014 (Mareeba) and November
2017 (Cairns).

2014 collections: Flies were kept in mixed-sex cages at QDAF, Mareeba, in a controlled environment
room at 26± 1 ◦C, 70± 5% relative humidity (RH) and with a natural light cycle so the flies experienced a
natural dusk. The adult flies were fed with sugar and yeast hydrolysate provided separately, and water
through a soaked sponge. Flies used for rectal gland extractions were 13–18 days old.

2017 collections: Flies were kept at Macquarie University, Sydney, in a controlled environment room
at 25 ± 0.5 ◦C, 65 ± 5% RH and 11.5:0.5:11.5:0.5 light/dusk/dark/dawn photoperiod. The adult flies were
fed with sugar and yeast hydrolysate (MP Biomedicals LLC, Santa Ana, CA, USA) provided separately,
and water through a soaked sponge. Flies that had been received as pupae were reared through one
generation using a standard carrot diet [32], following the method described by Pérez et al. [33]. Flies
were sorted by sex within three days after emergence and transferred to 12.5 L clear plastic cages
(180 flies per cage). No mating was observed before separating the flies. Flies used for all experiments
were 13–18 days old.

2.2. Rectal Gland Extractions

n-Hexane extracts of rectal glands of flies collected in both 2014 and 2017 were obtained using
sexually mature male and female B. musae (13–18 days old) following literature procedures [34]. Flies
were chilled on dry ice and then dissected. The abdomen was gently squeezed with tweezers such
that the gland protruded slightly, and the gland was gently pulled out with fine forceps and carefully
placed in a tear-drop vial (1.1 mL) in dry ice. For each sex and for each year of collection, 20 glands
were combined in the vials. The vials were taken out of the dry ice, and 200 µL of n-hexane (HPLC
grade, Sigma-Aldrich, St. Louis, MO, USA) was added to each vial. Samples were left to stand at room
temperature for 10 min, then the extracts were transferred to a new labelled vial and stored at −20 ◦C
until analysed. Three replicates per sex were collected in 2014, and six replicates were collected in 2017.

2.3. Headspace Collections

Collections of volatile emissions from male and female B. musae obtained from QDAF in 2017
were performed at Macquarie University, Sydney, in a controlled environment room at 25 ± 0.5 ◦C and
65 ± 5% RH. Like many other Bactrocera, B. musae mate at dusk [35]. Thirty sexually mature males and
30 sexually mature females (13–18 days old) were separately placed into a cylindrical glass chamber
(150 mm long and 40 mm inner diameter) 30 min before dusk. A charcoal-filtered air stream at a flow
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rate of 0.5 L/min (air pulling system) was drawn over the flies for one hour, from the beginning of dusk.
Released volatiles were adsorbed onto traps of 50 mg of Tenax-GR adsorbent (Scientific Instrument
Services, Inc, Ringoes, NJ, USA, Tenax-GR Mesh 60/80) packed into 6 × 50 mm glass tubes and fitted
with glass wool plugs. Volatiles were eluted with 1 mL of n-hexane (HPLC grade, Sigma-Aldrich).
An air control sample comprising an empty glass chamber was run and analysed along with each
volatile collection. Samples were stored at −20 ◦C until analysis. Six replicates of 30 flies per sex were
obtained. Prior to each headspace collection, Tenax traps were conditioned at 200 ◦C for three hours
under a nitrogen stream (75 mL/min). Glass chambers were washed with 5% Extran aqueous solution,
rinsed with hot tap water, and heated at 200 ◦C for 18 h. Activated charcoal filters were thermally
conditioned by heating them at 200 ◦C for 18 h prior to each headspace collection [36].

2.4. GC-MS Analysis

Mass spectra were recorded on a Shimadzu GCMS-QP2010 instrument. The GC was equipped
with a non-polar capillary column with 5% diphenyl/95% dimethyl polysiloxane as the stationary
phase (SH-Rtx-5MS, 30 m × 0.25 mm ID × 0.25 µm film thickness, Shimadzu, Japan) and helium
(99.999%) (ultra-high purity, BOC, Australia) as a carrier gas with a constant flow of 1 mL/min. A 1 µL
sample was injected in the splitless mode. The injector temperature was set at 270 ◦C. The temperature
program was 50 ◦C (4 min) to 250 ◦C (6 min) at a rate of 10 ◦C/min. The interphase and ion
source temperatures were set at 290 ◦C and 200 ◦C, respectively. Mass spectra were recorded in
electron impact mode (70 eV), scanning from 40 to 620 m/z. A peak was considered of interest if
it was not present in the air control samples. The identification of compounds was confirmed by
comparing their mass spectra and retention times to those of commercial standards or synthesised
samples. Commercial samples were purchased from Sigma-Aldrich (Castle Hill, Australia), Alfa-Aesar
(Heysham, Lancashire, United Kingdom) and Nu-Chek-Prep, INC (Minneapolis, MN, USA). These
compounds included ethyl butanoate, ethyl caprate, methyl laurate, ethyl laurate, ethyl tridecanaote,
methyl myristate, ethyl myristate, ethyl myristoleate, methyl palmitate, ethyl palmitate and ethyl
oleate. (E,E)-2,8-Dimethyl-1,7-dioxaspiro[5.5]undecane (racemate), N-(3-methylbutyl)acetamide,
propyl laurate, ethyl palmitoleate and ethyl elaidate were not commercially available and were
synthesised following literature procedures (see Supplementary Materials for synthesis details).
(E,E)-2-Ethyl-8-methyl-1,7-dioxaspiro[5.5]undecane was tentatively identified based on the literature
mass spectral fragmentation pattern [37].

2.5. GC-EAD Experiments

Gas chromatography–electroantennographic detection (GC-EAD) was conducted using a gas
chromatography flame ionisation detector (FID, Agilent 7890B) coupled to an electroantennogram
(Ockenfels Syntech GmbH, Kirchzarten, Germany). The GC was equipped with a non-polar capillary
column with (5%-phenyl)-methylpolysiloxane as the stationary phase (Agilent HP-5, 30 m × 0.32 mm
ID × 0.25 µm film thickness). The carrier gas was hydrogen (99.999% pure) supplied by a generator
(MGG-2500-220 Parker Balston, NY, USA) with a constant flow of 2.5 mL/min. The initial temperature
was set at 50 ◦C (4 min) then increased to 250 ◦C (6 min) at a rate of 10 ◦C/min. The injector and detector
temperatures were set at 270 ◦C and 290 ◦C, respectively. The effluent of the column was mixed with
30 mL/min make-up nitrogen gas and split in a ratio of 1 (FID) to 1.5 (EAD) through a heated transfer
line (Syntech, TC-02, Ockenfels Syntech GmbH, Kirchzarten, Germany) and kept at 200 ◦C.

A female or male B. musae head was carefully severed and a silver glass capillary electrode filled
with phosphate-buffered saline (PBS) was inserted into the back of the head. The tip of the antenna
was inserted into the tip of the recording glass capillary electrode. The mounted heads were placed
under a charcoal-filtered and humidified air flow (400 mL/min) controlled by a flow controller (Syntech
Stimulus Controller CS-55, Ockenfels Syntech GmbH, Kirchzarten, Germany) and were subjected to
each stimulus. Electrophysiological responses were captured and processed by a data acquisition
controller (IDAC-4, Ockenfels Syntech GmbH, Kirchzarten, Germany). Before the injection of the
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sample into the airstream, the antenna was stimulated with 1-hexanol to check its sensitivity; then,
1 µL of the rectal gland extract was injected. EAD signals were analysed using GC-EAD 2014 software
version 1.2.5. Nine successful GC-EAD recordings were obtained for each sex. The electrophysiological
responses of male and female antennae to the conspecific opposite sex rectal glands extract were
recorded. A response was considered genuine if it was present in at least six out of the nine replicates
collected. The identity of the compounds eliciting an electrophysiological response was confirmed by
comparing retention times with those of GC-MS chromatograms.

3. Results

3.1. Analysis of Volatile Compounds

GC-MS analyses confirmed the presence of 17 compounds in rectal gland extracts and headspace
collections of sexually mature male and female B. musae (Table 1). This included 14 esters, one
amide and two spiroacetals. For both males and females, a more complex blend was detected
in the rectal glands, with fewer compounds detected for the headspace collections for both sexes
(Figures 1 and 2). No additional compounds were detected in the headspace samples. The most
abundant chemicals in female rectal glands, (E,E)-2,8-dimethyl-1,7-dioxaspiro[5.5]undecane (3),
(E,E)-2-ethyl-8-methyl-1,7-dioxaspiro[5.5]undecane (4), ethyl caprate (5), methyl laurate (6), ethyl
laurate (7), methyl myristate (10), ethyl myristate (11), ethyl myristoleate (12), ethyl palmitate (14) and
ethyl palmitoleate (15) were also detected in the headspace collections. Similarly, ethyl butanoate (1)
and N-(3-methylbutyl)acetamide (2) were found in both the male rectal glands and headspace samples.
Overall, there was a large difference in the chemical profiles of males and females. Males predominantly
produced and released a short carbon chain ester, ethyl butanoate (1). Females predominantly produced
and released longer carbon chain esters, ethyl laurate (7) and ethyl myristate (11).Insects 2020, 11, x FOR PEER REVIEW 5 of 11 
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Table 1. Relative amount of compounds identified in chemical profiles for B. musae. KI = Kováts
retention index, ND = not detected.

KI Compound

Female Male

Rectal Glands Headspace Rectal Glands Headspace

2014 2017 2017 2014 2017 2017

828 Ethyl butanoate (1) ND ND ND 99.0 99.2 98.3

1162 N-(3-Methylbutyl)acetamide (2) ND ND ND <1 <1 1.7

1179 (E,E)-2,8-Dimethyl-1,7-
dioxaspiro[5.5]undecane (3) 5.0 5.7 2.1 ND ND ND

1266 (E,E)-2-Ethyl-8-methyl-1,7-
dioxaspiro[5.5]undecane (4) <1 <1 2.0 ND ND ND

1437 Ethyl caprate (5) <1 <1 <1 ND ND ND

1570 Methyl laurate (6) <1 <1 <1 ND ND ND

1637 Ethyl laurate (7) 40.0 47.3 72.5 <1 ND ND

1705 Ethyl tridecanaote (8) <1 <1 ND ND ND ND

1731 Propyl laurate (9) <1 <1 ND ND ND ND

1771 Methyl myristate (10) <1 <1 <1 ND ND ND

1837 Ethyl myristate (11) 21.8 25.2 19.2 <1 ND ND

1845 Ethyl myristoleate (12) 1.9 1.7 <1 ND ND ND

1974 Methyl palmitate (13) <1 <1 ND ND ND ND

2037 Ethyl palmitate (14) 21.7 16.4 1.6 ND ND ND

2047 Ethyl palmitoleate (15) <1 <1 <1 ND ND ND

2233 Ethyl oleate (16) <1 <1 ND ND ND ND

2239 Ethyl elaidate (17) <1 <1 ND ND ND ND
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3.2. Assignment of Compounds

Amide: Compound 2 was found to have an odd molecular ion at m/z 129, indicating the presence
of a single nitrogen atom in the molecule, a fragment ion at m/z 114 due to loss of a methyl group, and
an m/z 60 fragment ion consistent with β-cleavage of acetamides [38]. It also showed a fragment ion at
m/z 86, consistent with the loss of a C3H7 or COCH3 moiety. The NIST library showed high similarity
for compound 2 with N-(3-methylbutyl)acetamide, and this identity was confirmed by comparing the
retention time and mass spectral fragmentation pattern of the compound in the rectal gland extracts
and headspace collections with the synthesized amide.

Methyl esters: Compounds 6, 10 and 13 all produced a base peak at m/z 74, which is characteristic
of the McLafferty rearrangement of methyl esters [39]. Compounds 6, 10 and 13 exhibited molecular
ions at m/z 214, m/z 242 and m/z 270, respectively, and they all showed loss of m/z 31 consistent with
cleavage of a methoxy group, suggesting they were methyl esters of saturated C12, C14 and C16 chains,
respectively. A NIST library search showed high similarity with methyl laurate, methyl myristate and
methyl palmitate for compounds 6, 10 and 13, respectively. The identities of the compounds were
confirmed by comparing retention times and mass spectral fragmentation patterns of the compounds
in the rectal gland extracts and headspace collections with the authentic commercial methyl esters.

Ethyl esters: Compounds 5, 7, 8, 11 and 14 exhibited molecular ions at m/z 200, m/z 228, m/z 242,
m/z 256 and m/z 284, respectively, along with the characteristic McLafferty fragmentation product
of ethyl esters at m/z 88 as a base peak [39]. They also all showed similar fragmentation patterns,
including fragment ions from the cleavage of an ethyl group, ethoxy group, and propyl group from
the molecular ion. These data indicated compounds 5, 7, 8, 11 and 14 were ethyl esters of saturated
C10, C12, C14, C15 and C16 chains, respectively. Compounds 12, 15, 16 and 17 had molecular ions at
m/z 254, m/z 282 and m/z 310, respectively. They all showed a loss of ethanol from the molecular ion,
and the McLafferty fragment ion at m/z 88 was present but less abundant than for the saturated esters
5, 7, 8, 11 and 14. A NIST library search suggested compounds 5, 7, 8, 11 and 14 were the saturated
esters ethyl caprate, ethyl laurate, ethyl tridecanaote, ethyl myristate and ethyl palmitate and 12, 15,
16 and 17 were the unsaturated esters ethyl myristoleate, ethyl palmitoleate, ethyl oleate and ethyl
elaidate, respectively. The identities of the esters were confirmed by comparing retention times and
mass spectral fragmentation patterns of the compounds in the rectal gland extracts and headspace
collections with the authentic commercial or synthesized samples.

Propyl ester: Compound 9 showed a molecular ion at m/z 242 and a McLafferty fragment ion at m/z
102, suggesting a propyl/isopropyl ester with a C12 saturated chain [39]. It also exhibited a fragment ion
at m/z 183 for loss of a propoxy (C3H7O) group. Given that propyl and isopropyl esters are structural
isomers and will therefore produce very similar mass spectra, both propyl laurate and isopropyl
laurate were synthesized. Compound 9 was found to have very similar mass spectral fragmentation
patterns to the propyl isomer (but not isopropyl laurate). The identification of compound 9 was further
confirmed as propyl laurate based on a comparison of retention time by the co-injection of the rectal
gland extracts and synthesized propyl laurate. Isopropyl laurate showed a slightly different retention
time when compared to compound 9.

Spiroacetals: Compounds 3 and 4 had molecular ions of m/z 184 and 198, respectively, and similar
mass spectral fragmentation patterns, indicating a difference of CH2 only. This was further supported
by both compounds exhibiting a fragment ion at m/z 169, indicating a loss of CH3 for compound 3
and CH2CH3 for compound 4. Both compounds also showed characteristic fragmentation patterns
of methyl substituted dioxaspiro[5.5]undecane spiroacetals [40], including a strong doublet at m/z
112 and m/z 115, due to the retro-cleavage of one of the six-membered rings leading to a methyl
methylene heterocycle (CH3(C5H7O)=CH2) at m/z 112 and m/z 115 (CH3(C5H7O)=OH) due to the
alternate ring cleavage accompanied by intramolecular hydrogen transfer. The presence of another
set of ions at m/z 126 and m/z 129 for compound 4 indicated it also had an ethyl substituted ring.
Compound 3 was consistent with a dimethylated dioxaspiro[5.5]undecane, while compound 4 was
consistent with a methyl and ethyl substituted dioxaspiro[5.5]undecane [40]. Compound 3 was

33



Insects 2020, 11, 32 7 of 12

confirmed as (E,E)-2,8-dimethyl-1,7-dioxaspiro[5.5]undecane by comparing the retention time and
mass spectral fragmentation pattern of the compound in the rectal gland extracts and headspace
collections with the authentic synthesized (racemic) sample. Compound 4 was tentatively identified as
(E,E)-2-ethyl-8-methyl-1,7-dioxaspiro[5.5]undecane based on the literature mass spectral fragmentation
pattern [8,37,41].

For B. musae males, four compounds were identified in rectal gland extracts obtained from the
flies collected in 2014, including ethyl butanoate (1), N-(3-methylbutyl)acetamide (2), ethyl laurate
(7) and ethyl myristate (11), while only compounds 1 and 2 were detected for the 2017 collections.
Of the four compounds, only ethyl butanoate (1) and N-(3-methylbutyl)acetamide (2) were found
in the headspace samples. In contrast, for B. musae females, 15 compounds were identified in rectal
gland extracts obtained from flies collected in both 2014 and 2017 (Table 1). Identified compounds
included 13 saturated/unsaturated fatty acid esters, including ethyl caprate (5), methyl laurate (6),
ethyl laurate (7), ethyl tridecanaote (8), propyl laurate (9), methyl myristate (10), ethyl myristate (11),
ethyl myristoleate (12), methyl palmitate (13), ethyl palmitate (14), ethyl palmitoleate (15), ethyl oleate
(16) and ethyl elaidate (17), as well as two spiroacetals (E,E)-2,8-dimethyl-1,7-dioxaspiro[5.5]undecane
(3) and (E,E)-2-ethyl-8-methyl-1,7-dioxaspiro[5.5]undecane (4). Of these, ten compounds were also
found in headspace collections. The main compound present in female gland extracts and headspace
samples was ethyl laurate (7), although it was found in higher proportions in the headspace samples
(~73% vs. 47%).

3.3. GC-EAD Experiment

The electroantennogram response of female and male B. musae to the rectal gland extract of the
conspecific opposite sex is shown in Figure 3. Ethyl butanoate (1), the most abundant compound
emitted by male B. musae, elicited antennal responses from B. musae females. Two compounds,
(E,E)-2,8-dimethyl-1,7-dioxaspiro[5.5]undecane (3) and ethyl laurate (7), elicited antennal responses
from conspecific males.
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the major compound(s) present in the chemical profile of each sex elicited antennal responses in the
opposite sex.

Female rectal gland volatile profiles from colonies collected in 2014 and 2017 were similar in
composition and relative amounts. There were some differences in the male rectal gland profiles
between the two collections. Male rectal glands from the flies obtained in 2014 contained trace amounts
of ethyl laurate and ethyl myristate (<0.5%), which were not observed in flies collected in 2017.
Qualitative and/or quantitative changes in the volatile composition may appear as a result of age,
nutritional and mating status [30,42–44], or due to the domestication process [33]. The differences
found between the two collections cannot easily be explained as larvae and adults used for both
collections were fed the same diet (carrot diet for larvae and sugar and hydrolysate yeast for adults),
and the adults used for the extractions were in the same age range (13–18 days old). Therefore, it is
unlikely that these factors can cause this slight difference. The difference may have arisen because the
samples collected in 2014 were from mixed sex cages of flies whereas the samples collected in 2017
were from single sex cages.

Ethyl butanoate (1), the major component found in male B. musae rectal gland and headspace
extracts, has not been previously found in volatile secretions/emissions of other tephritid fruit fly
species. It is commonly found in fruits, such as mangos, and is known to elicit EAD responses in
female B. dorsalis [45]. N-(3-Methylbutyl)acetamide (2) has been reported in other fruit fly pheromone
profiles, and elicits female attraction in Z. cucurbitae, B. dorsalis and Bactrocera carambolae Drew &
Hancock [3,6,18]. Ethyl laurate (7) and ethyl myristate (11) were only minor compounds in males, but
represent more than 90% of abundance in female B. musae.

Saturated/unsaturated fatty acid esters are commonly found in rectal glands of female
Bactrocera [46]. All saturated/unsaturated fatty acid esters from female B. musae have been previously
reported in rectal gland extracts of female Bactrocera tryoni (Froggatt) [46–48]. Ethyl myristate (11) and
ethyl palmitate (14) are also found in rectal gland extracts of male Bactrocera jarvisi (Tryon) [47]. These
two compounds, as well as methyl laurate (6), have also been reported as minor components in the
rectal gland extracts of female B. oleae [49]. Ethyl laurate (7), the most abundant compound found in
B. musae females, has been previously reported in rectal gland extracts of female B. oleae [49] and male
B. jarvisi [47]. The relative abundance of this compound is higher in headspace than rectal glands due
to its lower chain length (C12) and hence its higher volatility in headspace compared to the C14, C16

or C18 esters. Males of B. dorsalis exhibit EAD responses to this compound, which was found in the
cuticle extraction [50]. Surprisingly, Ethyl laurate (7) only elicited EAD responses from B. musae males.

Both spiroacetals, (E,E)-2,8-dimethyl-1,7-dioxaspiro[5.5]undecane (3) and (E,E)-2-ethyl-8-methyl-1,7-
dioxaspiro[5.5]undecane (4), have been reported as volatile emissions of fruit flies. (E,E)- 2,8-Dimethyl-1,7-
dioxaspiro[5.5]undecane (3) has been found in rectal glands of many fruit flies including B. dorsalis,
B. nigrotibialis (Perkins), B. albistrigata (Meijere), B. jarvisi, B. kirki (Froggatt), B. kraussi (Hardy), Z. cucumis
and B. tryoni [34,46–48,51,52]. (E,E)-2-Ethyl-8-methyl-1,7-dioxaspiro[5.5]undecane (4) has been previously
reported as part of male emissions of male B. nigrotibialis, B. halfordiae (Tryon), B. dorsalis, B. kirki, B. latifrons
(Hendel) and B. occipitalis (Bezzi) as well as female B. tryoni [2,3,46,53,54]. For B. nigrotibialis and Z. cucumis,
the spiroacetals were found to be solely the 2S,6R,8S enantiomers [34,55]. It is likely that the spiroacetals
(3) and (4) found in B. musae also exist as single enantiomers, but this was not investigated in our study.
The finding that (E,E)-2,8-dimethyl-1,7-dioxaspiro[5.5]undecane (3) elicited an antennal response in males
suggests a likely biological role of this compound, together with ethyl butanoate (1) and ethyl laurate (7).

5. Conclusions

The investigation of rectal gland and airborne volatiles of B. musae at dusk, the period of mating
activity in this species, revealed that males and females produce and release distinctly different
volatile compounds. Females were found to release a more complex blend of volatile compounds than
males. Males predominantly produce a short carbon chain ester—ethyl butanoate—while females
predominantly produce longer carbon chain esters—ethyl laurate, ethyl myristate, ethyl palmitate.
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For both males and females, all compounds found in the headspace collections were also present in the
rectal gland extracts. Furthermore, GC-EAD results showed that the major compound present in the
chemical profile of each sex elicited an antennal response in the opposite sex, suggesting a possible
biological role of these compounds in the mating system of B. musae. Knowing the volatiles that are
released during mating activity and those that elicit antennal responses is an important step toward
understanding the chemical communication system of the banana fruit fly B. musae. However, further
behavioural studies are required in order to investigate the functions of the volatiles we identified
in male and female rectal glands to conspecific females or males (e.g., attraction, species and sex
identification, indicators of mate quality). Such insight into the sexual communication of this species
could reveal new applications for the control of this pest.

Supplementary Materials: The following are available online at http://www.mdpi.com/2075-4450/11/1/32/s1:
synthesis of N-(3-methylbutyl)acetamide (2), 2,8-dimethyl-1,7-dioxaspiro[5.5]undecane (3), propyl laurate (9),
isopropyl laurate, ethyl palmitoleate (15) and ethyl elaidate (17).
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Figure 4. Structure of components identified in Bactrocera musae chemical profiles. 
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Preamble 

 

Bactrocera frauenfeldi (Schiner) is an economically important fruit fly pest species 

belongs to order Diptera and family Tephritidae.1,2 This species is very similar to B. 

albistrigata (Meijere) but has dark postpronotal lobes (sometimes red-brown postpronotal 

lobes).2 Current molecular markers do not adequately separate species in B. frauenfeldi 

complex. The molecular diagnostic locus that best separate these two confused species is 

EIF3L. Otherwise they are similar in other loci includind RPA2, COI, POP4 and 

DDOSTS2.2 Other similar species to B. frauenfeldi are B. trilineola Drew, B. kirki 

(Froggatt) and B. psidii (Froggatt). Bactrocera frauenfeldi differs from B. trilineola by 

having lateral vittae present and facial spots instead of a facial mask.2 They differ from B. 

kirki by having dark postpronotal lobes, lateral vittae present and a distinct band on the 

wing.2 They differ from B. psidii by having dark postpronotal lobes, a medial line and 

lateral bands on terga III-V, legs with dark patterning and a distinct band on the wing.2  

 

Among these species only putative pheromonal blend of B. albistrigata and B. kirki is 

known.3–5 Composition of the male rectal gland secretions of B. albistrigata has been 

reported to be rich in methyl 4-hydroxybenzoate.3 The (E,E)-2,8-dimethyl-1,7- 

dioxaspiro[5.5]undecanes and (E,Z)-2,8-dimethyl-1,7- dioxaspiro[5.5 ]undecanes were also 

present.3 In the glandular extract of male B. kirki, (E,E)-2,8-dimethyl-l,7- 

dioxaspiro[5.5lundecane was shown to be the major component.4 (E,Z)-2,8-dimethyl-1,7-

dioxaspiro[5.5]undecane and (E,E)-2-ethyl-8-methyl-l,7-dioxaspiro[5.5lundecane were 

also reported as minor components of male rectal gland extract.4 
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Abstract: Bactrocera frauenfeldi (Schiner) (Diptera: Tephritidae) is a polyphagous fruit fly pest species
that is endemic to Papua New Guinea and has become established in several Pacific Islands and
Australia. Despite its economic importance for many crops and the key role of chemical-mediated
sexual communication in the reproductive biology of tephritid fruit flies, as well as the potential
application of pheromones as attractants, there have been no studies investigating the identity
or activity of rectal gland secretions or emission profiles of this species. The present study (1)
identifies the chemical profile of volatile compounds produced in rectal glands and released by
B. frauenfeldi, (2) investigates which of the volatile compounds elicit an electroantennographic or
electropalpographic response, and (3) investigates the potential function of glandular emissions
as mate-attracting sex pheromones. Rectal gland extracts and headspace collections from
sexually mature males and females of B. frauenfeldi were analysed by gas chromatography-mass
spectrometry. Male rectal glands contained (E,E)-2-ethyl-8-methyl-1,7-dioxaspiro [5.5]undecane as
a major component and (E,E)-2,8-dimethyl-1,7-dioxaspiro[5.5]undecane as a moderate component.
Minor components included palmitoleic acid, palmitic acid, and ethyl oleate. In contrast,
female rectal glands contained (E,E)-2,8-dimethyl-1,7-dioxaspiro[5.5]undecane and ethyl laurate
as major components, ethyl myristate and ethyl palmitoleate as moderate components, and
18 minor compounds including amides, esters, and spiroacetals. Although fewer compounds
were detected from the headspace collections of both males and females than from the gland
extractions, most of the abundant chemicals in the rectal gland extracts were also detected
in the headspace collections. Gas chromatography coupled electroantennographic detection
found responses to (E,E)-2,8-dimethyl-1,7-dioxaspiro[5.5]undecane from the antennae of both
male and female B. frauenfeldi. Responses to (E,E)-2-ethyl-8-methyl-1,7-dioxaspiro[5.5]undecane
were elicited from the antennae of females but not males. The two spiroacetals also elicited
electropalpographic responses from both male and female B. frauenfeldi. Ethyl caprate and
methyl laurate, found in female rectal glands, elicited responses in female antennae and palps,
respectively. Y-maze bioassays showed that females were attracted to the volatiles from male
rectal glands but males were not. Neither males nor females were attracted to the volatiles from
female rectal glands. Our findings suggest (E,E)-2,8-dimethyl-1,7-dioxaspiro[5.5]undecane and
(E,E)-2-ethyl-8-methyl-1,7-dioxaspiro[5.5]undecane as components of a sex-attracting pheromone in
B. frauenfeldi.

Keywords: B. frauenfeldi; mango fruit fly; insect volatiles; GC-EAD; olfaction
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1. Introduction

Many tephritid fruit flies, belonging to the genus Bactrocera, are significant horticultural pests,
causing direct damage to fruit and impeding trade [1–4]. The mango fruit fly, Bactrocera frauenfeldi
(Schiner) (Diptera: Tephritidae), is an economically important tephritid pest, with hosts including
guava (Psidium guajava), mango (Mangifera indica), beach almond (Terminalia catappa), and Alexandrian
laurel (Calophyllum inophyllum) [5–7]. Endemic to Papua New Guinea [8], B. frauenfeldi has become
established on several Pacific Islands, including the Solomon Islands, the Federated States of Micronesia,
the Republic of Kiribati, Marshall Islands, Palau, Nauru, West Papua in Indonesia [9–11], and in
Australia [6,12–15]. Surveillance, monitoring, and control of tephritid fruit flies involves the use of
lures [16]. Food-based lures have been used as attractants in traps for detecting and monitoring
tephritid flies [17]. However they are not as powerful as male lures, such as cuelure, zingerone, and
methyl eugenol [18]. Bactrocera frauenfeldi adult males are highly attracted to cuelure and raspberry
ketone, and are weakly attracted to zingerone [15,18]. Raspberry ketone and zingerone are naturally
occurring compounds found in many plants [19,20]. Raspberry ketone is also known as a fungal
metabolite [21]. While cuelure has not been found in nature, it hydrolyses to raspberry ketone [16].
Ingested raspberry ketone, zingerone, and cuelure accumulate in the rectal gland of some male s
of some fruit fly species in their original form, while zingerone and cuelure are also to some extent
transformed [22–24]. However, similar to other fruit flies, there is a lack of a specific attractant for
females of B. frauenfeldi.

Volatile compounds produced in the rectal glands of tephritid fruit flies and emitted during
calling and courtship have been described as the key elements for long and short-range attraction
of the opposite sex [25–28]. The volatile emissions also play an important role in attracting the
same sex to mating aggregations [29,30]. Rectal gland secretions of some fruit fly species have been
studied for potential applications as attractants, including B. tryoni (Froggatt) [31], Zeugodacus cucumis
(French) [32–35], B. dorsalis (Hendel) [36], Z. cucurbitae (Coquillet) [37], B. oleae (Rossi) [38], and B.
correcta (Bezzi) [39]. In most tephritid fruit flies, males are thought to produce sex pheromones to attract
females [40]. However, there are several notable exceptions. For example, 1,7-dioxaspiro[5,5]undecane
has been described as a female-produced pheromone of B. oleae [38], although later studies reported on
this compound in rectal glands of young males of B. oleae [41]. While 1,7-dioxaspiro[5.5]undecane has
been used extensively for the monitoring and mass trapping of B. oleae [42], the sex specific olfactory
cues of B. oleae are driven by synergistic actions of a number of compounds that are not yet fully
understood [4,43]. In Z. cucurbitae, females are attracted by male rectal gland secretions containing three
aliphatic amides, two pyrazines, and an aromatic acid [44], while males are attracted by headspace
constituents containing 2,8-dialkyl-1,7-dioxaspiro[5.5]undecanes and N-(3-methylbutyl)acetamide [45].
Similarly, males of B. dorsalis produce two phenols and an aliphatic cyclic alcohol in their rectal glands
that show pheromonal activity towards females [46,47], while females emit several spiroacetals that
attract males [45].

The chemical profiles of the B. frauenfeldi volatile compounds are unknown. Given the central role of
chemical-mediated sexual communication in the reproductive biology of tephritid fruit flies [4,48], and
the potential application of volatiles as attractants, the present study analysed the rectal gland extracts
and headspace collections from both males and females of B. frauenfeldi using gas chromatography-mass
spectrometry (GC-MS). In order to identify electrophysiologically active components present in the
emissions of each sex, we used gas chromatography-electroantennogram detection (GC-EAD) and
gas chromatography-electropalpogram detection (GC-EPD) to test the responses of male and female
antennae and maxillary palps to the emissions of male and female rectal glands. The rectal gland
contents were tested for attraction of the opposite and same sex using y-maze olfactometers [49–51].
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2. Methods and Materials

2.1. Insects

Pupae of B. frauenfeldi (9 generations from wild) were obtained from the Queensland Department
of Agriculture and Fisheries (Cairns, Australia). Approximately 500 pupae were allowed to emerge in a
47.5 × 47.5 × 47.5 cm fine mesh cage (Megaview Bugdorm 4S4545, Taiwan) in a controlled environment
room (25 ± 0.5 ◦C, 65 ± 5% relative humidity) and with light:dusk:dark:dawn 11.5:0.5:11.5:0.5 h
photoperiod (these conditions were maintained for all rearing and experiments). The adult flies
were fed sugar and yeast hydrolysate (MP Biomedicals LLC) and were provided water through a
soaked sponge. The flies were reared through one generation at Macquarie University, Sydney, using
a standard carrot larval diet [52], following methods described by Pérez et al. [53]. The flies were
separated by sex within three days after emergence and transferred to 12.5 L clear plastic cages (180 flies
per cage). No mating was observed before separating the flies. The flies used for all the experiments
were 13–18 days old.

2.2. Gland Extraction

The flies were killed by chilling them on dry ice. The rectal glands were extracted under a
stereomicroscope by gently pressing the abdomen and pulling the gland out with fine forceps. The
glands were carefully placed in a 1.1 mL tear-drop vial in dry ice. Once 10 glands were collected, the
vials were removed from the dry ice and 100 µL of n-hexane (HPLC grade, Sigma-Aldrich, St. Louis,
MO, USA) was added. Vials containing n-hexane and glands were left to stand at room temperature
for 10 min, and then the extracts were transferred to a new vial, labelled, and stored at −20 ◦C until
analysed [54]. Ten replicates of 10 glands were collected for each sex.

2.3. Headspace Collections

Based on our preliminary observations, B. frauenfeldi appeared to mate at any time during the
day, with the mating peak at noon. Ten males or females were separately placed into a cylindrical
glass chamber (150 mm long and 40 mm ID) 30 min before the mating peak. A charcoal-filtered air
stream at a flow rate of 0.5 L/min (air pulling system) was drawn over the flies for 1 h. The released
volatiles were adsorbed onto traps of 50 mg of Tenax-GR Mesh 60/80 adsorbent (Scientific Instrument
Services, Inc, Palmer, MA, USA) packed into 6 × 50 mm glass tubes and fitted with glass wool plugs.
The volatiles were eluted with 1 mL of n-hexane. The samples were stored at −20 ◦C until analysed.
Seven replicates were collected for each sex. To distinguish any possible contaminants, an air control
sample comprising an empty glass chamber was run and analysed along with each volatile collection.

Before each headspace collection, the glass chambers were washed with 5% Extran aqueous
solution, rinsed with hot tap water, and heated at 200 ◦C for 18 h. The tenax traps were thermally
conditioned at 200 ◦C for three hours under a 75 mL/min nitrogen stream. The activated charcoal filters
were conditioned by heating them at 200 ◦C for 18 h prior to each headspace collection [55].

2.4. GC-MS Analysis

Mass spectra were recorded on a Shimadzu GCMS-TQ8040 instrument (Kyoto, Japan), using a
capillary column with 5% diphenyl/95% dimethyl polysiloxane as the stationary phase (SH-Rtx-5MS,
30 m × 0.25 mm ID × 0.25 µm film thickness, Shimadzu, Japan) and helium (99.999%) (ultra-high
purity, BOC, Sydney, Australia) as a carrier gas with a constant flow of 1 mL/min. A 1 µL sample
was injected in the splitless mode. The injector temperature was set at 270 ◦C. The temperature
program was 40 ◦C (1 min) to 250 ◦C (3 min) at a rate of 10 ◦C/min. The interphase and ion source
temperatures were set at 290 ◦C and 200 ◦C, respectively. Mass spectra were recorded in electron
impact mode (70 eV), scanning from 40 to 500 m/z. A peak was considered of interest if it was
not present in the air control samples. Compounds including esters, amides, and spiroacetals were
identified through comparison with retention times and fragmentation patterns of authentic samples,
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with the exception of compound 4 which was tentatively identified based on literature mass spectral
fragmentation patterns [56,57]. Ethyl caprate (5), methyl laurate (6), ethyl laurate (7), ethyl tridecanaote
(8), propyl laurate (9), methyl myristate (10), myristic acid (11), ethyl myristoleate (12), ethyl myristate
(13), methyl palmitoleate (14), methyl palmitate (15), palmitoleic acid (16), palmitic acid (17), ethyl
palmitate (19), methyl elaidate (20), and ethyl oleate (21) were purchased from Sigma-Aldrich (Castle
Hill, Australia), Alfa-Aesar (United Kingdom), Nu-Chek-Prep, and INC (Minneapolis, USA). Ethyl
palmitoleate (18), ethyl elaidate (22), N-(2-methylbutyl)acetamide (1), N-(3-methylbutyl)acetamide (2),
and (E,E)-2,8-dimethyl-1,7-dioxaspiro[5,5]undecane (3) were synthesised (see Supplementary Materials
for synthesis details).

2.5. Electrophysiological Assays

Gas chromatography-electroantennographic detection (GC-EAD) and gas
chromatography-electropalpogram detection (GC-EPD) were carried out to identify the antennal- or
palpal-active components from male and female rectal gland extracts. The system consisted of a gas
chromatography flame ionization detector (Agilent 7890B, CA, USA) coupled to an electroantennogram
(Syntech, Hilversum, The Netherlands). The GC was equipped with a polar capillary column with
(35%-phenyl)-methylpolysiloxane as the stationary phase (Agilent HP-5, 30 m × 0.32 mm ID × 0.25 µm
film thickness). The carrier gas was hydrogen (99.999% pure) supplied by a generator (MGG-2500-220
Parker Balston, NY, USA) with a constant flow of 2.5 mL/min. The initial temperature was set at 50 ◦C
(1 min) then increased to 250 ◦C (3 min) at a rate of 10 ◦C/min. The injector and detector temperatures
were set at 270 ◦C and 290 ◦C, respectively. The effluent of the column was mixed with 30 mL/min
make-up nitrogen gas and split in a ratio of 1 (FID) to 1.5 (EAD) through a heated transfer line (Syntech,
TC-02, Syntech, Hilversum, The Netherlands) and kept at 200 ◦C.

A female or male B. frauenfeldi head was carefully severed and a borosilicate glass capillary
electrode filled with electrically conductive gel (Spectra 360) was attached onto the back of the head.
The tip of the antenna or maxillary palp was inserted into the tip of the recording glass capillary
electrode filled with phosphate-buffered saline (PBS). The mounted heads were under charcoal
filtered and humidified air flow (400 mL/min) controlled by a flow controller (Syntech Stimulus
Controller CS-55, Syntech, Hilversum, The Netherlands) and were subjected to each stimulus. The
electrophysiological responses were captured and processed by a data acquisition controller (IDAC-4,
Syntech, Hilversum, The Netherlands). Before the injection of the sample into the airstream, the
antenna/palp was stimulated with 1-hexanol to check its sensitivity. EAD/EPD signals were analysed
using GC-EAD 2014 software version 1.2.5. Nine successful GC-EAD/EPD recordings were obtained for
each sex. The electrophysiological responses of male and female antennae and palps to the conspecific
opposite and same sex rectal gland extracts were recorded. A response was considered genuine if it
was present in at least six out of the nine replicates collected. The identity of the compounds eliciting
an electrophysiological response was confirmed by comparing the retention times with that of the
GC-MS chromatograms using the same column and method as for the GC(FID)-EAD experiments.

2.6. Y-maze Bioassays

The response of sexually mature (13–18 days old) B. frauenfeldi males and females toward rectal
gland contents of the same and opposite sex was evaluated using Y-maze olfactometers. The system
consisted of a clear Plexiglas Y shape tube with one central arm (6.5 cm × 4.5 cm × 5 cm) in which
the release chamber (5 cm × 5 cm × 5 cm) was located, and two upwind lateral arms (12.5 cm ×
4.5 cm × 5 cm), each of which was connected to a rectangular chamber (7.5 cm × 5 cm × 5 cm) (see
Supplementary Materials, Figure S1). The Y-maze olfactometer was positioned horizontally on a
white table and a humidified and charcoal-filtered air stream was passed through the Y-maze at a
flow rate of 140 ± 5 mL/min. The stimulus cartridge was prepared by crushing 15 rectal glands (male
or female) on a 1 cm2 filter paper (Advantec, Tokyo, Japan) inserted in a glass Pasteur pipette (145
mm long). The control cartridge was prepared using 1 cm2 filter paper inserted in the same type of
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glass Pasteur pipette. One cartridge of each type was fitted to one of the Y-maze upwind arms using
a Tygon tube (Tygon®formula E-3603, Sigma-Aldrich, St. Louis, MO, USA). An individual fly was
placed in the release chamber to acclimatise for 30 min before each experiment. The experiment was
carried out at noon in a controlled environment room, under the same conditions the flies were kept.
Each trial lasted 30 min. Once the two cartridges (stimulus and control) were connected to the upwind
arms, the system was allowed to equilibrate for two minutes and then the barriers of the two upwind
arms and the release chamber were removed. A choice was recorded when the fly reached one of the
two upwind arms and stayed there for at least one minute. Flies that did not make any choice, i.e.
remained in the release chamber, did not reach one of the two upwind arms, or did not stay there for
one minute, were excluded. For each treatment, 45–50 replicates from responsive flies were carried
out over multiple days with no more than 15 replicates on any day. The position (left or right) of the
stimulus and the control was reversed for every trial to minimise the positional effects. The flies used in
this experiment were obtained from multiple batches (two per week) and each fly was tested only once.
Freshly dissected rectal glands were used each day. Before each replicate, the Y-maze olfactometer was
washed with 5% Extran aqueous solution, rinsed with hot tap water, and air-dried. To compare the
number of flies choosing the stimulus over the control, a binomial test with the probability level of p <

0.05 was used.

3. Results

The GC-MS results showed that male and female B. frauenfeldi have different rectal gland and
volatile emission compositions. Females produced a more complex blend than did males (Figure 1).
A total of twenty-two compounds were identified including amides (1 and 2), spiroacetals (3 and 4),
esters (5–10, 12–15, 18–21, and 22), and fatty acids (11, 16, and 17). The identities of the twenty-one
compounds were confirmed by comparison with GC retention times and mass fragmentation patterns
of authentic samples.

Figure 1. Gas chromatogram of the rectal gland extract of B. frauenfeldi females. The numbered
peaks indicate detected compounds: N-(2-methylbutyl)acetamide (1), N-(3-methylbutyl)acetamide (2),
(E,E)-2,8-dimethyl-1,7-dioxaspiro[5,5]undecane (3), (E,E)-2-ethyl-8-methyl-1,7-dioxaspiro[5.5]undecane
(4), ethyl caprate (5), methyl laurate (6), ethyl laurate (7), ethyl tridecanaote (8), propyl laurate (9), methyl
myristate (10), myristic acid (11), ethyl myristoleate (12), ethyl myristate (13), methyl palmitoleate (14),
methyl palmitate (15), palmitoleic acid (16), palmitic acid (17), ethyl palmitoleate (18), ethyl palmitate
(19), methyl elaidate (20), ethyl oleate (21), and ethyl elaidate (22).

Of the twenty-two compounds that were identified in female B. frauenfeldi, nine compounds were
detected in rectal gland extracts and headspace samples including N-(3-methylbutyl)acetamide (2),
(E,E)-2,8-dimethyl-1,7-dioxaspiro[5.5]undecane (3), (E,E)-2-ethyl-8-methyl-1,7-dioxaspiro[5.5]undecane
(4), methyl laurate (6), ethyl laurate (7), methyl myristate (10), ethyl myristoleate (12), ethyl myristate
(13), and ethyl palmitoleate (18) (Table 1). The main compounds present in female gland extracts and
headspace samples were (E,E)-2,8-dimethyl-1,7-dioxaspiro[5.5]undecane (3) and ethyl laureate (7),
although they were found in higher proportions in the headspace samples (Table 1).
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Table 1. Percentage of compounds identified in chemical profiles for B. frauenfeldi. RT = retention time, KI = Kovats index, ND = not detected.

Compound Females Males
RT KI Diagnostic Ions m/z (%)

Headspace (%) Rectal Gland (%) Headspace (%) Rectal Gland (%)

N-(2-Methyl-butyl)acetamide
(1) ND <1 ND ND 9.7 1133

129 (M+, 5.2), 100 (62.2), 73 (β-cleavage/H
rearrangement, 76.4), 72 (M – C4H9, 100), 60

(CH3C(OH)NH+, 54.8)

N-(3-Methylbutyl)acetamide
(2) <1 <1 ND ND 9.8 1137

129 (M+, 6.6), 114 (18.2), 86 (28.4), 73 (β-cleavage/H
rearrangement, 100), 72 (M – C4H9, 74.4), 60

(CH3C(OH)NH+, 32.6)

(E,E)-2,8-Dimethyl-1,7-
dioxaspiro[5.5]undecane (3) 53.9 20.1 24.6 16.6 9.9 1147

184 (M+, 9.7), 169 (2.1), 140 (17.8), 125 (9.7), 115
(CH3(C5H7O)=OH+, 98.1), 112 (CH3(C5H7O)=CH2,

100), 97 (75.4), 69 (33.3), 55 (31.2)

(E,E)-2-Ethyl-8-methyl-1,7-
dioxaspiro[5.5]undecane (4) 5.7 <1 75.4 70.3 11.3 1237

198 (M+, 10.7), 169 (14.1), 140 (17.5), 129
(CH3CH2(C5H7O)=OH+, 52), 126

(CH3CH2(C5H7O)=CH2, 40.1), 115 CH3(C5H7O)=OH+,
94.2), 112 (CH3(C5H7O)=CH2, 100), 97 (66.5), 69 (43.5),

55 (49.1)

Ethyl caprate (5) ND <1 ND ND 13.5 1396
200 (M+, 1.7), 171 (4.2), 157 (19.5), 155 (M – OC2H5,

15.9), 115 (9.7), 101 (44.7), 88 (100), 73 (COOC2H5, 23.6),
70 (27.6)

Methyl laurate (6) 2.1 <1 ND ND 15.1 1524 214 (M+, 3.7), 183 (M – OCH3, 7.8), 171 (14.6), 143 (18.2),
87 (60), 74 (100), 59 (COOCH3, 8.4), 55 (22.8)

Ethyl laurate (7) 30.3 18.9 ND ND 15.9 1595
228 (M+, 4.3), 199 (4.7), 183 (M – OC2H5, 11.6), 157

(18.2), 101 (52.9), 88 (100), 73 (COOC2H5, 20.9), 70 (25.8),
61 (13.6), 55 (21.3)

Ethyl tridecanaote (8) ND <1 ND ND 16.8 1667
242 (M+, 4.5), 213 (11.9), 199 (15.6), 197 (M – OC2H5,

2.3), 157 (31.7), 101 (60.9), 88 (100), 73 (COOC2H5, 5.8),
57 (25.9), 55 (24.4)

Propyl laurate (9) ND <1 ND ND 17.1 1691
242 (M+, 1.6), 201 (40.4), 199 (1.1), 183 (M – OC3H7,

36.5), 115 (26.7), 102 (29.7), 87 (COOC3H7, 11.2), 61 (100),
60 (34), 55 (30.4)

Methyl myristate (10) <1 1.4 ND ND 17.4 1727 242 (M+, 6.6), 211 (M – OCH3, 6.3), 199 (16.2), 143 (25.6),
87 (64.4), 74 (100), 59 (COOCH3, 7.8), 55 (23.4)

Myristic acid (11) ND <1 ND ND 17.8 1759
228 (M+, 19.8), 185 (44.6), 171 (26.6), 143 (25.2), 129

(67.6), 115 (24.5), 97 (22.1), 87 (33.1), 85 (21.2), 83 (25.7),
73 (100), 69 (39.3), 60 (CH3COOH, 90.6), 57 (68), 55 (64)

Ethyl myristoleate (12) 2.6 1.9 ND ND 18.1 1785
254 (M+, 4.1), 209 (M – OC2H5, 13.9), 208 (M – C2H5OH,

14.9), 166 (28.8), 124 (23.7), 88 (46.3), 73 (COOC2H5,
16.6), 69 (52.1), 55 (100)
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Table 1. Cont.

Compound Females Males
RT KI Diagnostic Ions m/z (%)

Headspace (%) Rectal Gland (%) Headspace (%) Rectal Gland (%)

Ethyl myristate (13) 1.9 14.6 ND ND 18.2 1795
256 (M+, 7.1), 213 (13.8), 211 (M – OC2H5, 8.16), 157

(21.9), 101 (53.8), 88 (100), 73 (COOC2H5, 17.8), 70 (22.1),
55 (20.1)

Methyl palmitoleate (14) ND 2.5 ND ND 19.3 1909
268 (M+, 5.1), 237 (M – OCH3, 14.2), 236 (M – CH3OH,

18.5), 194 (17.9), 152 (24.1), 96 (51.3), 74 (52.3), 59
(COOCH3, 17.1), 55 (100)

Methyl palmitate (15) ND <1 ND ND 19.5 1928 270 (M+, 12.5), 227 (14.8), 143 (23.6), 87 (68.2), 74 (100),
69 (12.5), 59 (COOCH3, 7.2), 55 (24.8)

Palmitoleic acid (16) ND 5.5 ND 4.4 19.7 1825
254 (M+, 2.2), 236 (13.6), 152 (9.2), 111 (23.8), 98 (33.8), 97

(50.3), 96 (35.2), 83 (56.4), 73 (15.3), 69 (73.7), 60
(CH3COOH, 10), 57 (24.8), 55 (100)

Palmitic acid (17) ND 3.1 ND 3.9 19.9 1962

256 (M+, 38.1), 227 (9.9), 213 (M – COOH, 31.3), 185
(26.9), 157 (31.4), 129 (61.8), 115 (26.5), 97 (33.2), 87 (36.7),
85 (37), 83 (39), 73 (100), 69 (45.9), 60 (CH3COOH, 84.8),

57 (88.9), 55 (75.4)

Ethyl palmitoleate (18) 2.5 16.1 ND ND 20.0 1977
282 (M+, 2.9), 237 (M – OC2H5, 19.1), 236 (M – C2H5OH,

21.3), 194 (23.2), 152 (28.6), 88 (57.3), 73 (COOC2H5,
16.8), 69 (68.7), 55 (100)

Ethyl palmitate (19) ND 5.3 ND ND 20.2 1995 284 (M+, 11.2), 255 (4.1), 241 (13.2), 239 (M – OC2H5,
7.5), 157 (21.3), 101 (57.5), 88 (100), 73 (COOC2H5, 16.1)

Methyl elaidate (20) ND <1 ND ND 21.2 2102 296 (M+, 5.3), 265 (M – OCH3, 17.8), 264 (26.7), 222
(16.9), 152 (13.6), 97 (62.2), 74 (47.5), 69 (66.2), 55 (100)

Ethyl oleate (21) ND 6.4 ND 4.8 21.6 2144
310 (M+, 1.2), 265 (M – OC2H5, 8.8), 264 (M – C2H5OH,
16.9), 222 (5.4), 123 (13.6), 110 (22.8), 97 (59.7), 88 (54.1),

83 (62.9), 73 (COOC2H5, 15.1), 69 (72.1), 55 (100)

Ethyl elaidate (22) ND 1.9 ND ND 21.8 2172
310 (M+, 7.9), 265 (M – OC2H5, 24.5), 264 (M – C2H5OH,
31.7), 222 (22.1), 180 (20.4), 110 (31.4), 97 (65.5), 88 (57.9),

83 (63.4), 73 (COOC2H5, 15.2), 69 (68.4), 55 (100)

51



Molecules 2020, 25, 1275 8 of 14

The GC-MS analysis of male rectal gland extracts showed a blend of six compounds
(Figure 2), being (E,E)-2-ethyl-8-methyl-1,7-dioxaspiro[5.5]undecane (4) as the main compound and
(E,E)-2,8-dimethyl-1,7-dioxaspiro[5.5]undecane (3) as the second major compound, representing 70%
and 17% of the blend, respectively. Male headspace samples showed only (E,E)-2-ethyl-8-methyl-1,7-
dioxaspiro[5.5]undecane and (E,E)-2,8-dimethyl-1,7-dioxaspiro[5.5]undecane, in a similar ratio to that
detected in the male rectal gland samples.

Figure 2. Typical Gas chromatogram of rectal gland extract of B. frauenfeldi males. The
numbered peaks indicate detected compounds: (E,E)-2,8-dimethyl-1,7-dioxaspiro[5.5]undecane (3),
(E,E)-2-ethyl-8-methyl-1,7-dioxaspiro[5.5]undecane (4), palmitoleic acid (16), palmitic acid (17), and
ethyl oleate (21).

3.1. Electrophysiological Responses

The analysis by GC-EAD of the male rectal gland samples showed that female and male antennae
responded consistently to the main spiroacetal, (E,E)-2,8-dimethyl-1,7-dioxaspiro[5.5]undecane
(3). The female antennae also responded to (E,E)-2-ethyl-8-methyl-1,7-dioxaspiro[5.5]undecane
(4) from the male rectal gland, while the male antennae did not. The female and male palps
responded to (E,E)-2,8-dimethyl-1,7-dioxaspiro[5.5]undecane (3) and (E,E)-2-ethyl-8-methyl-1,7-
dioxaspiro[5.5]undecane (4) (Figure 3A).

Figure 3. Flame ionization detector (FID) response and electrophysiological responses of antennae
(EAD) and maxillary palps (EPD) using Bactrocera frauenfeldi males and females to (A) rectal gland
extracts from conspecific males and (B) rectal gland extracts from conspecific females. The numbered
peaks indicate EAD- and EPD-active compounds: (E,E)-2,8-dimethyl-1,7-dioxaspiro[5.5]undecane (3),
(E,E)-2-ethyl-8-methyl-1,7-dioxaspiro[5.5]undecane (4), ethyl caprate (5), and methyl laurate (6).
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In contrast, GC-EAD analysis of female rectal gland samples revealed that
(E,E)-2,8-dimethyl-1,7-dioxaspiro[5.5]undecane (3) elicited an antennal response in both
males and females. The female antennae responded to two more compounds from the
female rectal gland including (E,E)-2-ethyl-8-methyl-1,7-dioxaspiro[5.5]undecane (4) and ethyl
caprate (5). GC-EPD analysis of the female rectal gland samples showed that the female
and male maxillary palps responded to (E,E)-2,8-dimethyl-1,7-dioxaspiro[5.5]undecane (3) and
(E,E)-2-ethyl-8-methyl-1,7-dioxaspiro[5.5]undecane (4). Methyl laurate (6) was only detected by the
female palps (Figure 3B).

3.2. Y-maze Bioassays

Sexually mature B. frauenfeldi females significantly preferred the upwind arm containing male
rectal glands over the control (p = 0.01). In contrast, B. frauenfeldi males did not show a significant
preference for female rectal glands over the control (p = 0.1). Neither females nor males exhibited
significant preferences when the rectal gland content of the same sex was presented (p = 0.06 and p =

0.1, respectively) (Figure 4).

Figure 4. Response of sexually mature virgin Bactrocera frauenfeldi males and females to rectal gland
volatiles of the same and opposite sex, vs. control (clean filter paper) in Y-maze bioassays. * significantly
different at 0.01 level, ns not significantly different, n total number of responded flies.

4. Discussion

We report here the first identification, electrophysiological detection, and behavioural evaluation
of rectal gland volatiles produced by B. frauenfeldi males and females. Our data show that females
of this species produced and emitted a greater diversity of compounds than males. The compounds
included aliphatic amides, spiroacetals, and saturated and unsaturated acids and esters. The two
amides, N-(2-methylbutyl)acetamide (1) and N-(3-methylbutyl)acetamide (2), found in this study
have been previously reported in rectal glands of other species, including B. tryoni [31,58], Z. cucumis
(French) [34], B. dorsalis (Hendel), and Z. cucurbitae (Coquillett) [45]. N-(3-Methylbutyl)acetamide is one
of the major components in the rectal glands of B. tryoni males. The two spiroacetals that were found
in B. frauenfeldi have also been reported in other Bactrocera species, and closely related Zeugodacus. For
instance, EE, EZ, and ZZ isomers of 2,8-dimethyl-1,7-dioxaspiro[5.5]undecane have been reported
in the rectal glands of Z. cucumis [33]. (E,E)-2,8-Dimethyl-1,7-dioxaspiro[5.5]undecane (3) have been
also found in the rectal glands of B. dorsalis, B. nigrotibialis (Perkins), B. albistrigata (Meijere), B. jarvisi
(Tryon), B. kirki (Froggatt), B. kraussi (Hardy), B. musae (Tryon), and B. tryoni [33,34,45,58–61]. This
compound was also found in both sexes of B. frauenfeldi, although it was less abundant in males. The
most abundant compound in males was (E,E)-2-ethyl-8-methyl-1,7-dioxaspiro[5.5]undecane. The
spiroacetal (E,E)-2-ethyl-8-methyl-1,7-dioxaspiro[5.5]undecane has been previously reported in the
rectal glands of male B. nigrotibialis (Perkins), B. halfordiae (Tryon), B. dorsalis (Hendel), B. kirki (Froggatt),
B. latifrons (Hendel), and B. occipitalis (Bezzi) and in female B. tryoni (Froggatt) and B. musae [4,58,61–63].
In addition to the compounds found in males, the female rectal gland and headspace extracts included
saturated and unsaturated acids and esters. The compounds, ethyl caprate (5), methyl laurate (6),
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ethyl laurate (7), ethyl tridecanaote (8), propyl laurate (9), methyl myristate (10), myristic acid (11),
ethyl myristoleate (12), ethyl myristate (13), methyl palmitoleate (14), methyl palmitate (15), ethyl
palmitoleate (18), ethyl palmitate (19), methyl elaidate (20), and ethyl elaidate (22) were female-specific.
Nine of the saturated and unsaturated esters in B. frauenfeldi have also been reported in B. oleae, with
ethyl myristate and ethyl palmitate as the major compounds in both species [49]. B. musae rectal glands
were also reported to contain twelve of the esters found in female B. frauenfeldi with ethyl laurate, ethyl
myristate, and ethyl palmitate as the most abundant components [61]. Ethyl caprate, which was EAG
active for females of B. frauenfeldi, has been found to attract both males and females of B. oleae [49].
The other electrophysiologically active ester in this study, methyl laurate, has not been reported as
an attractant in any other species, but the similar saturated methyl ester, methyl palmitate, has been
reported to attract both male and female B. oleae [49]. Many of the saturated/unsaturated acids and
esters that we found in B. frauenfeldi females are also common in females of other Bactrocera species,
although ratios vary amongst species.

The differences between the composition of rectal glands and volatile emissions observed in
this study are not likely due to sampling and/or sensitivity of the instrument because allowing for
those factors, the ratios in the rectal gland samples would be matched in the headspace collections.
This is not the case. In female rectal glands compounds 5 and 6 have similar relative abundance (<
1%) but only compound 6 was detected in the headspace samples. Similarly, compounds 16 and 19
were more abundant than compound 6 in female rectal glands (both > 5%) but were not detected in
headspace samples. For the compounds with longer chain length, and hence lower volatility including
the C14, C16, and C18 esters, compared to the C12 ester, it is likely that the relative abundance of these
compounds is lower in headspace than rectal glands. The differences between the composition of rectal
glands and volatile emissions could be due to the disproportionate release of some compounds.

The proportion of compounds in a blend can be critical for triggering behavioural responses,
and the differences might be responsible for sex-specific behavioural responses. For example, in
closely related moth species, pheromone blends often contain the same compounds but in different
ratios [64,65]. In the present study we found sex differences in the proportion of some compounds. For
instance, the spiroacetals 3 and 4 are present in very different ratios in the rectal gland of males and
females; 19:81 in males vs. 99:1 in females. If the presence of the compounds was solely responsible for
behavioural response, females should have had a preference for female glands in Y-maze bioassays.
The fact that this was not the case suggests natural proportions of the compounds may be important in
triggering sex-specific behavioural responses.

Male production of sex-attracting pheromones has been reported in diverse tephritid fruit
flies [25,34,66]. For example, the male Caribbean fruit fly, Anastrepha sunspensa (Loew), releases volatile
pheromone components including (Z)-non-3-en-1-ol and (3Z,6Z)-nona-3,6-dien-1-ol, anastrephin,
and epianastrephin, which attract female conspecifics [25,66]. The male Mediterranean fruit fly,
Ceratitis capitata (Wiedemann), releases a cyclic imine, l-pyrroline, that is highly attractive to virgin
females [34,67]. In B. tryoni, male glandular blends include the amides, N-3-methylbutylpropanamide,
N-3-methylbutylacetamide, N-(3-methylbutyl)-2-methylpropanamide, N-2-methylbutylpropanamide,
N-2-methylbutylacetamide, and N-(2-methylbutyl)-2-methylpropanamide, which are thought to
function as short-range stimulants for females [31,34]. Our Y-maze olfactometer results showed
that female B. frauenfeldi are attracted to male gland odour, whereas males did not exhibit
a significant preference for male or female gland odours during the period of peak mating
activity. This suggests that a specific compound or specific compounds produced in the rectal
gland of B. frauenfeldi males elicits attraction of females. Our GC-EAD/EPD results showed that
(E,E)-2,8-dimethyl-1,7-dioxaspiro[5.5]undecane elicits antennal and palpal responses in both males and
females. Although (E,E)-2-ethyl-8-methyl-1,7-dioxaspiro[5.5]undecane elicits an antennal response only
in females, it was detected by palps in both males and females. Our findings suggest that in B. frauenfeldi
males are the main sex pheromone producer and (E,E)-2,8-dimethyl-1,7-dioxaspiro[5.5]undecane and
(E,E)-2-ethyl-8-methyl-1,7-dioxaspiro[5.5]undecane are sex pheromone candidates. This chemical
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information about the sexual communication of B. frauenfeldi provides a valuable foundation for the
synthesis and development of new nature-inspired attractants for the control of this pest species.

Supplementary Materials: The supplementary materials are available online. Synthesis of
N-(2-methylbutyl)acetamide, N-(3-methylbutyl)acetamide, 2,8-dimethyl-1,7-dioxaspiro[5.5]undecane, ethyl
palmitoleate, and ethyl elaidate. Figure S1. Y-maze apparatus used in this study.
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Figure 5. Structure of compounds identified in Bactrocera frauenfeldi chemical profile. 
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Preamble 

 

Bactrocera bryoniae is a polyphagous pest species belongs to order Diptera and family 

Tephritidae.1,2 They are similar to Bactrocera dorsalis complex species in having a black 

scutum and T on the abdomen and a very broad costal band to R4+5.
1 Bactrocera bryoniae 

is also similar to Bactrocera trivialis (Drew) except it has a distinct wraparound T pattern 

on terga III-V and a very broad costal band.1 

 

All molecular markers including COI, EIF3L, POP4, RPA2 and DDOSTS2 consistently 

separate B. bryoniae from the abovementioned morphologically similar species.1,3 

 

Among the abovementioned species pheromone profile of B. dorsalis (Hendel) has been 

studied. 4–8 This has been discussed in detail in chapter 2 on page 31. 
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Abstract 1 

 2 

Bactrocera bryoniae is a polyphagous and economically significant fruit fly found in 3 

Indonesia, Papua New Guinea and Australia. To understand chemical-mediated sexual 4 

communication, and the potential for novel pheromone-based attractants for monitoring 5 

and mass-trapping of B. bryoniae, rectal gland exudates and emissions from sexually 6 

mature males and females were investigated. Gas chromatography-mass spectrometry 7 

showed that male rectal glands contained six compounds, of which 8 

1,7-dioxaspiro[5,5]undecane elicited electroantennographic (EAD) and 9 

electropalpographic (EPD) responses in both sexes, ethyl 3-acetoxybutanoate elicited EPD 10 

responses in both sexes, N-(3-methylbutyl)acetamide elicited EAD response from males 11 

and 4-hydroxy-1,7-dioxaspiro[5.5]undecane elicited EAD responses in males and females 12 

and EPD responses in females. Female rectal glands contained 23 compounds with the 13 

esters ethyl laurate and ethyl myristate as major components. Amongst the female rectal 14 

gland constituents, ethyl laurate, ethyl myristate and ethyl palmitate elicited EAD 15 

responses in males and females, N-(3-methylbutyl)acetamide elicited EAD responses in 16 

males only, (E,E)-2,8-dimethyl-1,7-dioxaspiro[5.5]undecane elicited EAD responses in 17 

males and EPD responses in females, and 2,7-dimethyl-1,6-dioxaspiro[4.5]decane, (E,E)-18 

2-ethyl-7-methyl-1,6-dioxaspiro[4.5]decane, (E,E)-2-ethyl-8-methyl-1,7-19 

dioxaspiro[5.5]undecane, (Z,Z)-2,8-dimethyl-1,7-dioxaspiro[5.5]undecane, (E,E)-2-propyl-20 

8-methyl-1,7-dioxaspiro[5.5]undecane and ethyl caprate elicited EPD responses in females 21 

only. Y-tube bioassays indicated that male rectal gland extracts and headspace volatiles 22 

attracted females and males, while female rectal gland extracts and headspace volatiles 23 

only attracted males. The results suggest that ethyl 3-acetoxybutanoate, 24 

1,7-dioxaspiro[5,5]undecane and 4-hydroxy-1,7-dioxaspiro[5.5]undecane may be 25 

components of male-produced sex pheromone in B. bryoniae while (E,E)-2,8-dimethyl-26 

1,7-dioxaspiro[5.5]undecane, N-(3-methylbutyl)acetamide, ethyl laurate, ethyl myristate 27 

and ethyl palmitate may be components of female-produced sex pheromone. Ethyl 3-28 

acetoxybutanoate, N-(3-methylbutyl)acetamide, 1,7-dioxaspiro[5,5]undecane and 29 

4-hydroxy-1,7-dioxaspiro[5.5]undecane may be components of male aggregation 30 

pheromone. These findings contribute to the understanding of pheromone communication 31 

in B. bryoniae and provide a foundation for developing pheromone-based monitoring and 32 

control methods. 33 

 34 
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Introduction 37 

 38 

Many Bactrocera fruit flies (Tephritidae) are economically important pests of fruits and 39 

vegetables, and some pose serious quarantine risks with potential to cause major 40 

disruptions in the international trade of fresh fruits and vegetables (Vijaysegaran 1997; 41 

Hickey et al. 2010; Clarke et al. 2011; Benelli et al. 2014; Dominiak and Mapson 2017). 42 

Diverse methods have been used in fruit fly control programs, including cover sprays, 43 

sterile insect technique (SIT), bait sprays, male annihilation technique (MAT), and 44 

biological control (Clarke et al. 2011; Ero et al. 2011; Zamek et al. 2012; Lauzon and 45 

Potter 2012; Dominiak and Ekman 2013).  Fruit fly management relies on effective 46 

monitoring tools, as well as attractants for lure-and-kill methods. Sex and aggregation 47 

pheromones are central to the mating systems of many Bactrocera species and have been 48 

considered as potential attractants for management of some species.  For example, 49 

1,7-dioxaspiro[5,5]undecane, a female-produced sex pheromone, has been used for 50 

monitoring and mass trapping of Bactrocera oleae (Rossi) (Haniotakis et al. 1977). 51 

 52 

The rectal gland is well known as a sex pheromone-secreting organ in fruit flies 53 

(Fletcher 1968, 1969; Piccardi 1980; Perkins et al. 1990a; Wee and Tan 2005; Tokushima 54 

et al. 2010). The volatile compounds emitted during calling and courtship, especially by 55 

males, are known as short and long range attractants for the opposite sex in some species 56 

(Nation 1972; Perkins 1990; Sivinski et al. 2000; Cruz-López et al. 2015). Male-produced 57 

volatiles are also known to function as mating aggregation pheromones in some species 58 

(Sivinski and Calkins 1986; Nishida et al. 1988b; Hendrichs et al. 2002). Among the more 59 

than 450 species of Bactrocera, the sex and aggregation pheromones of only a few pest 60 

species have been investigated (Doorenweerd et al. 2018). Some of the first investigations 61 

described production and release of sex pheromones by male Bactrocera tryoni (Froggatt) 62 

(Fletcher 1968, 1969; Bellas and Fletcher 1979). Males are thought to be the main 63 

pheromone producers in most fruit flies (Heath et al. 2000; El-Sayed 2019), and studies of 64 

volatile compounds in Bactrocera have mainly focused on males (Bellas and Fletcher 65 

1979; Kitching et al. 1986, 1989; Perkins et al. 1990b; Krohn et al. 1991; Hayes et al. 66 

2001; Tokushima et al. 2010). However, there are at least three examples of fruit fly 67 

species in which females are also known to produce sex pheromones. In the olive fruit fly, 68 

Bactrocera oleae, sex pheromones are mainly produced by females (Haniotakis 1974; 69 
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Mazomenos and Haniotakis 1981, 1985) while males produce a compound, (Z)-9-70 

tricosene, that only acts as a close range attractant for females (Carpita et al. 2012; Canale 71 

et al. 2013). Similarly, in the melon fly, Zeugodacus cucurbitae (Coquillett) and the 72 

oriental fruit fly, Bactrocera dorsalis (Hendel), both male and female volatile emissions 73 

have been reported to attract the opposite sex (Baker et al. 1982a; Baker and Bacon 1985; 74 

Nishida et al. 1988a, b). 75 

 76 

Bactrocera bryoniae (Tryon) (Diptera: Tephritidae) is an economically important 77 

pest species in Indonesia (Papua, formerly part of Irian Jaya), Papua New Guinea (every 78 

province except Bougainville and Manus) and Australia (South East Queensland, Central 79 

Queensland, Northern Queensland, Northern Western Australia, Northern Territory, east 80 

coast south to Sydney, New South Wales, and the Torres Strait Islands) (Drew and Romig 81 

2013; Leblanc et al. 2013; Schutze et al. 2018). Bactrocera bryoniae is polyphagous, 82 

having been reported to infest nine fruits and vegetables from five families including 83 

Cucurbitaceae, Loganiaceae, Musaceae, Passifloraceae and Solanaceae. Chilli pepper is the 84 

main commercial host of B. bryoniae (Leblanc et al. 2013). Chemical communication of B. 85 

bryoniae has not been investigated previously. The present study identifies and 86 

characterizes rectal gland secretions and volatiles released by both males and females, and 87 

evaluates the attractiveness of rectal gland volatiles to the opposite and same sex. This 88 

information about the chemistry of B. bryoniae not only provides insight into the 89 

functional role of rectal gland volatiles but also the potential application of B. bryoniae 90 

volatiles as attractants for monitoring and control. 91 

 92 

 93 

Methods and Material 94 

 95 

Bactrocera bryoniae rearing 96 

 97 

A laboratory-reared population of B. bryoniae (G68) was obtained from the Queensland 98 

Department of Agriculture and Fisheries (Cairns, Queensland). Approximately 500 pupae 99 

were placed in a 47.5 × 47.5 × 47.5 cm fine mesh cage (Megaview Bugdorm 4S4545, 100 

Taiwan) for emergence and kept in a controlled-environment room at 25 ± 0.5 °C, 65 ± 5% 101 

relative humidity (RH) and 11.5:0.5:11.5:0.5 hour light/dusk/dark/dawn photoperiod at 102 

Macquarie University. Adult flies were provided sugar and yeast hydrolysate (MP 103 

Biomedicals LLC) as food in separate dishes, and were provided tap water through a 104 

67



soaked sponge. Flies were separated by sex within 3 days of emergence and transferred to 105 

12.5 L clear plastic cages that had two 10 cm diameter mesh-covered openings for 106 

ventilation (180 flies per cage). No mating was observed before separating the flies. All 107 

cages were maintained with the same diet and environmental conditions described above. 108 

All experiments used 13-18 days old virgin flies. 109 

 110 

Rectal gland extraction 111 

 112 

Gland extracts were obtained from sexually mature males and females of B. bryoniae. 113 

Handling of the flies and the gland extractions followed the procedure of Kitching et al. 114 

(1989). Flies were chilled on dry ice to kill them. The abdomen was gently squeezed with 115 

tweezers such that the glands protruded slightly. The glands were then gently pulled out 116 

with tweezers, and the secretory sac separated. Glands were carefully placed in a 1.1 mL 117 

tear-drop vial in dry ice. Once 10 glands were collected, the vials were removed from the 118 

dry ice and the contents were extracted into 100 μL of n-hexane (HPLC grade, Sigma-119 

Aldrich) by saturating the glands with solvent and leaving them to stand at room 120 

temperature for 10 minutes. Ten replicates per sex were collected using 10 glands per 121 

replicate. Samples were stored at –20 °C until analysed.  122 

 123 

Collection of airborne volatiles  124 

 125 

Headspace collections were conducted during the dusk period in the controlled-126 

environment room. This time of the day was selected based on our observations of male 127 

calling behaviour and mating. Ten sexually mature males or females were separately 128 

placed into a glass chamber (150 mm long × 40 mm ID) 30 minutes before dusk and 129 

charcoal-filtered air at a flow rate of 0.5 L per minute was drawn over the flies for a period 130 

of one hour, starting from beginning of dusk. Released volatiles were adsorbed onto 50 mg 131 

of Tenax adsorbent (Scientific Instrument Services, Inc, Tenax-GR Mesh 60/80) packed 132 

into glass cartridges (6 mm ID × 50 mm) and fitted with glass wool plugs. Volatiles were 133 

subsequently extracted from the absorbent with 1 mL of n-hexane. Samples were stored at 134 

–20 °C until analysis. Nine replicates per sex were collected. To identify any possible 135 

contaminants, an air control sample comprising an empty glass chamber, was run and 136 

analyzed along with every volatile collection. Tenax traps were conditioned at 200 °C for 137 

three hours under a nitrogen stream (75 mL/min) prior to each headspace collection. The 138 

glass chambers were washed with 5% Extran aqueous solution, rinsed with hot tap water, 139 

68



and heated at 200 °C for 18 hours. Activated charcoal filters were thermally conditioned by 140 

heating them at 200 °C for 18 hours prior to each headspace collection (El-Sayed et al. 141 

2008). 142 

 143 

Analysis of rectal gland extracts and headspace collections 144 

 145 

Mass spectra were recorded by gas chromatography-mass spectrometry (GC-MS) on a 146 

Shimadzu GCMS-TQ8040 instrument equipped with a split/splitless injector and SH Rtx-147 

5MS (30 m × 0.25 mm ID × 0.25 μm film thickness) fused silica capillary column as the 148 

stationary phase. The carrier gas was helium (99.999%) (BOC, North Ryde, NSW, 149 

Australia) at a constant flow rate of 1 mL/min. The injection port temperature was 270 °C. 150 

The initial column temperature was 40 °C, held for 1 minute, followed by an increase to 151 

250 °C at a rate of 10 °C/min. The final temperature was held for 3 minutes. The ionisation 152 

method was electron impact at a voltage of 70 eV, and the spectra were obtained with 153 

scanning from 45 to 500 m/z. The ion source and transfer line temperatures were 200 °C 154 

and 290 °C, respectively. The relative percentage of each compound in the rectal gland 155 

blend or headspace was obtained by dividing its individual peak area by the total peak area 156 

and multiplying the result by 100. All compounds were identified through comparison with 157 

retention times and mass spectra of authentic samples, where available, or NIST library 158 

(NIST17-1, NIST17-2 and NIST17s) and mass spectra published in the literature, where 159 

authentic samples were not available.  160 

 161 

Electrophysiology 162 

 163 

Electrophysiological recordings were performed using antennae and maxillary palps of 164 

sexually mature virgin females and males using the rectal gland extracts of both sexes as 165 

stimuli. Male rectal gland extracts and female rectal gland extracts were separately 166 

subjected to both female and male B. bryoniae to detect active compounds.  167 

 168 

The responses were evaluated by gas chromatography-electroantennogram 169 

detection (GC-EAD) or gas chromatography-electropalpogram detection (GC-EPD). The 170 

system comprised of an Agilent 7890B gas chromatograph equipped with an SH-Rtx-35 171 

(30 m × 0.25 mm ID × 0.25 μm film thickness) fused silica capillary and FID detector. The 172 

carrier gas was hydrogen (99.999% pure) with a constant flow of 2.5 mL/min. The 173 

injection port temperature was 270 °C. The initial temperature of the column was 50 °C, 174 
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held for 1 minute, ramped to 250 °C at a rate of 10 °C/min, and held for 3 minutes. The 175 

detector temperature was 290 °C. The effluent of the column was mixed with 30 mL/min 176 

make-up nitrogen gas and split at 1:1.5 (v/v) ratio, with one part going to the internal FID 177 

and the other through a heated transfer line (TC-02, Syntech, Hilversum, The Netherlands), 178 

kept at a constant temperature of 200 °C.  179 

 180 

The head of a male or female fly was mounted between two silver wires with 181 

capillary electrodes filled with phosphate-buffer saline and electrically conductive gel 182 

(Spectra 360). In both the GC-EAD and GC-EPD experiments, the electrode with 183 

phosphate-buffered saline was placed at the tip of an antenna or a maxillary palp as the 184 

recording electrode and the other electrode, filled with electrically conductive gel, at the 185 

back of the head as the reference electrode. The mounted heads were subjected to a 186 

charcoal-filtered and humidified air-flow (400 mL/min) controlled by a flow controller 187 

(Syntech Stimulus Controller CS-55, Syntech, Hilversum, The Netherlands). All signals 188 

were captured and processed with a data acquisition controller (IDAC-4, Syntech, 189 

Hilversum, The Netherlands) and analysed using GC-EAD 2014 software version 1.2.5. 190 

Before injection of a sample, the antenna or maxillary palp were stimulated with 1-hexanol 191 

to check sensitivity, then 1 µL of the rectal gland extract from the opposite sex as well as 192 

the same sex was injected. Nine GC-EAD and nine GC-EPD recordings per sex were 193 

obtained. Responses were considered genuine if present in at least six of the nine replicates 194 

collected. The identity of each compound eliciting an electrophysiological response was 195 

confirmed by comparing retention time with that of the GC-MS chromatograms.  196 

 197 

Behavioural assays 198 

 199 

The response of sexually mature virgin (13-18 days old) B. bryoniae males and females 200 

toward volatiles released from the rectal glands of the same and opposite sex was evaluated 201 

using Y-tube olfactometers. The Y-tube olfactometer comprised of a clear acrylic Y 202 

shaped tube with one central arm (6.5 cm × 4.5 cm × 5 cm) in which the release chamber 203 

(5 cm × 5 cm × 5 cm) was located, and two upwind lateral arms (12.5 cm × 4.5 cm × 5 204 

cm), each of them connected to a rectangular chamber (7.5 cm × 5 cm × 5 cm) (see Online 205 

Resource). The Y-tube olfactometer was positioned horizontally on a white table and a 206 

humidified and charcoal-filtered air stream was passed through the Y-tube at a flow rate of 207 

140 ± 5 mL/min. For the response of flies toward the rectal gland volatiles, the stimulus 208 

cartridge was prepared by crushing 15 rectal glands of male or female B. bryoniae on a 1 209 
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cm2 section of filter paper (Advantec, Japan) inserted in a glass Pasteur pipette (145 mm 210 

long). The control cartridge was prepared using 1 cm2 filter paper inserted in the same type 211 

of glass Pasteur pipette. One cartridge of each type was fitted to one of the Y-tube upwind 212 

arms using Tygon tubing (Tygon® formula E-3603, Sigma-Aldrich). For the response of 213 

flies towards the natural blend of volatile compounds released from live flies, four B. 214 

bryoniae males or females were separately placed into a glass chamber (150 mm long × 40 215 

mm ID) 30 minutes before experiments started at dusk in a controlled-environment room, 216 

under the same conditions the flies had been maintained in. The control unit was prepared 217 

using an empty glass chamber. One chamber of each type was fitted to one of the Y-tube 218 

upwind arms using 12 cm of Tygon tubing. For both experiments, an individual fly was 219 

placed in the release chamber to acclimatize 30 minutes before dusk. Every trial lasted 30 220 

minutes. Once the two cartridges (stimulus and control) or chambers (flies and control) 221 

were connected to the upwind arms, the system was equilibrated for two minutes and then 222 

the barriers of the two upwind arms and the release chamber were removed. Behaviours of 223 

flies were observed every 5 minutes and the arm in which the fly was located was 224 

recorded. Overall, six observations were made until dark and the arm in which a fly spent 225 

most time was recorded as a final choice. Flies that did not make any choice, i.e., remained 226 

in the release chamber and did not reach one of the two upwind arms, were not counted. 227 

For the rectal gland attraction experiments, at least 56 replicates/treatment and for 228 

headspace attraction 30-35 replicates/treatment were carried out (non-responsive flies were 229 

not counted). To compare the number of flies choosing the stimulus over the control, a 230 

binomial test was used ( = 0.05). 231 

 232 

The position (left or right) of the stimulus and the control was alternated every trial 233 

to counter potential positional effects. Each fly was tested only once and fresh rectal glands 234 

were used each day. Before each replicate, the Y-tube olfactometer and tubes were washed 235 

with 5% Extran aqueous solution, rinsed with hot tap water and air-dried. The glass 236 

chambers were washed with 5% Extran aqueous solution, rinsed with hot tap water, and 237 

heated at 200 °C for 3 hours.  238 

 239 

Chemicals 240 

 241 

The following chemicals were purchased from Sigma-Aldrich (St Louis, MO, US), Alfa-242 

Aesar (Ward Hill, MA, US) and Chem-Supply (Bedford St, Gillman, SA), with the purities 243 

noted in parentheses, and were used without further purification: ethyl 3-acetoxybutanoate 244 
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(98%), ethyl caprate (98%), methyl laurate (98%), ethyl laurate (98%), ethyl tridecanoate 245 

(99%), methyl myristate (99%), ethyl myristate (98%), methyl palmitate (99%), ethyl 246 

palmitate (99%), ethyl oleate (98%), lauric acid (98%), palmitoleic acid (98.5%), palmitic 247 

acid (98%), oleic acid (99%) and 1,7-dioxaspiro[5,5]undecane (97%). Propyl laurate, ethyl 248 

palmitoleate, N-(2-methylbutyl)acetamide, N-(3-methylbutyl)acetamide, (E,E)-2,8-249 

dimethyl-1,7-dioxaspiro[5.5]undecane and (E,E)-2-ethyl-7-methyl-1,6-250 

dioxaspiro[4.5]decane were synthesised (see Online Resource for synthesis details). 251 

 252 

 253 

Results 254 

 255 

Rectal gland and released volatile components of B. bryoniae  256 

 257 

GC-MS analyses identified a total of 26 compounds that were produced and released by 258 

male and female B. bryoniae (Table 1). All compounds were tentatively identified based 259 

on their mass spectral fragmentation patterns. Identities of compounds 1, 3-7, 12-14 and 260 

15-26 were confirmed by comparison of GC retention times and mass spectral 261 

fragmentation patterns with authentic samples. These were identified as ethyl 3-262 

acetoxybutanoate (1), 1,7-dioxaspiro[5,5]undecane (3), (E,E)-2,8-dimethyl-1,7-263 

dioxaspiro[5.5]undecane (4), (E,E)-2-ethyl-7-methyl-1,6-dioxaspiro[4.5]decane (5), N-(2-264 

methylbutyl)acetamide (6), N-(3-methylbutyl)acetamide (7), ethyl caprate (12), methyl 265 

laurate (13), lauric acid (14), ethyl laurate (15), ethyl tridecanoate (16), propyl laurate (17), 266 

methyl myristate (18), ethyl myristate (19), ethyl myristate (20), palmitoleic acid (21), 267 

palmitic acid (22), ethyl palmitoleate (23), ethyl palmitate (24), oleic acid (25) and ethyl 268 

oleate (26). Five compounds, 2,7-dimethyl-1,6-dioxaspiro[4.5]decane (2), (E,E)-2-ethyl-8-269 

methyl-1,7-dioxaspiro[5.5]undecane (8), (Z,Z)-2,8-dimethyl-1,7-dioxaspiro[5.5]undecane 270 

(9), (E,E)-2-propyl-8-methyl-1,7-dioxaspiro[5.5]undecane (10) and 4-hydroxy-1,7-271 

dioxaspiro[5.5]undecane (11), which were not commercially available or synthesized, were 272 

tentatively identified based on the literature mass spectral fragmentation patterns (Baker et 273 

al. 1982b; Perkins 1990; Fletcher et al. 1992; Booth et al. 2006, 2007; Schwartz et al. 274 

2008; Mitchell et al. 2017). For both males and females, all compounds that were detected 275 

in the headspace were also detected in the rectal gland extracts. 276 

 277 

Six compounds were identified in male rectal glands, including ester 1, spiroacetals 278 

3 and 4 and 11, and the amides 6 and 7. Of these, all compounds except the spiroacetal 279 
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(E,E)-2,8-dimethyl-1,7-dioxaspiro[5.5]undecane (4) were present in the male headspace 280 

samples. The most abundant compound in male gland extracts and headspace samples, 281 

being found in a similar proportion (~85%), was spiroacetal 4. Females produced a more 282 

complex blend than males. Of the 23 compounds that were found in females, eight 283 

compounds were detected only in rectal gland extracts (Table 1). This included 284 

2,7-dimethyl-1,6-dioxaspiro[4.5]decane, N-(2-methylbutyl)acetamide, lauric acid, 285 

palmitoleic acid, palmitic acid, oleic acid, methyl palmitate and ethyl oleate. The main 286 

compounds produced and released by females were ethyl laurate (~40% and 67%, 287 

respectively) and ethyl myristate (~32% and 21%, respectively). More compounds were 288 

detected in female rectal glands than in female headspace collections. Compounds found in 289 

both rectal gland extracts and headspace include spiroacetals 4, 5, 8, 9 and 10, amide 7 and 290 

esters 12, 13, 15, 16, 17, 18, 19, 23 and 24.  291 

 292 

Electrophysiological responses of antennae 293 

 294 

Males and females shared the EAD response to five compounds; 295 

1,7-dioxaspiro[5,5]undecane (3) and 4-hydroxy-1,7-dioxaspiro[5.5]undecane (11) from 296 

male rectal glands (Fig. 1) and ethyl laurate (15), ethyl myristate (19) and ethyl palmitate 297 

(24) from female rectal glands (Fig. 2). Other compounds only elicited responses in the 298 

antennae of one sex; N-(3-methylbutyl)acetamide (7) from male and female rectal glands 299 

elicited EAD responses in males and (E,E)-2,8-dimethyl-1,7-dioxaspiro[5.5]undecane (4) 300 

from female rectal glands elicited EAD responses in males. There were no compounds that 301 

only females responded to in the rectal glands of either males or females. 302 

 303 

Electrophysiological responses of maxillary palps 304 

 305 

Males and females shared EPD responses to two compounds from the rectal glands of 306 

males (Fig. 1); ethyl 3-acetoxybutanoate (1) and 1,7-dioxaspiro[5,5]undecane (3). These 307 

are the only compounds that elicited EPD responses in males from male rectal glands. 308 

4-Hydroxy-1,7-dioxaspiro[5.5]undecane (11) from male rectal gland extracts elicited EPD 309 

response only in females. 310 

 311 

There were no compounds in female rectal glands that elicited EPD response in males.  312 

In contrast, seven compounds in female rectal glands elicited EPD responses in females; 313 

2,7-dimethyl-1,6-dioxaspiro[4.5]decane (2), (E,E)-2,8-dimethyl-1,7-314 
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dioxaspiro[5.5]undecane (4), (E,E)-2-ethyl-7-methyl-1,6-dioxaspiro[4.5]decane (5), (E,E)-315 

2-ethyl-8-methyl-1,7-dioxaspiro[5.5]undecane (8), (Z,Z)-2,8-dimethyl-1,7-316 

dioxaspiro[5.5]undecane (9), (E,E)-2-propyl-8-methyl-1,7-dioxaspiro[5.5]undecane (10) 317 

and ethyl caprate (12). The ten EPD active compounds in females belong to two functional 318 

groups; eight spiroacetals and two esters.  319 

 320 

Behavioural assays 321 

 322 

Sexually mature males were attracted to emissions from female rectal glands (P = 0.001), 323 

while females did not show any preference for female rectal gland emissions over the 324 

control (P > 0.05). The percentage of non-responders was 5.3% and 9.2% when males and 325 

females, respectively, were presented with emissions from female rectal glands. Both 326 

males and females were attracted to male rectal gland emissions (P = 0.03 and P < 0.001, 327 

respectively). The percentage of non-responders was 9.3% and 6.6% when males and 328 

females, respectively, were presented with male rectal gland emissions (Fig. 3A). 329 

 330 

The behavioural responses of sexually mature male and female B. bryoniae to 331 

headspace volatiles from live conspecific males and females were very similar to responses 332 

to rectal gland emissions (see above). Females were attracted to the volatiles released by 333 

males (P < 0.001), but were not attracted to the volatiles released by females (P > 0.05). 334 

Males were attracted to the volatiles released by males and females (P = 0.005 and P = 335 

0.04, respectively) (Fig. 3B). 336 

 337 

 338 

Discussion 339 

 340 

We identified the composition of rectal gland secretions in male and female B. bryoniae 341 

and evaluated electrophysiological and behavioural responses of both sexes to the volatiles 342 

released by males and females of this species for the first time. Chemical analyses revealed 343 

that female B. bryoniae produced and released a more complex blend than males. The 344 

volatiles from female B. bryoniae consisted of two aliphatic amides, six spiroacetals, 345 

eleven saturated/unsaturated esters and four fatty acids of which all except N-(2-346 

methylbutyl)acetamide, N-(3-methylbutyl)acetamide and (E,E)-2,8-dimethyl-1,7-347 

dioxaspiro[5.5]undecane are female specific.  348 

 349 
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The aliphatic amides found in this study, N-(2-methylbutyl)acetamide and N-(3-350 

methylbutyl)acetamide, have been reported as part of rectal gland compositions of other 351 

species, including B. tryoni (Bellas and Fletcher 1979; El-Sayed et al. 2019), B. dorsalis, Z. 352 

cucurbitae (Baker and Bacon 1985), Zeugodacus cucumis (French) (Fletcher and Kitching 353 

1995) and Bactrocera zonata (Saunders) (Levi-zada et al. 2020). Different isomers of the 354 

spiroacetals were also identified in rectal glands of other Bactrocera and species from the 355 

closely related genus Zeugodacus. For instance, 2,7-dimethyl-1,6-dioxaspiro[4.5]decane 356 

has been previously reported in the n-pentane extract of female B. tryoni (Booth et al. 357 

2006). Isomers of 2,8-dimethyl-1,7-dioxaspiro[5.5]undecane have been reported in the 358 

previous investigation of rectal glands of B. dorsalis (E,E isomer), Bactrocera nigrotibialis 359 

(Perkins) (E,E isomer), Bactrocera albistrigata (Meijere) (E,E isomer), Bactrocera jarvisi 360 

(Tryon) (E,E isomer), Bactrocera kirki (Froggatt) (E,E isomer), Bactrocera kraussi 361 

(Hardy) (E,E isomer), Z. cucumis (E,E, E,Z, Z,Z isomers), B. tryoni (E,E isomer) and B. 362 

musae (Tryon) (E,E isomer) (Baker and Bacon 1985; Kitching et al. 1989; Fletcher et al. 363 

1992; Fletcher and Kitching 1995; Booth et al. 2006; El-Sayed et al. 2019; Noushini et al. 364 

2020). 2-Ethyl-7-methyl-1,6-dioxaspiro[4.5]decane has been reported in the rectal gland of 365 

male Bactrocera kraussi (Hardy) (E,E or E,Z isomer, unidentified) and female B. tryoni 366 

(E,Z isomer) (Fletcher et al. 1992; Booth et al. 2006). (E,E)-2-Ethyl-8-methyl-1,7-367 

dioxaspiro[5.5]undecane has been previously reported as part of male emanations of B. 368 

nigrotibialis, Bactrocera halfordiae (Tryon), B. dorsalis, B. kirki, Bactrocera latifrons 369 

(Hendel) and Bactrocera occipitalis (Bezzi) as well as female of B. tryoni and B. musae 370 

(Perkins et al. 1990b; Symonds et al. 2009; Benelli et al. 2014; El-Sayed et al. 2019; 371 

Noushini et al. 2020). 2-Propyl-8-methyl-1,7-dioxaspiro[5.5]undecane has been identified 372 

in n-pentane extracts of the abdomen of female B. tryoni (Booth et al. 2006). With respect 373 

to fatty acid esters, ethyl caprate (12), methyl laurate (13), ethyl laurate (15), methyl 374 

myristate (18), ethyl myristate (19), methyl palmitate (20), ethyl palmitoleate (23), ethyl 375 

palmitate (24) and ethyl oleate (26) have also been found in B. oleae, B. tryoni and B. 376 

correcta female rectal gland extracts (Canale et al. 2015; El-Sayed et al. 2019; Zhang et al. 377 

2019). Of these, ethyl caprate and methyl palmitate have been reported as attractants for 378 

both B. oleae males and females (Canale et al. 2015).  379 

 380 

Mature male B. bryoniae produced a simple blend of six volatiles (Table 1) with 381 

1,7-dioxaspiro[5,5]undecane (3) as the major component and being detected by both 382 

antenna and maxillary palps of both males and females. The headspace samples contained 383 

five of the same components, 1, 3, 6, 7 and 11, with the same dominant compound, 384 
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1,7-dioxaspiro[5,5]undecane, which has been identified as the major component of the 385 

female sex pheromone of B. oleae (Mazomenos and Haniotakis 1981). Although young 386 

male B. oleae also produce this spiroacetal in their rectal gland as a male aggregation 387 

pheromone, 1,7-dioxaspiro[5,5]undecane does not attract female B. oleae (Haniotakis et al. 388 

1986). This spiroacetal has also been reported as the major volatile component of 389 

Bactrocera cacuminata (Hering) males (Kitching et al. 1986). The male specific 390 

compound, ethyl 3-acetoxybutanoate, elicited electrophysiological responses in palps of 391 

both males and females. Ethyl 3-acetoxybutanoate has not been identified in rectal glands 392 

or emissions of other tephritids but is found in pineapple (Zheng et al. 2012). 4-Hydroxy-393 

1,7-dioxaspiro[5.5]undecane (11) was unique to males and elicited EAD responses in 394 

males and females as well as EPD responses in females. 4-Hydroxy-1,7-395 

dioxaspiro[5.5]undecane has also been isolated from rectal glands of female B. oleae 396 

(Baker et al. 1982b). 397 

  398 

Although males of many tephritid fruit flies have been reported as sex pheromone 399 

producers (Nation 1972, 1990; Baker et al. 1985; Fletcher and Kitching 1995), in some 400 

species such as Z. cucurbitae and B. dorsalis, both male and female volatile emissions 401 

have been reported to attract the opposite sex (Baker et al. 1982a; Baker and Bacon 1985; 402 

Nishida et al. 1988a, b). Our Y-maze olfactometer results demonstrated that males and 403 

females of B. bryoniae are attracted to the rectal gland emissions of opposite sex 404 

conspecifics. This suggests that rectal gland secretions of both sexes may function as mate-405 

attracting sex pheromones in this species. We showed that males are attracted to male 406 

rectal gland odour whereas females did not exhibit a significant preference for female 407 

rectal gland odour. This suggests rectal gland secretions may play a role in aggregation of 408 

males only. In some fruit fly species, male rectal gland secretions function both as sex 409 

pheromones and as aggregation pheromones. For example, in B. dorsalis volatiles 410 

produced by males are known to act as aggregation pheromones for males as well as 411 

attractant for females (Nishida et al. 1988b).  Similarly in Anastrepha suspensa (Loew) 412 

male volatiles attract both males and females (Perdomo et al. 1976).  413 

 414 

Our GC-EAD and GC-EPD results demonstrate differences in the detection of 415 

compounds between antennae and maxillary palps, suggesting different olfactory function 416 

of antenna from that of palps. Independent olfactory roles of maxillary palps and antenna 417 

have been reported in other tephritid fruit flies. For example, in male B. tryoni and 418 

Bactrocera depressa (Shiraki) the palps exhibit stronger electrophysiological responses to 419 
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cuelure than the antennae (Verschut et al. 2018; Oh et al. 2019). In combination with our 420 

findings from Y-tube olfaction studies, the electrophysiological results suggest that ethyl 421 

3-acetoxybutanoate, 1,7-dioxaspiro[5,5]undecane and 4-hydroxy-1,7-422 

dioxaspiro[5.5]undecane are likely components of male-produced sex pheromone in B. 423 

bryoniae and ethyl 3-acetoxybutanoate, N-(3-methylbutyl)acetamide, 1,7-424 

dioxaspiro[5,5]undecane and 4-hydroxy-1,7-dioxaspiro[5.5]undecane are likely 425 

components of male aggregation pheromone. Our findings also suggest (E,E)-2,8-426 

dimethyl-1,7-dioxaspiro[5.5]undecane, N-(3-methylbutyl)acetamide, ethyl laurate, ethyl 427 

myristate and ethyl palmitate as components of female-produced sex pheromone in B. 428 

bryoniae. Further behavioural studies are needed to clarify the function of each these 429 

compounds. 430 

 431 
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Table 1. Rectal gland (RG) and headspace (HS) volatile compounds of B. bryoniae adults. No = number, FRG = female rectal gland, FHS = 

female headspace, MRG = male rectal gland, MHS = male headspace, RI = retention index, MW = molecular weight, ND = not detected 

 

No Name FRG (%) FHS (%) MRG (%) MHS (%) Characteristic EI ions m/z (%) RI 

1 Ethyl 3-acetoxybutanoate ND ND 2.88 0.49 
174 (M+, 0.02), 131 (M – CH3C=O, 32.84), 129 (M – OC2H5,16.93), 117 (10.7), 114 (27.4), 85 

(CH3(CO) CH2C=O, 25.26), 69 (100) 
1109 

2 
2,7-Dimethyl-1,6-

dioxaspiro[4.5]decane 
0.01 ND ND ND 

170 (M+, 1.9), 155 (M – CH3, 1.7), 126 (7.8), 115 (13.1), 111 (4.9), 101 (CH3(C4H5O)=OH +, 100), 98 

(CH3(C4H5O)=CH2, 77.32), 83 (31.2), 69 (12.7), 55 (49.1) 
1087 

3 1,7-Dioxaspiro[5,5]undecane ND ND 87.335 84.81 
156 (M+, 8.2%), 128 (7.5), 111 (12.7), 102 (6), 101 ((C5H7O)=OH+, 100), 100 (64.7), 99 (7.8), 98 

((C5H7O)=CH2, 85.1), 97 (3.6), 83 (33.4), 70 (5.9), 56 (16), 55 (36.52) 
1135 

4 
(E,E)-2,8-Dimethyl-1,7-

dioxaspiro[5.5]undecane 
4.85 5.78 0.374 ND 

184 (M+, 6.6), 169 (M – CH3, 1.7), 140 (13.7), 125 (8.6), 115 (CH3(C5H7O)=OH+, 92), 112 

(CH3(C5H7O)=CH2, 100), 97 (73.9), 69 (37), 55 (36.8) 
1147 

5 
(E,E)-2-Ethyl-7-methyl-1,6-

dioxaspiro[4.5]decane 
0.03 0.12 ND ND 

184 (M+, 3.3), 155 (M – C2H5, 30.2), 140 (11.8), 115 (M – C5H9
–, 100), 112 (M – C4H8O, 60.5), 97 

(90.4), 85 (56.2), 69 (47.2), 55 (56.8) 
1160 

6 N-(2-Methylbutyl)acetamide 0.01 ND 0.11 0.057 
129 (M+, 9.8), 100 (M – C2H5, 61.2), 73 (β-cleavage product/H rearrangement, 76.8), 72 (M – 

C4H9, 100), 60 (CH3C(OH)NH+, 56.4) 
1132 

7 N-(3-Methylbutyl)acetamide 0.43 0.30 8.26 13.56 
129 (M+, 6.1), 114 (M – CH3, 16.9), 86 (M – C3H7, 29.1), 73 (β-cleavage product/H rearrangement, 

100), 72 (M – C4H9, 69.7), 60 (CH3C(OH)NH+, 25.3) 
1136 

8 
(E,E)-2-Ethyl-8-methyl-1,7-

dioxaspiro[5.5]undecane 
0.39 2.14 ND ND 

198 (M+, 6.6), 169 (M - C2H5, 14.8), 140 (13.7), 129 (CH3CH2(C5H7O)=OH+, 45.8), 126 

(CH3CH2(C5H7O)=CH2, 37.3), 115 CH3(C5H7O)=OH+, 92.8), 112 (CH3(C5H7O)=CH2, 100), 97 (84.9), 

83 (70), 69 (60.9), 55 (71.2) 

1236 

9 
(Z,Z)-2,8-Dimethyl-1,7-

dioxaspiro[5.5]undecane 
0.08 0.197 ND ND 

184 (M+, 3.5), 169 (M – CH3, 1.1), 140 (4.7), 125 (6), 115 (CH3(C5H7O)=OH+, 100), 114 (42.4) 112 

(CH3(C5H7O)=CH2, 45.4), 97 (87.6), 69 (56.3), 55 (40) 
1221 

10 
(E,E)-2-Propyl-8-methyl-1,7-

dioxaspiro[5.5]undecane 
0.09 0.52 ND ND 

212 (M+, 4.9), 169 (M – C3H7, 16.7), 143 (CH3CH2CH2(C5H6O)=OH+, 28.2), 140 

(CH3CH2CH2(C5H6O)=CH2CH2CH3, 29.4), 125 (47.1), 115 (CH3(C5H7O)=OH+, 100),112 

(CH3(C5H7O)=CH2, 88), 97 (96.9), 83 (38.6), 82 (31.5), 69 (40.2), 55 (63.2) 

1322 

11 
4-Hydroxy-1,7-

dioxaspiro[5.5]undecane 
ND ND 0.81 0.47 

172 (M+, 0.4), 155 (M – OH, 11.1), 127 (31.6), 117 (OH(C5H7O)=OH+, 96.2), 114 (OH(C5H7O)=CH2, 

39.4), 101 ((C5H7O)=OH+, 100), 98 ((C5H7O)=CH2, 57.1), 83 (22.6), 55 (35.8)  
1357 

12 Ethyl caprate 0.21 0.59 ND ND 
200 (M+, 1.2), 171 (M – C2H5, 2.4), 157 (11.9), 155 (M – OC2H5, 9.9), 115 (7.7), 101 (36.5), 88 

(McLafferty rearrangement product, 100), 73 (COOC2H5, 22.6), 70 (27.1), 55 (24.5) 
1395 
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13 Methyl laurate 0.21 0.42 ND ND 
214 (M+, 2.1), 183 (M – OCH3, 4.3), 171 (8.4), 143 (11.8), 87 (59.3), 74 (McLafferty rearrangement 

product, 100), 69 (11.6), 59 (COOCH3, 9.6), 55 (24.8) 
1524 

14 Lauric acid 0.29 ND ND ND 
200 (M+, 5.6), 171 (9.2), 157 (25), 129 (35.1), 115 (18.8), 101 (15.7), 97 (17.1), 85 (35.2), 73 (100), 

69 (28.7), 57 (54.7), 55 (63.3) 
1559 

15 Ethyl laurate 39.9 66.59 ND ND 
228 (M+, 3.3), 199 (M – C2H5, 3.7), 183 (M – OC2H5, 9.5), 157 (14.8), 101 (48.4), 88 (McLafferty 

rearrangement product, 100), 73 (COOC2H5, 20), 70 (23.4), 61 (11.3), 55 (22) 
1594 

16 Ethyl tridecanoate 0.03 0.08 ND ND 
242 (M+, 2.8), 213 (M – C2H5, 5.1), 199 (6.8), 197 (M – OC2H5, 2.1), 157 (13.7), 101 (58.6), 88 

(McLafferty rearrangement product, 100), 83 (27), 73 (COOC2H5, 13.9), 57 (18.8), 55 (30.8) 
1665 

17 Propyl laurate 0.09 0.10 ND ND 

242 (M+, 2.4), 201 (23.4), 199 (M – C3H7, 1.6), 183 (M – OC3H7, 22.6), 157 (8.3), 129 (9.8), 115 

(17.9), 102 (McLafferty rearrangement product, 23.9), 87 (COOC3H7, 10.4), 61 (100), 60 (38.5), 59 

(6.1), 55 (30.4) 

1690 

18 Methyl myristate 0.28 0.25 ND ND 
242 (M+, 2.8), 211 (M – OCH3, 2.4), 199 (8.1), 143 (16.8), 125 (7.3), 129 (5.8), 101 (7.9), 87 (65.9), 

74 (McLafferty rearrangement product, 100), 69 (13.5), 59 (COOCH3, 8.7), 55 (26.5) 
1725 

19 Ethyl myristate 31.99 20.78 ND ND 
256 (M+, 5.7), 213 (10.9), 211 (M – OC2H5, 6.6), 157 (18.8), 101 (52.5), 88 (McLafferty 

rearrangement product, 100), 73 (COOC2H5, 18.2), 70 (21.7), 69 (12.3), 55 (22.1) 
1794 

20 Methyl palmitate 0.15 ND ND ND 
270 (M+, 5.1), 227 (6.9), 143 (15.7), 87 (68.4), 74 (McLafferty rearrangement product, 100), 69 

(15.9), 59 (COOCH3, 8.8), 55 (29.4) 
1926 

21 Palmitoleic acid  0.24 ND ND ND 
254 (M+, 1.7), 236 (5.8), 152 (7.2), 111 (22.2), 98 (30.1), 97 (45.8), 96 (32.7), 83 (54.7), 73 (17.6), 69 

(75.5), 60 (McLafferty rearrangement product, 12.8), 57 (33.7), 55 (100) 
1943 

22 Palmitic acid 0.39 ND ND ND 

256 (M+, 14.4), 227 (5.6), 213 (M – COOH, 15.9), 185 (15.1), 157 (20.6), 129 (41.3), 115 (22.8), 97 

(25.5), 87 (37.4), 85 (35), 83 (38.3), 73 (100), 69 (45.6), 60 (McLafferty rearrangement product, 

89.3), 57 (80.9), 55 (83.1) 

1960 

23 Ethyl palmitoleate 2.46 0.19 ND ND 
282 (M+, 2.8), 237 (M – OC2H5, 10.1), 236 (M – C2H5OH, 10.2), 194 (11.9), 152 (17.6), 88 

(McLafferty rearrangement product, 52.1), 73 (COOC2H5, 15.3), 69 (69.8), 55 (100) 
1975 

24 Ethyl palmitate 15.9 0.96 ND ND 
284 (M+, 7.8), 255 (M – C2H5, 2.9), 241 (9.1), 239 (M – OC2H5, 5.3), 157 (17.3), 101 (55.2), 88 

(McLafferty rearrangement product, 100), 73 (COOC2H5, 17.3), 55 (23.5) 
1994 

25 Oleic acid 0.25 ND ND ND 
282 (M+, 2.3), 264 (10), 221 (2.9), 180 (4), 165 (5.6), 137 (7.6), 1151 (29.8), 97 (61.5), 87 (69.9), 69 

(77.6), 60 (McLafferty rearrangement product, 10.6), 57 (40.3), 55 (100) 
2141 

26 Ethyl oleate 1.5 ND ND ND 

310 (M+, 3.4), 265 (M – OC2H5, 12.4), 264 (M – C2H5OH, 14.8), 222 (9.6), 180 (10), 123 (15.9), 110 

(23.2), 97 (56.5), 88 (McLafferty rearrangement product, 57), 83 (61.9), 73 (COOC2H5, 15.9), 69 

(68.1), 55 (100) 

2171 

 

85



Figures Legend 

 

Fig. 1 Flame ionization detector (FID) response and electrophysiological responses of 

antennae (EAD) and palps (EPD) of Bactrocera bryoniae males and females to the rectal 

gland extracts from conspecific males. Numbered peaks indicate EAD- and/or EPD-active 

compounds: ethyl 3-acetoxybutanoate (1), 1,7-dioxaspiro[5,5]undecane (3), N-(3-

methylbutyl)acetamide (7), 4-hydroxy-1,7-dioxaspiro[5.5]undecane (11) 

 

 

Fig. 2 Flame ionization detector (FID) response and electrophysiological responses of 

antennae (EAD) and palps (EPD) of Bactrocera bryoniae males and females to the rectal 

gland extracts from conspecific females. Numbered peaks indicate EAD- and/or EPD-

active compounds: 2,7-dimethyl-1,6-dioxaspiro[4.5]decane (2), (E,E)-2,8-dimethyl-1,7-

dioxaspiro[5.5]undecane (4), (E,E)-2-ethyl-7-methyl-1,6-dioxaspiro[4.5]decane (5), N-(3-

methylbutyl)acetamide (7), (E,E)-2-ethyl-8-methyl-1,7-dioxaspiro[5.5]undecane (8), (Z,Z)-

2,8-dimethyl-1,7-dioxaspiro[5.5]undecane (9), and (E,E)-2-propyl-8-methyl-1,7-

dioxaspiro[5.5]undecane (10), ethyl caprate (12), ethyl laurate (15), ethyl myristate (19) 

and ethyl palmitate (24)  

 

Fig. 3 Behavioural response of virgin adults of Bactrocera bryoniae males and females to 

(A) the rectal gland volatiles and (B) the headspace volatiles of males and females in a Y-

tube olfactometer. N total number of responders, NC number of non-responders (excluded 

from statistical analysis), ns P > 0.05, * 0.01 < P < 0.05, ** 0.001 < P < 0.01, *** P < 

0.001  
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Figure 4. Structure of volatiles identified in chemical profile of male and female 

Bactrocera bryoniae. 
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Preamble 

 

Bactrocera kraussi (Hardy) is a highly polyphagous pest species belongs to order Diptera 

and family Tephritidae.1,2 This species is very similar to Bactrocera tryoni (Froggatt). The 

differences between these two species is that B. kraussi has tint only in both costal cells 

while B. tryoni has tint and microtrichia in both costal cells. Bactrocera kraussi has longer 

less tapered vittae, lateral spots on the abdomen (instead of a wraparound T), narrow 

mesopleural stripe, broad basal band on the scutellum and dark apices of the femora.1 

 

All molecular markers including COI, POP4, EIF3L, RPA2 and DDOSTS2 separate these 

two morphologically similar species.1,3 

 

Pheromone profile of B. tryoni has been discussed in details in Chapter 6. 
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Abstract Tephritid fruit flies typically release volatile compounds, usually interpreted as 1 

sex pheromones, as an integral element of their sexual biology. Understanding the 2 

composition and function of released volatiles is an important aspect of understanding fruit 3 

fly sexual biology and can also provide valuable knowledge for the development of 4 

attractants that can be used in monitoring and in pest management. Bactrocera kraussi 5 

(Hardy) (Diptera: Tephritidae) is a pest fruit fly for which knowledge of released volatiles 6 

is incomplete, limiting both understanding of its mating system and the potential 7 

development of novel attractants. Here we (1) establish chemical profiles of rectal gland 8 

contents and volatile emissions at the time of mating activity by using gas 9 

chromatography-mass spectrometry (GC-MS) and (2) evaluate the detection and function 10 

of natural blends of both sexes by gas chromatography-electroantennogram detection (GC-11 

EAD), gas chromatography-electropalpogram detection (GC-EPD) and Y-tube 12 

olfactometers. Spiroacetals were found to be the dominant compounds in male rectal gland 13 

extracts whereas saturated/unsaturated fatty acid esters were the main compounds in 14 

female rectal gland extracts. Analysis of rectal gland extracts by GC-EAD/EPD showed 15 

that five volatile compounds, (E,E)-2,8-dimethyl-1,7-dioxaspiro[5.5]undecane, methyl 16 

laurate, ethyl laurate, ethyl myristate and ethyl palmitate elicited antennal/palpal responses 17 

in males and two volatile compounds, (E,E)-2,8-dimethyl-1,7-dioxaspiro[5.5]undecane and 18 

(E,E)-2-ethyl-8-methyl-1,7-dioxaspiro[5.5]undecane, elicited antennal/palpal responses in 19 

females. Interestingly, Y-tube olfactometer behavioural assays found that the natural blend 20 

of female rectal glands attracted males at dusk but did not attract females, and the natural 21 

blend of male rectal glands did not attract either males or females. The biological 22 

significance of male-produced volatiles may be in functions other than mate attraction, 23 

such as species recognition or signals of quality, or may function as attractants only when 24 

combined with other visual and acoustic cues associated with fruit fly mating behaviour. 25 

 26 

Keywords Tephritidae, Bactrocera kraussi, Pheromone, Olfaction, Electrophysiology  27 
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Introduction  28 

 29 

Chemical communication plays an important role in the mating system of many tephritid 30 

fruit flies (Witzgall et al. 2010; Benelli et al. 2014). In particular, volatile compounds 31 

stored in the rectal glands and emitted into the air during calling and courtship can attract 32 

members of the opposite sex (Nation 1972; Perkins 1990; Sivinski et al. 2000; Cruz-López 33 

et al. 2015). These emissions can also attract members of the same sex to mating 34 

aggregations (Sivinski and Calkins 1986; Hendrichs et al. 2002).  Studies of volatile 35 

compounds in Dacine fruit flies have focused on chemical profiles of male fruit flies 36 

because males have typically been considered as the major sex pheromone producers (El-37 

Sayed 2019). However, in some species females have been found to produce sex 38 

pheromones. In Bactrocera oleae, sex pheromones are produced mainly by female flies 39 

(Haniotakis 1974; Mazomenos and Haniotakis 1985) while males produce a compound 40 

that only acts as a close-range attractant for females (Carpita et al. 2012; Canale et al. 41 

2013). Similarly, in Zeugodacus cucurbitae (Coquillett) and B. dorsalis (Hendel), both 42 

male and female volatile emissions have been reported to attract the opposite sex (Baker et 43 

al. 1982; Baker and Bacon 1985; Nishida et al. 1988a, b).  44 

 45 

 Bactrocera kraussi (Hardy) is endemic to Australia and is well established in the 46 

Torres Strait Islands and Northeast Queensland, as far south as Townsville (Schutze et al. 47 

2018). It is a polyphagous and economically important pest species, infesting a wide range 48 

of both wild and commercial fruit and vegetable hosts including mango (Mangifera 49 

indica), banana (Musa spp.), guava (Psidium guajava), feijoa (Acca sellowiana), peach 50 

(Prunus persica), citrus and tamarind (Tamarindus indica) (Hancock et al. 2000; Schutze 51 

et al. 2018). Compounds extracted from rectal glands and collected from the headspace 52 

volatiles of B. kraussi males have been partially described by Fletcher et al. (1992), who 53 

reported (E,E)-2,8-dimethyl-1,7-dioxaspiro[5,5]undecane as a major compound, along with 54 

six other spiroacetals, and five other minor compounds. To date, however, chemical 55 

profiles of volatiles produced by female B. kraussi are unknown, and the biological 56 

significance of the volatile compounds produced by B. kraussi males and females has also 57 

not been investigated. The present study (1) establishes the chemical profiles of B. kraussi 58 

females and re-evaluates chemical profiles of B. kraussi males by using gas 59 

chromatography-mass spectrometry (GC-MS) of rectal gland exudates and headspace 60 

collections; (2) evaluates antennal and palpal sensitivity to each compound in natural 61 
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blends by use of gas chromatography-electroantennogram detection (GC-EAD) and gas 62 

chromatography-electropalpogram detection (GC-EPD); and (3) evaluates attraction of 63 

males and females to natural blends of both sexes of B. kraussi by use of Y-tube 64 

olfactometers.   65 

 66 

 67 

Methods and materials  68 

 69 

Insects 70 

 71 

A laboratory-reared population of B. kraussi (G27), maintained using carrot-based larval 72 

diet, was obtained from the Queensland Department of Agriculture and Fisheries (Cairns). 73 

At Macquarie University, Sydney (Australia), approximately 500 pupae were placed in a 74 

47.5 × 47.5 × 47.5 cm fine mesh cage (Megaview Bugdorm 4S4545, Taiwan) for 75 

emergence and kept in a controlled environment room at 25 ± 0.5 °C, 65 ± 5% relative 76 

humidity (RH) and 11.5:0.5:11.5:0.5 light/dusk/dark/dawn photoperiod. Adult flies were 77 

fed with sugar and yeast hydrolysate (MP Biomedicals LLC) provided separately and tap 78 

water through a soaked sponge. Flies were reared for one generation using a standard 79 

carrot diet (Steiner and Mitchell 1966) and following the methodology described by Pérez 80 

et al. (2018). Flies were separated by sex within 3 days after emergence and transferred to 81 

12.5 L clear plastic cages (180 flies per cage). No mating was observed before separating 82 

the flies. All cages were kept with the same diet and environmental conditions described 83 

above. All experiments used 13- to 18-day old virgin flies. 84 

 85 

Rectal Gland Extraction 86 

 87 

Gland extracts were obtained from sexually mature males and females. Handling of the 88 

flies and the gland extractions followed the procedure of Kitching et al. (1989). Flies were 89 

chilled on dry ice to kill them. The abdomen was gently squeezed with tweezers such that 90 

the glands protruded slightly.  The glands were then gently pulled out with tweezers, and 91 

the secretory sac separated. Glands were carefully placed in a tear-drop vial in dry ice. 92 

Once 20 glands were collected, the vials were removed from the dry ice and the contents 93 

were extracted into 200 μL of n-hexane (HPLC grade, Sigma-Aldrich) by saturating the 94 

glands with solvent and leaving them to stand at room temperature for 10 minutes. The 95 

extracts were then transferred to a new vial, labelled and stored at -20 °C until analysed. 96 
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Six replicates per sex were collected using 20 glands per replicate. Samples were stored at 97 

– 20 °C until analysed.  98 

 99 

Headspace Collection 100 

 101 

Headspace collections were conducted during the immediate pre-dust, dusk and immediate 102 

post-dusk light phases, in a controlled environment room under the same conditions that 103 

the flies were kept (i.e., 25 ± 0.5 °C, 65 ± 5% RH). The time of the day was selected based 104 

on our observations of males calling and mating at dusk. Thirty sexually mature males and 105 

30 sexually mature females of B. kraussi were separately placed into a glass chamber (150 106 

mm long × 40 mm ID) 30 minutes before dusk and charcoal-filtered air at a flow rate of 107 

1.0 L/min (air pulling system) was drawn over the flies for a period of 1.5 hours, beginning 108 

30 minutes before dusk. Released volatiles were adsorbed onto 50 mg of Tenax adsorbent 109 

(Scientific Instrument Services, Inc, Tenax-GR Mesh 60/80) packed into glass cartridges 110 

(6 × 50 mm) and fitted with glass wool plugs. Volatiles were subsequently extracted from 111 

the Tenax into 1 mL of n-hexane (HPLC grade, Sigma-Aldrich). Samples were stored 112 

at -20 °C until analysis. Five replicates per sex were collected. To distinguish any possible 113 

contaminants an air control sample, comprising an empty glass chamber, was run and 114 

analysed along with every volatile collection. Tenax traps were conditioned at 200 °C for 115 

three hours under a nitrogen stream (75 mL/min) prior to each headspace collection. Glass 116 

chambers were washed with 5% Extran aqueous solution, rinsed with hot tap water, and 117 

heated at 200 °C for 18 hours. Activated charcoal filters were thermally conditioned by 118 

heating them at 200 °C for 18 hours prior to each headspace collection (El-Sayed et al. 119 

2008). 120 

 121 

Analysis of Rectal Gland Extracts and Headspace Collections 122 

 123 

Mass spectra were recorded by gas chromatography-mass spectrometry (GC-MS) on a 124 

Shimadzu GCMS-QP2010 instrument using a capillary column with 35% diphenyl / 65% 125 

dimethyl polysiloxane as the stationary phase (30 m × 0.25 mm ID × 0.25 μm film 126 

thickness) and helium (99.999%) (ultra-high purity, BOC, Australia) as a carrier gas with a 127 

constant flow of 1 mL/min. The temperature program was 50 °C (4 min) to 250 °C (6 min) 128 

at a rate of 10 °C/min, with an injector temperature of 270 °C. Mass spectra were recorded 129 

in EI mode (70 keV), scanning from 40 to 620 m/z. The interface and ion source 130 
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temperatures were 200 °C and 250 °C, respectively. Impurities were identified through 131 

comparison with the air control samples. 132 

 133 

All compounds including esters, amides and spiroacetals were identified through 134 

comparison with gas chromatography retention times and mass spectra of authentic 135 

samples. Of the 25 compounds detected in B. kraussi, 13 were commercially available and 136 

were purchased from Sigma-Aldrich (Castle Hill, Australia), Alfa-Aesar (United 137 

Kingdom), Nu-Chek-Prep, INC (Minnipolis, USA). This included 2-ethyl-1-hexanol (≥ 138 

98%) (1), diethyl succinate (99%) (8), methyl laurate (≥ 98%) (12), ethyl laurate (≥ 98%) 139 

(13), ethyl tridecanoate (99%) (14), methyl myristate (≥ 98%) (16), ethyl myristate (99%) 140 

(17), ethyl myristoleate (97%) (18), isoamyl laurate (≥ 97%) (19), methyl palmitate (≥ 141 

99%) (20), methyl palmitoleate (≥ 99%) (21), ethyl palmitate (≥ 99%) (22), ethyl oleate 142 

(98%) (25). (E,E)-2,8-Dimethyl-1,7-dioxaspiro[5.5]undecane (2), 2-ethyl-7-methyl-1,6-143 

dioxaspiro[4.5]decane (3), N-(2-methylbutyl)acetamide (5), N-(3-methylbutyl)acetamide 144 

(6), 6-oxononan-1-ol (11), propyl laurate (15), ethyl palmitoleate (23) and ethyl elaidate 145 

(24) were not available commercially, and were synthesised following literature 146 

procedures (see Electronic Supplementary Material for synthesis details). 2-Methyl-6-147 

pentyl-3,4-dihydro-2H-pyran (4), (E,E)-2-ethyl-8-methyl-1,7-dioxaspiro[5.5]undecane (7), 148 

(Z,Z)-2,8-dimethyl-1,7-dioxaspiro[5.5]undecane (9) and 2,8-dimethyl-1,7-149 

dioxaspiro[5.5]undecan-3-ol (10) were tentatively identified based on the literature mass 150 

spectral fragmentation pattern (Perkins 1990; Fletcher et al. 1992; Booth et al. 2007). All 151 

compounds were found to have identical GC-MS profiles to samples in the extracts, 152 

confirming their presence in the headspace samples and/or rectal gland extracts. The 153 

relative percentage of each compound in the rectal gland blend or headspace was obtained 154 

by dividing its individual peak area by the total peak area and multiplying the result by 155 

100. 156 

 157 

Electrophysiology 158 

 159 

The response of female and male antennae to the rectal gland extract of the opposite sex 160 

was evaluated using coupled gas chromatography-electroantennogram detection (GC-161 

EAD) analysis. The system comprised of an Agilent 7890B gas chromatograph, using a 162 

capillary column with SH-Rtx-35 (30 m × 0.25 mm ID × 0.25 μm film thickness) fused 163 

silica capillary and hydrogen (99.999% pure) supplied by a generator (MGG-2500-220 164 

Parker Balston, New York) with a constant flow of 2.5 mL/min as a carrier gas. The 165 
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temperature program was 50 °C (1 min) to 250 °C (3 min) at a rate of 10 °C/min, with an 166 

injector and detector temperature of 270 °C and 290 °C, respectively. The effluent of the 167 

column was mixed with 30 mL/min make-up nitrogen gas and split at 1:1.5 (v/v) ratio, with 168 

one part going to the internal FID and the other through a heated transfer line (TC-02, 169 

Syntech, Hilversum, The Netherlands), kept at constant temperature of 200 °C. Male rectal 170 

gland extracts and female rectal gland extracts were separately subjected to using heads 171 

from females and males B. kraussi, respectively, to detect active compounds. 172 

 173 

The head of a male or female fly was mounted between two silver wires with 174 

capillary electrodes filled with an electrically conductive gel (Spectra 360). One electrode 175 

was placed at the tip of an antenna and the other electrode at the back of the head. The 176 

mounted heads were under charcoal filtered and humidified air flow (400 mL/min) 177 

controlled by a flow controller (Syntech Stimulus Controller CS-55, Syntech, Hilversum, 178 

The Netherlands). Signals were captured and processed with a data acquisition controller 179 

(IDAC-4, Syntech, Hilversum, The Netherlands) and analysed using GC-EAD 2014 180 

software version 1.2.5. Before injection of a sample, the antenna was stimulated with 181 

1-hexanol to check sensitivity, then 1 µL of the rectal gland extract from the opposite sex 182 

was injected. Nine GC-EAD recordings per sex were obtained. Responses were considered 183 

genuine if present in at least six of the nine replicates collected. The identity of the 184 

compounds eliciting electrophysiological response was confirmed by comparing retention 185 

times with that of GC-MS chromatograms.  186 

 187 

Behavioural assays 188 

 189 

The responses of sexually mature (13-18 days old) B. kraussi males and females toward 190 

the rectal glands content of the same and opposite sex were evaluated using Y-tube 191 

olfactometers. The system comprised of a clear acrylic Y shaped tube with one central arm 192 

(6.5 cm × 4.5 cm × 5 cm) in which the release chamber (5cm × 5cm × 5cm) was located, 193 

and two upwind lateral arms (12.5 cm × 4.5 cm × 5 cm), each of them connected to a 194 

rectangular chamber (7.5 cm × 5 cm × 5 cm) (see Electronic Supplementary Material). The 195 

Y-tube olfactometer was positioned horizontally on a white table and a humidified and 196 

charcoal-filtered air stream was passed through the Y-tube at a flow rate of 140 ± 5 197 

mL/min. The stimulus cartridge was prepared by crushing 15 rectal glands of B. kraussi 198 

(males or females) on a 1.0 cm2 filter paper (Advantec, Japan) inserted in a glass Pasteur 199 

pipette (145 mm long). The control cartridge was prepared using 1 cm2 filter paper inserted 200 
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in the same type of glass Pasteur pipette. One cartridge of each type was fitted to one of the 201 

Y-tube upwind arms using Tygon tubing (Tygon® formula E-3603, Sigma-Aldrich). An 202 

individual fly was placed in the release chamber to acclimatize 30 minutes before 203 

experiments started at dusk in a controlled environment room, under the same conditions 204 

the flies were kept. Every trial lasted 30 minutes. Once the two cartridges (stimulus and 205 

control) were connected to the upwind arms, the system was allowed to equilibrate for two 206 

minutes and then the barriers of the two upwind arms and the release chamber were 207 

removed. A choice was recorded when the fly reached one of the two upwind arms and 208 

stayed there for at least one minute. Those flies that did not make any choice, that is, 209 

remained in the release chamber, did not reach one of the two upwind arms or did not stay 210 

in one arm for one minute, were not counted. For each treatment, at least 42 replicates 211 

from responsive flies were carried out. The position (left or right) of the stimulus and the 212 

control was alternated every trial to counter potential positional effects. Each fly was tested 213 

only once and fresh rectal glands were used each day. Before each replicate, the Y-tube 214 

olfactometer was washed with 5% Extran aqueous solution, rinsed with hot tap water and 215 

air-dried. To compare the number of flies choosing the stimulus over the control, a 216 

binomial test with the probability level of P < 0.05 was used. 217 

 218 

 219 

Results 220 

 221 

Analysis of Rectal Gland Extracts and Headspace Collections 222 

 223 

The composition of B. kraussi rectal gland extracts and volatile emissions from sexually 224 

mature males and females is presented in Table 1. There were distinct differences in the 225 

volatile profiles of females and males. Spiroacetals were the dominant class of compounds 226 

in male rectal gland extracts whereas saturated/unsaturated esters were the main class of 227 

compounds in female rectal gland extracts.  228 

 229 

For B. kraussi males, the identified compounds included five spiroacetals (E,E)-230 

2,8-dimethyl-1,7-dioxaspiro[5.5]undecane (2), 2-ethyl-7-methyl-1,6-dioxaspiro[4.5]decane 231 

(3), (E,E)-2-ethyl-8-methyl-1,7-dioxaspiro[5.5]undecane (7), (Z,Z)-2,8-dimethyl-1,7-232 

dioxaspiro[5.5]undecane (9), 2,8-dimethyl-1,7-dioxaspiro[5.5]undecan-3-ol (10), two 233 

amides N-(2-methylbutyl)acetamide (5) and N-(3-methylbutyl)acetamide (6), and 2-ethyl-234 

1-hexanol (1), 2-methyl-6-pentyl-3,4-dihydro-2H-pyran (4), diethyl succinate (8) and 6-235 
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oxononan-1-ol (11). In the headspace collections for males, only 2-ethyl-1-hexanol (1), 236 

(E,E)-2,8-dimethyl-1,7-dioxaspiro[5.5]undecane (2), N-(2-methylbutyl)acetamide (5), N-237 

(3-methylbutyl)acetamide (6) and (E,E)-2-ethyl-8-methyl-1,7-dioxaspiro[5.5]undecane (7) 238 

were detected. The most abundant compound in both male rectal gland extracts and 239 

headspace collections was (E,E)-2,8-dimethyl-1,7-dioxaspiro[5.5]undecane (2), 240 

representing about 86% and 45% of the blends, respectively. Male volatile emissions 241 

included N-(3-methylbutyl)acetamide (6) at a similar ratio as the main compound (~45%). 242 

 243 

For B. kraussi females, a total of eighteen compounds were identified in rectal 244 

gland extracts (Table 1), including three spiroacetals (E,E)-2,8-dimethyl-1,7-245 

dioxaspiro[5.5]undecane (2), 2-ethyl-7-methyl-1,6-dioxaspiro[4.5]decane (3), (E,E)-2-246 

ethyl-8-methyl-1,7-dioxaspiro[5.5]undecane (7), one amide N-(3-methylbutyl)acetamide 247 

(6), 14 esters methyl laurate (12), ethyl laurate (13), ethyl tridecanoate (14), propyl laurate 248 

(15), methyl myristate (16), ethyl myristate (17), ethyl myristoleate (18), isoamyl laurate 249 

(19), methyl palmitate (20), methyl palmitoleate (21), ethyl palmitate (22), ethyl 250 

palmitoleate (23), ethyl elaidate (24) and ethyl oleate (25). Of these, thirteen compounds, 251 

2, 6, 7, 12-19, 22 and 23, were also detected in headspace samples. The main compound 252 

present in female gland extracts and headspace samples was the most volatile ethyl ester, 253 

ethyl laurate (13), although it was found in higher proportions in the headspace samples 254 

(70% vs 39%). The second major compound, ethyl myristate (17), had similar relative 255 

abundance in rectal gland extracts and headspace samples (26% and 24%, respectively). 256 

 257 

Electrophysiology 258 

 259 

Figure 1 illustrates the electroantennographic and electropalpographic response of male 260 

and female B. kraussi to the rectal gland extract of conspecific males and females. The 261 

three most abundant esters emitted by B. kraussi females, ethyl laurate (13), ethyl myristate 262 

(17) and ethyl palmitate (22), and spiroacetal (E,E)-2,8-dimethyl-1,7-263 

dioxaspiro[5.5]undecane (2), elicited antennal responses from male B. kraussi. Among 264 

male rectal gland components, (E,E)-2,8-dimethyl-1,7-dioxaspiro[5.5]undecane (2) elicited 265 

antennal and palpal responses from males. Male palps also responded to (E,E)-2,8-266 

dimethyl-1,7-dioxaspiro[5.5]undecane (2), methyl laurate (12) and ethyl laurate (13) from 267 

female rectal gland extracts. Female maxillary palps and antenna shared the detection of 268 

two spiroacetals, (E,E)-2,8-dimethyl-1,7-dioxaspiro[5.5]undecane (2) and (E,E)-2-ethyl-8-269 
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methyl-1,7-dioxaspiro[5.5]undecane (7). No other compounds elicited palpal or antennal 270 

responses in females. 271 

 272 

Behavioural assays 273 

 274 

Sexually mature B. kraussi males significantly preferred the upwind arm containing female 275 

rectal glands over the control upwind arm (P = 0.0233) (Fig. 2). In contrast, females did 276 

not show any preference for male rectal glands over the control (P = 0.117) and neither 277 

females nor males showed any preference when the rectal glands content of the same 278 

conspecific sex was presented (P = 0.104 and P = 0.108, respectively) (Fig. 2). The 279 

percentages of responsive flies were 81% and 73% when males were presented to female 280 

and male natural blends, respectively, and 82% and 79% when females were presented to 281 

male and female natural blends, respectively. 282 

 283 

 284 

Discussion 285 

 286 

The present study is the first to identify the chemical profiles of female B. kraussi and is 287 

also the first report of electrophysiological detection and behavioural evaluation of 288 

volatiles produced by B. kraussi. The present study also confirms and expands upon 289 

compounds identified in previous studies of male chemical profiles (Fletcher et al. 1992). 290 

This combined analysis of both rectal gland extracts and headspace (volatile) collections 291 

with GC-EAD/EPD and behavioural assays provides a valuable starting point for 292 

understanding chemical communication of B. kraussi.  293 

 294 

Compounds 2, 3, 4, 6 and 8-11, found in sexually mature male B. kraussi, have 295 

been previously reported in B. kraussi males, with the spiroacetal 2 reported as the major 296 

component of both rectal gland extracts and headspace volatile emissions (Fletcher et al. 297 

1992). While 2-hydroxyundecan-6-one and 3-methylbutan-1-ol were not detected in our 298 

headspace collections, we detected N-(2-methylbutyl)acetamide (5) and (E,E)-2-ethyl-8-299 

methyl-1,7-dioxaspiro[5.5]undecane (7), which have not been previously reported. The 300 

amide, N-(2-methylbutyl)acetamide found in this study has been previously reported in 301 

rectal glands of other fruit fly species (Bellas and Fletcher 1979; Baker et al. 1980). The 302 

spiroacetal (E,E)-2-ethyl-8-methyl-1,7-dioxaspiro[5.5]undecane has been previously 303 

reported in male-produced volatiles of B. nigrotibialis (Perkins), B. halfordiae (Tryon), B. 304 
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dorsalis (Hendel), B. kirki (Froggatt), B. latifrons (Hendel) and B. occipitalis (Bezzi) as 305 

well as female-produced volatiles of B. tryoni (Froggatt) and B. musae (Tryon) (Perkins et 306 

al. 1990; Symonds et al. 2009; Benelli et al. 2014; El-Sayed et al. 2019; Noushini et al. 307 

2020). Despite the similar sensitivity of the detection system employed in the present study 308 

to that of the previous study (Fletcher et al. 1992), two previously reported minor 309 

compounds, 3-methylbutan-1-ol and 2-hydroxyundecan-6-one, were not detected. The 310 

previous study identified compounds via GC-MS on a Hewlett- Packard 5970 Series GC-311 

MS system using a non-polar column and a Finnigan Mat 1020 GC-MS. In the present 312 

study, compounds were identified by GC-MS on a Shimadzu GCMS-QP2010, using a mid-313 

polarity phase column. Given that 2-hydroxyundecan-6-one is the open chain hydrated 314 

form of 2-methyl-6-pentyl-3,4-dihydro-2H-pyran (4), which is related biosynthetically to 315 

spiroacetals (Fletcher et al. 1992; Fletcher and Kitching 1995), perhaps this compound was 316 

not present in their rectal gland at the time of the day that samples were collected. 317 

  318 

 Sexually mature female B. kraussi released a more complex blend with lower 319 

volatility than males and with a very different dominance of compounds. As seen in both 320 

the rectal gland extracts and headspace collections (Table 1), the major compounds 321 

identified were ethyl laurate (13) and ethyl myristate (17). These have been also reported 322 

as major constituents of rectal glands and airborne volatiles of B. musae females (Noushini 323 

et al. 2020). The spiroacetals (E,E)-2,8-dimethyl-1,7-dioxaspiro[5.5]undecane (2), 2-ethyl-324 

7-methyl-1,6-dioxaspiro[4.5]decane (3) and (E,E)-2-ethyl-8-methyl-1,7-325 

dioxaspiro[5.5]undecane (7) were present in females, but in minor amounts. Compounds 326 

12 to 25 were female specific, with methyl laurate, ethyl laurate, ethyl myristate and ethyl 327 

palmitate EAD/EPD active. The saturated/unsaturated esters, methyl laurate (12), ethyl 328 

laurate (13), ethyl tridecanoate (14), methyl myristate (16), ethyl myristate (17), ethyl 329 

myristoleate (18), methyl palmitate (20), ethyl palmitate (22), ethyl palmitoleate (23), ethyl 330 

elaidate (24) and ethyl oleate (25) have also been reported in other Bactrocera species but 331 

in different proportions in each species (Fletcher and Kitching 1995; Canale et al. 2015; 332 

El-Sayed et al. 2019; Levi-zada et al. 2020; Noushini et al. 2020). Methyl laurate, ethyl 333 

laurate, ethyl myristate and ethyl palmitate have been also reported as EAD active 334 

compounds for males and females of B. oleae, in which ethyl laurate and methyl palmitate 335 

attracted conspecific females and males, respectively (Canale et al. 2015). Similarly (E,E)-336 

2,8-dimethyl-1,7-dioxaspiro[5.5]undecane and ethyl laurate have been found to be EAD 337 

active for B. musae (Noushini et al. 2020). Our EAD/EPD and Y-tube olfactometer 338 
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behavioural assay results suggest B. kraussi uses some of the esters as mate-attracting sex 339 

pheromone, as well as for species identification.  340 

 341 

Male and female antennae elicited EAD responses to four (2, 13, 17 and 22) and 342 

two (2 and 7) components, respectively, of natural blends of rectal gland extracts (Fig. 1). 343 

Although female maxillary palps detected the same compounds as female antenna, male 344 

palps and antenna detected different compounds. Differences in olfactory function between 345 

antennae and maxillary palps are known in other Bactrocera species, including B. tryoni 346 

(Verschut et al. 2018) and B. depressa (Shiraki) (Oh et al. 2019). Electropalpographic 347 

responses of males of these species to cuelure, a male specific lure, were higher than 348 

electroantennographic responses, suggesting that palps might serve in detection of some 349 

long-range odorants (Verschut et al. 2018; Oh et al. 2019). A functional study of antennae 350 

and palps of B. kraussi would help to clarify the roles of these organs in the detection of 351 

volatiles produced by conspecifics.  352 

 353 

The electrophysiological results indicate that either or both sexes may respond 354 

behaviourally to the natural blends, with attraction being a key response to consider. Y-355 

Tube olfactometry is an appropriate method to test attraction (Canale et al. 2015). 356 

Interestingly, only male attraction to female rectal gland volatiles was significant, 357 

suggesting that female rectal gland excretions may serve a role as mate-attracting sex 358 

pheromones in this species (Fig. 2). As mentioned above, female-produced sex 359 

pheromones have been reported in other Dacine fruit flies (Benelli et al. 2014): in B. oleae 360 

1,7-dioxaspiro[5,5]undecane produced by females attracts males (Baker and Herbert 1987; 361 

Benelli et al. 2014), in Z. cucurbitae isomers of 2,8-dialkyl-1,7-dioxaspiro[5,5]undecanes 362 

and N-(3-methylbutyl)acetamide produced by females attract males (Baker and Bacon 363 

1985), and in B. dorsalis spiroacetals including (E,E)-2,8-dimethyl-1,7-364 

dioxaspiro[5.5]undecane, (E,E)-8-ethyl-2-methyl-1,7-dioxaspiro[5.5]undecane and (E,E)-365 

8-methyl-2-propyl-1,7-dioxaspiro[5.5]undecane produced by females attract males (Baker 366 

and Bacon 1985). While our bioassay results suggest that rectal gland exudates may not be 367 

key for aggregation of males or females, or for mate attraction by males, there are other 368 

potential functions of these products, such as species or sex identification and quality 369 

assessment, that cannot be excluded and warrant investigation. It may also be that male-370 

produced emissions lose some aspects of function when isolated from the visual cues and 371 

sounds produced by the rapid wing fanning that is characteristic of calling behaviour. 372 

 373 
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Table 1 Chemical profiles of B. kraussi adults. RI = retention index, MW = molecular weight, HS = headspace, RG = rectal gland, ND = not 

detected 

RI Name MW Characteristic EI ions m/z (%) 
Females Males 

HS (%) RG (%) HS (%) RG (%) 

1027 2-Ethyl-1-hexanol (1) 130.2 
112 (M – H2O, 2.1), 99 (β-cleavage product, 1.1), 98 (6.9), 83 (25.8), 

70 (25.9), 69 (10.1), 57 (100), 56 (CH3CH2CH=CH2, 25.3) 
ND ND 3.4 2.3 

1140 
(E,E)-2,8-Dimethyl-1,7-

dioxaspiro[5.5]undecane (2) 
184.1 

184 (M+, 8.6), 169 (M – CH3, 1.6), 140 (14.1), 125 (9.7), 115 

(CH3(C5H7O)=OH, 92.2), 112 (CH3(C5H7O)=CH2, 100), 97 (73.0), 69 

(50.9), 55 (67.0) 

<1 7.6 45.1 85.6 

1162 
2-Ethyl-7-methyl-1,6-

dioxaspiro[4.5]decane (3) 
184.1 

184 (M+, 3.1), 155 (M – C2H5, 23.1), 140 (7.1), 115 (M – C5H9
–, 100), 

112 (M – C4H8O, 60.2), 97 (69.4), 85 (60.5), 69 (48.7), 55 (68.5) 
ND <1 ND <1 

1174 
2-Methyl-6-pentyl-3,4-dihydro-

2H-pyran (4) 
168.3 

168 (12.4), 125 (M – C3H7, 22.8), 112 (C7H12O, 76.6), 97 (22.9), 84 

(21.3), 83 (33.0), 70 (23.5), 55 (100), 43 (76.2) 
ND ND ND <1 

1212 N-(2-Methylbutyl)acetamide (5) 129.1 
129 (M+, 9.7), 100 (M – C2H5, 34.7), 73 (β-cleavage product, 43.2), 72 

(β-cleavage product, 95.6), 60 (CH3C(OH)NH+, 61.3), 43 (100) 
ND ND 5.1 <1 

1219 N-(3-methylbutyl)acetamide (6) 129.1 

129 (M+, 4.5), 114 (M – CH3, 9.7), 86 (M – C3H7, 25.2), 73 (β-

cleavage product, 85.7), 72 (β-cleavage product, 72.2), 60 

(CH3C(OH)NH+, 36.5), 43 (100) 

<1 <1 44.3 2.2 

1227 
(E,E)-2-Ethyl-8-methyl-1,7-

dioxaspiro[5.5]undecane (7) 
198.2 

198 (M+, 9.3), 169 (M - C2H5, 11.2), 140 (12.9), 129 

(CH3CH2(C5H7O)=OH+, 40.2), 126 (CH3CH2(C5H7O)=CH2, 30.0),  115 

CH3(C5H7O)=OH, 87.7), 112 (CH3(C5H7O)=CH2, 83.0), 97 (58.4), 83 

(55.5), 69 (67.7), 55 (100) 

<1 <1 2.1 2.7 

1246 Diethyl succinate (8) 174.2 
174 (M+, 0.7), 129 (M – OC2H5, 53.5), 128 (14.1), 101 (M – 

COOC2H5, 100), 73 (26.0), 74 (13.4), 55(32.6), 45 (18.5), 43 (10.1) 
ND ND ND <1 

1321 
(Z,Z)-2,8-Dimethyl-1,7-

dioxaspiro[5.5]undecane (9) 
184.1 

184 (M+, 4.3), 169 (M – CH3, 2.8), 140 (3.9), 125 (6.5), 115 

(CH3(C5H7O)=OH, 100), 112 (CH3(C5H7O)=CH2, 34.4), 97 (71.7), 69 

(71.0), 55 (60.0) 

ND ND ND <1 

1421 
2,8-Dimethyl-1,7-

dioxaspiro[5.5]undecan-3-ol (10) 
200.3 

200 (M+, 3.2), 156 (34.2), 128 (5.9), 112 (CH3(C5H7O)=CH2, 100), 97 

(28.6), 83 (31.2), 55 (23.9) 
ND ND ND <1 
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1431 6-Oxononan-1-ol (11) 158.2 

158 (M+, 0.6), 140 (M – H2O, 1.4), 115 (9.4), 112 (2.9), 99 (3.6), 97 

(20.2), 86 (33.1), 79 (9.6), 73 (12.7), 71 (67.1), 69 (64.0), 58 (53.2), 55 

(29.9), 43 (100), 41 (66.8) 

ND ND ND 4.9 

1531 Methyl laurate (12) 214.2 

214 (M+, 2.6), 183 (M – OCH3, 3.7), 171 (5.0), 143 (7.0), 129 (4.7), 87 

(55.9), 74 (McLafferty rearrangement product, 100), 59 (COOCH3, 

10.8), 55 (29.1) 

<1 <1 ND ND 

1593 Ethyl laurate (13) 228.4 

228 (M+, 2.8), 199 (M – C2H5, 1.9), 183 (M – OC2H5, 5.6), 157 (7.6), 

101 (35.9), 88 (McLafferty rearrangement product, 100), 73 

(COOC2H5, 20.7), 70 (21.8), 61 (14.9), 60 (13.7), 55 (27.0) 

70.2 39.1 ND ND 

1661 Ethyl tridecanoate (14) 242.2 

242 (M+, 3.4), 213 (M – C2H5, 5.1), 197 (M – OC2H5, 2.1), 199 (12.4), 

157 (13.7), 101 (59.3), 88 (McLafferty rearrangement product, 100), 73 

(COOC2H5, 26.5), 57 (50.2), 55 (44.7) 

<1 <1 ND ND 

1686 Propyl laurate (15) 242.2 

242 (M+, 1.5), 201 (21.9), 199 (M – C3H7, 3.4), 183 (M – OC3H7, 

25.8), 157 (6.3), 129 (9.3), 115 (16.9), 102 (McLafferty rearrangement 

product, 29.3), 87 (COOC3H7, 9.8), 61 (100), 59 (6.1), 55 (33.5) 

<1 <1 ND ND 

1727 Methyl myristate (16) 242.2 

242 (M+, 2.9), 211 (M – OCH3, 1.2), 199 (5.8), 143 (7.5), 125 (7.3), 

111 (19.2), 101 (5.0), 97 (32.3), 87 (47.2), 74 (McLafferty 

rearrangement product, 100), 59 (COOCH3, 8.6), 55 (66.7) 

<1 4.1 ND ND 

1789 Ethyl myristate (17) 256.4 

256 (M+, 4.4), 211 (M – OC2H5, 6.0), 213 (5.8), 157 (10.1), 101 (46.2), 

88 (McLafferty rearrangement product, 100), 73 (COOC2H5, 21.8), 70 

(22.7), 55 (32.2) 

23.7 25.6 ND ND 

1797 Ethyl myristoleate (18) 254.2 

254 (M+, 2.5), 209 (M – OC2H5, 6.0), 208 (M – C2H5OH, 7.1), 166 

(8.4), 124 (10.3), 88 (McLafferty rearrangement product, 32.8), 73 

(COOC2H5, 14.6), 69 (45.4), 55 (100) 

<1 <1 ND ND 

1833 Isoamyl laurate (19) 270.5 
270 (M+, 1.0), 201 (1.5), 183 (M – OC5H11, 4.3), 115 (COOC5H11, 2.0), 

70 (100), 71(34.9), 55 (18.9), 43 (46.4) 
<1 <1 ND ND 

1920 Methyl palmitate (20) 270.3 
270 (M+, 1.7), 227 (1.7), 143 (9.8), 87 (36.9), 74 (McLafferty 

rearrangement product, 100), 59 (COOCH3, 9.3), 55 (81.1) 
ND <1 ND ND 
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1932 Methyl palmitoleate (21) 268.4 

268 (M+, 3.5), 237 (M – OCH3, 9.1), 236 (M – CH3OH, 12.8), 194 

(12.2), 152 (11.0), 96 (33.3), 74 (McLafferty rearrangement product, 

53.7), 59 (COOCH3, 19.9), 55 (100) 

ND <1 ND ND 

1984 Ethyl palmitate (22) 284.3 

284 (M+, 4.2), 241 (4.8), 157 (9.5), 101 (50.9), 255 (M – C2H5, 1.1), 

239 (M – OC2H5, 3.9), 88 (McLafferty rearrangement product, 100), 73 

(COOC2H5, 21.3), 55 (41.3), 43 (54.4) 

<1 8.9 ND ND 

1994 Ethyl palmitoleate (23) 282.3 

282 (M+, 1.9), 237 (M – OC2H5, 10.1), 236 (M – C2H5OH, 10.7), 194 

(10.0), 152 (8.8), 88 (McLafferty rearrangement product, 39.0), 73 

(COOC2H5, 29.9), 69 (67.0), 55 (100) 

<1 8.7 ND ND 

2176 Ethyl elaidate (24) 310.3 

310 (M+, 0.6), 265 (M – OC2H5, 6.8), 264 (M – C2H5OH, 10.0), 222 

(7.3), 180 (7.1), 123 (9.5), 110 (16.7), 97 (38.5), 88 (McLafferty 

rearrangement product, 33.2), 83 (44.4), 73 (COOC2H5, 13.6), 69 

(65.4), 55 (100), 43 (60.7), 41 (84.3) 

ND 3.1 ND ND 

2182 Ethyl oleate (25) 310.3 

310 (M+, 1.9), 265 (M – OC2H5, 5.4), 264 (M – C2H5OH, 8.3), 222 

(7.1), 180 (7.2), 123 (7.9), 110 (12.5), 97 (37.4), 88 (McLafferty 

rearrangement product, 25.6), 83 (42.3), 73 (COOC2H5, 11.2), 69 

(71.6), 55 (100), 43 (50.2), 41 (71.5) 

ND 2.5 ND ND 

112



Figure legends  

 

Fig. 1 Simultaneous response of flame ionisation detector (FID) and electroantennographic 

detection (EAD)/electropalpographic detection (EPD) using Bactrocera kraussi male and 

female antenna and maxillary palps to rectal gland extract from conspecifics. Numbered 

peaks indicate electrophysiologically active compounds: (E,E)-2,8-dimethyl-1,7-

dioxaspiro[5.5]undecane (2) and (E,E)-2-ethyl-8-methyl-1,7-dioxaspiro[5.5]undecane (7), 

methyl laurate (12), ethyl laurate (13), ethyl myristate (17), ethyl palmitate (22) 

 
 

Fig. 2 Response of sexually mature virgin Bactrocera kraussi males and females to rectal 

gland volatiles of the same and opposite sex, vs control (clean filter paper), in Y-tube 

olfactometer behavioural assays. * = significantly different at 0.02 level, ns = not 

significantly different, n = number of responding flies 
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Fig. 1 
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Fig. 2 
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Figure 3. Structure of compounds identified in Bactrocera kraussi chemical profile. 
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Sampling technique biases 
in the analysis of fruit fly volatiles: 
a case study of Queensland fruit fly
Saeedeh Noushini1,3*, Soo Jean Park2,3, Ian Jamie1,3, Joanne Jamie1 & Phillip Taylor2,3

Diverse methods have been used to sample insect semiochemicals. Sampling methods can differ in 
efficiency and affinity and this can introduce significant biases when interpreting biological patterns. 
We compare common methods used to sample tephritid fruit fly rectal gland volatiles (‘pheromones’), 
focusing on Queensland fruit fly, Bactrocera tryoni. Solvents of different polarity, n-hexane, 
dichloromethane and ethanol, were compared using intact and crushed glands. Polydimethylsiloxane, 
polydimethylsiloxane/divinylbenzene and polyacrylate were compared as adsorbents for solid phase 
microextraction. Tenax-GR and Porapak Q were compared as adsorbents for dynamic headspace 
sampling. Along with compounds previously reported for B. tryoni, we detected five previously 
unreported compounds in males, and three in females. Dichloromethane extracted more amides 
while there was no significant difference between the three solvents in extraction of spiroacetals 
except for (E,E)-2,8-dimethyl-1,7-dioxaspiro[5.5]undecane for which n-hexane extracted higher 
amount than both dichloromethane and ethanol. Ethanol failed to contain many of the more volatile 
compounds. Crushed rectal gland samples provided higher concentrations of extracted compounds 
than intact rectal gland samples, but no compounds were missed in intact samples. Of solid phase 
microextraction fibers, polyacrylate had low affinity for spiroacetals, ethyl isobutyrate and ethyl-2-
methylbutanoate. Polydimethylsiloxane was more efficient for spiroacetals while type of fiber did not 
affect the amounts of amides and esters. In dynamic headspace sampling, Porapak was more efficient 
for ethyl isobutyrate and spiroacetals, while Tenax was more efficient for other esters and amides, and 
sampling time was a critical factor. Biases that can be introduced by sampling methods are important 
considerations when collecting and interpreting insect semiochemical profiles.

Semiochemicals, including pheromones, are of central importance in the biology of many insects, including 
tephritid fruit flies. Because semiochemicals are commonly produced and released at low concentrations, efficient 
sampling methods are needed for collection and subsequent identification and quantification1–5. Tephritid fruit 
flies typically store pheromones in rectal glands and release them into the air during sexual activity4,6–13. Diverse 
sampling methods have been used to sample fruit fly pheromones and, in addition to genuine biological differ-
ences, some variation in pheromones reported for different fruit flies may actually arise from differences in the 
chemical collection efficiencies of the sampling methods used. The most common method entails immersion of 
rectal glands in organic solvents. Common solvents that have been used for fruit fly rectal gland extraction vary 
in polarity and include n-pentane, n-hexane, acetone, dichloromethane and ethanol12,14–17. In some studies the 
glands have been intact while in others the glands have been crushed18–20.

Rather than focusing on compounds stored in the rectal glands, some studies have instead focused on collect-
ing the emitted volatiles. While this approach does not identify the glandular source of the emissions, it has the 
advantage of being a whole-animal method, thus detecting volatiles that might be produced and emitted by glands 
other than the rectal glands, and hence more fully represents the array of compounds, and blends, that might be 
encountered by receivers. In most studies, emitted volatiles are trapped onto an adsorbent material using either 
dynamic or static sampling techniques21. Dynamic headspace sampling techniques involve passing an airflow to 
purge and trap volatiles onto an adsorbent material such as Porapak (ethylvinylbenzene-divinylbenzene copoly-
mer), activated charcoal, or Tenax (porous polymer based on 2,6-diphenyl-p-phenylene oxide). Tenax15,22,23 and 
Porapak Q24,25 have been widely used in sampling of fruit fly pheromones. Static headspace sampling techniques 
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involve use of adsorbent materials without airflow. The most commonly used static sampling method utilizes 
SPME (solid phase microextraction) adsorbent fibers, such as polydimethylsiloxane (PDMS), carboxen (CAR), 
divinylbenzene (DVB), polyacrylate (PA), or a mixed-phase coating, which vary in efficiency depending on the 
polarity of targeted compounds. PDMS fibers are widely used for collection of non-polar compounds6,26–28. Poly-
acrylate (PA) has a high affinity to more polar compounds and hence has been used for polar semiochemicals29,30. 
PDMS/divinylbenzene (DVB), a mixed-phase coating that covers a broader spectrum due to their distinct polar-
ity, has also been used for collection of semiochemicals19,20,29,31–33. Because adsorbent materials differ in affinity 
for particular groups of semiochemicals, a poor choice of material can result in substantial under-sampling, or 
even failure to even detect some compounds.

Bactrocera tryoni is the most economically important pest fruit fly in Australia34,35, being highly poly-
phagous and attacking most fruit crops36. Volatile profiles of male and female B. tryoni have been described 
previously19,37–39. Similar to many other fruit flies, B. tryoni stores secreted volatiles in the rectal glands7,8,40,41. 
Bactrocera tryoni mating is limited to a period of about 30 min at dusk37,41,42. During calling and courtship, males 
release the sweet-smelling volatile blend containing six aliphatic amides that have been generally interpreted as 
sex pheromones7,37,41–45. Although the functions of the individual components of the male B. tryoni sex phero-
mone blend have not been studied, virgin mature females are attracted to volatiles from crushed male glands 
or calling males43,44. The secretions reported for B. tryoni females have differed somewhat between studies, and 
this may reflect differences in sampling methods19,38. Booth et al.19 reported a diverse suite of spiroacetals as 
predominant compounds from n-pentane extracts of the whole crushed abdomen, while El-Sayed et al.38 found 
saturated/unsaturated esters as predominant compounds from n-hexane extracts of intact rectal glands. The 
contrast between these studies may indicate that while spiroacetals are not present in the rectal glands they may 
be produced in other glands elsewhere in the abdomen38.

The present study considers the effects of sampling methods on the detection and quantification of fruit 
fly volatiles, using B. tryoni as a model species. The main purpose of this study was to highlight advantages 
and disadvantages of the different methods adopted for rectal gland extractions and headspace collection. We 
investigated the effect of (1) solvent polarity, (2) crushing of sampled glands in solvent, (3) adsorbent types in 
both dynamic and static sampling techniques, and (4) volume of air sampled in dynamic sampling techniques. 
In addition, we identified six previously unreported compounds in male B. tryoni rectal gland contents/emis-
sions and three in females. These compounds resolve a long-standing discord between the perceptible odor and 
known blend composition in B. tryoni.

Materials and methods
Insects.  All experiments were conducted using B. tryoni from a laboratory culture at Macquarie University, 
Sydney, Australia (originating from central coastal New South Wales, G27). Adults were provided sugar and 
yeast hydrolysate (MP Biomedicals LLC) as food, and tap water through a soaked sponge. Virgin male and 
female flies were segregated within 4 days after eclosion, transferred to 12.5 L clear plastic cages (180 flies per 
cage) and maintained in controlled environment rooms (25 ± 0.5 °C, 65 ± 5% relative humidity (RH) and 11.5: 
0.5: 11.5: 0.5 light/dusk/dark/dawn photoperiod) until they were used in experiments. No calling or mating was 
observed prior to separating the sexes. Flies used for all experiments were 13—18 days old (sexually mature) 
virgins (see Perez-Staples et al.46).

Chemicals.  n-Hexane, dichloromethane, ethanol and the following chemicals were purchased from Sigma-
Aldrich (St Louis, MO, US), Alfa-Aesar (Ward Hill, MA, US), Chem-Supply (Bedford St, Gillman, SA) and 
Nu-Chek-Prep and INC (Elysian, MN, US), with the purities noted in parentheses, and were used without 
further purification: hexadecane (99%), ethyl propanoate (99%), ethyl isobutyrate (≥ 98%), ethyl 2-methylbu-
tanoate (99%), propyl isobutyrate (≥ 97%), ethyl 2-methylpentanoate (≥ 98%), diethyl succinate (99%), methyl 
laurate (≥ 98%), ethyl laurate (≥ 98%), methyl myristate (≥ 98%), ethyl myristate (99%), ethyl myristoleate (97%), 
methyl palmitoleate (≥ 99%), ethyl palmitate (≥ 99%) and ethyl oleate (98%). Propyl laurate, ethyl palmitoleate, 
ethyl elaidate, N-(2-methylbutyl)acetamide, N-(3-methylbutyl)acetamide, N-(2-methylbutyl)propanamide, 
N-(3-methylbutyl)propanamide, N-(2-methylbutyl)isobutyrate and N-(3-methylbutyl)isobutyrate and (E,E)-
2,8-dimethyl-1,7-dioxaspiro[5.5]undecane were synthesized (see Supplementary Information for synthesis 
details). 2,7-Dimethyl-1,6-dioxaspiro[4.5]decane47, (E,E)-2-ethyl-8-methyl-1,7-dioxaspiro[5.5]undecane18, 
(E,Z)-2-ethyl-7-methyl-1,6-dioxaspiro[4.5]decane32, (E,E)-2-ethyl-2,8-dimethyl-1,7-dioxaspiro[5.5]undecane19 
and (E,E)-2-propyl-8-methyl-1,7-dioxaspiro[5.5]undecane32, were tentatively identified based on literature mass 
spectral fragmentation patterns (Table 1).

GC–MS analysis.  Gas Chromatography-Mass Spectrometry (GC–MS) analyses were performed using a 
Shimadzu GCMS-QP2010 or GCMS-TQ8040 instrument, which was equipped with a capillary column with 
5% diphenyl/95% dimethyl polysiloxane as the stationary phase (30 m × 0.25 mm I.D. × 0.25 μm film thickness). 
Helium (99.999%, BOC, North Ryde, NSW, Australia) at a flow rate of 1.0 mL/min was used as a carrier gas. The 
oven temperature was held at 50 °C for 4 min or 40 °C for 1 min then programmed at 10 °C/min to 250 °C, with 
splitless injection mode at 270 °C. The temperatures of interface and ion source were 290 and 200 °C, respec-
tively. Mass detection was performed in EI mode at a voltage of 70 eV. The spectra were obtained over a mass 
range of 45 to 500 m/z. The condition used for determining the Kovats retention index was the same as above, 
with the oven initial temperature at 40 °C for 1 min.

Rectal gland samples.  n-Hexane, dichloromethane (DCM) and ethanol (EtOH) were used for separate 
rectal gland extractions. For each solvent 10 replicates containing 10 glands were collected for each sex. Flies 
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Table 1.   Compounds produced by adults of Bactrocera tryoni. * Compounds identified in males, # 
Compounds identified in females, No = Number, I = Identification, AS = authentic sample, L = literature, 
KI = Kovats index.

No Name Characteristic EI ions m/z (%) I KI

1 Ethyl propanoate* 102 (M+, 10), 74 (14.5), 57 (100) AS 672

2 Ethyl isobutyrate* 116 (M+, 24.8), 88 (43.9), 71 (100) AS 727

3 Ethyl 2-methylbutanoate* 130 (M+, 1.23), 115 (8.0), 102 (60.8), 85 (37.9), 74 (25.6), 57 (100) AS 844

4 Propyl isobutyrate* 130 (M+, 0.5), 102 (8.2), 101 (5.9), 89 (83.7), 71 (100) AS 850

5 Ethyl 2-methylpentanoate* 144 (M+, 2.9), 115 (M – C2H5, 9.9), 102 (67.5), 99 (M – OC2H5, 18.1), 74 (41.3), 55 (23.5), 45 (100) AS 933

6 N-(2-Methylbutyl)acetamide*# 129 (M+, 6.0), 114 (M – CH3, 12.2), 100 (M – C2H5, 52.3), 73 (β-cleavage/H rearrangement, 57.4), 
72 (M – C4H9,100), 60 (CH3C(OH)NH+, 60.3), 58 (27.9), 55 (16.1) AS 1123

7 N-(3-Methylbutyl)acetamide*# 129 (M+, 5.3), 114 (M – CH3, 16.0), 86 (M – C3H7, 29.2), 73 (β-cleavage/H rearrangement, 100), 72 
(M – C4H9, 74.7), 60 (CH3C(OH)NH+, 30.1), 55 (17.3) AS 1129

8 Diethyl succinate* 174 (M+, 0.4), 129 (M – OC2H5, 57.6), 128 (20.1), 101 (M – COOC2H5, 100), 73 (21.1), 74 (11.2), 
55(15.6) AS 1172

9 N-(2-Methylbutyl)propanamide*# 143 (M+, 8.0), 114 (M – C2H5, 15.4), 87 (β-cleavage/H rearrangement, 50.6), 86 (M – C4H9, 100), 
74 (CH3CH2C(OH)NH+, 83.1), 58 (39.7), 57(95.0) AS 1198

10 N-(3-Methylbutyl)propanamide*# 143 (M+, 4.8), 128 (M – CH3, 10.4), 114 (M – C2H5, 16.3), 100 (15.2), 87 (β-cleavage/H rearrange-
ment, 100), 86 (M – C4H9, 62.9), 74 (CH3CH2C(OH)NH+, 28.1), 57 (66.6) AS 1204

11 N-(2-Methylbutyl)isobutyrate* 157 (M+, 9.0), 128 (M – C2H5, 15.3), 114 (M – C3H7, 10.2), 101 (β-cleavage/H rearrangement, 15.2), 
100 (M – C4H9, 16.2) 88 (CH3CHCH3C(OH)NH+, 77.2), 71 (100) AS 1226

12 N-(3-Methylbutyl)isobutyrate*# 157 (M+, 9.5), 142 (M – CH3, 17.2), 114 (M – C3H7, 23.6), 101 (β-cleavage/H rearrangement, 75.6), 
100 (M – C4H9, 20.1), 88 (CH3CHCH3C(OH)NH+, 27.0), 71 (100) AS 1230

13 2,7-Dimethyl-1,6-dioxaspiro[4.5]decane# 170 (M+, 0.3), 155 (M – CH3, 0.8), 126 (17.4), 115 (12.8), 111 (4.2), 101 (CH3(C4H5O) = OH+, 100), 
98 (CH3(C4H5O) = CH2, 88.7), 83 (43.8), 69 (29.4), 55 (52.7) L47 1076

14 (E,E)-2,8-Dimethyl-1,7-dioxaspiro[5.5]undecane# 184 (M+, 9.4), 169 (M – CH3, 1.8), 140 (12.7), 125 (8.1), 115 (CH3(C5H7O) = OH+, 86.5), 112 
(CH3(C5H7O) = CH2, 100), 97 (61.2), 69 (46.6), 55 (43.1) AS 1148

15 (E,E)-2-Ethyl-8-methyl-1,7-dioxaspiro[5.5]undecane#
198 (M+, 10.9), 169 (M—C2H5, 11.6), 140 (15.2), 129 (CH3CH2(C5H7O) = OH+, 47.7), 126 
(CH3CH2(C5H7O) = CH2, 43.6), 115 (CH3(C5H7O) = OH+, 100), 112 (CH3(C5H7O) = CH2, 90.7), 97 
(59.2), 83 (51.6), 69 (71.3), 55 (70.8)

L18 1239

16 (E,Z)-2-Ethyl-7-methyl-1,6-dioxaspiro[4.5]decane#
184 (M+, 1.1), 168 (0.8), 155 (M – C2H5, 13.2), 140 (1.5), 115 (CH3(C5H7O) = OH+ and 
CH3CH2(C4H5O) = OH+, 100), 112 (CH3CH2(C5H7O) = CH2 and CH3CH2(C4H5O) = CH2, 41.8), 97 
(91.7), 85 (9.1), 83 (8.3), 69 (85.8), 55 (54.9)

L32 1275

17 (E,E)-2-Ethyl-2,8-dimethyl-1,7-dioxaspiro[5.5]undecane#
212 (M+, 2.6), 183 (M – C2H5, 12.8), 143 (CH3(C5H6O) = OHCH2CH3

+, 57.2), 140 
(CH3(C5H6O) = CH2CH2CH3, 11.2), 125 (CH2CH(C5H7O)CH3,100), 115 (CH3(C5H7O) = OH+, 
46.3),112 (CH3(C5H7O) = CH2, 70.7), 97 (57.6), 82 (55.6), 83 (60.6), 55 (75.1)

L19 1318

18 (E,E)-2-Propyl-8-methyl-1,7-dioxaspiro[5.5]undecane#
212 (M+, 7.3), 169 (M – C3H7, 13.2), 143 (CH3CH2CH2(C5H6O) = OH+, 31.5), 140 
(CH3CH2CH2(C5H6O) = CH2CH2CH3, 36.5), 125 (44.5), 115 (CH3(C5H7O) = OH+, 100),112 
(CH3(C5H7O) = CH2, 73.4), 97 (72.1), 82 (26.2), 83 (34.6), 69 (46.8), 55 (69.2)

L32 1324

19 Methyl laurate# 214 (M+, 3.68), 183 (M – OCH3, 8.0), 171 (14.6), 143 (18.2), 129 (9.5), 87 (60.1), 74 (McLafferty 
rearrangement product, 100), 59 (COOCH3, 8.5), 55 (22.8) AS 1524

20 Ethyl laurate# 228 (M+, 4.3), 199 (M – C2H5, 4.7), 183 (M – OC2H5, 5.6), 157 (7.6), 101 (35.9), 88 (McLafferty 
rearrangement product, 100), 73 (COOC2H5, 20.7), 70 (21.8), 61 (14.9), 60 (13.7), 55 (27.0) AS 1595

21 Propyl laurate#
242 (M+, 1.6), 201 (40.4), 199 (M – C3H7, 1.0), 183 (M – OC3H7, 36.5), 157 (9.2), 129 (15.2), 115 
(26.7), 102 (McLafferty rearrangement product, 29.7), 87 (COOC3H7, 11.2), 61 (100), 59 (4.1), 57 
(30), 55 (26.0)

AS 1691

22 Methy myristate# 242 (M+, 6.6), 211 (M – OCH3, 6.3), 199 (16.2), 143 (25.6), 125 (1.1), 111 (2.6), 101 (8.8), 97 (6.3), 
87 (64.4), 74 (McLafferty rearrangement product, 100), 59 (COOCH3, 7.8), 55 (23.4) AS 1727

23 Ethyl myristate# 256 (M+, 7.1), 213 (13.8), 211 (M – OC2H5, 8.1), 157 (22.0), 101 (53.8), 88 (McLafferty rearrange-
ment product, 100), 73 (COOC2H5, 17.8), 70 (22.1), 55 (20.1) AS 1795

24 Ethyl myristoleate# 254 (M+, 4.1), 209 (M – OC2H5, 13.9), 208 (M – C2H5OH, 15.0), 155 (9.3), 166 (28.9), 124 (23.7), 
88 (McLafferty rearrangement product, 46.4), 73 (COOC2H5, 16.6), 69 (25.2), 55 (100) AS 1785

25 Methyl palmitoleate# 268 (M+, 5.1), 237 (M – OCH3, 14.2), 236 (M – CH3OH, 18.6), 194 (18.0), 152 (24.1), 97 (51.6), 96 
(51.4), 74 (McLafferty rearrangement product, 52.3), 69 (63.6), 59 (COOCH3, 17.1), 55 (100) AS 1909

26 Ethyl palmitoleate# 282 (M+, 6.7), 237 (M – OC2H5, 14.0), 236 (M – C2H5OH, 21.3), 194 (23.2), 152 (28.6), 88 (McLaf-
ferty rearrangement product, 57.3), 73 (COOC2H5, 16.8), 69 (68.7), 55 (100) AS 1977

27 Ethyl palmitate# 284 (M+, 11.3), 255 (M – C2H5, 4.1), 241 (13.2), 239 (M – OC2H5, 7.5), 157 (21.3), 115 (8.4), 101 
(57.5), 88 (McLafferty rearrangement product, 100), 73 (COOC2H5, 16.2), 55 (21.1) AS 1995

28 Ethyl oleate#
310 (M+, 1.2), 265 (M – OC2H5, 3.8), 264 (M – C2H5OH, 8.170), 222 (5.4), 180 (5.0), 125 (13.6), 
123 (13.6), 111 (18.5), 97 (39.8), 88 (McLafferty rearrangement product, 35.4), 83 (50.1), 73 
(COOC2H5, 15.2), 69 (77.1), 55 (100)

AS 2144

29 Ethyl elaidate#
310 (M+, 0.5), 265 (M – OC2H5, 4.6), 264 (M – C2H5OH, 9.3), 222 (5.8), 180 (5.4), 123 (14.1), 110 
(18.7), 97 (38.2), 88 (McLafferty rearrangement product, 33.2), 83 (44.4), 73 (COOC2H5, 13.6), 69 
(70.1), 55 (100)

AS 2172
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were first killed by chilling them on dry ice 3 – 5 h before the onset of dusk. Rectal glands were extracted by gen-
tly pressing the abdomen and pulling the gland out with fine forceps. Glands were carefully placed in a 1.1 mL 
tear-drop vial in dry ice. Once 10 glands were collected, the vials were removed from the dry ice and 100 µL of 
solvent was added. Glands were saturated with solvent at room temperature for 10 min The extracts were then 
transferred to a new vial and stored at -20 °C until analyzed. Hexadecane was used as an internal standard, with 
2 µL of 1.35 mg/mL stock solution being added to each extract. To assess the effects of crushing the glands, an 
additional 10 samples were assessed using n-hexane as a solvent. For these samples, when 100 µL of n-hexane 
was added, the 10 rectal glands were crushed using a capillary glass tube. Other steps were as for the intact gland 
samples. Gloves (Ni-Tek) were used when collecting and handling samples to minimize risk of contamination.

Headspace samples.  Dynamic method.  Tenax-GR Mesh 60/80, 50 mg (Scientific Instrument Services, 
Inc) and Porapak Q 80–100 mesh, 50 mg (Waters, USA) were packed into 6 × 50 mm glass cartridges and held in 
place with glass wool plugs (Table S1). Tenax and Porapak were separately conditioned under nitrogen (75 mL/
min) at 200 °C and 180 °C respectively for three hours before each sample collection. For each collection, 30 
males or 30 females were placed into a glass chamber (150 mm long and 40 mm ID) 30 min before dusk to ac-
climatize. Dusk in the controlled environment room was simulated for 30 min. While the period of active calling 
is well known from observations of wing fanning behaviour37,41,42 it is possible that emissions continue beyond 
this time. Charcoal-filtrated air (0.5 L/min, air pulling system) was passed over the flies for 10 min and 20 min, 
starting from the end of dusk phase, 40 min, 60 min and 90 min, starting from beginning of dusk, to cover all 
likely release times. Volatiles were subsequently eluted from Tenax or Porapak using 1 mL n-hexane, and con-
centrated to 200 µL under a gentle nitrogen stream. Six replicates per sex per sampling period were collected for 
each sorbent. Samples were stored at -20 °C until analyzed. To distinguish between volatile compounds released 
by the flies and possible contaminants, an air control sample comprising an empty glass chamber was run and 
analyzed along with each headspace collection. Hexadecane was then used as an internal standard, with 2 µL of 
2.7 mg/mL stock solution being incorporated to each concentrated samples. 1 µL of each sample was injected 
for GC–MS analysis.

Static method.  A manual holder (Supelco, Bellefonte, PA, US) was used with three different fibers; 100 µm film 
thickness PDMS, 65 µm PDMS–DVB and 85 µm PA (Table S1). Fibers were thermally conditioned in the GC 
injection port for 30 min at 270 °C. Six replicates per sex were carried out for each fiber. For each replicate, 5 
males or females were placed in a 40 mL clear glass vial 30 min before dusk to acclimatize. When dusk was fin-
ished, the fiber was exposed for 10 min, which was sufficient time for adsorption of volatiles without saturating 
the fiber. The loaded SPME fiber was then injected into the GC–MS.

Prior to each headspace collection, glass chambers and vials were washed with 5% Extran aqueous solution, 
rinsed with hot tap water, and heated at 200 ºC for 18 h. Activated charcoal filters were thermally conditioned by 
heating them at 200 °C for 18 h prior to each headspace collection48. To distinguish any possible contaminants, 
an air control sample comprising an empty glass vial was run and analyzed along with each headspace collection.

Data analysis
Normalized GC peak areas were used to compare the proportions of each compound. Normalized peak areas 
were obtained by dividing the peak area of interested compounds by the peak area of the internal standard. The 
data sets were not normally distributed and were transformed to log (x + 1) for statistical analysis. All graphics 
were generated using normalized GC peak areas without log-transformation, except for SPME, for which the 
actual peak areas were used. The effects of sampling method were analyzed by ANOVA, followed by a Tukey 
post hoc test (α = 0.05) for multiple comparisons using SPSS (IBM Corp. released 2012 IBM SPSS Statistics for 
Windows, v. 21.0. Armonk, NY, IBM Corp.). When comparing the extraction efficiency of different solvents of 
rectal gland contents, solvent and compound were fixed factors. When comparing extractions from intact and 
crushed rectal glands in n-hexane, crushing treatment and compound were fixed factors. When comparing 
SPME fibers for static headspace sampling, fiber and compound were fixed factors. When comparing sorbents 
and collection time for active headspace sampling, sorbent, compound and time were fixed factors. Due to low 
concentrations, ethyl propanoate, propyl isobutyrate and ethyl 2-methylpentanoate were excluded from statistical 
analysis of male rectal glands and headspace while propyl laurate and (E,Z)-2-ethyl-7-methyl-1,6-dioxaspiro[4.5]
decane were excluded from statistical analysis of female rectal glands and headspace. For the analysis of amides, 
the peak area from male samples were used for statistical analysis as females produced the same amides as males 
but in lower concentration.

Results
A full listing of the compounds identified in rectal gland extracts and emissions of B. tryoni is provided in 
Table 1. Twenty two compounds were detected in rectal gland extracts and headspace collections of sexually 
mature virgin female B. tryoni, including five amides (6, 7, 9, 10 and 12), six spiroacetals (13–18) and eleven 
esters (19–29). Of these, 19 compounds were detected in the headspace. Ethyl oleate (28), ethyl elaidate (29) 
and N-(2-methylbutyl)acetamide (6) were not detected in the headspace. Of the 22 compounds detected in our 
study, three minor compounds, N-(2-methylbutyl)acetamide (6), propyl laurate (21) and methyl myristate (22) 
have not been previously reported in B. tryoni.

Twelve compounds were detected in rectal gland extracts and headspace collections of male B. tryoni, includ-
ing the seven previously reported compounds, N-(2-methylbutyl)acetamide, N-(3-methylbutyl)acetamide, 
N-(2-methylbutyl)propanamide, N-(3-methylbutyl)propanamide, N-(2-methylbutyl)isobutyrate, N-(3-meth-
ylbutyl)isobutyrate and ethyl isobutyrate and five additional compounds that have not been previously reported 
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(Table 1); ethyl propanoate, ethyl 2-methylbutanoate, propyl isobutyrate, ethyl 2-methylpentanoate and diethyl 
succinate.

Rectal gland extractions.  Effect of solvent.  GC–MS analysis of rectal glands showed that solvent was a 
significant factor for the amounts of compounds (solvent: F2, 594 = 66.653, P < 0.001, compound: F21, 594 = 118.087, 
P < 0.001, solvent × compound: F41, 594 = 4.576, P < 0.001). DCM and n-hexane generally extracted similar 
amounts of esters, and both generally extracted greater amounts than ethanol (Fig. 1A, Table S2). The overall 

Figure 1.   Graphical display of mean normalized peak areas (n = 10) obtained for rectal glands extract of 
female (A) and male (B) Bactrocera tryoni using three different solvents, n-hexane, dichloromethane (DCM) 
and ethanol (EtOH). Error bars represent the confidence interval for the mean at 95% confidence level. 
Amide 1: N-(2-methylbutyl)acetamide, Amide 2: N-(3-methylbutyl)acetamide, Amide 3: N-(2-methylbutyl)
propanamide, Amide 4: N-(3-methylbutyl)propanamide, Amide 5: N-(2-methylbutyl)isobutyrate, Amide 6: 
N-(3-methylbutyl)isobutyrate, Spiroacetal 1: 2,7-dimethyl-1,6-dioxaspiro[4.5]decane, Spiroacetal 2: (E,E)-2,8-
dimethyl-1,7-dioxaspiro[5.5]undecane, Spiroacetal 3: (E,E)-2-ethyl-8-methyl-1,7-dioxaspiro[5.5]undecane, 
Spiroacetal 4: (E,E)-2-ethyl-2,8-dimethyl-1,7-dioxaspiro[5.5]undecane, Spiroacetal 5: (E,E)-2-propyl-8-methyl-
1,7-dioxaspiro[5.5]undecane.
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patterns of solvents are similar for the compounds although the lower efficiency of ethanol was less evident for 
compounds that were less abundant overall in all solvents, notably methyl laurate, methyl myristate, methyl pal-
mitoleate and diethyl succinate (Table S2, Figure S1). Ethanol extracts typically did not contain ethyl isobutyrate 
and ethyl 2-methylbutanoate, which were detected in the DCM and n-hexane extracts.

The DCM extracts consistently contained greater amounts of amides than either n-hexane or ethanol (Fig. 1B, 
Table S2). There was no difference between n-hexane and ethanol in amounts of amides (Table S2). In case of 
spiroacetals, there was no significant difference between n-hexane, DCM and ethanol except for the most abun-
dant spiroacetal, (E,E)-2,8-dimethyl-1,7-dioxaspiro[5.5]undecane for which n-hexane extracted greater amounts 
than DCM (P < 0.001) or ethanol (P < 0.001), while DCM extracted greater amount than ethanol (P = 0.001).

Effect of crushing glands.  Crushing of rectal glands significantly increased extraction of compounds (crushing: 
F1, 396 = 65.862, P < 0.001, compound: F21, 396 = 159.600, P < 0.001, crushing × compound: F21, 396 = 6.171, P < 0.001). 
The overall patterns of crushing are similar for the compounds (Figure S2) although the higher efficiency of 
crushing glands was less evident for compounds that were less abundant overall in male and female rectal glands, 
notably ethyl isobutyrate, ethyl 2-methylbutanoate, diethyl succinate, N-(2-methylbutyl)acetamide, N-(2-meth-
ylbutyl)propanamide, N-(2-methylbutyl)isobutyrate, methyl laurate, methyl myristate, methyl palmitoleate, 
ethyl myristoleate and ethyl oleate and ethyl elaidate (Fig. 2, Table S3).

Effect of SPME fibers in static headspace sampling
The type of SPME fiber affected the amounts of compounds trapped from female and male headspace samples 
(fiber: F2, 315 = 7.636, P = 0.001, compound: F20, 315 = 11.041, P < 0.001, fiber × compound: F40, 315 = 2.622, P < 0.001) 
(Fig. 3 A and B). PDMS trapped more spiroacetals than PA (Figure S3, Table S4). There was no significant differ-
ence between PDMS/DVB and PA or PDMS (Table S4). The type of fiber did not affect the amounts of amides 
and esters except for the two lighter esters, ethyl isobutyrate and ethyl-2-methylbutanoate. PDMS/DVB trapped 
more ethyl isobutyrate and ethyl-2-methylbutanoate than PDMS (P = 0.002 and P = 0.005, respectively), and both 
PDMS/DVB and PDMS trapped more than PA (Table S4).

Effect of sorbent material and time in dynamic headspace sampling.  Analysis of headspace sam-
ples revealed that the type of sorbent material and sampling duration significantly affected the amounts of com-
pounds trapped (sorbent: F1, 950 = 11.727, P = 0.001, time: F4, 950 = 170.902, P < 0.001, compound: F18, 950 = 945.192, 
P < 0.001, sorbent × time: F4, 950 = 8.605, P < 0.001, sorbent × compound: F18, 950 = 64.468, P < 0.001, time × com-
pound: F72, 950 = 20.828, P < 0.001, sorbent × time × compound: F72, 950 = 4.144, P < 0.001).

For spiroacetals, while Porapak trapped more 2,7-dimethyl-1,6-dioxaspiro[4.5]decane, (E,E)-2,8-dimethyl-
1,7-dioxaspiro[5.5]undecane and (E,E)-2-ethyl-8-methyl-1,7-dioxaspiro[5.5]undecane (spiroacetals 1, 2 and 
3) than Tenax, this was not the case for (E,E)-2-ethyl-2,8-dimethyl-1,7-dioxaspiro[5.5]undecane and (E,E)-
2-propyl-8-methyl-1,7-dioxaspiro[5.5]undecane (spiroacetals 4 and 5) (Fig. 4, Table S5 and S6). Generally, the 
amounts of spiroacetals increased with sampling time for both Tenax and Porapak until 60 min (Fig. 4). However, 
there were some subtle differences among compounds in the relationship between time and amount (Table S5).

While Porapak and Tenax trapped very similar amounts of most esters, Tenax trapped significantly more 
ethyl laurate, ethyl myristate, ethyl myristoleate and ethylpalmitate/palmitoleate than Porapak at 90 min (Fig. 4, 
Table S6). Generally, the amounts of long chain esters increased with sampling time for Tenax, while they 
increased until 60 min for Porapak (Fig. 4). However, there were some subtle differences among compounds in 
the relationship between time and amount (Table S5 and S6).

Tenax generally collected higher amounts of amides than Porapak (Fig. 4). The amounts of amides increased 
with sampling time until 60 min (Fig. 4). The overall patterns are similar for the different amides, with only sub-
tle differences (Fig. 4, Table S6). Both Tenax and Porapak trapped trace amounts of diethyl succinate and ethyl 
2-methylbutanoate, but the amounts of these compounds were not able to be statistically analyzed.

Discussion
Rectal gland volatiles of Queensland fruit fly.  Adding to the six aliphatic amides that have been 
reported previously in the rectal glands of male B. tryoni37, we here describe an additional six previously unre-
ported compounds in rectal glands and emissions of male B. tryoni. While ethyl isobutyrate has been ten-
tatively identified in the volatiles of male B. tryoni by Kumaran et  al.43 it was not reported as a rectal gland 
component. Kumaran et al.43 also tentatively identified only 3 amides as components of rectal glands includ-
ing, N-(3-methylbutyl)acetamide, N-hexylpropanamide and N-propylbutyramide, two of which are different 
from those reported by Bellas and Fletcher37 and the present study. Of these, N-(3-methylbutyl)acetamide) and 
N-hexylpropanamide, as well as 2-hydroxypropanamide and two propanoic acid derivatives, 2-methyl propa-
noic acid and 2-methylundecyl propenoate, were also reported in the volatiles released by male B. tryoni by 
Kumaran et al.43 Although pheromone composition may be affected qualitatively and quantitatively by larval 
diets49, the additional compounds found in the present study have most likely been overlooked previously. The 
ethyl and propyl esters are highly volatile and may have been lost through volatilization during extraction or 
trapping50. The four short chain esters—ethyl propanoate, ethyl 2-methylbutanoate, propyl isobutyrate and ethyl 
2-methylpentanoate – are here identified for the first time in fruit flies. Some of these compounds have been 
reported previously in fruits. For example, ethyl propanoate, which has a pineapple-like odor51, is a common 
volatile in many ripe fruits that attract B. tryoni females including mango and apple52. Ethyl propanoate has also 
been considered as an attractant for other frugivorous pest insects. For instance, ethyl propanoate increases 
attraction of the African palm weevil Rhynchophorus phoenicis to aggregation pheromone53. Ethyl isobutyrate 
has been reported as an important contributor to the sweet aroma of fresh pineapple54 and other fruits includ-
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Figure 2.   Graphical display of mean normalized peak areas (n = 10) obtained for rectal glands extract of female 
(A) and male (B) Bactrocera tryoni using crushed rectal glands and non-crushed rectal glands. Error bars 
represent the confidence interval for the mean at 95% confidence level. Amide 1: N-(2-methylbutyl)acetamide, 
Amide 2: N-(3-methylbutyl)acetamide, Amide 3: N-(2-methylbutyl)propanamide, Amide 4: N-(3-methylbutyl)
propanamide, Amide 5: N-(2-methylbutyl)isobutyrate, Amide 6: N-(3-methylbutyl)isobutyrate, Spiroacetal 
1: 2,7-dimethyl-1,6-dioxaspiro[4.5]decane, Spiroacetal 2: (E,E)-2,8-dimethyl-1,7-dioxaspiro[5.5]undecane, 
Spiroacetal 3: (E,E)-2-ethyl-8-methyl-1,7-dioxaspiro[5.5]undecane, Spiroacetal 4: (E,E)-2-ethyl-2,8-dimethyl-
1,7-dioxaspiro[5.5]undecane, Spiroacetal 5: (E,E)-2-propyl-8-methyl-1,7-dioxaspiro[5.5]undecane.
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Figure 3.   Graphical display of mean peak areas (n = 6) obtained for headspace collection of female (A) and 
male (B) Bactrocera tryoni using three SPME fibers, polydimethylsiloxane (PDMS), poly(dimethylsiloxane)–
divinylbenzene (PDMS–DVB) and polyacrylate (PA). Error bars represent the confidence interval for the mean 
at 95% confidence level. Amide 1: N-(2-methylbutyl)acetamide, Amide 2: N-(3-methylbutyl)acetamide, Amide 
3: N-(2-methylbutyl)propanamide, Amide 4: N-(3-methylbutyl)propanamide, Amide 5: N-(2-methylbutyl)
isobutyrate, Amide 6: N-(3-methylbutyl)isobutyrate, Spiroacetal 1: 2,7-dimethyl-1,6-dioxaspiro[4.5]decane, 
Spiroacetal 2: (E,E)-2,8-dimethyl-1,7-dioxaspiro[5.5]undecane, Spiroacetal 3: (E,E)-2-ethyl-8-methyl-1,7-
dioxaspiro[5.5]undecane, Spiroacetal 4: (E,E)-2-ethyl-2,8-dimethyl-1,7-dioxaspiro[5.5]undecane, Spiroacetal 5: 
(E,E)-2-propyl-8-methyl-1,7-dioxaspiro[5.5]undecane.
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Figure 4.   Graphical display of estimated mean normalized peak area (n = 6) obtained for headspace collection of 
male and female Bactrocera tryoni using two polymer sorbents, Tenax-GR and Porapak Q. Compounds obtained 
from males include: N-(2-methylbutyl)acetamide, N-(3-methylbutyl)acetamide, N-(2-methylbutyl)propanamide, 
N-(3-methylbutyl)propanamide, N-(2-methylbutyl)isobutyrate and N-(3-methylbutyl)isobutyrate, ethyl 
isobutyrate and diethyl succinate. Compounds obtained from females include: 2,7-dimethyl-1,6-dioxaspiro[4.5]
decane, (E,E)-2,8-dimethyl-1,7-dioxaspiro[5.5]undecane , (E,E)-2-ethyl-8-methyl-1,7-dioxaspiro[5.5]undecane, 
(E,E)-2-ethyl-2,8-dimethyl-1,7-dioxaspiro[5.5]undecane, (E,E)-2-propyl-8-methyl-1,7-dioxaspiro[5.5]undecane, 
methyl laurate, ethyl laurate, methyl myristate, ethyl myristate, ethyl myristoleate, methyl palmitoleate, ethyl 
palmitate and ethyl palmitoleate. Error bars represent the confidence interval for the mean at 95% confidence level.
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ing apple55, orange56 and berries57,58. Ethyl isobutyrate has been also reported as a strong electrophysiologically 
active compound for the female blueberry fruit fly, Rhagoletis mendax57. Ethyl 2-methylbutanoate is found in 
apples55, pineapples59,60, oranges61, and berries57,58. Diethyl succinate has been found in rectal glands of male B. 
halfordiae15 and B. kraussi62. This compound is known as an attractant for the spotted wing Drosophila, Dros-
ophila suzukii63. The strong sweet smell of volatiles released by B. tryoni males during sexual activity does not 
resemble that of the amides described previously by Bellas and Fletcher37 but does resemble that of the esters 
reported in the present study.

In female B. tryoni, we found three compounds that have not been reported previously19,38. While ethyl 
(9,12)-octadecadienoate was not detected in our rectal gland extracts, despite being reported in a previous 
study38 , N-(2-methylbutyl)acetamide, propyl laurate and methyl palmitoleate were detected for the first time. 
These are all present at low concentrations and this likely explains why they were not detected previously. It is 
possible that differences between studies in the reporting of these compounds is a result of differences in rearing 
conditions and especially larval diet49.

Rectal glands.  Although relying only on rectal gland extraction can mean that volatiles released from else-
where on the flies are missed, this is a practical, rapid and selective way to collect compounds that fruit flies emit 
from these glands7,8 and is important for confirming the source of compounds collected in headspace samples. 
We assessed the effectiveness of three different solvents for rectal gland extractions, including the non-polar 
n-hexane, medium-polarity DCM and polar ethanol. In general, under the conditions used in this study, GC–
MS of ethanol extracts showed very incomplete mass profiles for ethyl isobutyrate and ethyl 2-methylbutanoate. 

Figure 4.   (continued)

129

(£ ,£)-2-Ethyl-2,8-dimethyl- l ,7-dioxaspiro[5.5]undecane Methyl laurate 

0 .08 0.12 

0.10 
0 .06 

0.08 

0 .04 0.06 

0.02 

0 .00 
10 20 40 60 90 10 20 40 60 90 10 20 40 60 90 

Ethyl laurate Methy myristate Ethyl myristate 

15.0 

0.14 7.5 

10.0 5 .5 

0.09 

3.5 

5.0 

,s ,k,ibil~ 
0.0 -0 .5 

10 20 40 60 90 10 20 40 60 90 10 20 40 60 90 
Ethyl myristoleate Methyl palmitoleate Ethyl palmitate and ethyl palmitoleate 

1.50 
0 .03 

1.9-
1.00 

0 .02 

1.4-

0.9-
0 .01 

0 .00 
10 20 40 60 90 10 20 40 60 90 

-0 .1-'--,---,--,,.---,--, --r'-,-' 
1°0 2°0 40 60 90 

nature research 



11

Vol.:(0123456789)

Scientific Reports |        (2020) 10:19799  | https://doi.org/10.1038/s41598-020-76622-0

www.nature.com/scientificreports/

It was difficult to identify these compounds without the assistance of the n-hexane and DCM extracts. Since 
ethanol is the most polar solvent employed, it is possible that ethanol did not absorb the volatile esters during 
the extraction time used in this study. DCM and n-hexane extracted similar concentrations of lower volatility 
long chain fatty acid esters but there were differences in the extraction of more volatile compounds. DCM was 
the most effective solvent for extraction of amides, whereas there was no significant difference between the 
three solvents for the extraction of spiroacetals except for (E,E)-2,8-dimethyl-1,7-dioxaspiro[5.5]undecane that 
n-hexane was more effective. Extracts from crushed rectal glands contained the same compounds as those from 
intact glands, but at larger amounts. This shows that there is a benefit to crushing glands, and importantly also 
demonstrates that studies where extracts were taken from intact rectal glands are at least qualitatively compa-
rable to those extracts obtained from crushed glands as no compounds were missed in intact gland samples.

Headspace.  The selection of fiber is a critical aspect of using SPME. The three SMPE fibers used in this study 
exhibited different performances. In general, the most polar fiber, PA, was found to be inefficient at collecting 
spiroacetals, ethyl isobutyrate and ethyl-2-methylbutanoate. PDMS was found to have better or at least the same 
performance as PMDS/DVB for collection of the more polar and volatile compounds except for ethyl isobutyrate 
and ethyl-2-methylbutanoate . The different concentration of analyte on the fiber may result from several factors 
including the chemical properties of the analyte, the equilibrium time64,65, the experimental conditions (temper-
ature and humidity)66, and storage conditions67.Of these factors, only the properties of the analytes would have 
affected the outcomes in this study because the experiments were conducted in controlled environment rooms 
(25 ± 0.5 °C, 65 ± 5% RH), and used the same equilibrium time and storage conditions. The short chain esters 
are volatile but have polar surfaces that would require sorbent affinity with volatile and slightly polar proper-
ties. PDMS/DVB would be suitable for such applications, and this is consistent with our results. Because of the 
substantial differences amongst headspace compounds in collection efficiency on different SPME fibers, there is 
a particular need for care in both the selection of fibers and in the interpretation of analyzed samples.

In dynamic headspace sampling, Porapak was found to be more effective for spiroacetals, while Tenax was 
more effective for esters and amides. Based on sorbent properties these results were anticipated. Sampling period 
and flow rate are also important factors. Tenax started to lose the six amides, diethyl succinate and all spiroacetals 
once air was passed through for 60 min (Fig. 4). Porapak showed similar capacity for N-(2-methylbutyl)isobut-
yramide, all spiroacetals and esters (except methyl laurate, ethyl myristoleate and ethyl palmitate/palmitoleate). 
Porapak showed greater capacity to retain the other five amides, methyl laurate, ethyl myristoleate and ethyl 
palmitate/palmitoleate after 60 min, whereas Tenax showed greater capacity to retain all the long chain esters 
after 60 min (Fig. 4).

Active and passive headspace sampling techniques each have advantages and disadvantages. Advantages 
of SPME include higher sensitivity, ease of handling, shorter adsorption time, no solvent peak in GC and easy 
sequential sampling. However, quantitation of analytes in many types of SPME matrices is a major challenge67–69. 
The other disadvantage is that the sample can be used only once67. While dynamic headspace sampling can have 
lower sensitivity, quantitation of analytes can be conveniently achieved as the calibration of a compound using an 
internal standard is easily achieved in liquid samples. Liquid samples can also be re-used, in their original form 
or after concentration or dilution if needed, and can also be used later for other assays (e.g. electrophysiological 
assays or bioassays)70. A disadvantage is that if samples contain highly volatile compounds, the solvent peak may 
mask these compounds in GC. Overall, dynamic headspace methods are more effective for quantitation, while 
SPME has some advantages for qualitative analysis.

In brief, each sampling technique may bias the interpretation of rectal gland contents or released volatile 
compositions. Therefore, it is important to consider differences that can be introduced by sampling techniques 
when interpreting volatiles of tephritid fruit flies, and especially when comparing studies that have used different 
techniques. There are advantages and disadvantages for each method, and it may often be useful to employ more 
than one method to ensure comprehensive sample collection and analysis.
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Figure 5. Structure of compounds identified in Bactrocera tryoni adults. 
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Conclusion  

 

Tephritid fruit flies are significant horticultural pests, with some species belonging to the 

genus Bactrocera amongst the most damaging of all insect pests globally. Due to increasing 

restrictions on the use of organophosphate insecticides, alternative fruit fly control methods 

are necessary to protect fruits and vegetables from fruit fly damage. ‘Lure and kill’ is one 

technique that is promising as an alternative control method. The effectiveness of this 

technique depends on the use of efficient chemical lures. Sex pheromones of Bactrocera 

fruit flies are well known as short- and long-range attractants of the opposite sex, and are 

therefore of interest as chemical lures.  

 

In this study, as described in Chapters 2-5, rectal gland and headspace volatile profiles of 

males and females of four Australian pest fruit fly species, B. musae, B. frauenfeldi, B. 

bryoniae and B. kraussi, were investigated as potential fruit fly attractants. Identification of 

volatile compounds were conducted using gas chromatography-mass spectrometry (GC-

MS). Compounds were identified through comparison with retention times and mass spectra 

of authentic samples, where available commercially or through synthesis, or NIST library 

and mass spectra published in the literature, where authentic samples were not available.  

 

Overall, a total of 38 volatile compounds from four major chemical groups were identified 

across male and female rectal glands of B. musae, B. frauenfeldi, B. bryoniae and B. kraussi. 

These included spiroacetals, acetamides, fatty acids and fatty acid esters. The simple acids 

and esters were formally identified following comparison with commercial samples, and the 

amides and long-chain esters following comparison with authentic synthetic samples. 

Identification of the spiroacetals was more challenging, with only (E,E)-2,8-dimethyl-1,7-

dioxaspiro[5.5]undecane and (E,E)-2-ethyl-7-methyl-1,6-dioxaspiro[4.5]decane formally 

identified following synthesis. The remaining spiroacetals (2,7-dimethyl-1,6-

dioxaspiro[4.5]decane, (E,E)-2-ethyl-8-methyl-1,7-dioxaspiro[5.5]undecane, (Z,Z)-2,8-

dimethyl-1,7-dioxaspiro[5.5]undecane, (E,E)-2-propyl-8-methyl-1,7-

dioxaspiro[5.5]undecane, 2,8-dimethyl-1,7-dioxaspiro[5.5]undecan-3-ol and 4-hydroxy-

1,7-dioxaspiro[5.5]undecane) were tentatively identified from their characteristic mass 

spectral fragmentation patterns, which are well described in the literature.
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Table 1. Chemical Compound prodused by adults of B. musae, B. frauenfeldi, B. bryoniae, B. kraussi. M = male, F = female, + = detected in GCMS, - 

= not detected in GCMS, NA = not active 

 

Compounds  

Rectal gland extract Released volatile GC-EAD GC-EPD 

B. 

musae 

B. 

frauenfeldi 

B. 

bryoniae 

B. 

kraussi 

B. 

musae 

B. 

frauenfeldi 

B. 

bryoniae 

B. 

kraussi 

B. 

musae 

B. 

frauenfeldi 

B. 

bryoniae 

B. 

kraussi 

B. 

frauenfeldi 

B. 

bryoniae 

B. 

kraussi 

 

1,7-Dioxaspiro[5,5]undecane 

M - - - - - - - - NA NA Active NA NA Active NA 

F - - +  - - + - NA NA Active NA NA Active NA 

 

(E,E)-2,8-Dimethyl-1,7-

dioxaspiro[5.5]undecane 

M - + + + - + - + Active Active Active Active Active NA Active 

F + + + + + + + + NA Active NA Active Active Active Active 

 

(Z,Z)-2,8-Dimethyl-1,7-

dioxaspiro[5.5]undecane 

M - - - + - - - - NA NA NA NA NA NA NA 

F - - + - - - + - NA NA NA NA NA Active NA 
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(E,E)-2-Ethyl-8-methyl-1,7-

dioxaspiro[5.5]undecane 

M - + - + - + - + NA NA NA NA Active NA NA 

F + + + + + + + + NA Active NA Active Active Active Active 

 

(E,E)-2-Propyl-8-methyl-1,7-

dioxaspiro[5.5]undecane 

M - - - - - - - - NA NA NA NA NA NA NA 

F - - + - - - + - NA NA NA NA NA Active NA 

 

2,8-Dimethyl-1,7-

dioxaspiro[5.5]undecan-3-ol 

M - - - + - - - - NA NA NA NA NA NA NA 

F - - - - - - - - NA NA NA NA NA NA NA 

 

4-Hydroxy-1,7-

dioxaspiro[5.5]undecane 

M - - + - - - + - NA NA Active NA NA NA NA 

F - - -  - - -  NA NA Active NA NA Active NA 

139

0-

I 
0 

0 

0 

0 

OH 

~ 
OH 



 

2,7-Dimethyl-1,6-

dioxaspiro[4.5]decane 

M - - - - - - - - NA NA NA NA NA NA NA 

F - - + - - - - - NA NA NA NA NA Active NA 

 

(E,E)-2-Ethyl-7-methyl-1,6-

dioxaspiro[4.5]decane 

M - - - + - - - - NA NA NA NA NA NA NA 

F - - + + - - + - NA NA NA NA NA Active NA 

 

2-Methyl-6-pentyl-3,4-dihydro-2H-

pyran 

M - - - + - - - - NA NA NA NA NA NA NA 

F - - - - - - - - NA NA NA NA NA NA NA 

 

N-(2-Methylbutyl)acetamide 

M - - + + - - + + NA NA NA NA NA NA NA 

F - + + - - + - - NA NA NA NA NA NA NA 

 

N-(3-methylbutyl)acetamide 

M + - + + + - + + NA NA Active NA NA NA NA 

F - + + + - + + + NA NA NA NA NA NA NA 

M - - - + - - - - NA NA NA NA NA NA NA 
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Diethyl succinate 

F - - - - - - - - NA NA NA NA NA NA NA 

 

6-Oxononan-1-ol 

M - - - + - - - - NA NA NA NA NA NA NA 

F - - - - - - - - NA NA NA NA NA NA NA 

 

2-Ethyl-1-hexanol 

M - - - + - - - + NA NA NA NA NA NA NA 

F - - - - - - - - NA NA NA NA NA NA NA 

 

Ethyl butanoate 

M + - - - + - - - NA NA NA NA NA NA NA 

F - - - - - - - - Active NA NA NA NA NA NA 

 

Ethyl 3-acetoxybutanoate 

M - - + - - - + - NA NA NA NA NA Active NA 

F - - - - - - - - NA NA NA NA NA Active NA 

 

Ethyl caprate 

M - - - - - - - - NA NA NA NA NA NA NA 

F + + + - + - + - NA Active NA NA NA Active NA 

 

Methyl laurate 

M - - - - - - - - NA NA NA NA NA NA Active 

F + + + + + + + + NA NA NA NA Active NA NA 

M + - - - - - - - Active NA Active Active NA NA Active 
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Ethyl laurate 

F + + + + + + + + NA NA Active NA NA NA NA 

 

Ethyl tridecanoate 

M - - - - - - - - NA NA NA NA NA NA NA 

F + + + + - - + + NA NA NA NA NA NA NA 

 

Propyl laurate 

M - - - - - - - - NA NA NA NA NA NA NA 

F + + + + - - + + NA NA NA NA NA NA NA 

 

Methyl myristate 

M - - - - - - - - NA NA NA NA NA NA NA 

F + + + + + + + + NA NA NA NA NA NA NA 

 

Ethyl myristate 

M + - - - - - - - NA NA Active Active NA NA NA 

F + + + + + + + + NA NA Active NA NA NA NA 

 

Ethyl myristoleate 

M - - - - - - - - NA NA NA NA NA NA NA 

F + + - + + + - + NA NA NA NA NA NA NA 

 

Isoamyl laurate 

M - - - - - - - - NA NA NA NA NA NA NA 

F - - - + - - - + NA NA NA NA NA NA NA 
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Methyl palmitate 

M - - - - - - - - NA NA NA NA NA NA NA 

F + + + + - - - - NA NA NA NA NA NA NA 

 

Methyl palmitoleate 

M - - - - - - - - NA NA NA NA NA NA NA 

F - + - + - - - - NA NA NA NA NA NA NA 

 

Ethyl palmitate 

M - - - - - - - - NA NA Active Active NA NA NA 

F + + + + + - + + NA NA Active NA NA NA NA 

 

Ethyl palmitoleate 

M - - - - - - - - NA NA NA NA NA NA NA 

F + + + + + + + + NA NA NA NA NA NA NA 

 

Methyl elaidate 

M - - - - - - - - NA NA NA NA NA NA NA 

F - + - - - - - - NA NA NA NA NA NA NA 

 

Ethyl elaidate 

M - - - - - - - - NA NA NA NA NA NA NA 

F + + - + - - - - NA NA NA NA NA NA NA 

 

Ethyl oleate 

M - + - - - - - - NA NA NA NA NA NA NA 

F + + + + - - - - NA NA NA NA NA NA NA 
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Myristic acid 

M - - - - - - - - NA NA NA NA NA NA NA 

F - + - - - - - - NA NA NA NA NA NA NA 

 

Lauric acid 

M - - - - - - - - NA NA NA NA NA NA NA 

F - - + - - - - - NA NA NA NA NA NA NA 

 

Palmitoleic acid  

M - + - - - - - - NA NA NA NA NA NA NA 

F - + + - - - + - NA NA NA NA NA NA NA 

 

Palmitic acid 

M - + - - - - - - NA NA NA NA NA NA NA 

F - + + - - - - - NA NA NA NA NA NA NA 

 

Oleic acid 

M - - - - - - - - NA NA NA NA NA NA NA 

F - - + - - - - - NA NA NA NA NA NA NA 
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For each species, headspace analyses showed similar composition to the rectal gland 

extracts, except that fatty acids were not found in the headspace volatile collections. Males 

typically produced and released only one major component, usually a spiroacetal, along with 

additional minor components. The only exception was with males of B. musae, which were 

found to produce and release a short-chain ester as a major component. In contrast, females 

produced and released a more complex blend than males, including spiroacetals, acetamides, 

fatty acids (rectal gland only) and fatty acid esters, with the latter being the major 

components. The similar composition of compounds in the rectal gland contents and 

headspace volatiles, suggests that in B. musae, B. frauenfeldi, B. bryoniae and B. kraussi the 

rectal glands are the main source of headspace volatiles.  

 

To begin to ascertain whether any of the identified volatile compounds would be useful as 

an attractant, gas chromatography-electroantennography (GC-EAG) and gas 

chromatography-electropalpography (GC-EPG) studies were conducted. While EAG/EPG 

alone cannot show if a compound would be an attractant, they can indicate whether a 

compound can be detected by the antennae/maxillary palps of fruit flies. The EAG and EPG 

responses of male and female B. frauenfeldi, B. bryoniae and B. kraussi to the rectal gland 

of the same and opposite conspecifics were recorded. For B. musae, only the EAG responses 

of males and females to the rectal gland of opposite sex were recorded. EPG was not 

conducted due to lack of continued availability of B. musae colonies. Differences in the 

detection of compounds between antennae and maxillary palps were observed. This is also 

consistent with what is seen with other Bactrocera species. For all the species tested, male 

and female antenna and maxillary palps responded to two classes of compounds, spiroacetals 

and esters. Functional studies on antennae and maxillary palps were beyond the scope of this 

study, but would be a useful future research avenue. 

 

Although males and females of each species detected specific compounds from their own 

volatile profile, it was found that males and female shared the detection of some compounds 

across all species. (E,E)-2,8-Dimethyl-1,7-dioxaspiro[5.5]undecane was detected by antenna 

and maxillary palps of female B. frauenfeldi, B. bryoniae and B. kraussi as well as antenna 

of male B. musae, B. frauenfeldi, B. bryoniae and B. kraussi and maxillary palps of male B. 

frauenfeldi and B. kraussi. (E,E)-2-Ethyl-8-methyl-1,7-dioxaspiro[5.5]undecane was 

detected by maxillary palps of female B. frauenfeldi, B. bryoniae, B. kraussi and male B. 

frauenfeldi as well as antenna of female B. frauenfeldi. Other spiroacetals were also 

electrophysiologically active including 1,7-dioxaspiro[5,5]undecane, 4-hydroxy-1,7-

145



dioxaspiro[5.5]undecane, 2,7-dimethyl-1,6-dioxaspiro[4.5]decane, (E,E)-2-ethyl-7-methyl-

1,6-dioxaspiro[4.5]decane, (Z,Z)-2,8-dimethyl-1,7-dioxaspiro[5.5]undecane and (E,E)-2-

propyl-8-methyl-1,7-dioxaspiro[5.5]undecane. These were detected by either antennae or 

maxillary palps of B. bryoniae males and/or females. Ethyl laurate, was detected by male 

and female B. bryoniae and males of B. kraussi and B. musae. Ethyl myristate and ethyl 

palmitate were also detected by male and female B. bryoniae and male B. kraussi. Methyl 

laurate was detected by B. kraussi males and B. frauenfeldi females. Ethyl caprate was 

detected by females of B. frauenfeldi and B. bryoniae. Two short chain esters, ethyl 

butanoate and ethyl 3-acetoxybutanoate, were detected by females of B. musae and B. 

bryoniae, respectively. The electrophysiological activity of these compounds suggests a 

possible biological role of these compounds in the mating system of each species. 

Y-Tube olfaction bioassays were conducted to investigate the behavioural response of

B. frauenfeldi, B. bryoniae and B. kraussi to the natural blend of rectal gland volatile

compounds of the same and opposite conspecifics. Due to lack of continued availability of 

B. musae colonies, the olfaction bioassays were not investigated for this species. These

bioassays showed that female B. frauenfeldi were attracted to the volatiles from conspecific 

male rectal glands but males were not. Neither males nor females were attracted to volatiles 

from female rectal glands. In combination with GC-EAG/GC-EPG, this suggests (E,E)-2,8-

dimethyl-1,7-dioxaspiro[5.5]undecane and (E,E)-2-ethyl-8-methyl-1,7-

dioxaspiro[5.5]undecane act as sex pheromones in B. frauenfeldi. Interestingly, in B. kraussi, 

the natural blend of female rectal glands attracted conspecific males but did not attract 

females, and the natural blend of male rectal glands did not attract either males or females. 

These results in combination with GC-EAG/GC-EPG suggest (E,E)-2,8-dimethyl-1,7-

dioxaspiro[5.5]undecane, methyl laurate, ethyl laurate, ethyl myristate and ethyl palmitate 

are sex pheromones for B. kraussi. Unattractiveness of male-produced volatiles in this 

species suggests that male emissions may lose some aspects of function when isolated from 

visual and acoustic cues associated with mating behaviour. Not being attracted to the rectal 

gland exudates of same sex conspecifics in B. frauenfeldi and B. kraussi suggest that rectal 

gland exudates may not be key for aggregation of males or females of these species, however 

there may be other potential functions of these products, such as species or sex identification 

and quality assessment. For B. bryoniae rectal gland products from males were attractive to 

females and males, while the rectal gland products from females were only attractive to 

males. In combination with GC-EAG/GC-EPG, this suggests that ethyl 3-acetoxybutanoate, 

1,7-dioxaspiro[5,5]undecane, (E,E)-2,8-dimethyl-1,7-dioxaspiro[5.5]undecane, 4-hydroxy-
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1,7-dioxaspiro[5.5]undecane, ethyl laurate, ethyl myristate and ethyl palmitate may be 

components of B. bryoniae  sex pheromone and ethyl 3-acetoxybutanoate, N-(3-

methylbutyl)acetamide, 1,7-dioxaspiro[5,5]undecane and 4-hydroxy-1,7-

dioxaspiro[5.5]undecane may be components of male aggregation pheromone. The results 

presented in this study contribute to the understanding of pheromone communication in B. 

frauenfeldi, B. bryoniae, B. kraussi and B. musae and pave the way for developing new 

monitoring and control methods. 

 

Although in some species of Dacine fruit fly, females have been found to produce sex 

pheromones, previous studies of volatile compounds have mainly focused on chemical 

profiles of male fruit flies because males have typically been considered as the major sex 

pheromone producers. According to our findings in this study (B. kraussi and B. bryoniae), 

there is more evidence now that females specifically produce sex pheromones. 

 

Among similar species to the four species investigated in this study, volatile profiles of B. 

dorsalis, B. albistrigata and B. kirki have been reported.1–7 As discussed in Chapter 2, female 

B. dorsalis, which is a closely related species to B. musae and B. bryoniae, produce and 

release N-(3-methylbutyl)acetamide, (E,E)-2,8-dimethyl-l,7-dioxaspiro[5.5]undecane, 

(E,E)-8-ethyl-2-methyl-l,7-dioxaspiro[5.5]undecane, (E,E)-8-methyl-2-propyl-l,7-

dioxaspiro[5.5]undecane as well as a series of fatty acid esters including ethyl laurate, ethyl 

myristate, ethyl myristoleate and ethyl palmitate. The main spiroacetal in this species, (E,E)-

2,8-dimethyl-1,7-dioxaspiro[5.5]undecane, was also produced by female B. musae and B. 

bryoniae, and was electrophysiologically active for the opposite sex in both species. The 

fatty acid esters were also found in rectal glands of female B. musae and B. bryoniae of 

which ethyl laurate was electrophysiologically active for male of both species. Two other 

esters, ethyl myristate and ethyl palmitate as well as N-(3-methylbutyl)acetamide, were also 

detected by male B. bryoniae antenna. For males of B. dorsalis, long-chain fatty acids 

including acids of C12, C14, C16, C18 and a fatty acid ester, ethyl laurate, were reported as the 

major components of rectal gland volatiles. Bactrocera musae also produced a fatty acid 

ester, ethyl butanoate, as the major component of their pheromonal gland composition, 

which is electrophysiologically active for conspecific females; while in B. bryoniae the main 

component was a spiroacetal, 1,7-dioxaspiro[5,5]undecane that along with two other 

compounds N-(3-methylbutyl)acetamide and 4-hydroxy-1,7-dioxaspiro[5.5]undecane were 

electrophysiologically active for females. The latter compounds, N-(3-

methylbutyl)acetamide and 4-hydroxy-1,7-dioxaspiro[5.5]undecane have similar structures 
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to the minor compounds that have been reported in male B. dorsalis, N-(3-

methylbutyl)acetamide and 3-hydroxy-2,8-dimethyl-l,7-dioxaspiro[5.5]undecane. 

 

The male rectal gland secretions of the two similar species to B. frauenfeldi, B. albistrigata 

and B. kirki, were rich in spiroacetals. The major component of rectal glands of male B. 

frauenfeldi was (E,E)-2-ethyl-8-methyl-1,7-dioxaspiro[5.5]undecane, which was 

electrophysiologycally active for females. Another minor spiroacetal was also found in the 

male volatile profile of B. frauenfeldi, (E,E)-2,8-dimethyl-1,7-dioxaspiro[5.5]undecane, 

which was also detected by female antenna and maxillary palps. Both these spiroacetals were 

also found in male rectal gland secretions of B. albistrigata or B. kirki. (E,E)-2,8-Dimethyl-

1,7-dioxaspiro[5.5]undecanes was the major component in male B. kirki and a minor 

compound in male B. albistrigata. (E,E)-2-Ethyl-8-methyl-l,7-dioxaspiro[5.5lundecane was 

a minor component of male B. kirki rectal gland extract. 

 

Fruit flies typically produce and release chemicals at low concentration, therefore efficient 

methods for sample collection are needed. The use of different collection methods affects 

the extraction efficiency and traceability of the test compounds. In Chapter 6, common 

methods used for sampling of fruit fly rectal gland volatiles were compared using B. tryoni 

as a model species. The effect of solvent polarity, crushing of glands in solvent, adsorbent 

types in both dynamic and static (SPME) headspace sampling techniques, and volume of air 

sampled in dynamic headspace sampling techniques, were investigated. Among the three 

solvents (n-hexane, dichloromethane and ethanol) examined for rectal gland extractions, 

dichloromethane was the most effective solvent for extraction of amides. There was no 

significant difference between the three solvents in extraction of spiroacetals except for 

(E,E)-2,8-dimethyl-1,7-dioxaspiro[5.5]undecane for which n-hexane extracted higher 

amount than both dichloromethane and ethanol. Ethanol was an unsuitable solvent as it failed 

to contain many of the more volatile compounds. Although extractions from intact rectal 

glands yielded lower concentrations of compounds than extractions from crushed rectal 

glands, studies that used the two different methods for gland extractions are qualitatively 

comparable. Of SPME fibres, polydimethylsiloxane (PDMS) showed more affinity to 

spiroacetals than polyacrylate (PA). The type of fiber did not affect the amounts of amides 

and esters except for ethyl isobutyrate and ethyl-2-methylbutanoate. 

Polydimethylsiloxane/divinylbenzene (PDMS/DVB) trapped more ethyl isobutyrate and 

ethyl-2-methylbutanoate than PDMS, and both PDMS/DVB and PDMS trapped more than 

PA. Polyacrylate had comparatively low affinity for short chain esters and spiroacetals. In 
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dynamic headspace sampling methods, Porapak was found to be more effective for more 

volatile compounds, while Tenax was more effective for more polar compound, and 

sampling time was a critical factor to consider for the optimum results. The results presented 

in Chapter 6 contribute to the understanding of the differences among the various sampling 

methods and provide guidance for choosing the most appropriate method according to the 

nature of target compounds. In addition, this study identified six previously unreported 

compounds from male rectal glands in B. tryoni including ethyl propanoate, ethyl 

isobutyrate, ethyl 2-methylbutanoate, propyl isobutyrate, ethyl 2-methylpentanoate and 

diethyl succinate, as well as three additional unreported compounds from female rectal 

glands including N-(2-methylbutyl)acetamide, propyl laurate and methyl myristate. These 

findings resolve a long-standing discord between the perceptible odour and known blend 

composition. 

 

In summary, this PhD study has achieved its goal of determining the putative pheromone 

profile of B. frauenfeldi, B. bryoniae, B. kraussi and B. musae. This study identified a total 

of 38 volatile compounds in the chemical profiles across males and females of these 

species. In addition to benefits for understanding of pheromonal communication in fruit 

flies, information about the pheromone chemistry of these species is an important 

foundation for the potential application of volatiles as attractants to improve the monitoring 

and control of these pest species. This PhD study has also achieved its second goal of 

comparing the effects of common sampling methods and materials on the detection and 

quantification of fruit fly volatiles and provided guidance for choosing the best method. 
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Synthesis of compounds. 

 

All reagents were purchased from Sigma-Aldrich and used without further purification. All 

solvents were anhydrous or analytical grade (Sigma-Aldrich) and used without further 

purification. The reaction progress was monitored by GC-MS (using the procedure given 

in the main text). Solvents were removed under reduced pressure using a Büchi Rotavapor 

R-200 and Büchi B-490 heating bath set to 40 °C. Mixtures were further dried under high 

vacuum using an Alcatel Pascal 2005SD vacuum pump. NMR spectra were recorded on a 

Bruker AVANCE-400 instrument (1H NMR: 400 MHz, 13C NMR: 101 MHz) or a Bruker 

AVANCE-600 instrument equipped with a cryoprobe (1H NMR: 600 MHz, 13C NMR: 150 

MHz) using CDCl3 and C6D6. The 1H NMR chemical shifts were referenced to the residual 

protonated solvent peaks at δH 7.26 for chloroform-d and 7.15 for benzene-d6. 
13C NMR 

chemical shifts were referenced to the central solvent peaks of bulk solvent at δC 77.16 for 

chloroform-d and 127.68 for benzene-d6. J values are given in Hz. 

 

 

Synthesis of N-(3-methylbutyl)acetamide (2).  

 

The synthesis was conducted using the method of Naik et al.1 To a mixture of 

3-methylbutylamine (5.0 g, 57 mmol) in water (50 mL) was added acetic anhydride (8.7 g, 

86 mmol). The clear reaction mixture was stirred at room temperature for 0.5 hour and the 

completion of the reaction at this time was determined by GC-MS. The clear reaction 

mixture was extracted with ethyl acetate (3 × 50 mL). The combined organic layer was 

washed with 5% aqueous sodium bicarbonate solution (150 mL), dried over sodium sulfate 

and concentrated under reduced pressure to give the crude product, which was purified by 

vacuum distillation (150 – 160 °C, 20 mm Hg) to afford N-(3-methylbutyl)acetamide (2) as 

a clear liquid (5.4 g, 73% yield). 1H NMR (400 MHz, CDCl3) δ 0.85 (6 H, d, J = 6.6, 

CH(CH3)2), 1.33 (2 H, m, CH2CH3), 1.56 (1 H, non, J = 6.7, CH), 1.92 (3 H, s, CH3CO), 

3.18 (2 H, m, NCH2), 6.21 (1 H, bs, NH). 13C NMR (101 MHz, CDCl3) δ 22.4, 23.1, 25.8, 

38.0, 38.3, 170.4. GC-MS (EI) m/z (%) 129 (M+, 5), 114 (M+−CH3, 12), 73 

(M+−CH2CH2CH(CH3)2, 100). MS data match with those in the literature.2 NMR data are 

not available in the literature. 

 

153



 

Synthesis of racemic 2,8-dimethyl-1,7-dioxaspiro[5.5]undecane (3).  

 

1,10-Undecadien-6-ol. Following the method of Kitching et al.,3 Grignard reaction 

followed by hydrolysis was conducted to give 1,10-undecadien-6-ol. In brief, a flame-dried 

argon-flushed two-necked round bottom flask was charged with magnesium (1.8 g, 74 

mmol), a single crystal of iodine, and a magnetic stirrer bar, and fitted with a condenser. 

Dry diethyl ether (60 mL) was added and the suspension was brought to reflux. 5-

Bromopent-1-ene (10 g, 67 mmol) in diethyl ether (30 mL) was added dropwise and then 

the colourless suspension was stirred at reflux for 4 hours. The colourless suspension was 

cooled to 0 °C and ethyl formate (2.6 g, 34 mmol) was added. The suspension was warmed 

to room temperature, stirred for 1 hour, then quenched with saturated ammonium chloride 

and extracted with diethyl ether (3 × 15 mL). The combined organic layers were washed 

with saturated aqueous brine and dried over magnesium sulfate. After solvent removal by 

rotary evaporation, the yellow oil was refluxed in 15% aqueous potassium hydroxide 

solution for 3 hours. The solution was cooled to room temperature and extracted with 

diethyl ether (3 × 20 mL). Solvent was removed under reduced pressure to give the crude 

product as a yellow oil, which was purified by distillation (110 – 115 °C, 10 mm Hg) to 

afford 1,10-undecadien-6-ol as a colourless oil (3.7 g, 60% yield). 1H NMR (400 MHz, 

CDCl3) δ
 5.81 (2 H, ddt, J = 17, 10.3, 6.7 Hz, CH=), 5.01 (2 H, dq, J = 17.1, 1.7 Hz, 

CH2=), 4.91 – 5.01 (2 H, m, CH2=), 3.61 (1 H, bs, CHOH), 2.00 – 2.13 (4 H, m, 

CH2CH=CH2), 1.26 – 1.61 (9 H, m, including OH). 13C NMR (101 MHz, CDCl3) δ 138.7 

(CH=), 114.6 (CH2=), 71.7 (CHOH), 36.9 (CH2), 33.7 (CH2), 24.9 (CH2). GC-MS (EI) m/z 

(%) 84 (12.3), 81 (100), 80 (10), 79 (19.5), 69 (9.2), 68 (9.3), 67 (20.6), 58 (9.5), 57 (30.2), 

55 (72.3), 54 (27.7), 53 (9.4), 43 (32.1), 42 (9), 41 (43.8). Spectral data were consistent 

with the literature.3 

 

Undeca-1,10-dien-6-one. To a solution of 1,10-undecadien-6-ol (3.99 g, 23.7 mmol) in 

acetone (10 mL) at -10 °C, freshly prepared Jones reagent (2.7 g of chromium trioxide in 4 
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mL of sulfuric acid and 12 mL of distilled water) was added dropwise and the reaction 

monitored by GC-MS. After completion of the reaction (2 hours), the green suspension 

was filtered through a pad of Celite. The filtrate was washed with saturated aqueous 

sodium bicarbonate (17 mL), extracted with diethyl ether (4 × 50 mL) and washed with 

water (50 mL) and saturated aqueous brine (50 mL), then dried over magnesium sulfate. 

Concentration by rotary evaporation yielded undeca-1,10-dien-6-one as a colourless oil 

(2.9 g, 75% yield). 1H NMR (400 MHz, CDCl3) δ 5.80 (2 H, ddt, J = 17.2, 10.3, 6.7 Hz, 

CH=), 4.87 – 4.97 (4 H, m, CH2=), 2.33 (4 H, t, J = 7.5 Hz, CH2CO), 1.98 (4 H, m, 

CH2CH=CH2), 1.60 (4 H, quin, J = 7.3 Hz, CH2CH2CH2). 
13C NMR (101 MHz, CDCl3) δ 

210.9 (CO), 138.0 (CH=), 115.2 (CH2=), 41.9 (CH2), 33.1 (CH2), 22.8 (CH2). GC-MS (EI) 

m/z (%) 112 (14.6), 97 (30), 84 (27.8), 83 (10.6), 70 (14.1), 69 (59.5), 58 (48.7), 55 (49.6), 

43 (24.5), 41 (100). Spectral data were consistent with the literature.3 

2,8-Dimethyl-1,7-dioxaspiro[5.5]undecane. Hg(OAc)2 (1.9 g, 6.1 mmol) was added to a 

stirred solution of undeca-1,10-dien-6-one (0.5 g, 3 mmol) in 1% aqueous perchloric acid: 

tetrahydrofuran (15 mL:15 mL) and the solution was stirred for 15 hours. 

Benzyltriethylammonium chloride (2.4 g, 10.5 mmol) in 10% aqueous sodium hydroxide 

(15 mL) and dichloromethane (5 mL) was added followed by sodium borohydride (0.09 g, 

2.3 mmol) in 10% aqueous sodium hydroxide (5 mL). The gray suspension was stirred and 

monitored by GC-MS. After completion of the reaction (20 minutes), the gray suspension 

was filtered through a pad of Celite, which was then washed with 30 mL of diethyl ether. 

The aqueous phase was then extracted with diethyl ether (3 × 30 mL) and the combined 

organic layer (from Celite wash and extraction) were washed with saturated aqueous brine 

(50 mL) and dried over magnesium sulfate. After solvent removal by rotary evaporation 

the product was purified by Kugelrohr distillation (bp 110 °C; 30 mm Hg). According to 

the literature 3 under this condition a mixture of E,E diastereomer with some E,Z and no 

Z,Z isomer is obtained. These configurational isomers produced different MS 

fragmentation patterns that were matched with those in the literature.3 

(E,E)-2,8-Dimethyl-1,7-dioxaspiro[5.5]undecane (3). 13C NMR (101 MHz, C6D6) δ 95.75 

(CO2), 64.8 (CO), 35.33 (CH2), 32.90 (CH2), 21.92 (CH3), 19.03 (CH2). GC-MS (EI) m/z 

(%) 184 (M+, 5.6), 169 (M+−CH3, 1.9), 140 (M+−CH3CHO, 11.6), 125 (8.2), 115 

(M+−CH3CH2CH2CHCH-, 92.4), 114 (43.2), 113 (8.6), 112 (M+−CH2CHCH(OH)CH3, 

100), 97 (68.4), 84 (15.7), 83 (23.8), 73 (24.8), 71 (18.5), 70 (15.8), 69 (54.9), 58 (18.2), 

55 (52.1), 43 (69.4), 42 (35.9), 41 (56.1). 
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(E,Z)-2,8-Dimethyl-1,7-dioxaspiro[5.5]undecane. GC-MS (EI) m/z (%) 184 (M+, 8.1), 115 

(M+−CH3CH2CH2CHCH-, 100), 114 (37), 112 (M+−CH2CHCH(OH)CH3, 39.5), 97 (73.1), 

83 (11.8), 73 (27.5), 71 (12.4), 69 (59.9), 55 (41.8), 43 (38.6), 42 (24.6), 41 (38.4). 

 

 

Synthesis of propyl laurate (9). 

 

A mixture of lauric acid (1.0 g, 5 mmol), 1-propanol (10 mL) and concentrated sulfuric 

acid (2 drops) was heated to reflux for 1.5 hours. After cooling, diethyl ether (10 mL) and 

5% w/v aqueous sodium bicarbonate (10 mL) were added to the reaction mixture. The 

organic layer was separated and washed with 5% w/v aqueous sodium bicarbonate (3 × 10 

mL) and dried over sodium sulfate. The solvent was removed under reduced pressure, 

yielding the crude product, which was purified by distillation to give ethyl palmitoleate as 

a colourless liquid (0.44 g, 38% yield). 1H NMR (600 MHz, CDCl3) δ 0.87 (3 H, t, J = 7.0 

Hz, CH2CH3), 0.93 (3 H, t, J = 7.4 Hz, OCH2CH2CH3), 1.25-1.29 (16 H, m, CH2), 1.57-

1.66 (4 H, m, CH2CH2COOPr, CH3CH2CH2OCO), 2.29 (2 H, t, J = 7.5 Hz, CH2COOPr), 

4.02 (2 H, t, J = 6.7 Hz, CH2OCO). 13C NMR (150 MHz, CDCl3) δ 10.5 (CH3), 14.2 

(CH3), 22.1 (CH2), 22.8 (CH2), 25.1 (CH2), 29.3 (CH2), 29.40 (CH2), 29.47 (CH2), 29.6 

(CH2), 29.7 (CH2), 32.0 (CH2), 34.5 (CH2), 65.9 (OCH2), 174.1 (C=O). GC-MS (EI) m/z 

(%) 242 (M+, 4.3), 213 (1.4), 201 (M+−CH2CH2CH3, 27.5), 183 (M+−OCH2CH2CH3, 

25.7), 171 (6.6), 157 (6.8), 143 (3.3), 129 (8.7), 115 (21.8), 102 (McLafferty 

rearrangement product, 32.5), 97 (7.7), 85 (12.2), 73 (39.3), 61 (100), 57 (30.9), 43 (80.2). 

 

 

Synthesis of isopropyl laurate. 

 

Using similar conditions to above, lauric acid (1.0 g, 5 mmol), was esterified with 2-

propanol (10 mL) in the presence of concentrated sulfuric acid (2 drops), quenched with 

sodium bicarbonate, extracted with diethyl ether and purified by distillation to afford 

isopropyl laurate as a white waxy solid, mp 175-185 °C (0.34 g, 29% yield). 1H NMR (400 
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MHz, CDCl3) δ 0.87 (3H, t, J = 6.8 Hz, CH2CH3), 1.22 (6H, d, J = 6.2 Hz, OCH(CH3)2), 

1.25 – 1.28 (16H, m, CH2), 1.58 – 1.62 (2H, m, CH2CH2COOiPr), 2.25 (2H, t, J = 7.6 Hz, 

CH2COOiPr), 4.97 – 5.03 (1H, m, OCH(CH3)2). 
13C NMR (101 MHz, CDCl3) δ 14.5 

(CH3), 22.2 (CH2), 23.1 (CH2), 25.4 (CH2), 29.5 (CH2), 29.6 (CH2), 29.7 (CH2), 29.8 

(CH2), 29.9 (CH2), 32.3 (CH2), 35.1 (CH2), 67.7 (OCH), 173.8 (C=O). GC-MS (EI) m/z 

(%) 242 (M+, 0.9), 200 (M+−CH(CH3)2, 26.8), 183 (M+−OCH(CH3)2, 17.8), 171 (3.1), 157 

(8.4), 143 (3.6), 129 (10.1), 115 (7.0), 102 (51.0), 97 (10.3), 85 (16.8), 73 (28.1), 60 (70.0), 

57 (43.3), 43 (100). Experimental spectra were consistent with literature data.4,5 

Synthesis of ethyl palmitoleate (15). 

Using similar conditions to above, palmitoleic acid (0.50 g, 1.9 mmol), was esterified with 

ethanol (10 mL) in the presence of concentrated sulfuric acid (2 drops), quenched with 

sodium bicarbonate and diethyl ether and purified by distillation to afford ethyl 

palmitoleate as a colourless oil (0.11 g, 19% yield). 1H NMR (400 MHz, CDCl3) δ 5.32 – 

5.35 (2 H, m, CH=CH), 4.11 (2 H, q, J = 7.2 Hz, OCH2CH3), 2.28 (2 H, t, J = 7.5 Hz, 

CH2COOEt), 1.98 – 2.01 (4 H, m, CH2CH=CHCH2), 1.59 – 1.63 (2 H, m, 

CH2CH2COOEt), 1.23 – 1.30 (19 H, m, CH2), 0.88 (3 H, t, J = 6.9 Hz, CH2CH3). 13C 

NMR (101 MHz, CDCl3) δ 174.0 (C=O), 130.1 (CH), 129.9 (CH), 60.2 (OCH2), 34.5 

(CH2), 31.9 (CH2), 29.87 (CH2), 29.82 (CH2), 29.3 (CH2), 29.26 (CH2), 29.23 (CH2), 29.1 

(CH2), 27.36 (CH2), 27.30 (CH2), 25.1 (CH2), 22.8 (CH2), 14.4 (CH3), 14.2 (CH3). GC-MS 

(EI) m/z (%) 282 (M+, 3.8), 236 (M+−OCH2CH3, 14.3), 218 (1.4), 207 (1.4), 194 

(M+−CH2COOCH2CH3, 15.0), 179 (1.65), 165 (2.8), 152 (M+−(CH2)4COOCH2CH3, 14.9), 

138 (6.9), 123 (11.9), 101 (31.8), 88 (50.6), 83 (44.9), 69 (64.1), 55 (100), 41 (81.8). 

Spectral data were not available in the literature. 

Synthesis of ethyl elaidate (17). 
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Using similar conditions to above, elaidic acid (0.45 g, 1.6 mmol), was esterified with 

ethanol (10 mL) in the presence of concentrated sulfuric acid (2 drops), quenched with 

sodium bicarbonate and diethyl ether and purified by distillation to afford ethyl elaidate as 

a colourless oil (113 mg, 23% yield). 1H NMR (400 MHz, CDCl3) δ 5.36 – 5.28 (2 H, m, 

CH=CH), 4.11 (2 H, q, J = 7.1 Hz, OCH2CH3), 2.27 (2 H, t, J = 7.6 Hz, CH2COOEt), 1.95 

– 1.96 (4 H, m, CH2CH=CHCH2), 1.57 – 1.60 (2 H, m, CH2CH2COOEt), 1.23 – 1.28 (23 

H, m, CH2), 0.87 (3 H, t, J = 6.7 Hz, CH2CH2CH3). 13C NMR (101 MHz, CDCl3) δ 174.0 

(C=O), 130.6 (CH), 130.4 (CH), 60.3 (OCH2), 34.5 (CH2), 32.78 (CH2), 32.73 (CH2), 32.0 

(CH2), 29.8 (CH2), 29.7 (CH2), 29.6 (CH2), 29.4 (CH2), 29.36 (CH2), 29.30 (CH2), 29.1 

(CH2), 25.1 (CH2), 22.8 (CH2), 14.4 (CH3), 14.2 (CH3). GC-MS (EI) m/z (%) 310 (M+, 

3.5), 281 (M+−CH2CH3, 0.25), 264 (M+−OCH2CH3, 16.2), 222 (11.3), 180 (11.2), 155 

(7.0), 138 (5.6), 123 (13.5), 111 (20.6), 97 (38.6), 88 (45.6), 83 (49.0), 69 (69.0), 55 (100), 

41 (76.4). Spectral data were consistent with the literature.6 
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General Procedures for Synthesis  

All reagents were purchased from Sigma-Aldrich and used without further purification. All 

solvents were anhydrous or analytical grade (Sigma-Aldrich) and used without further 

purification. The reaction progress was monitored by GC-MS (using the procedure given 

in the main text). Solvents were removed under reduced pressure using a Büchi Rotavapor 

R-200 and Büchi B-490 heating bath set to 40 °C. Mixtures were further dried under high 

vacuum using an Alcatel Pascal 2005SD vacuum pump. NMR spectra were recorded on a 

Bruker AVANCE-400 instrument (1H NMR: 400 MHz, 13C NMR: 101 MHz) using CDCl3 

and C6D6. The 1H NMR chemical shifts were referenced to the residual protonated solvent 

peaks at δH 7.26 for chloroform-d and 7.15 for benzene-d6. 
13C NMR chemical shifts were 

referenced to the central solvent peaks of bulk solvent at δC 77.16 for chloroform-d and 

127.68 for benzene-d6. J values are given in Hz. 

 

Synthesis of N-(2-methylbutyl)acetamide (1). 

The synthesis was conducted using the method of Naik et al.1 To a mixture of 

2-methylbutylamine (4.4 g, 50 mmol) in water (50 mL) was added acetic anhydride (7.7 g, 

75 mmol). The clear reaction mixture was stirred at room temperature for 0.5 hour and the 

completion of the reaction at this time was determined by GC-MS. The clear reaction 

mixture was extracted with ethyl acetate (3 × 50 mL). The combined organic layer was 

washed with 5% aqueous sodium bicarbonate solution (150 mL), dried over sodium sulfate 

and concentrated under reduced pressure to give the crude product, which was purified by 

vacuum distillation (150 – 160 °C, 20 mm Hg) to afford N-(2-methylbutyl)acetamide (1) as 

a clear liquid (5.6 g, 86% yield). 1H NMR (400 MHz, CDCl3) δ 0.83 (6 H, m, CHCH2CH3 

and CH2CH3), 1.07 (1 H, apparent sep, J = 6.6, CHCH3), 1.29 – 1.53 (2 H, m, CH2CH3), 

1.93 (3 H, s, CH3CO), 2.94 – 3.13 (2 H, m, NCH2), 6.33 (1 H, bs, NH). 13C NMR (101 

MHz, CDCl3) δ 11.2, 17.1, 23.1, 27.0, 34.8, 45.4, 170.6. GC-MS (EI) m/z (%) 129 (M+, 8), 

100 (M+−CH2CH3, 38), 72 (M+−CHCH(CH3)CH2CH3, 100). This compound is known, but 

spectral data are not available in the literature. 

 

Synthesis of N-(3-methylbutyl)acetamide (2).  

Using a similar reaction, work-up and purification conditions to N-(2-

methylbutyl)acetamide (1) (above), 3-methylbutylamine (5.0 g, 57 mmol) in water (50 mL) 

was acetylated with acetic anhydride (8.7 g, 86 mmol) to produce N-(3-

methylbutyl)acetamide (2) as a clear liquid (5.4 g, 73% yield). 1H NMR (400 MHz, 

CDCl3) δ 0.85 (6 H, d, J = 6.6, CH(CH3)2), 1.33 (2 H, m, CH2CH3), 1.56 (1 H, non, J = 

160



6.7, CH), 1.92 (3 H, s, CH3CO), 3.18 (2 H, m, NCH2), 6.21 (1 H, bs, NH). 13C NMR (101 

MHz, CDCl3) δ 22.4, 23.1, 25.8, 38.0, 38.3, 170.4. GC-MS (EI) m/z (%) 129 (M+, 5), 114 

(M+−CH3, 12), 73 (M+−CH2CH2CH(CH3)2, 100). MS data match with those in the 

literature.2 NMR data are not available in the literature. 

 

Synthesis of 2,8-dimethyl-1,7-dioxaspiro[5.5]undecane (3).  

1,10-Undecadien-6-ol. Following the method of Kitching et al.,3 Grignard reaction 

followed by hydrolysis was conducted to give 1,10-undecadien-6-ol. In brief, a flame-dried 

argon-flushed two-necked round bottom flask was charged with magnesium (1.8 g, 74 

mmol), a single crystal of iodine, and a magnetic stirrer bar, and fitted with a condenser. 

Dry diethyl ether (60 mL) was added and the suspension was brought to reflux. 5-

Bromopent-1-ene (10 g, 67 mmol) in diethyl ether (30 mL) was added dropwise and then 

the colourless suspension was stirred at reflux for 4 hours. The colourless suspension was 

cooled to 0 °C and ethyl formate (2.6 g, 34 mmol) was added. The suspension was warmed 

to room temperature, stirred for 1 hour, then quenched with saturated ammonium chloride 

and extracted with diethyl ether (3 × 15 mL). The combined organic layers were washed 

with saturated aqueous brine and dried over magnesium sulfate. After solvent removal by 

rotary evaporation, the yellow oil was refluxed in 15% aqueous potassium hydroxide 

solution for 3 hours. The solution was cooled to room temperature and extracted with 

diethyl ether (3 × 20 mL). Solvent was removed under reduced pressure to give the crude 

product as a yellow oil, which was purified by distillation (110 – 115 °C, 10 mm Hg) to 

afford 1,10-undecadien-6-ol as a colourless oil (3.7 g, 60% yield). 1H NMR (400 MHz, 

CDCl3) δ
 5.81 (2 H, ddt, J = 17, 10.3, 6.7 Hz, CH=), 5.01 (2 H, dq, J = 17.1, 1.7 Hz, 

CH2=), 4.91 – 5.01 (2 H, m, CH2=), 3.61 (1 H, bs, CHOH), 2.00 – 2.13 (4 H, m, 

CH2CH=CH2), 1.26 – 1.61 (9 H, m, including OH). 13C NMR (101 MHz, CDCl3) δ 138.7 

(CH=), 114.6 (CH2=), 71.7 (CHOH), 36.9 (CH2), 33.7 (CH2), 24.9 (CH2). GC-MS (EI) m/z 

(%) 84 (12.3), 81 (100), 80 (10), 79 (19.5), 69 (9.2), 68 (9.3), 67 (20.6), 58 (9.5), 57 (30.2), 

55 (72.3), 54 (27.7), 53 (9.4), 43 (32.1), 42 (9), 41 (43.8). Spectral data were consistent 

with the literature.3 

 

Undeca-1,10-dien-6-one. To a solution of 1,10-undecadien-6-ol (3.99 g, 23.7 mmol) in 

acetone (10 mL) at -10 °C, freshly prepared Jones reagent (2.7 g of chromium trioxide in 4 

mL of sulfuric acid and 12 mL of distilled water) was added dropwise and the reaction 

monitored by GC-MS. After completion of the reaction (2 hours), the green suspension 

was filtered through a pad of Celite. The filtrate was washed with saturated aqueous 
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sodium bicarbonate (17 mL), extracted with diethyl ether (4 × 50 mL) and washed with 

water (50 mL) and saturated aqueous brine (50 mL), then dried over magnesium sulfate. 

Concentration by rotary evaporation yielded undeca-1,10-dien-6-one as a colourless oil 

(2.9 g, 75% yield). 1H NMR (400 MHz, CDCl3) δ 5.80 (2 H, ddt, J = 17.2, 10.3, 6.7 Hz, 

CH=), 4.87 – 4.97 (4 H, m, CH2=), 2.33 (4 H, t, J = 7.5 Hz, CH2CO), 1.98 (4 H, m, 

CH2CH=CH2), 1.60 (4 H, quin, J = 7.3 Hz, CH2CH2CH2). 
13C NMR (101 MHz, CDCl3) δ 

210.9 (CO), 138.0 (CH=), 115.2 (CH2=), 41.9 (CH2), 33.1 (CH2), 22.8 (CH2). GC-MS (EI) 

m/z (%) 112 (14.6), 97 (30), 84 (27.8), 83 (10.6), 70 (14.1), 69 (59.5), 58 (48.7), 55 (49.6), 

43 (24.5), 41 (100). Spectral data were consistent with the literature.3 

 

2,8-Dimethyl-1,7-dioxaspiro[5.5]undecane. Hg(OAc)2 (1.9 g, 6.1 mmol) was added to a 

stirred solution of undeca-1,10-dien-6-one (0.5 g, 3 mmol) in 1% aqueous perchloric acid: 

tetrahydrofuran (15 mL:15 mL) and the solution was stirred for 15 hours. 

Benzyltriethylammonium chloride (2.4 g, 10.5 mmol) in 10% aqueous sodium hydroxide 

(15 mL) and dichloromethane (5 mL) was added followed by sodium borohydride (0.09 g, 

2.3 mmol) in 10% aqueous sodium hydroxide (5 mL). The grey suspension was stirred and 

monitored by GC-MS. After completion of the reaction (20 minutes), the grey suspension 

was filtered through a pad of Celite, which was then washed with 30 mL of diethyl ether. 

The aqueous phase was then extracted with diethyl ether (3 × 30 mL) and the combined 

organic layer (from Celite wash and extraction) were washed with saturated aqueous brine 

(50 mL) and dried over magnesium sulfate. After solvent removal by rotary evaporation 

the product was purified by Kugelrohr distillation (bp 110 °C; 30 mm Hg). According to 

the literature 3 under this condition a mixture of E,E diastereomer with some E,Z and no 

Z,Z isomer is obtained. These configurational isomers produced different MS 

fragmentation patterns that were matched with those in the literature.3 

 

(E,E)-2,8-Dimethyl-1,7-dioxaspiro[5.5]undecane (3). 13C NMR (101 MHz, C6D6) δ 95.75 

(CO2), 64.8 (CO), 35.33 (CH2), 32.90 (CH2), 21.92 (CH3), 19.03 (CH2). GC-MS (EI) m/z 

(%) 184 (M+, 5.6), 169 (M+−CH3, 1.9), 140 (M+−CH3CHO, 11.6), 125 (8.2), 115 

(M+−CH3CH2CH2CHCH-, 92.4), 114 (43.2), 113 (8.6), 112 (M+−CH2CHCH(OH)CH3, 

100), 97 (68.4), 84 (15.7), 83 (23.8), 73 (24.8), 71 (18.5), 70 (15.8), 69 (54.9), 58 (18.2), 

55 (52.1), 43 (69.4), 42 (35.9), 41 (56.1). 
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 (E,Z)-2,8-Dimethyl-1,7-dioxaspiro[5.5]undecane (3). GC-MS (EI) m/z (%) 184 (M+, 8.1), 

115 (M+−CH3CH2CH2CHCH-, 100), 114 (37), 112 (M+−CH2CHCH(OH)CH3, 39.5), 97 

(73.1), 83 (11.8), 73 (27.5), 71 (12.4), 69 (59.9), 55 (41.8), 43 (38.6), 42 (24.6), 41 (38.4). 

 

Ethyl Palmitoleate (18). A mixture of palmitoleic acid (0.50 g, 1.9 mmol), ethanol (10 mL) 

and concentrated sulfuric acid (2 drops) was heated to reflux for 1.5 hours. After cooling, 

diethyl ether (10 mL) and 5% w/v aqueous sodium bicarbonate (10 mL) were added to the 

reaction mixture. The organic layer was separated and washed with 5% w/v aqueous 

sodium bicarbonate (3 × 10 mL) and dried over sodium sulfate. The solvent was removed 

under reduced pressure, yielding the crude product, which was purified by distillation to 

give ethyl palmitoleate as a colourless liquid (0.11 g, 19% yield). 1H NMR (400 MHz, 

CDCl3) δ 5.32 – 5.35 (2 H, m, CH=CH), 4.11 (2 H, q, J = 7.2 Hz, OCH2CH3), 2.28 (2 H, t, 

J = 7.5 Hz, CH2COOEt), 1.98 – 2.01 (4 H, m, CH2CH=CHCH2), 1.59 – 1.63 (2 H, m, 

CH2CH2COOEt), 1.23 – 1.30 (19 H, m, CH2), 0.88 (3 H, t, J = 6.9 Hz, CH2CH3). 13C 

NMR (101 MHz, CDCl3) δ 174.0 (C=O), 130.1 (CH), 129.9 (CH), 60.2 (OCH2), 34.5 

(CH2), 31.9 (CH2), 29.87 (CH2), 29.82 (CH2), 29.3 (CH2), 29.26 (CH2), 29.23 (CH2), 29.1 

(CH2), 27.36 (CH2), 27.30 (CH2), 25.1 (CH2), 22.8 (CH2), 14.4 (CH3), 14.2 (CH3). GC-MS 

(EI) m/z (%) 282 (M+, 3.8), 236 (M+−OCH2CH3, 14.3), 218 (1.4), 207 (1.4), 194 

(M+−CH2COOCH2CH3, 15.0), 179 (1.65), 165 (2.8), 152 (M+−(CH2)4COOCH2CH3, 14.9), 

138 (6.9), 123 (11.9), 101 (31.8), 88 (50.6), 83 (44.9), 69 (64.1), 55 (100), 41 (81.8). 

Spectral data were not available in the literature. 

 

Ethyl Elaidate (22). Using similar conditions to above, elaidic acid (0.45 g, 1.6 mmol), was 

esterified with ethanol (10 mL) in the presence of concentrated sulfuric acid (2 drops), 

quenched with sodium bicarbonate and diethyl ether and purified by distillation to afford 

ethyl elaidate as a colourless oil (113 mg, 23% yield). 1H NMR (400 MHz, CDCl3) δ 5.36 

– 5.28 (2 H, m, CH=CH), 4.11 (2 H, q, J = 7.1 Hz, OCH2CH3), 2.27 (2 H, t, J = 7.6 Hz, 

CH2COOEt), 1.95 – 1.96 (4 H, m, CH2CH=CHCH2), 1.57 – 1.60 (2 H, m, 

CH2CH2COOEt), 1.23 – 1.28 (23 H, m, CH2), 0.87 (3 H, t, J = 6.7 Hz, CH2CH2CH3). 13C 

NMR (101 MHz, CDCl3) δ 174.0 (C=O), 130.6 (CH), 130.4 (CH), 60.3 (OCH2), 34.5 

(CH2), 32.78 (CH2), 32.73 (CH2), 32.0 (CH2), 29.8 (CH2), 29.7 (CH2), 29.6 (CH2), 29.4 

(CH2), 29.36 (CH2), 29.30 (CH2), 29.1 (CH2), 25.1 (CH2), 22.8 (CH2), 14.4 (CH3), 14.2 

(CH3). GC-MS (EI) m/z (%) 310 (M+, 3.5), 281 (M+−CH2CH3, 0.25), 264 (M+−OCH2CH3, 

16.2), 222 (11.3), 180 (11.2), 155 (7.0), 138 (5.6), 123 (13.5), 111 (20.6), 97 (38.6), 88 
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(45.6), 83 (49.0), 69 (69.0), 55 (100), 41 (76.4). Spectral data were consistent with the 

literature.4 

Y-Maze apparatus

Figure 9. Y-Maze apparatus used in this study 
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Synthesis of compounds. 

All reagents were purchased from Sigma-Aldrich and used without further purification. All 

solvents were anhydrous or analytical grade (Sigma-Aldrich) and used without further 

purification. The reaction progress was monitored by GC-MS (using the procedure given 

in the main text). Solvents were removed under reduced pressure using a Büchi Rotavapor 

R-200 and Büchi B-490 heating bath set to 40 °C. Mixtures were further dried under high

vacuum using an Alcatel Pascal 2005SD vacuum pump. NMR spectra were recorded on a 

Bruker AVANCE-400 instrument (1H NMR: 400 MHz, 13C NMR: 101 MHz) or a Bruker 

AVANCE-600 instrument equipped with a cryoprobe (1H NMR: 600 MHz, 13C NMR: 150 

MHz) using CDCl3 and C6D6. The 1H NMR chemical shifts were referenced to the residual 

protonated solvent peaks at δH 7.26 for chloroform-d and 7.15 for benzene-d6. 
13C NMR 

chemical shifts were referenced to the central solvent peaks of bulk solvent at δC 77.16 for 

chloroform-d and 127.68 for benzene-d6. J values are given in Hz. 

Synthesis of (E,E)-2,8-dimethyl-1,7-dioxaspiro[5.5]undecane (4). 

1,10-Undecadien-6-ol. 

Following the method of Kitching et al.,1 a Grignard reaction followed by hydrolysis was 

conducted to give 1,10-undecadien-6-ol. In brief, a flame-dried argon-flushed two-necked 

round bottom flask was charged with magnesium (1.8 g, 74 mmol), a single crystal of 

iodine, and a magnetic stirrer bar, and fitted with a condenser. Dry diethyl ether (60 mL) 

was added and the suspension was brought to reflux. 5-Bromopent-1-ene (10 g, 67 mmol) 

in diethyl ether (30 mL) was added dropwise and then the colourless suspension was 

stirred at reflux for 4 hours. The colourless suspension was cooled to 0 °C and ethyl 

formate (2.6 g, 34 mmol) was added. The suspension was warmed to room temperature, 

stirred for 1 hour, then quenched with saturated ammonium chloride and extracted with 

diethyl ether (3 × 15 mL). The combined organic layers were washed with saturated 

aqueous brine and dried over magnesium sulfate. After solvent removal by rotary 

evaporation, the yellow oil was heated to reflux in 15% aqueous potassium hydroxide 

solution for 3 hours. The solution was cooled to room temperature and extracted with 
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diethyl ether (3 × 20 mL). Solvent was removed under reduced pressure to give the crude 

product as a yellow oil, which was purified by distillation (110 – 115 °C, 10 mm Hg) to 

afford 1,10-undecadien-6-ol as a colourless oil (3.7 g, 60%). 1H NMR (400 MHz, CDCl3) δ
 

5.81 (2 H, ddt, J = 17, 10.3, 6.7 Hz, CH=), 5.01 (2 H, dq, J = 17.1, 1.7 Hz, CH2=), 4.91 – 

5.01 (2 H, m, CH2=), 3.61 (1 H, bs, CHOH), 2.00 – 2.13 (4 H, m, CH2CH=CH2), 1.26 – 

1.61 (9 H, m, including OH). 13C NMR (101 MHz, CDCl3) δ 138.7 (CH=), 114.6 (CH2=), 

71.7 (CHOH), 36.9 (CH2), 33.7 (CH2), 24.9 (CH2). GC-MS (EI) m/z (%) 84 (12.3), 81 

(100), 80 (10), 79 (19.5), 69 (9.2), 68 (9.3), 67 (20.6), 58 (9.5), 57 (30.2), 55 (72.3), 54 

(27.7), 53 (9.4), 43 (32.1), 42 (9), 41 (43.8). Spectral data were consistent with the 

literature.1 

Undeca-1,10-dien-6-one. 

To a solution of 1,10-undecadien-6-ol (3.99 g, 23.7 mmol) in acetone (10 mL) at -10 °C, 

freshly prepared Jones reagent (2.7 g of chromium trioxide in 4 mL of sulfuric acid and 12 

mL of distilled water) was added dropwise and the reaction monitored by GC-MS. After 

completion of the reaction (2 hours), the green suspension was filtered through a pad of 

Celite. The filtrate was washed with saturated aqueous sodium bicarbonate (17 mL), 

extracted with diethyl ether (4 × 50 mL) and washed with water (50 mL) and saturated 

aqueous brine (50 mL), then dried over magnesium sulfate. Concentration by rotary 

evaporation yielded undeca-1,10-dien-6-one as a colourless oil (2.9 g, 75%). 1H NMR (400 

MHz, CDCl3) δ 5.80 (2 H, ddt, J = 17.2, 10.3, 6.7 Hz, CH=), 4.87 – 4.97 (4 H, m, CH2=), 

2.33 (4 H, t, J = 7.5 Hz, CH2CO), 1.98 (4 H, m, CH2CH=CH2), 1.60 (4 H, quin, J = 7.3 

Hz, CH2CH2CH2). 
13C NMR (101 MHz, CDCl3) δ 210.9 (CO), 138.0 (CH=), 115.2 

(CH2=), 41.9 (CH2), 33.1 (CH2), 22.8 (CH2). GC-MS (EI) m/z (%) 112 (14.6), 97 (30), 84 

(27.8), 83 (10.6), 70 (14.1), 69 (59.5), 58 (48.7), 55 (49.6), 43 (24.5), 41 (100). Spectral 

data were consistent with the literature.1 
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2,8-Dimethyl-1,7-dioxaspiro[5.5]undecane.  

 

Hg(OAc)2 (1.9 g, 6.1 mmol) was added to a stirred solution of undeca-1,10-dien-6-one (0.5 

g, 3 mmol) in 1% aqueous perchloric acid:tetrahydrofuran (15 mL:15 mL) and the solution 

was stirred for 15 hours. Benzyltriethylammonium chloride (2.4 g, 10.5 mmol) in 10% 

aqueous sodium hydroxide (15 mL) and dichloromethane (5 mL) was added, followed by 

sodium borohydride (0.09 g, 2.3 mmol) in 10% aqueous sodium hydroxide (5 mL). The 

gray suspension was stirred and monitored by GC-MS. After completion of the reaction 

(20 minutes), the gray suspension was filtered through a pad of Celite, which was then 

washed with 30 mL of diethyl ether. The aqueous phase was then extracted with diethyl 

ether (3 × 30 mL) and the combined organic layers (from Celite wash and extraction) were 

washed with saturated aqueous brine (50 mL) and dried over magnesium sulfate. After 

solvent removal by rotary evaporation, the product was purified by Kügelrohr distillation 

(bp 110 °C; 30 mm Hg). In accordance with the literature 1, a mixture of E,E diastereomer 

with some E,Z and no Z,Z isomer was obtained. These two configurational isomers 

produced different MS fragmentation patterns that matched those in the literature.1 

 

(E,E)-2,8-Dimethyl-1,7-dioxaspiro[5.5]undecane (4). 13C NMR (101 MHz, C6D6) δ 95.75 

(CO2), 64.8 (CO), 35.33 (CH2), 32.90 (CH2), 21.92 (CH3), 19.03 (CH2). GC-MS (EI) m/z 

(%) 184 (M+, 5.6), 169 (M+−CH3, 1.9), 140 (M+−CH3CHO, 11.6), 125 (8.2), 115 

(CH3(C5H7O)=OH+,  92.4), 114 (43.2), 113 (8.6), 112 (CH3(C5H7O)=CH2, 100), 97 (68.4), 

84 (15.7), 83 (23.8), 73 (24.8), 71 (18.5), 70 (15.8), 69 (54.9), 58 (18.2), 55 (52.1), 43 

(69.4), 42 (35.9), 41 (56.1). 

 

 (E,Z)-2,8-Dimethyl-1,7-dioxaspiro[5.5]undecane. GC-MS (EI) m/z (%) 184 (M+, 8.1), 115 

(CH3(C5H7O)=OH+, 100), 114 (37), 112 (CH3(C5H7O)=CH2, 39.5), 97 (73.1), 83 (11.8), 73 

(27.5), 71 (12.4), 69 (59.9), 55 (41.8), 43 (38.6), 42 (24.6), 41 (38.4). 
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Synthesis of 2-ethyl-7-methyl-1,6-dioxaspiro[4.5]undecane (5).  

 

(E)-Ethyl hex-4-enoate.  

  

Following the method of Tay et al.,2 ortho-ester  Johnson-Claisen rearrangement was 

conducted to give (E)-ethyl hex-4-enoate. In brief, 3-buten-2-ol (6 g, 84.3 mmol), triethyl 

orthoacetate (20.3 g, 125.4 mmol) and acetic acid (0.1 g, 2.5 mmol) were heated at 140 °C 

for 4 hours. The consumption of starting material at this time was determined by GC-MS. 

The reaction mixture was then cooled to room temperature and ethanol (20 mL) and water 

(20 ml) was added. The aqueous layer was extracted with diethyl ether (3 × 10 mL). The 

combined organic layers were stirred with hydrochloric acid (1 M aq, 20 mL) at room 

temperature for 30 minutes, then washed with saturated aqueous brine (20 mL) and dried 

over magnesium sulfate. Concentration by rotary evaporation yielded (E)-ethyl hex-4-

enoate as a clear yellow oil (10.3 g, 86%). GC-MS (EI) m/z (%) 142 (6.6), 97 (26.3), 96 

(14.9), 88 (22.3), 71 (58.1), 70 (15.6), 69 (83.0), 68 (100), 67 (29.8), 60 (32.6), 55 (74.6), 

43 (19.3), 42 (17.3), 41 (82.55). Experimental spectra were consistent with literature data.3 

 

 

(E)-Hex-4-enoic acid.  

 

Minor modification was made to the method of Tay et al.2 to form (E)-hex-4-enoic acid. A 

solution of sodium hydroxide in 1:1 water:methanol (3.6 M, 100 mL) was added to a 

solution of (E)-ethyl hex-4-enoate (10.31 g, 72.5 mmol) in tetrahydrofuran (50 mL). The 

reaction mixture was stirred at 60 °C. The consumption of starting material at this time was 

determined by GC-MS. The reaction mixture was then cooled to room temperature and 

diethyl ether (40 mL) and sodium hydroxide (1 M aq, 40 mL) was added. The aqueous 

layer was extracted with diethyl ether (3 × 40 mL) and the combined organic layers were 

washed with sodium hydroxide (1 M aq, 3 × 20 mL). The combined aqueous washes were 

acidified to pH 1 using hydrochloric acid (1 M aq) and extracted with diethyl ether (3 × 40 

mL). The combined organic layers were washed with saturated aqueous brine, dried over 

magnesium sulfate and the solvent removed by rotary evaporation to yield (E)-hex-4-enoic 
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acid as a clear oil (7.5 g, 91%), which was used in the next step without further 

purification. 1H NMR (400 MHz, CDCl3) δ 5.50 – 5.42 (2 H, m, CH3CHCH CH2), 2.44 – 

2.40 (2 H, m, CH2), 2.35 – 2.29 (2 H, m, CH2), 1.67 – 1.65 (3 H, m, CH3). Experimental 

spectra were consistent with literature data.4 

 

 

(E)-N-Methoxy-N-methylhex-4-enamide.  

 

To a solution of (E)-hex-4-enoic acid (4 g, 35 mmol) in dichloromethane (100 mL) at 0 °C 

was added distilled trimethylamine (10 g, 100 mmol), followed by the addition of 

N,O-dimethylhydroxylamine hydrochloride (3.4 g, 35 mmol) in one portion. After stirring 

for 10 minutes, N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (6.7 g, 35 

mmol) was added in two equal portion over 5 minutes and the heterogeneous mixture was 

warmed to room temperature. After stirring for 12 hours, water (100 mL) was added and 

the aqueous layer was extracted with dichloromethane (3 × 30 mL). The combined organic 

layers were washed consecutively with hydrochloric acid (1 M aq, 200 mL), saturated 

aqueous sodium bicarbonate (100 mL) and saturated aqueous brine (50 mL), and dried 

over magnesium sulfate. After solvent removal by rotary evaporation, the product was 

purified by Kügelrohr distillation (bp 95-105 °C; 15 mm Hg) to yield (E)-N-methoxy-N-

methylhex-4-enamide as a clear oil (2.45 g, 45%). 1H NMR (400 MHz, CDCl3) δ 5.50 – 

5.47 (2 H, m, CH3CHCH CH2), 3.69 (3 H, s, OCH3), 3.19 (3 H, s, NCH3), 2.51 – 2.47 (2 

H, m, CH2), 2.34 – 2.29 (2 H, m, CH2), 1.65 (3 H, d, J = 6.6, CH3). Experimental spectra 

were consistent with literature data.4 

 

 

(E)-Undeca-1,9-dien-6-one. 

 

To a pre-cooled (–10 °C) Grignard reagent prepared from 5-bromo-1-pentene (0.6 g, 4 

mmol), magnesium (1.0 g, 4.4 mmol) and a single crystal of iodine in diethyl ether (4 mL), 

was added (E)-undeca-1,9-dien-6-one (0.6 g, 4 mmol) in diethyl ether (8 mL) over 10 
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minutes. The suspension was then slowly warmed to room temperature and stirred for 24 

hours. Diethyl ether (20 mL) and saturated aqueous ammonium chloride (20 mL) was 

added to the suspension and the aqueous layer was extracted with diethyl ether (2 × 10 

mL). The combined organic layers were washed with saturated aqueous brine (10 mL) and 

dried over magnesium sulfate. Solvent removal by rotary evaporation yielded a crude 

yellow oil, which was purified by flash column chromatography (0:100–10:90 ethyl 

acetate:n-hexanes) to yield (E)-undeca-1,9-dien-6-one as a clear oil (0.2 g, 30%). 1H NMR 

(400 MHz, CDCl3) δ 5.74 – 5.64 (1 H, m, CH2CHCH2), 5.40 – 5.29 (2 H, m, CHCH), 4.96 

– 4.88 (2 H, m, CHCH2), 2.39 – 2.31 (4 H, m, CH2COCH2), 2.20 – 2.15 (2 H, m, 

CHCH2CH2), 2.00 – 1.95 (2 H, m, CHCH2CH2), 1.60 (5 H, m, CH2CH2CH2 and CH3). 
13C 

NMR (101 MHz, CDCl3) δ 210.5 (C=O), 138.0 (CH), 129.6 (CH), 125.8 (CH), 115.1 

(CH2), 42.6 (CH2), 42.0 (CH2), 33.1 (CH2), 26.8 (CH2), 22.7 (CH2), 17.8 (CH3). This 

compound is known, but spectral data are not available in the literature. 

 

 

2-Ethyl-7-methyl-1,6-dioxaspiro[4.5]decane.  

 

Using a similar reaction and work-up conditions to 2,8-dimethyl-1,7-

dioxaspiro[5.5]undecane, oxymercuration-reduction was performed to convert (E)-undeca-

1,9-dien-6-one (0.1 g, 6 mmol) to 2-ethyl-7-methyl-1,6-dioxaspiro[4.5]decane. Under this 

condition, a mixture of E,E and E,Z isomers of 2-ethyl-7-methyl-1,6-dioxaspiro[4.5]decane 

was formed together with E,E and E,Z isomers of 2,8-dimethyl-1,7-

dioxaspiro[5.5]undecane (clear oil, 0.4 g, 36%).  

 

(E,E)-2-Ethyl-7-methyl-1,6-dioxaspiro[4.5]decane (5). GC-MS (EI) m/z (%) 184 (M+, 0.9), 

169 (M−CH3, 0.5), 155 (M−C2H5, 7.6), 140 (M−C2H4O, 2.47), 126 (2.3), 115 (M–C5H9
–, 

41.13), 114 (11.9), 113 (4.13), 112 (M–C4H8O, 30.7), 97 (51.82), 95 (10.2), 85 (51.7), 83 

(23.4), 73 (22.9), 71 (14.5), 70 (14.7), 69 (64.3), 67 (9.7), 55 (100), 58 (16,2), 43 (89.2), 42 

(44.6), 41 (79.3). Experimental spectra were consistent with literature data.5 
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Synthesis of N-(2-methylbutyl)acetamide (6). 

 

The synthesis was conducted using the method of Naik et al.6 To a mixture of 

2-methylbutylamine (4.4 g, 50 mmol) in water (50 mL) was added acetic anhydride (7.7 g, 

75 mmol). The clear reaction mixture was stirred at room temperature for 0.5 hour and the 

completion of the reaction at this time was determined by GC-MS. The clear reaction 

mixture was extracted with ethyl acetate (3 × 50 mL). The combined organic layer was 

washed with 5% aqueous sodium bicarbonate solution (150 mL), dried over sodium sulfate 

and concentrated under reduced pressure to give the crude product, which was purified by 

vacuum distillation (150 – 160 °C, 20 mm Hg) to afford N-(2-methylbutyl)acetamide (5) as 

a clear liquid (5.6 g, 86%). 1H NMR (400 MHz, CDCl3) δ 0.83 (6 H, m, CHCH2CH3 and 

CH2CH3), 1.07 (1 H, apparent sep, J = 6.6, CHCH3), 1.29 – 1.53 (2 H, m, CH2CH3), 1.93 

(3 H, s, CH3CO), 2.94 – 3.13 (2 H, m, NCH2), 6.33 (1 H, bs, NH). 13C NMR (101 MHz, 

CDCl3) δ 11.2, 17.1, 23.1, 27.0, 34.8, 45.4, 170.6. GC-MS (EI) m/z (%) 129 (M+, 8), 100 

(M+−CH2CH3, 38), 72 (M+−CHCH(CH3)CH2CH3, 100). This compound is known, but 

spectral data are not available in the literature. 

 

 

Synthesis of N-(3-methylbutyl)acetamide (7).  

 

Using a similar reaction, work-up and purification conditions to N-(2-

methylbutyl)acetamide (5) (above), 3-methylbutylamine (5.0 g, 57 mmol) in water (50 mL) 

was acetylated with acetic anhydride (8.7 g, 86 mmol) to produce N-(3-

methylbutyl)acetamide (6) as a clear liquid (5.4 g, 73%). 1H NMR (400 MHz, CDCl3) δ 

0.85 (6 H, d, J = 6.6, CH(CH3)2), 1.33 (2 H, m, CH2CH3), 1.56 (1 H, non, J = 6.7, CH), 

1.92 (3 H, s, CH3CO), 3.18 (2 H, m, NCH2), 6.21 (1 H, bs, NH). 13C NMR (101 MHz, 

CDCl3) δ 22.4, 23.1, 25.8, 38.0, 38.3, 170.4. GC-MS (EI) m/z (%) 129 (M+, 5), 114 

(M+−CH3, 12), 73 (M+−CH2CH2CH(CH3)2, 100). MS data was in agreement with the 

literature.7 NMR data are not available in the literature. 
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Synthesis of propyl laurate (17). 

 

A mixture of lauric acid (1.0 g, 5 mmol), 1-propanol (10 mL) and concentrated sulfuric 

acid (2 drops) was heated to reflux for 1.5 hours. After cooling, diethyl ether (10 mL) and 

5% w/v aqueous sodium bicarbonate (10 mL) were added to the reaction mixture. The 

organic layer was separated and washed with 5% w/v aqueous sodium bicarbonate (3 × 10 

mL) and dried over sodium sulfate. The solvent was removed under reduced pressure, 

yielding the crude product, which was purified by distillation to give ethyl palmitoleate as 

a colourless liquid (0.44 g, 38%). 1H NMR (600 MHz, CDCl3) δ 0.87 (3 H, t, J = 7.0 Hz, 

CH2CH3), 0.93 (3 H, t, J = 7.4 Hz, OCH2CH2CH3), 1.25-1.29 (16 H, m, CH2), 1.57-1.66 (4 

H, m, CH2CH2COOPr, CH3CH2CH2OCO), 2.29 (2 H, t, J = 7.5 Hz, CH2COOPr), 4.02 (2 

H, t, J = 6.7 Hz, CH2OCO). 13C NMR (150 MHz, CDCl3) δ 10.5 (CH3), 14.2 (CH3), 22.1 

(CH2), 22.8 (CH2), 25.1 (CH2), 29.3 (CH2), 29.40 (CH2), 29.47 (CH2), 29.6 (CH2), 29.7 

(CH2), 32.0 (CH2), 34.5 (CH2), 65.9 (OCH2), 174.1 (C=O). GC-MS (EI) m/z (%) 242 (M+, 

4.3), 213 (1.4), 201 (M+−CH2CH2CH3, 27.5), 183 (M+−OCH2CH2CH3, 25.7), 171 (6.6), 

157 (6.8), 143 (3.3), 129 (8.7), 115 (21.8), 102 (McLafferty rearrangement product, 32.5), 

97 (7.7), 85 (12.2), 73 (39.3), 61 (100), 57 (30.9), 43 (80.2). Experimental spectra were 

consistent with literature data.8 

 

 

Synthesis of ethyl palmitoleate (23).   

 

Using similar conditions to above, palmitoleic acid (0.50 g, 1.9 mmol), was esterified with 

ethanol (10 mL) in the presence of concentrated sulfuric acid (2 drops), quenched with 

sodium bicarbonate and diethyl ether and purified by distillation to afford ethyl 

palmitoleate as a colourless oil (0.11 g, 19%). 1H NMR (400 MHz, CDCl3) δ 5.32 – 5.35 (2 

H, m, CH=CH), 4.11 (2 H, q, J = 7.2 Hz, OCH2CH3), 2.28 (2 H, t, J = 7.5 Hz, 

CH2COOEt), 1.98 – 2.01 (4 H, m, CH2CH=CHCH2), 1.59 – 1.63 (2 H, m, 

CH2CH2COOEt), 1.23 – 1.30 (19 H, m, CH2), 0.88 (3 H, t, J = 6.9 Hz, CH2CH3). 13C 

NMR (101 MHz, CDCl3) δ 174.0 (C=O), 130.1 (CH), 129.9 (CH), 60.2 (OCH2), 34.5 
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(CH2), 31.9 (CH2), 29.87 (CH2), 29.82 (CH2), 29.3 (CH2), 29.26 (CH2), 29.23 (CH2), 29.1 

(CH2), 27.36 (CH2), 27.30 (CH2), 25.1 (CH2), 22.8 (CH2), 14.4 (CH3), 14.2 (CH3). GC-MS 

(EI) m/z (%) 282 (M+, 3.8), 236 (M+−OCH2CH3, 14.3), 218 (1.4), 207 (1.4), 194 

(M+−CH2COOCH2CH3, 15.0), 179 (1.65), 165 (2.8), 152 (M+−(CH2)4COOCH2CH3, 14.9), 

138 (6.9), 123 (11.9), 101 (31.8), 88 (McLafferty rearrangement product, 50.6), 83 (44.9), 

69 (64.1), 55 (100), 41 (81.8). Spectral data were not available in the literature. 

 

 

Y-Tube apparatus 

 

Figure S1. Y-Tube apparatus used in this study 
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Synthesis of compounds 

All reagents were purchased from Sigma-Aldrich and used without further purification. All 

solvents were anhydrous or analytical grade (Sigma-Aldrich) and used without further 

purification. The reaction progress was monitored by GC-MS (using the procedure given 

in the main text). Solvents were removed under reduced pressure using a Büchi Rotavapor 

R-200 and Büchi B-490 heating bath set to 40 °C. Mixtures were further dried under high

vacuum using an Alcatel Pascal 2005SD vacuum pump. NMR spectra were recorded on a 

Bruker AVANCE-400 instrument (1H NMR: 400 MHz, 13C NMR: 101 MHz) or a Bruker 

AVANCE-600 instrument equipped with a cryoprobe (1H NMR: 600 MHz, 13C NMR: 150 

MHz) using CDCl3 and C6D6. The 1H NMR chemical shifts were referenced to the residual 

protonated solvent peaks at δH 7.26 for chloroform-d and 7.15 for benzene-d6. 
13C NMR 

chemical shifts were referenced to the central solvent peaks of bulk solvent at δC 77.16 for 

chloroform-d and 127.68 for benzene-d6. J values are given in Hz. 

Synthesis of N-(2-methylbutyl)acetamide (5). 

The synthesis was conducted using the method of Naik et al.1 To a mixture of 

2-methylbutylamine (4.4 g, 50 mmol) in water (50 mL) was added acetic anhydride (7.7 g,

75 mmol). The clear reaction mixture was stirred at room temperature for 0.5 hour and the 

completion of the reaction at this time was determined by GC-MS. The clear reaction 

mixture was extracted with ethyl acetate (3 × 50 mL). The combined organic layer was 

washed with 5% aqueous sodium bicarbonate solution (150 mL), dried over sodium sulfate 

and concentrated under reduced pressure to give the crude product, which was purified by 

vacuum distillation (150 – 160 °C, 20 mm Hg) to afford N-(2-methylbutyl)acetamide (5) as 

a clear liquid (5.6 g, 86%). 1H NMR (400 MHz, CDCl3) δ 0.83 (6 H, m, CHCH2CH3 and 

CH2CH3), 1.07 (1 H, apparent sep, J = 6.6, CHCH3), 1.29 – 1.53 (2 H, m, CH2CH3), 1.93 

(3 H, s, CH3CO), 2.94 – 3.13 (2 H, m, NCH2), 6.33 (1 H, bs, NH). 13C NMR (101 MHz, 

CDCl3) δ 11.2, 17.1, 23.1, 27.0, 34.8, 45.4, 170.6. GC-MS (EI) m/z (%) 129 (M+, 8), 100 

(M+−CH2CH3, 38), 72 (M+−CHCH(CH3)CH2CH3, 100). This compound is known, but 

spectral data are not available in the literature. 
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Synthesis of N-(3-methylbutyl)acetamide (6). 

Using a similar reaction, work-up and purification conditions to N-(2-

methylbutyl)acetamide (5) (above), 3-methylbutylamine (5.0 g, 57 mmol) in water (50 mL) 

was acetylated with acetic anhydride (8.7 g, 86 mmol) to produce N-(3-

methylbutyl)acetamide (6) as a clear liquid (5.4 g, 73%). 1H NMR (400 MHz, CDCl3) δ 

0.85 (6 H, d, J = 6.6, CH(CH3)2), 1.33 (2 H, m, CH2CH3), 1.56 (1 H, non, J = 6.7, CH), 

1.92 (3 H, s, CH3CO), 3.18 (2 H, m, NCH2), 6.21 (1 H, bs, NH). 13C NMR (101 MHz, 

CDCl3) δ 22.4, 23.1, 25.8, 38.0, 38.3, 170.4. GC-MS (EI) m/z (%) 129 (M+, 5), 114 

(M+−CH3, 12), 73 (M+−CH2CH2CH(CH3)2, 100). MS data was in agreement with the 

literature.2 NMR data are not available in the literature. 

Synthesis of 2,8-dimethyl-1,7-dioxaspiro[5.5]undecane (2). 

1,10-Undecadien-6-ol. Following the method of Kitching et al.,3 Grignard reaction 

followed by hydrolysis was conducted to give 1,10-undecadien-6-ol. In brief, a flame-dried 

argon-flushed two-necked round bottom flask was charged with magnesium (1.8 g, 74 

mmol), a single crystal of iodine, and a magnetic stirrer bar, and fitted with a condenser. 

Dry diethyl ether (60 mL) was added and the suspension was brought to reflux. 5-

Bromopent-1-ene (10 g, 67 mmol) in diethyl ether (30 mL) was added dropwise and then 

the colourless suspension was stirred at reflux for 4 hours. The colourless suspension was 

cooled to 0 °C and ethyl formate (2.6 g, 34 mmol) was added. The suspension was warmed 

to room temperature, stirred for 1 hour, then quenched with saturated ammonium chloride 

and extracted with diethyl ether (3 × 15 mL). The combined organic layers were washed 

with saturated aqueous brine and dried over magnesium sulfate. After solvent removal by 

rotary evaporation, the yellow oil was refluxed in 15% aqueous potassium hydroxide 

solution for 3 hours. The solution was cooled to room temperature and extracted with 
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diethyl ether (3 × 20 mL). Solvent was removed under reduced pressure to give the crude 

product as a yellow oil, which was purified by distillation (110 – 115 °C, 10 mm Hg) to 

afford 1,10-undecadien-6-ol as a colourless oil (3.7 g, 60% yield). 1H NMR (400 MHz, 

CDCl3) δ
 5.81 (2 H, ddt, J = 17, 10.3, 6.7 Hz, CH=), 5.01 (2 H, dq, J = 17.1, 1.7 Hz, 

CH2=), 4.91 – 5.01 (2 H, m, CH2=), 3.61 (1 H, bs, CHOH), 2.00 – 2.13 (4 H, m, 

CH2CH=CH2), 1.26 – 1.61 (9 H, m, including OH). 13C NMR (101 MHz, CDCl3) δ 138.7 

(CH=), 114.6 (CH2=), 71.7 (CHOH), 36.9 (CH2), 33.7 (CH2), 24.9 (CH2). GC-MS (EI) m/z 

(%) 84 (12.3), 81 (100), 80 (10), 79 (19.5), 69 (9.2), 68 (9.3), 67 (20.6), 58 (9.5), 57 (30.2), 

55 (72.3), 54 (27.7), 53 (9.4), 43 (32.1), 42 (9), 41 (43.8). Spectral data were consistent 

with the literature.3 

Undeca-1,10-dien-6-one. To a solution of 1,10-undecadien-6-ol (3.99 g, 23.7 mmol) in 

acetone (10 mL) at -10 °C, freshly prepared Jones reagent (2.7 g of chromium trioxide in 4 

mL of sulfuric acid and 12 mL of distilled water) was added dropwise and the reaction 

monitored by GC-MS. After completion of the reaction (2 hours), the green suspension 

was filtered through a pad of Celite. The filtrate was washed with saturated aqueous 

sodium bicarbonate (17 mL), extracted with diethyl ether (4 × 50 mL) and washed with 

water (50 mL) and saturated aqueous brine (50 mL), then dried over magnesium sulfate. 

Concentration by rotary evaporation yielded undeca-1,10-dien-6-one as a colourless oil 

(2.9 g, 75% yield). 1H NMR (400 MHz, CDCl3) δ 5.80 (2 H, ddt, J = 17.2, 10.3, 6.7 Hz, 

CH=), 4.87 – 4.97 (4 H, m, CH2=), 2.33 (4 H, t, J = 7.5 Hz, CH2CO), 1.98 (4 H, m, 

CH2CH=CH2), 1.60 (4 H, quin, J = 7.3 Hz, CH2CH2CH2). 
13C NMR (101 MHz, CDCl3) δ 

210.9 (CO), 138.0 (CH=), 115.2 (CH2=), 41.9 (CH2), 33.1 (CH2), 22.8 (CH2). GC-MS (EI) 

m/z (%) 112 (14.6), 97 (30), 84 (27.8), 83 (10.6), 70 (14.1), 69 (59.5), 58 (48.7), 55 (49.6), 

43 (24.5), 41 (100). Spectral data were consistent with the literature.3 

2,8-Dimethyl-1,7-dioxaspiro[5.5]undecane. Hg(OAc)2 (1.9 g, 6.1 mmol) was added to a 

stirred solution of undeca-1,10-dien-6-one (0.5 g, 3 mmol) in 1% aqueous perchloric acid: 

tetrahydrofuran (15 mL:15 mL) and the solution was stirred for 15 hours. 

Benzyltriethylammonium chloride (2.4 g, 10.5 mmol) in 10% aqueous sodium hydroxide 

(15 mL) and dichloromethane (5 mL) was added followed by sodium borohydride (0.09 g, 

2.3 mmol) in 10% aqueous sodium hydroxide (5 mL). The grey suspension was stirred and 

monitored by GC-MS. After completion of the reaction (20 minutes), the grey suspension 

was filtered through a pad of Celite, which was then washed with 30 mL of diethyl ether. 

The aqueous phase was then extracted with diethyl ether (3 × 30 mL) and the combined 
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organic layer (from Celite wash and extraction) were washed with saturated aqueous brine 

(50 mL) and dried over magnesium sulfate. After solvent removal by rotary evaporation 

the product was purified by Kugelrohr distillation (bp 110 °C; 30 mm Hg). According to 

the literature 3 under this condition a mixture of E,E diastereomer with some E,Z and no 

Z,Z isomer is obtained. These configurational isomers produced different MS 

fragmentation patterns that were matched with those in the literature.3 

(E,E)-2,8-Dimethyl-1,7-dioxaspiro[5.5]undecane (2). 13C NMR (101 MHz, C6D6) δ 95.75 

(CO2), 64.8 (CO), 35.33 (CH2), 32.90 (CH2), 21.92 (CH3), 19.03 (CH2). GC-MS (EI) m/z 

(%) 184 (M+, 5.6), 169 (M+−CH3, 1.9), 140 (M+−CH3CHO, 11.6), 125 (8.2), 115 

(CH3(C5H7O)=OH+, 92.4), 114 (43.2), 113 (8.6), 112 (CH3(C5H7O)=CH2, 100), 97 (68.4), 

84 (15.7), 83 (23.8), 73 (24.8), 71 (18.5), 70 (15.8), 69 (54.9), 58 (18.2), 55 (52.1), 43 

(69.4), 42 (35.9), 41 (56.1). 

 (E,Z)-2,8-Dimethyl-1,7-dioxaspiro[5.5]undecane. GC-MS (EI) m/z (%) 184 (M+, 8.1), 115 

(CH3(C5H7O)=OH+, 100), 114 (37), 112 (CH3(C5H7O)=CH2, 39.5), 97 (73.1), 83 (11.8), 73 

(27.5), 71 (12.4), 69 (59.9), 55 (41.8), 43 (38.6), 42 (24.6), 41 (38.4). 

Synthesis of 2-ethyl-7-methyl-1,6-dioxaspiro[4.5]decane (3). 

(E)-Ethyl hex-4-enoate. Following the method of Tay et al.,4 ortho-ester  Johnson-Claisen 

rearrangement was conducted to give (E)-ethyl hex-4-enoate. In brief, 3-Buten-2-ol (6 g, 

84.3 mmol), triethylorthoacetate (20.3 g, 125.4 mmol) and acetic acid (0.1 g, 2.5 mmol) 

was heated at 140 °C for 4 hours. The consumption of starting material at this time was 

determined by GC-MS. The reaction mixture was then cooled to room temperature and 

ethanol (20 ml) and water (20 ml) was added. The aqueous layer was extracted with diethyl 

ether (3 × 10 mL). The combined organic layers were stirred with hydrochroric acid 

solution (1 M aq, 20 ml) at room temperature for 30 minutes, then washed with brine (20 
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ml) and dried over magnesium sulfate. Concentration by rotary evaporation yielded (E)-

ethyl hex-4-enoate as a clear yellow oil (10.3 g, 86%). GC-MS (EI) m/z (%) 142 (6.6), 97 

(26.3), 96 (14.9), 88 (22.3), 71 (58.1), 70 (15.6), 69 (83.0), 68 (100), 67 (29.8), 60 (32.6), 

55 (74.6), 43 (19.3), 42 (17.3), 41 (82.55). Experimental spectra were consistent with 

literature data.5 

(E)-Hex-4-enoic acid. Minor modification was made to the method of Tay et al.4 to form 

(E)-hex-4-enoic acid. A solution of sodium hydroxide in 1:1 water:methanol (3.6 M, 

100ml) was added to a solution of (E)-ethyl hex-4-enoate(10.31 g, 72.5 mmol) in 

tetrahydrofuran (50 ml). The reaction mixture was stirred at 60 °C. The consumption of 

starting material at this time was determined by GC-MS. The reaction mixture was then 

cooled to room temperature and diethyl ether (40ml) and sodium hydroxide (1M aq, 40 ml) 

was added. The aqueous layer was extracted with diethyl ether (3 × 40 mL) and the 

combined organic layers were washed with sodium hydroxide (1M aq, 3 × 20 ml). The 

combined aqueous washes were acidified to pH = 1 using hyrdochoric acid (1M aq), 

extracted with diethyl ether (3 × 40 mL), then combined organic layers were washed with 

brine, dried over magnesium sulfate and the solvent removed by rotary evaporation yielded 

(E)-hex-4-enoic acid as a clear oil which was used in the next step without further 

purification (7.5 g, 91%). 1H NMR (400 MHz, CDCl3) δ 5.50 – 5.42 (2 H, m, CH3CHCH 

CH2), 2.44 – 2.40 (2 H, m, CH2), 2.35 – 2.29 (2 H, m, CH2), 1.67 – 1.65 (3 H, m, CH3). 

Experimental spectra were consistent with literature data.6 

(E)-N-Methoxy-N-methylhex-4-enamide. To a solution of (E)-hex-4-enoic acid (4 g, 35 

mmol) in dichloromethane (100 ml) at 0 °C was added distilled trimethylamine (10 g, 

100mmol) followed by the addition of N,O-dimethylhydroxylamine hydrochloride (3.4 g, 

35 mmol) in one portion. After stirring for 10 minutes, N-(3-dimethylaminopropyl)-N′-

ethylcarbodiimide hydrochloride (6.7 g, 35 mmol) was added in two equal portion over 5 

minutes and the heterogeneous mixture was warmed to room temperature. After stirring for 

12 hours, water (100ml) was added and the aqueous layer was extracted with 

dichloromethane (3 × 30 ml). the combined organic layers were washed with hydrochloric 

acid (1M aq, 200 ml), sodium bicarbonate (100 ml), brine (50 ml) and dried over 

magnesium sulfate. After solvent removal by rotary evaporation the product was purified 

by Kugelrohr distillation (bp 95-105 °C; 15 mm Hg) to yield (E)-N-Methoxy-N-

methylhex-4-enamide as a clear oil (2.45 g, 45%). 1H NMR (400 MHz, CDCl3) δ 5.50 – 

5.47 (2 H, m, CH3CHCH CH2), 3.69 (3 H, s, OCH3), 3.19 (3 H, s, NCH3), 2.51 – 2.47 (2 
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H, m, CH2), 2.34 – 2.29 (2 H, m, CH2), 1.65 (3 H, d, J = 6.6, CH3). Experimental spectra 

were consistent with literature data.6 

(E)-Undeca-1,9-dien-6-one. To a pre-cooled (–10 °C) Grignard regent prepared from 5-

bromo-1-pentene(0.6 g, 4 mmol), magnesium (1.0 g, 4.4 mmol) and a single crystal of 

iodine in diethyl ether (4 ml) was added (E)-undeca-1,9-dien-6-one (0.6 g, 4 mmol) in 

diethyl ether (8ml) over 10 minutes, then slowly warmed to room temperature and stirred 

for 24 hours. Then diethyl ether (20 mL) and saturated ammonium chloride (20 mL) was 

added and the aqueous layer was extracted with diethyl ether (2 x 10 mL). The combined 

organic layers were washed with brine (10 mL) and dried over magnesium sulfate. Solvent 

removal by rotary evaporation yielded a crude yellow oil which then purified by flash 

column chromatography (0:100–10:90 ethyl acetate:hexanes) to yield (E)-undeca-1,9-dien-

6-one as a clear oil (0.2 g, 30%). 1H NMR (400 MHz, CDCl3) δ 5.74 – 5.64 (1 H, m, 

CH2CHCH2), 5.40 – 5.29 (2 H, m, CHCH), 4.96 – 4.88 (2 H, m, CHCH2), 2.39 – 2.31 (4 

H, m, CH2COCH2), 2.20 – 2.15 (2 H, m, CHCH2CH2), 2.00 – 1.95 (2 H, m, CHCH2CH2), 

1.60 (5 H, m, CH2CH2CH2 and CH3). 
13C NMR (101 MHz, CDCl3) δ 210.5 (C=O), 138.0 

(CH), 129.6 (CH), 125.8 (CH), 115.1 (CH2), 42.6 (CH2), 42.0 (CH2), 33.1 (CH2), 26.8 

(CH2), 22.7 (CH2), 17.8 (CH3). This compound is known, but spectral data are not 

available in the literature. 

2-Ethyl-7-methyl-1,6-dioxaspiro[4.5]decane. Using a similar reaction and work-up

conditions to 2,8-dimethyl-1,7-dioxaspiro[5.5]undecane, oxymercuration-reduction was 

performed to convert (E)-undeca-1,9-dien-6-one (0.1 g, 6 mmol) to 2-ethyl-7-methyl-1,6-

dioxaspiro[4.5]decane. Under this condition, a mixture of E,E and E,Z isomers of 2-ethyl-

7-methyl-1,6-dioxaspiro[4.5]decane was formed together with E,E and E,Z isomers of 2,8-

dimethyl-1,7-dioxaspiro[5.5]undecane (clear oil, 0.4 g, 36%). 

(E,E)-2-Ethyl-7-methyl-1,6-dioxaspiro[4.5]decane (5). GC-MS (EI) m/z (%) 184 (M+, 0.9), 

169 (M−CH3, 0.5), 155 (M−CH2CH3, 7.6), 140 (M−CH3CHO, 2.47), 126 (2.3), 115 

(CH3(C5H7O)=OH+, 41.13), 114 (11.9), 113 (4.13), 112 (M−CH2CHCH(OH)CH3, 30.7), 

97 (51.82), 95 (10.2), 85 (51.7), 83 (23.4), 73 (22.9), 71 (14.5), 70 (14.7), 69 (64.3), 67 

(9.7), 55 (100), 58 (16,2), 43 (89.2), 42 (44.6), 41 (79.3). Experimental spectra were 

consistent with literature data.7 
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Synthesis of 6-oxanon-1-ol (11).  

 

The synthesis was conducted using the method of singh et al.8 A mixture of ethanol-water 

(9:1, 24 ml), zinc dust (1.0 g, 16 mmol), copper(I) iodide (0.9 g, 4.8 mmol), 3-bromo-1-

propanol (880 mg, 6.4 mmol) in ethanol (4 ml) and 1-hexen-3-one (620 mg, 6.4 mmol) in 

ethanol (4 ml) at 0 °C were sonicated for 7.5 hours, and reaction progress was monitored 

by GC-MS. The completion of the reaction at this time was determined by GC-MS. The 

reaction was then quenched with brine and filtered. Concentration by rotary evaporation 

yielded the crude product that was taken up in diethyl ether (50 ml), washed with water (2 

× 20 ml), and brine (2 × 20 ml), and dried over Na2SO4. Solvent was removed under 

reduced pressure, yielding the crude productwhich was purified by flash column 

chromatography (eluted twice with 0-10% ethyl acetate in n-hexane) to afford 6-oxanon-1-

ol as a colourless oil (112 mg, 11%). GC-MS (EI) m/z (% of base peak) 158 (M+, 1.1), 140 

(M+−H2O, 2.1), 115 (8.2), 112 (3.5), 99 (7.3), 97 (26.1), 86 (32.0), 79 (10.0), 73 (11.4), 71 

(66.9), 69 (70.1), 58 (52.1), 55 (34.7), 43 (100), 41 (72.5). Experimental spectra were 

consistent with literature data.9 

 

Synthesis of propyl laurate (15). 

 

A mixture of lauric acid (1.0 g, 5 mmol), 1-propanol (10 mL) and concentrated sulfuric 

acid (2 drops) was heated to reflux for 1.5 hours. After cooling, diethyl ether (10 mL) and 

5% w/v aqueous sodium bicarbonate (10 mL) were added to the reaction mixture. The 

organic layer was separated and washed with 5% w/v aqueous sodium bicarbonate (3 × 10 

mL) and dried over sodium sulfate. The solvent was removed under reduced pressure, 

yielding the crude product, which was purified by distillation to give ethyl palmitoleate as 

a colourless liquid (0.44 g, 38% yield). 1H NMR (600 MHz, CDCl3) δ 0.87 (3 H, t, J = 7.0 

Hz, CH2CH3), 0.93 (3 H, t, J = 7.4 Hz, OCH2CH2CH3), 1.25-1.29 (16 H, m, CH2), 1.57-

1.66 (4 H, m, CH2CH2COOPr, CH3CH2CH2OCO), 2.29 (2 H, t, J = 7.5 Hz, CH2COOPr), 

4.02 (2 H, t, J = 6.7 Hz, CH2OCO). 13C NMR (150 MHz, CDCl3) δ 10.5 (CH3), 14.2 

(CH3), 22.1 (CH2), 22.8 (CH2), 25.1 (CH2), 29.3 (CH2), 29.40 (CH2), 29.47 (CH2), 29.6 

(CH2), 29.7 (CH2), 32.0 (CH2), 34.5 (CH2), 65.9 (OCH2), 174.1 (C=O). GC-MS (EI) m/z 
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(%) 242 (M+, 4.3), 213 (1.4), 201 (M+−CH2CH2CH3, 27.5), 183 (M+−OCH2CH2CH3, 

25.7), 171 (6.6), 157 (6.8), 143 (3.3), 129 (8.7), 115 (21.8), 102 (McLafferty 

rearrangement product, 32.5), 97 (7.7), 85 (12.2), 73 (39.3), 61 (100), 57 (30.9), 43 (80.2). 

Experimental spectra were consistent with literature data.10 

 

Synthesis of ethyl palmitoleate (23).   

 

Using similar conditions to above, palmitoleic acid (0.50 g, 1.9 mmol), was esterified with 

ethanol (10 mL) in the presence of concentrated sulfuric acid (2 drops), quenched with 

sodium bicarbonate and diethyl ether and purified by distillation to afford ethyl 

palmitoleate as a colourless oil (0.11 g, 19%). 1H NMR (400 MHz, CDCl3) δ 5.32 – 5.35 (2 

H, m, CH=CH), 4.11 (2 H, q, J = 7.2 Hz, OCH2CH3), 2.28 (2 H, t, J = 7.5 Hz, 

CH2COOEt), 1.98 – 2.01 (4 H, m, CH2CH=CHCH2), 1.59 – 1.63 (2 H, m, 

CH2CH2COOEt), 1.23 – 1.30 (19 H, m, CH2), 0.88 (3 H, t, J = 6.9 Hz, CH2CH3). 13C 

NMR (101 MHz, CDCl3) δ 174.0 (C=O), 130.1 (CH), 129.9 (CH), 60.2 (OCH2), 34.5 

(CH2), 31.9 (CH2), 29.87 (CH2), 29.82 (CH2), 29.3 (CH2), 29.26 (CH2), 29.23 (CH2), 29.1 

(CH2), 27.36 (CH2), 27.30 (CH2), 25.1 (CH2), 22.8 (CH2), 14.4 (CH3), 14.2 (CH3). GC-MS 

(EI) m/z (%) 282 (M+, 3.8), 236 (M+−OCH2CH3, 14.3), 218 (1.4), 207 (1.4), 194 

(M+−CH2COOCH2CH3, 15.0), 179 (1.65), 165 (2.8), 152 (M+−(CH2)4COOCH2CH3, 14.9), 

138 (6.9), 123 (11.9), 101 (31.8), 88 (50.6), 83 (44.9), 69 (64.1), 55 (100), 41 (81.8). 

Spectral data were not available in the literature 

 

Synthesis of ethyl elaidate (24).  

 

Using similar conditions to above, elaidic acid (0.45 g, 1.6 mmol), was esterified with 

ethanol (10 mL) in the presence of concentrated sulfuric acid (2 drops), quenched with 

sodium bicarbonate and diethyl ether and purified by distillation to afford ethyl elaidate as 

a colourless oil (113 mg, 23%). 1H NMR (400 MHz, CDCl3) δ 5.36 – 5.28 (2 H, m, 

CH=CH), 4.11 (2 H, q, J = 7.1 Hz, OCH2CH3), 2.27 (2 H, t, J = 7.6 Hz, CH2COOEt), 1.95 

– 1.96 (4 H, m, CH2CH=CHCH2), 1.57 – 1.60 (2 H, m, CH2CH2COOEt), 1.23 – 1.28 (23 

H, m, CH2), 0.87 (3 H, t, J = 6.7 Hz, CH2CH2CH3). 13C NMR (101 MHz, CDCl3) δ 174.0 
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(C=O), 130.6 (CH), 130.4 (CH), 60.3 (OCH2), 34.5 (CH2), 32.78 (CH2), 32.73 (CH2), 32.0 

(CH2), 29.8 (CH2), 29.7 (CH2), 29.6 (CH2), 29.4 (CH2), 29.36 (CH2), 29.30 (CH2), 29.1 

(CH2), 25.1 (CH2), 22.8 (CH2), 14.4 (CH3), 14.2 (CH3). GC-MS (EI) m/z (%) 310 (M+, 

3.5), 281 (M+−CH2CH3, 0.25), 264 (M+−OCH2CH3, 16.2), 222 (11.3), 180 (11.2), 155 

(7.0), 138 (5.6), 123 (13.5), 111 (20.6), 97 (38.6), 88 (45.6), 83 (49.0), 69 (69.0), 55 (100), 

41 (76.4). Spectral data were consistent with the literature.11 

 

 

Y-Tube apparatus 

 

 

Figure S1. Y-Tube apparatus used in this study 
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1. Sample collection design 

 

Table S1. Sample collection design. 

Method 

Rectal gland solvent extract Headspace sampling 

Intact gland Crushed gland 
Dynamic 

headspace 

Static 

headspace  

Sampling 

matrix 

DCM, 

ethanol, 

hexane 

Hexane 
Tenax, 

Porapak 

PDMS, 

PDMS/DVB, 

PA 
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2. Statistics 

2.1. Effect of solvent on rectal gland extractions 

 

Table S2. P-value obtained from ANOVA for solvent comparisons in rectal gland extractions. 

Amide 1: N-(2-methylbutyl)acetamide, Amide 2: N-(3-methylbutyl)acetamide, Amide 3: N-(2-

methylbutyl)propanamide, Amide 4: N-(3-methylbutyl)propanamide, Amide 5: N-(2-

methylbutyl)isobutyrate, Amide 6: N-(3-methylbutyl)isobutyrate, Spiroacetal 1: 2,7-dimethyl-1,6-

dioxaspiro[4.5]decane, Spiroacetal 2: (E,E)-2,8-dimethyl-1,7-dioxaspiro[5.5]undecane, Spiroacetal 

3: (E,E)-2-ethyl-8-methyl-1,7-dioxaspiro[5.5]undecane, Spiroacetal 4: (E,E)-2-ethyl-2,8-dimethyl-

1,7-dioxaspiro[5.5]undecane, Spiroacetal 5: (E,E)-2-propyl-8-methyl-1,7-dioxaspiro[5.5]undecane. 

 Phexane-DCM Phexane-EtOH PDCM-EtOH 

Amide 1 0.566 0.987 0.577 

Amide 2 < 0.001 0.270 < 0.001 

Amide 3 0.004 0.945 0.005 

Amide 4 < 0.001 0.051 < 0.001 

Amide 5 0.887 0.975 0.862 

Amide 6 0.008 0.988 0.008 

Ethyl isobutyrate 0.465 0.538 0.178 

Ethyl-2-methylbutanoate 0.975 0.947  0.921 

Diethyl succinate 0.992 0.995 0.998 

Methyl laurate 0.904 0.955 0.948 

Ethyl laurate 0.457 < 0.001 < 0.001 

Methyl myristate 0.842 0.903 0.748 

Ethyl myristate 0.019 < 0.001 < 0.001 

Ethyl myristoleate 0.941 0.028 0.033 

Methyl palmitoleate 0.796 0.945 0.743 

Ethyl palmitate/palmitoleate 0.037 < 0.001 < 0.001 

Ethyl oleate/elaidate 0.016 0.150 < 0.001 

Spiroacetal 1 0.749 0.801 0.946 

Spiroacetal 2 < 0.001 < 0.001 0.001 

Spiroacetal 3 0.2430 0.087 0.585 

Spiroacetal 4 0.961 0.975 0.986 

Spiroacetal 5 0.846 0.907 0.938 
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2.1.1. Interactions between solvents and compounds from male and female rectal gland extractions: 

 
Figure S10. Graphical display of solvent x compound interactions for rectal gland extractions. Amide 1: N-(2-methylbutyl)acetamide, Amide 2: N-(3-

methylbutyl)acetamide, Amide 3: -( N 2-methylbutyl)propanamide, Amide 4: N-(3-methylbutyl)propanamide, Amide 5: N-(2-methylbutyl)isobutyrate, 

Amide 6: N-(3-methylbutyl)isobutyrate, Spiroacetal 1: 2,7-dimethyl-1,6-dioxaspiro[4.5]decane, Spiroacetal 2: (E,E)-2,8-dimethyl-1,7-

dioxaspiro[5.5]undecane, Spiroacetal 3: (E,E)-2-ethyl-8-methyl-1,7-dioxaspiro[5.5]undecane, Spiroacetal 4: (E,E)-2-ethyl-2,8-dimethyl-1,7-

dioxaspiro[5.5]undecane, Spiroacetal 5: (E,E)-2-propyl-8-methyl-1,7-dioxaspiro[5.5]undecane.
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2.2. Effect of crushing on rectal gland extractions 

 

Table S3. P-value obtained from ANOVA for crushing rectal gland extractions. Amide 1: N-(2-

methylbutyl)acetamide, Amide 2: N-(3-methylbutyl)acetamide, Amide 3: N-(2-

methylbutyl)propanamide, Amide 4: N-(3-methylbutyl)propanamide, Amide 5: N-(2-

methylbutyl)isobutyrate, Amide 6: N-(3-methylbutyl)isobutyrate, Spiroacetal 1: 2,7-dimethyl-1,6-

dioxaspiro[4.5]decane, Spiroacetal 2: (E,E)-2,8-dimethyl-1,7-dioxaspiro[5.5]undecane, Spiroacetal 

3: (E,E)-2-ethyl-8-methyl-1,7-dioxaspiro[5.5]undecane, Spiroacetal 4: (E,E)-2-ethyl-2,8-dimethyl-

1,7-dioxaspiro[5.5]undecane, Spiroacetal 5: (E,E)-2-propyl-8-methyl-1,7-dioxaspiro[5.5]undecane. 

 P crushed-intact 

Amide 1 0.850 

Amide 2 0.013 

Amide 3 0.061 

Amide 4 < 0.001 

Amide 5 0.796 

Amide 6 < 0.001 

Ethyl isobutyrate 0.715 

Ethyl-2-methylbutanoate 0.903 

Diethyl succinate 0.998 

Methyl laurate 0.978 

Ethyl laurate 0.030 

Methyl myristate 0.990 

Ethyl myristate 0.003 

Ethyl myristoleate 0.302 

Methyl palmitoleate 0.937 

Ethyl palmitate/palmitoleate < 0.001 

Ethyl oleate/elaidate 0.627 

Spiroacetal 1 0.918 

Spiroacetal 2 < 0.001 

Spiroacetal 3 0.101 

Spiroacetal 4 0.859 

Spiroacetal 5 0.968 
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2.2.1. Interactions between crushing and compounds from male and female rectal gland extractions: 

 
Figure S2. Graphical display of crushing x compound interactions for rectal gland extractions. Amide 1: N-(2-methylbutyl)acetamide, Amide 2: N-(3-

methylbutyl)acetamide, Amide 3: -( N 2-methylbutyl)propanamide, Amide 4: N-(3-methylbutyl)propanamide, Amide 5: N-(2-methylbutyl)isobutyrate, 

Amide 6: N-(3-methylbutyl)isobutyrate, Spiroacetal 1: 2,7-dimethyl-1,6-dioxaspiro[4.5]decane, Spiroacetal 2: (E,E)-2,8-dimethyl-1,7-

dioxaspiro[5.5]undecane, Spiroacetal 3: (E,E)-2-ethyl-8-methyl-1,7-dioxaspiro[5.5]undecane, Spiroacetal 4: (E,E)-2-ethyl-2,8-dimethyl-1,7-

dioxaspiro[5.5]undecane, Spiroacetal 5: (E,E)-2-propyl-8-methyl-1,7-dioxaspiro[5.5]undecane. 
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2.3. Effect of SPME fibers in static headspace sampling 

 

Table S4. P-value obtained from ANOVA for SPME fiber comparisons in static headspace 

sampling. Amide 1: N-(2-methylbutyl)acetamide, Amide 2: N-(3-methylbutyl)acetamide, Amide 3: 

N-(2-methylbutyl)propanamide, Amide 4: N-(3-methylbutyl)propanamide, Amide 5: N-(2-

methylbutyl)isobutyrate, Amide 6: N-(3-methylbutyl)isobutyrate, Spiroacetal 1: 2,7-dimethyl-1,6-

dioxaspiro[4.5]decane, Spiroacetal 2: (E,E)-2,8-dimethyl-1,7-dioxaspiro[5.5]undecane, Spiroacetal 

3: (E,E)-2-ethyl-8-methyl-1,7-dioxaspiro[5.5]undecane, Spiroacetal 4: (E,E)-2-ethyl-2,8-dimethyl-

1,7-dioxaspiro[5.5]undecane, Spiroacetal 5: (E,E)-2-propyl-8-methyl-1,7-dioxaspiro[5.5]undecane. 

 PPDMS-PDMS/DVB PPDMS-PA PPA-PDMS/DVB 

Amide 1 0.948 0.919 0.865 

Amide 2 0.2241 0.512 0.575 

Amide 3 0.581 0.805 0.760 

Amide 4 0.390 0.519 0.829 

Amide 5 0.600 0.249 0.529 

Amide 6 0.432 0.298 0.798 

Ethyl isobutyrate 0.002 < 0.001 < 0.001 

Ethyl-2-methylbutanoate 0.005 0.187 < 0.001 

Diethyl succinate 0.756 0.561 0.786 

Methyl laurate 0.414 0.796 0.283 

Ethyl laurate 0.102 0.028 0.566 

Methyl myristate 0.520 0.946 0.976 

Ethyl myristate 0.069 0.293 0.440 

Ethyl myristoleate 0.084 0.166 0.732 

Methyl palmitoleate 0.428 0.474 0.939 

Ethyl palmitate/palmitoleate 0.163 0.370 0.022 

Spiroacetal 1 0.306 0.055 0.367 

Spiroacetal 2 0.078 0.009 0.394 

Spiroacetal 3 0.070 0.002 0.191 

Spiroacetal 4 0.095 0.025 0.569 

Spiroacetal 5 0.637 0.151 0.334 

 

194



 

2.3.1. Interactions between fibers and compounds in static headspace: 

 
Figure S3. Graphical display of fiber x compound interactions for static headspace sampling. Amide 1: N-(2-methylbutyl)acetamide, Amide 2: N-(3-

methylbutyl)acetamide, Amide 3: -( N 2-methylbutyl)propanamide, Amide 4: N-(3-methylbutyl)propanamide, Amide 5: N-(2-methylbutyl)isobutyrate, 

Amide 6: N-(3-methylbutyl)isobutyrate, Spiroacetal 1: 2,7-dimethyl-1,6-dioxaspiro[4.5]decane, Spiroacetal 2: (E,E)-2,8-dimethyl-1,7-

dioxaspiro[5.5]undecane, Spiroacetal 3: (E,E)-2-ethyl-8-methyl-1,7-dioxaspiro[5.5]undecane, Spiroacetal 4: (E,E)-2-ethyl-2,8-dimethyl-1,7-

dioxaspiro[5.5]undecane, Spiroacetal 5: (E,E)-2-propyl-8-methyl-1,7-dioxaspiro[5.5]undecan.
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2.4. Effect of sorbent material and time in dynamic headspace sampling 

2.4.1. Interactions between sorbents, time and compounds from male and female headspace: 

 

Table S5. P-value obtained from ANOVA for duration of sampling (time) comparisons in dynamic headspace using Tenax and Porapak. Amide 1: N-(2-

methylbutyl)acetamide, Amide 2: N-(3-methylbutyl)acetamide, Amide 3: N-(2-methylbutyl)propanamide, Amide 4: N-(3-methylbutyl)propanamide, 

Amide 5: N-(2-methylbutyl)isobutyrate, Amide 6: N-(3-methylbutyl)isobutyrate, Spiroacetal 1: 2,7-dimethyl-1,6-dioxaspiro[4.5]decane, Spiroacetal 2: 

(E,E)-2,8-dimethyl-1,7-dioxaspiro[5.5]undecane, Spiroacetal 3: (E,E)-2-ethyl-8-methyl-1,7-dioxaspiro[5.5]undecane, Spiroacetal 4: (E,E)-2-ethyl-2,8-

dimethyl-1,7-dioxaspiro[5.5]undecane, Spiroacetal 5: (E,E)-2-propyl-8-methyl-1,7-dioxaspiro[5.5]undecane. 

 Sorbent P10-20 P10-40 P10-60 P10-90 P20-40 P20-60 P20-90 P40-60 P40-90 P60-90 

Amide 1 

Tenax 0.996 0.802 0.781 0.786 0.835 0.814 0.818 0.979 0.983 0.996 

Porapak 0.997 0.940 0.911 0.901 0.942 0.913 0.903 0.971 0.961 0.990 

Amide 2 

Tenax 0.267 0.152 < 0.001 < 0.001 0.754 < 0.001 0.003 < 0.001 0.007 0.304 

Porapak 0.739 0.203 0.057 0.027 0.348 0.116 0.060 0.525 0/347 0.760 

Amide 3 

Tenax 0.879 0.563 0.343 0.377 0.670 0.427 0.464 0.712 0.760 0.949 

Porapak 0.976 0.733 0.606 0.544 0.756 0.627 0.564 0.861 0.790 0.928 

Amide 4 

Tenax 0.111 0.002 < 0.001 < 0.001 0.147 < 0.001 < 0.001 < 0.001 < 0.001 0.084 

Porapak 0.729 0.003 < 0.001 < 0.001 0.008 < 0.001 < 0.001 0.008 0.001 0.488 

Amide 5 

Tenax 0.996 0.988 0.929 0.929 0.992 0.932 0.933 0.940 0.941 0.999 

Porapak 0.999 0.986 0.921 0.925 0.987 0.923 0.926 0.936 0.940 0.996 

Amide 6 

Tenax 0.848 0.713 0.077 0.193 0.860 0.114 0.267 0.161 0.351 0.638 

Porapak 0.918 0.601 0.217 0.205 0.674 0.258 0.244 0.477 0.547 0.974 

Ethyl isobutyrate 
Tenax 0.994 0.996 0.997 0.994 0.998 0.998 0.989 0.999 0.990 0.991 

Porapak 0.982 0.973 0.971 0.970 0.992 0.989 0.988 0.997 0.996 0.999 

Methyl laurate 

Tenax 0.895 0.791 0.486 0.673 0.894 0.572 0.772 0.666 0.876 0.783 

Porapak 0.930 0.885 0.750 0.737 0.954 0.817 0.804 0.861 0.849 0.987 

Ethyl laurate 

Tenax < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 

Porapak 0.010 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.056 0.835 0.034 
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Methyl myristate 

Tenax 0.998 0.865 0.617 0.337 0.868 0.619 0.742 0.645 0.429 0.645 

Porapak 0.977 0.766 0.542 0.562 0.744 0.524 0.543 0.756 0.778 0976 

Ethyl myristate 

Tenax 0.001 < 0.001 < 0.001 < 0.001 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 

Porapak 0.114 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.044 0.998 0.043 

Ethyl myristoleate 

Tenax 0.637 0.133 0.004 < 0.001 0.303 0.017 < 0.001 0.172 < 0.001 < 0.001 

Porapak 0.973 0.001 < 0.001 < 0.001 0.001 < 0.001 < 0.001 0.418 0.618 0.756 

Methyl 

palmitoleate 

Tenax 0.919 0.893 0.881 0.859 0.974 0.962 0.939 0.988 0.966 0.977 

Porapak 0.952 0.920 0.906 0.952 0.969 0.954 0.999 0.985 0.968 0.953 

Ethyl palmitate 

and ethyl 

palmitoleate 

Tenax 0.918 0.003 < 0.001 < 0.001 0.004 < 0.001 < 0.001 0.075 < 0.001 < 0.001 

Porapak 0.860 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.209 0.513 0.548 

Spiroacetal 1 

Tenax 0.973 0.924 0.522 0.827 0.951 0.544 0.800 0.586 0.753 0.390 

Porapak 0.901 0.220 0.098 0.146 0.270 0.125 0.183 0.667 0.820 0.840 

Spiroacetal 2 

Tenax 0.558 0.002 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.191 < 0.001 < 0.001 

Porapak 0.844 < 0.001 < 0.001 0.016 < 0.001 < 0.001 0.011 0/646 0.006 0.001 

Spiroacetal 3 

Tenax 0.420 0.798 0.292 < 0.001 0.581 0.063 0.001 0.190 < 0.001 < 0.001 

Porapak 0.986 < 0.001 < 0.001 0,019 < 0.001 < 0.001 0.018 0.180 0.249 0.013 

Spiroacetal 4 

Tenax 0.886 0.863 0.755 0.948 0.977 0.867 0.937 0.914 0.889 0.805 

Porapak 0.871 0.769 0.698 0.0.846 0.895 0.821 0.974 0.924 0.921 0.846 

Spiroacetal 5 

Tenax 0.695 0.218 0.121 0.290 0.401 0.247 0.505 0.750 0.863 0.623 

Porapak 0.871 0.240 0.209 0.590 0.311 0.274 0.707 0.936 0.524 0.473 
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Table S6. P-value obtained from ANOVA for type of sorbent comparisons in dynamic headspace. Amide 1: N-(2-methylbutyl)acetamide, Amide 2: N-(3-

methylbutyl)acetamide, Amide 3: N-(2-methylbutyl)propanamide, Amide 4: N-(3-methylbutyl)propanamide, Amide 5: N-(2-methylbutyl)isobutyrate, 

Amide 6: N-(3-methylbutyl)isobutyrate, Spiroacetal 1: 2,7-dimethyl-1,6-dioxaspiro[4.5]decane, Spiroacetal 2: (E,E)-2,8-dimethyl-1,7-

dioxaspiro[5.5]undecane, Spiroacetal 3: (E,E)-2-ethyl-8-methyl-1,7-dioxaspiro[5.5]undecane, Spiroacetal 4: (E,E)-2-ethyl-2,8-dimethyl-1,7-

dioxaspiro[5.5]undecane, Spiroacetal 5: (E,E)-2-propyl-8-methyl-1,7-dioxaspiro[5.5]undecane. 

 P Tenax-Porapak 

 10 min 20 min 40 min 60 min 90 min 

Amide 1 0.993 0.962 0.854 0.862 0.876 

Amide 2 0.891 0.361 0.765 0.001 0.042 

Amide 3 0.969 0.872 0.782 0.638 0.752 

Amide 4 0.642 0.088 0.604 < 0.001 0.029 

Amide 5 0.996 0.993 0.998 0.997 1.000 

Amide 6 0.900 0.830 0.976 0.508 0.874 

Ethyl isobutyrate 1.000 0.987 0.977 0.974 0.964 

Methyl laurate 0.984 0.949 0.888 0.690 0.915 

Ethyl laurate 0.912 0.098 0.232 0.001 < 0.001 

Methyl myristate 0.973 0.948 0.925 0.940 0.678 

Ethyl myristate 0.871 0.050 0.003 0.489 < 0.001 

Ethyl myristoleate 0.533 0.289 0.249 0.551 < 0.001 

Methyl palmitoleate 0.977 0.989 0.995 0.998 0.928 

Ethyl palmitate/palmitoleate 0.225 0.254 0.816 0.769 < 0.001 

Spiroacetal 1 0.876 0.806 0.198 0.241 0.067 

Spiroacetal 2 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 

Spiroacetal 3 0.814 0.306 < 0.001 < 0.001 < 0.001 

Spiroacetal 4 0.965 0.951 0.869 0.904 0.862 

Spiroacetal 5 0.911 0.906 0.956 0.854 0.682 
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3. Synthesis of compounds 

3.1. General procedures 

All reagents were purchased from Sigma-Aldrich and used without further purification. All 

solvents were anhydrous or analytical grade (Sigma-Aldrich) and used without further 

purification. The reaction progress was monitored by GC-MS (using the procedure given 

in the main text). Solvents were removed under reduced pressure using a Büchi Rotavapor 

R-200 and Büchi B-490 heating bath set to 40 °C. Mixtures were further dried under high 

vacuum using an Alcatel Pascal 2005SD vacuum pump. NMR spectra were recorded on a 

Bruker AVANCE-400 instrument (1H NMR: 400 MHz, 13C NMR: 101 MHz) or a Bruker 

AVANCE-600 instrument equipped with a cryoprobe (1H NMR: 600 MHz, 13C NMR: 150 

MHz) using CDCl3 and C6D6. The 1H NMR chemical shifts were referenced to the residual 

protonated solvent peaks at δH 7.26 for chloroform-d and 7.15 for benzene-d6. 
13C NMR 

chemical shifts were referenced to the central solvent peaks of bulk solvent at δC 77.16 for 

chloroform-d and 127.68 for benzene-d6. J values are given in Hz. 

 

 

3.2. Synthesis of N-(2-methylbutyl)acetamide (6). 

 

The synthesis was conducted using the method of Naik et al.1 To a mixture of 

2-methylbutylamine (4.4 g, 50 mmol) in water (50 mL) was added acetic anhydride (7.7 g, 

75 mmol). The clear reaction mixture was stirred at room temperature for 0.5 hour and the 

completion of the reaction at this time was determined by GC-MS. The clear reaction 

mixture was extracted with ethyl acetate (3 × 50 mL). The combined organic layer was 

washed with 5% aqueous sodium bicarbonate solution (150 mL), dried over sodium sulfate 

and concentrated under reduced pressure to give the crude product, which was purified by 

vacuum distillation (150 – 160 °C, 20 mm Hg) to afford N-(2-methylbutyl)acetamide (6) as 

a clear liquid (5.6 g, 86% yield). 1H NMR (400 MHz, CDCl3) δ 0.83 (6 H, m, CHCH2CH3 

and CH2CH3), 1.07 (1 H, apparent sep, J = 6.6, CHCH3), 1.29 – 1.53 (2 H, m, CH2CH3), 

1.93 (3 H, s, CH3CO), 2.94 – 3.13 (2 H, m, NCH2), 6.33 (1 H, bs, NH). 13C NMR (101 

MHz, CDCl3) δ 11.2, 17.1, 23.1, 27.0, 34.8, 45.4, 170.6. GC-MS (EI) m/z (%) 129 (M+, 8), 

100 (M+−CH2CH3, 38), 72 (M+−CHCH(CH3)CH2CH3, 100). This compound is known, but 

spectral data are not available in the literature. 
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3.3. Synthesis of N-(3-methylbutyl)acetamide (7).  

 

Using a similar reaction, work-up and purification conditions to N-(2-

methylbutyl)acetamide (6) (above), 3-methylbutylamine (5.0 g, 57 mmol) in water (50 mL) 

was acetylated with acetic anhydride (8.7 g, 86 mmol) to produce N-(3-

methylbutyl)acetamide (7) as a clear liquid (5.4 g, 73% yield). 1H NMR (400 MHz, 

CDCl3) δ 0.85 (6 H, d, J = 6.6, CH(CH3)2), 1.33 (2 H, m, CH2CH3), 1.56 (1 H, non, J = 

6.7, CH), 1.92 (3 H, s, CH3CO), 3.18 (2 H, m, NCH2), 6.21 (1 H, bs, NH). 13C NMR (101 

MHz, CDCl3) δ 22.4, 23.1, 25.8, 38.0, 38.3, 170.4. GC-MS (EI) m/z (%) 129 (M+, 5), 114 

(M+−CH3, 12), 73 (M+−CH2CH2CH(CH3)2, 100). MS data match with those in the 

literature.2 NMR data are not available in the literature. 

 

 

3.4. Synthesis of N-(2-methylbutyl) propanamide (9). 

 

Using a similar reaction, work-up and purification conditions as above, 

2-methylbutylamine (4.4 g, 50 mmol) in water (50 mL) was acetylated with propionic 

anhydride (9.7 g, 75 mmol) to produce N-(2-methylbutyl) propanamide (9) as a clear liquid 

(5.4 g, 63% yield). 1H NMR (400 MHz, CDCl3) δ 0.82 (6 H, m, overlapped 

CH(CH3)CH2CH3 and COCH2CH3), 1.06 (4 H, m, overlapped CHCH3), 1.41 (2 H, m, 

CHCH2CH3), 2.15 (2 H, q, J = 7.6, CH3CH2CO), 3.04 (2 H, m, HNCH2), 6.06 (1 H, bs, 

NH); 13C NMR (101 MHz, CDCl3) δ 10.1, 11.2, 17.1, 27.0, 29.7, 34.9, 45.1, 174.1; GC-

MS (EI) m/z (%) 143 (M+, 10), 86 (·CH3CH2CH(CH3)CH2NH 
+, 75), 57 (CH3CH2CHCH3

+, 

100). This compound is known, but spectral data are not available in the literature. 
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3.5. Synthesis of N-(3-methylbutyl)propanamide (10). 

 

Using a similar reaction, work-up and purification conditions to above, 

3-methylbutylamine (4.4 g, 51 mmol) in water (50 mL) was acetylated with propionic 

anhydride (10.0 g, 77 mmol) to produce N-(3-methylbutyl)propanamide (10) as a clear 

liquid (5.7 g, 79% yield).1H NMR (400 MHz, CDCl3) δ 0.80 (6 H, m, CH(CH3)2), 1.04 (3 

H, t, J = 7.6, CH2CH3), 1.29 (2 H, m, CH2 CH), 1.51 (1 H, non, J = 6.7, CH), 2.11 (2 H, q, 

J = 7.6, CH2CH3), 3.15 (2 H, m, HNCH2), 6.38 (1 H, bs, NH); 13C NMR (101 MHz, 

CDCl3) δ 10.0 ; 22.9, 25.2, 29.7, 36.7, 37.5, 174.6; GC-MS (EI) m/z (%) 143 (M+, 8), 128 

(M+−CH3, 10), 114 (M+−CH2CH3, 9) 57 ((CH3)2CHCH2
+

 , 100). This compound is known, 

but spectral data are not available in the literature. 

 

 

3.6. Synthesis of N-(2-methylbutyl)isobutyrate (11). 

 

Using a similar reaction, work-up and purification conditions as above, 

2-methylbutylamine (4.4 g, 50 mmol) in water (50 mL) was acetylated with isobutyric 

anhydride (11.8 g, 75 mmol) to produce N-(2-methylbutyl)isobutyrate (11) as colorless 

needles (6.8 g, 87% yield). 1H NMR (400 MHz, CDCl3) δ 0.81 (6 H, d, J = 6.6, 

CH3CHCH2CH3), 1.04 (6 H, d, J = 6.9, COCH(CH3)2), 1.30 (2 H, m, CH2CH), 1.52 (1 H, 

oct, J = 6.9, CH(CH3)2), 2.31 (1 H, sep, J = 6.6, CHCO), 3.27 (2 H, m, HNCH2), 6.21 (1 

H, bs, NH); 13C NMR (100 MHz, CDCl3) δ 19.7, 22.9, 25.2, 35.4, 36.7, 37.8, 177.0; GC-

MS (EI) m/z (%) 157 (M+, 8), 142 (M+−CH3, 12), 114 (M+−CH(CH3)2, 16), 101 (M+−CH3 

and CH(CH3)2, 50), 71 (·CH3CH2CON+, 100). This compound is known, but spectral data 

are not available in the literature. 
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3.7. Synthesis of N-(3-methylbutyl)isobutyrate (12). 

 

Using a similar reaction, work-up and purification conditions as above, 

3-methylbutylamine (5.2 g, 60 mmol) in water (50 mL) was acetylated with isobutyric 

anhydride (14.2 g, 90 mmol) for 1 hour to produce N-(3-methylbutyl)isobutyrate (12) as a 

clear liquid (5.0 g, 53% yield).1H NMR (400 MHz, CDCl3) δ 0.90 (6 H, m, J = 6.6, 

CHCH2CH3 and CH2CH(CH3)CH2), 1.13 (1 H, m, CH(CH3)CH2) 1.16 (6 H, d, J = 6.9, 

CH(CH3)2), 2.37 (1 H, non, J = 6.9, CH(CH3)2), 3.12 (2 H, m, HNCH2), 5.65 (1 H, bs, 

NH); 13C NMR (100 MHz, CDCl3) δ 11.4, 17.2, 19.8, 27.1, 35.0, 35.9, 45.0, 177.2; GC-

MS (EI) m/z (%) 157 (M+, 10), 114 (M+− (CH3 and CH2CH3), 45), 43 ((CH3)2CH+, 100). 

This compound is known, but spectral data are not available in the literature. 

 

 

3.8. Synthesis of 2,8-dimethyl-1,7-dioxaspiro[5.5]undecane (14).  

 

 

 

 

1,10-Undecadien-6-ol 

Following the method of Kitching et al.,3 a Grignard reaction followed by hydrolysis was 

conducted to give 1,10-undecadien-6-ol. In brief, a flame-dried argon-flushed two-necked 

round bottom flask was charged with magnesium (1.8 g, 74 mmol), a single crystal of 

iodine, and a magnetic stirrer bar, and fitted with a condenser. Dry diethyl ether (60 mL) 

was added and the suspension was brought to reflux. 5-Bromopent-1-ene (10 g, 67 mmol) 

in diethyl ether (30 mL) was added dropwise and then the colourless suspension was 
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stirred at reflux for 4 hours. The colourless suspension was cooled to 0 °C and ethyl 

formate (2.6 g, 34 mmol) was added. The suspension was warmed to room temperature, 

stirred for 1 hour, then quenched with saturated ammonium chloride and extracted with 

diethyl ether (3 × 15 mL). The combined organic layers were washed with saturated 

aqueous brine and dried over magnesium sulfate. After solvent removal by rotary 

evaporation, the yellow oil was refluxed in 15% aqueous potassium hydroxide solution for 

3 hours. The solution was cooled to room temperature and extracted with diethyl ether (3 × 

20 mL). Solvent was removed under reduced pressure to give the crude product as a yellow 

oil, which was purified by distillation (110 – 115 °C, 10 mm Hg) to afford 1,10-

undecadien-6-ol as a colourless oil (3.7 g, 60% yield). 1H NMR (400 MHz, CDCl3) δ
 5.81 

(2 H, ddt, J = 17, 10.3, 6.7 Hz, CH=), 5.01 (2 H, dq, J = 17.1, 1.7 Hz, CH2=), 4.91 – 5.01 

(2 H, m, CH2=), 3.61 (1 H, bs, CHOH), 2.00 – 2.13 (4 H, m, CH2CH=CH2), 1.26 – 1.61 (9 

H, m, including OH). 13C NMR (101 MHz, CDCl3) δ 138.7 (CH=), 114.6 (CH2=), 71.7 

(CHOH), 36.9 (CH2), 33.7 (CH2), 24.9 (CH2). GC-MS (EI) m/z (%) 84 (12.3), 81 (100), 80 

(10), 79 (19.5), 69 (9.2), 68 (9.3), 67 (20.6), 58 (9.5), 57 (30.2), 55 (72.3), 54 (27.7), 53 

(9.4), 43 (32.1), 42 (9), 41 (43.8). Spectral data were consistent with the literature.3 

 

 

Undeca-1,10-dien-6-one 

To a solution of 1,10-undecadien-6-ol (3.99 g, 23.7 mmol) in acetone (10 mL) at -10 °C, 

freshly prepared Jones reagent (2.7 g of chromium trioxide in 4 mL of sulfuric acid and 12 

mL of distilled water) was added dropwise and the reaction monitored by GC-MS. After 

completion of the reaction (2 hours), the green suspension was filtered through a pad of 

Celite. The filtrate was washed with saturated aqueous sodium bicarbonate (17 mL), 

extracted with diethyl ether (4 × 50 mL) and washed with water (50 mL) and saturated 

aqueous brine (50 mL), then dried over magnesium sulfate. Concentration by rotary 

evaporation yielded undeca-1,10-dien-6-one as a colourless oil (2.9 g, 75% yield). 1H 

NMR (400 MHz, CDCl3) δ 5.80 (2 H, ddt, J = 17.2, 10.3, 6.7 Hz, CH=), 4.87 – 4.97 (4 H, 

m, CH2=), 2.33 (4 H, t, J = 7.5 Hz, CH2CO), 1.98 (4 H, m, CH2CH=CH2), 1.60 (4 H, quin, 

J = 7.3 Hz, CH2CH2CH2). 
13C NMR (101 MHz, CDCl3) δ 210.9 (CO), 138.0 (CH=), 115.2 

(CH2=), 41.9 (CH2), 33.1 (CH2), 22.8 (CH2). GC-MS (EI) m/z (%) 112 (14.6), 97 (30), 84 

(27.8), 83 (10.6), 70 (14.1), 69 (59.5), 58 (48.7), 55 (49.6), 43 (24.5), 41 (100). Spectral 

data were consistent with the literature.3 
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2,8-Dimethyl-1,7-dioxaspiro[5.5]undecane 

Hg(OAc)2 (1.9 g, 6.1 mmol) was added to a stirred solution of undeca-1,10-dien-6-one (0.5 

g, 3 mmol) in 1% aqueous perchloric acid: tetrahydrofuran (15 mL:15 mL) and the 

solution was stirred for 15 hours. Benzyltriethylammonium chloride (2.4 g, 10.5 mmol) in 

10% aqueous sodium hydroxide (15 mL) and dichloromethane (5 mL) was added followed 

by sodium borohydride (0.09 g, 2.3 mmol) in 10% aqueous sodium hydroxide (5 mL). The 

gray suspension was stirred and monitored by GC-MS. After completion of the reaction 

(20 minutes), the gray suspension was filtered through a pad of Celite, which was then 

washed with 30 mL of diethyl ether. The aqueous phase was then extracted with diethyl 

ether (3 × 30 mL) and the combined organic layer (from Celite wash and extraction) were 

washed with saturated aqueous brine (50 mL) and dried over magnesium sulfate. After 

solvent removal by rotary evaporation the product was purified by Kugelrohr distillation 

(bp 110 °C; 30 mm Hg). According to the literature 3 under this condition a mixture of E,E 

diastereomer with some E,Z and no Z,Z isomer is obtained. These configurational isomers 

produced different MS fragmentation patterns that were matched with those in the 

literature.3 

 

(E,E)-2,8-Dimethyl-1,7-dioxaspiro[5.5]undecane (14). 13C NMR (101 MHz, C6D6) δ 95.75 

(CO2), 64.8 (CO), 35.33 (CH2), 32.90 (CH2), 21.92 (CH3), 19.03 (CH2). GC-MS (EI) m/z 

(%) 184 (M+, 5.6), 169 (M+−CH3, 1.9), 140 (M+−CH3CHO, 11.6), 125 (8.2), 115 

(CH3(C5H7O)=OH+, 92.4), 114 (43.2), 113 (8.6), 112 (CH3(C5H7O)=CH2, 100), 97 (68.4), 

84 (15.7), 83 (23.8), 73 (24.8), 71 (18.5), 70 (15.8), 69 (54.9), 58 (18.2), 55 (52.1), 43 

(69.4), 42 (35.9), 41 (56.1). 

 

 (E,Z)-2,8-Dimethyl-1,7-dioxaspiro[5.5]undecane. GC-MS (EI) m/z (%) 184 (M+, 8.1), 115 

(CH3(C5H7O)=OH+, 100), 114 (37), 112 (CH3(C5H7O)=CH2 

, 39.5), 97 (73.1), 83 (11.8), 73 (27.5), 71 (12.4), 69 (59.9), 55 (41.8), 43 (38.6), 42 (24.6), 

41 (38.4). 
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3.9. Propyl laurate (21). 

 

A mixture of lauric acid (1.0 g, 5 mmol), 1-propanol (10 mL) and concentrated sulfuric 

acid (2 drops) was heated to reflux for 1.5 hours. After cooling, diethyl ether (10 mL) and 

5% w/v aqueous sodium bicarbonate (10 mL) were added to the reaction mixture. The 

organic layer was separated and washed with 5% w/v aqueous sodium bicarbonate (3 × 10 

mL) and dried over sodium sulfate. The solvent was removed under reduced pressure, 

yielding the crude product, which was purified by distillation to give ethyl palmitoleate as 

a colourless liquid (0.44 g, 38% yield). 1H NMR (600 MHz, CDCl3) δ 0.87 (3 H, t, J = 7.0 

Hz, CH2CH3), 0.93 (3 H, t, J = 7.4 Hz, OCH2CH2CH3), 1.25-1.29 (16 H, m, CH2), 1.57-

1.66 (4 H, m, CH2CH2COOPr, CH3CH2CH2OCO), 2.29 (2 H, t, J = 7.5 Hz, CH2COOPr), 

4.02 (2 H, t, J = 6.7 Hz, CH2OCO). 13C NMR (150 MHz, CDCl3) δ 10.5 (CH3), 14.2 

(CH3), 22.1 (CH2), 22.8 (CH2), 25.1 (CH2), 29.3 (CH2), 29.40 (CH2), 29.47 (CH2), 29.6 

(CH2), 29.7 (CH2), 32.0 (CH2), 34.5 (CH2), 65.9 (OCH2), 174.1 (C=O). GC-MS (EI) m/z 

(%) 242 (M+, 4.3), 213 (1.4), 201 (M+−CH2CH2CH3, 27.5), 183 (M+−OCH2CH2CH3, 

25.7), 171 (6.6), 157 (6.8), 143 (3.3), 129 (8.7), 115 (21.8), 102 (32.5), 97 (7.7), 85 (12.2), 

73 (39.3), 61 (100), 57 (30.9), 43 (80.2). Spectral data were consistent with the literature.4 

 

 

3.10. Ethyl palmitoleate (25).   

  

Using similar conditions to above, palmitoleic acid (0.50 g, 1.9 mmol), was esterified with 

ethanol (10 mL) in the presence of concentrated sulfuric acid (2 drops), quenched with 

sodium bicarbonate and diethyl ether and purified by distillation to afford ethyl 

palmitoleate as a colourless oil (0.11 g, 19% yield). 1H NMR (400 MHz, CDCl3) δ 5.32 – 

5.35 (2 H, m, CH=CH), 4.11 (2 H, q, J = 7.2 Hz, OCH2CH3), 2.28 (2 H, t, J = 7.5 Hz, 

CH2COOEt), 1.98 – 2.01 (4 H, m, CH2CH=CHCH2), 1.59 – 1.63 (2 H, m, 

CH2CH2COOEt), 1.23 – 1.30 (19 H, m, CH2), 0.88 (3 H, t, J = 6.9 Hz, CH2CH3). 13C 

NMR (101 MHz, CDCl3) δ 174.0 (C=O), 130.1 (CH), 129.9 (CH), 60.2 (OCH2), 34.5 

(CH2), 31.9 (CH2), 29.87 (CH2), 29.82 (CH2), 29.3 (CH2), 29.26 (CH2), 29.23 (CH2), 29.1 
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(CH2), 27.36 (CH2), 27.30 (CH2), 25.1 (CH2), 22.8 (CH2), 14.4 (CH3), 14.2 (CH3). GC-MS 

(EI) m/z (%) 282 (M+, 3.8), 236 (M+−OCH2CH3, 14.3), 218 (1.4), 207 (1.4), 194 

(M+−CH2COOCH2CH3, 15.0), 179 (1.65), 165 (2.8), 152 (M+−(CH2)4COOCH2CH3, 14.9), 

138 (6.9), 123 (11.9), 101 (31.8), 88 (50.6), 83 (44.9), 69 (64.1), 55 (100), 41 (81.8). 

Spectral data were not available in the literature. 

 

 

3.11. Ethyl elaidate (29).  

 

Using similar conditions to above, elaidic acid (0.45 g, 1.6 mmol), was esterified with 

ethanol (10 mL) in the presence of concentrated sulfuric acid (2 drops), quenched with 

sodium bicarbonate and diethyl ether and purified by distillation to afford ethyl elaidate as 

a colourless oil (113 mg, 23% yield). 1H NMR (400 MHz, CDCl3) δ 5.36 – 5.28 (2 H, m, 

CH=CH), 4.11 (2 H, q, J = 7.1 Hz, OCH2CH3), 2.27 (2 H, t, J = 7.6 Hz, CH2COOEt), 1.95 

– 1.96 (4 H, m, CH2CH=CHCH2), 1.57 – 1.60 (2 H, m, CH2CH2COOEt), 1.23 – 1.28 (23 

H, m, CH2), 0.87 (3 H, t, J = 6.7 Hz, CH2CH2CH3). 13C NMR (101 MHz, CDCl3) δ 174.0 

(C=O), 130.6 (CH), 130.4 (CH), 60.3 (OCH2), 34.5 (CH2), 32.78 (CH2), 32.73 (CH2), 32.0 

(CH2), 29.8 (CH2), 29.7 (CH2), 29.6 (CH2), 29.4 (CH2), 29.36 (CH2), 29.30 (CH2), 29.1 

(CH2), 25.1 (CH2), 22.8 (CH2), 14.4 (CH3), 14.2 (CH3). GC-MS (EI) m/z (%) 310 (M+, 

3.5), 281 (M+−CH2CH3, 0.25), 264 (M+−OCH2CH3, 16.2), 222 (11.3), 180 (11.2), 155 

(7.0), 138 (5.6), 123 (13.5), 111 (20.6), 97 (38.6), 88 (45.6), 83 (49.0), 69 (69.0), 55 (100), 

41 (76.4). Spectral data were consistent with the literature.5 
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Appendix VI: 

 

Mass spectra of spiroacetals identified in this study: 
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Emissions of Fruit Flies as Chemical Lures. 6th Australian Biology of Tephritid 

Fruit Flies Meeting. March 6-7, 2018, CSIRO Black Mountain, Canberra, 

Australia. 

 

Noushini S., Holgate D., Park S. J., Perez J., Jamie I., Jamie J., Taylor P. (2017) 

Identification and synthesis of putative pheromones from Bactrocera fruit flies. 
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Australia. 
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