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Abstract 

 

Flystrike is a painful, debilitating and potentially lethal disease caused when the blow 

fly (Lucilia cuprina) lay its eggs on sheep, and it costs the Australian Merino industry 

more than Au$280 million every year. The most efficient method for flystrike 

prevention is ‘mulesing’, a surgical procedure that removes skin from around the anus 

(‘breech’) and thus prevents wool growth. However, mulesing has become socially 

unacceptable and is illegal in many countries. Insecticides have also been successful in 

flystrike control, but repeated use can lead the flies to develop resistance and there is 

concern about contamination of the environment and with residues carried down the 

supply chain for food and clothing. A more ‘clean, green and ethical’ approach to 

prevention of flystrike, genetic selection, has therefore received a great deal of attention. 

However, several traits are correlated with the incidence of flystrike in a flock, and 

variation in the characteristics of the breech only explain about 20% of that variation, so 

other factors must play major roles in susceptibility to the disease. One such factor is 

wool odour – it is already known to play a significant role in attracting Lucilia species – 

for example, ‘sniffer’ dogs can differentiate between wool samples from flystrike-

resistant and flystrike-susceptible sheep. Thus, the general aim of this thesis was to 

detect compounds in wool odours that attract or repel Lucilia cuprina and to evaluate 

the heritability of these compounds with a view to using them as indicator traits that 

could be used in breeding sheep for flystrike resistance. 

This research began with the development of methodology for measuring the antennal 

responses (electroantennography; EAG) and behavioural responses of L. cuprina to 

odours. For the antennal responses, three antenna access methods and two conduction 

media were assessed. When whole-insect and whole-head were used to access the 

antenna, the EAG signal was excessively noisy whereas when only the antenna was 

used, the EAG signal was stable and smooth. With antenna-only preparations, a saline 

was more sensitive as a conduction medium than an electrode gel. 

For assessment of the behavioural responses of the fly to odours, we compared four 

two-choice bioassay methods in which we allowed flies to make choices between 

treatment and control: ‘Y’-tube tests (P = 0.525) and Landing time (P = 0.477) were not 
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able to assess the attractiveness of bovine liver, whereas Visiting frequency (P = 0.027) 

and Trap tests (P < 0.001) showed that more L. cuprina were attracted by bovine liver 

than to a control bait. 

The best techniques were then used to study the effect of diet and long-term laboratory 

rearing on L. cuprina. Flies were fed with two different diets over a year, and the F1, F6 

and F11 generations were compared for number of eggs in ovaries of gravid flies, 

attraction to wool and liver, and insect morphology. The results showed that the number 

of eggs (P = 0.291, P = 0.66) and the attractiveness of wool (P = 0.739, P = 0.207) and 

liver (P = 0.688, P = 0.776) did not differ significantly between diets or change with 

generation. However, for morphology, thorax length and wing aspect ratio were 

significantly longer in the F1 generation than in the F6 and F11 generations (P < 0.05), 

and wing length was significantly longer in the F1 generation than in the F11 generation 

(P < 0.05). It was concluded that neither diet nor long-term laboratory rearing affected 

potential fecundity or the behavioural responses of L. cuprina, and only fly morphology 

changed as the generations progressed. It was also concluded that long-term laboratory 

rearing was not likely to compromise the work in this thesis. 

The project was then able to focus on the behaviour and electrophysiological responses 

of L. cuprina to carrion-associated compounds. Gravid and non-gravid flies were 

challenged with four compounds: dimethyl trisulfide (DMTS), butyric acid, 1-octen-3-

ol and indole. All four evoked an EAG response (P < 0.05), while only DMTS evoked 

responses in the gas chromatography-mass spectrometry electroantennographic 

detection (GCMS-EAD) analyses and the two-choice bioassays (P < 0.05). Gravid flies 

detected lower doses of the test compounds than non-gravid flies. Overall, DMTS 

evoked stable antennal and behavioural responses in L. cuprina, so it was subsequently 

used as a standard compound in all future tests. 

Volatile compounds from Merino fleece were assessed for their ability to evoke antennal 

and behavioural responses. We first tested the attractiveness of wool samples from 

flystrike-susceptible and flystrike-resistant sheep. Contrary to expectation, the two most 

attractive samples (P < 0.001) were from flystrike-resistant sheep while the two least 

attractive samples (t = -1.928, P = 0.086; t = -1.964, P = 0.081) were from flystrike-

susceptible sheep. The two most attractive and the two least attractive samples were 
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then used for the GCMS-EAD test. Two types of aldehyde, octanal and nonanal, were 

detected in the two most attractive samples but not in the two least attractive samples. 

Subsequently, it was found that synthetic octanal and nonanal also evoked antennal and 

behavioural responses (P = 0.047; P = 0.004). It was concluded that the wool content of 

octanal and nonanal differed between resistant and susceptible sheep, and that they 

might be useful as an indicator trait for flystrike. 

As well as using wool samples, we also collected odours directly from the breech of 

sheep that were known to be flystrike-resistant and flystrike-susceptible. The 

compounds in the odours were detected by Gas Chromatograph and Mass Spectrometry 

(GCMS). We found that the relative abundances of nonanal and dimethyl sulfone were 

different (0.05 < P < 0.1) between flystrike-resistant and flystrike-susceptible sheep. 

When we added these findings to those from our other studies, it became clear that 

octanal, nonanal, heptanal and dimethyl sulfone were candidates for evaluation of 

heritability. 

For heritability evaluation, we sampled wool from 1032 1-year-old sheep (641 males, 

391 females), obtained complete information on odour compounds, and established a 

database that, for each animal, aligned odour chemistry with the background data, and 

could be used to evaluate the heritability of each compound. Our analysis produced 

heritability values of 0.15 ± 0.07 for octanal, 0.19 ± 0.07 for nonanal, and 0.25 ± 0.09 

for dimethyl sulfone. 

In conclusion, we have developed operational methods for measuring the antennal and 

behavioural responses of L. cuprina, and shown that laboratory rearing for a year does 

not affect those responses. This combination of resources has allowed us to provide 

evidence that octanal and nonanal produced by Merino sheep attracts L. cuprina. 

Moreover, the relative abundance of octanal, nonanal and dimethyl sulfone are 

heritable, suggesting that they help explain the success of genetic selection for flystrike-

resistance in sheep. 
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Chapter 1: Introduction 

Australia’s blowfly, Lucilia cuprina, causes about 90% of flystrike on sheep, a 

distressing disease in which the flies lay eggs on the skin of sheep and the hatched 

larvae then feed on sheep tissue. For the Australian sheep industry, it is a costly 

economic problem, causing losses of about US$280 million per annum (Sackett et al., 

2006). It is also problematic from an animal welfare perspective because the 

preventative practice of mulesing, the surgical removal of skin from the breech and tail, 

is socially unacceptable, and illegal in many countries. Moreover, the fly larvae are 

becoming increasingly resistant to chemical treatments. A more ‘clean, green and 

ethical’ approach to prevention of flystrike is needed, and genetic selection for 

resistance has received considerable attention. 

1.1 Literature review and general hypothesis 

1.1.1 Flystrike occurrence 

Many fly species cause flystrike, including L. cuprina, Lucilia sericata, Wohlfahrtia 

magnifica, Calliphora stygia, Chrysomya rufifacies, Protophormia terraenovae, and 

Lucilia caesar. In Australia, L. cuprina (Wiedemann) is the primary problem, being 

responsible for more than 87% of sheep flystrike (Anderson et al., 1988). L. cuprina 

was introduced into Australia in the late 1800s, and thus became a major pest, when the 

Vermont Merino sheep arrived in the 1880s (Norris, 1990). Adult L. cuprina are 

attracted to odours from sheep, particularly those associated with fleece rot or skin 

soiled by faeces and urine (Smith et al., 2010). The flies look for areas of high humidity 

to lay their eggs. At each oviposition, a single gravid L. cuprina can deposit about 200 

eggs (Whitten et al., 1980). After hatching, the larvae proceed through three stages of 

development, during which they feed on skin secretions, dermal tissues and blood 

(Tellam and Bowles, 1997). The resultant mechanical, chemical and enzymatic effects 

of the feeding larvae can even cause death of the host (Heath, 1994; Morris, 2000; 

Smith et al., 2010). L. cuprina is also important in human health because it causes 

myiasis in wounds, can be used for wound debridement (Kingu et al., 2012; Kuria et al., 

2015; Paul et al., 2009; Tantawi et al., 2010), and offers a means to estimate post 
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mortem interval in forensic science (Bernhardt et al., 2017). Thus, L. cuprina is widely 

used in behavioural ecology, forensics, and also medicine fields of research. 

However, wild flies are not always available for research and, even when they are 

present, there is a lot of uncertainty in age, physiological state, nutritional state, health 

condition and numbers available for experiments, so laboratory reared L. cuprina are 

widely used. To ensure that there are flies ready to use, laboratory-reared blowflies are 

commonly bred for several generations and fed consistently with the same diet. 

Although the effects of diet on both larvae and adults are well documented 

(Bambaradeniya et al., 2017; Browne, 1993; Day and Wallman, 2006; Flores et al., 

2014; Rabêlo et al., 2011), and it is well known that diet composition is critical because 

it has the potential to cause differences in morphometry and gene expression in the 

adults and their offspring (Tarone and Foran, 2011), there has been little consideration 

of the effects of constant long-term diet and rearing conditions on the blowfly. Thus, the 

first hypothesis tested in this thesis is that diet and long-term laboratory rearing affects 

the experiment results of L. cuprina. 

1.1.2 Flystrike treatment 

The two most popular and effective flystrike control methods are chemical (insecticide) 

and mulesing. The earliest chemicals used were arsenic, copper, boron or phenols. For 

the repeated development of resistance to each class of chemicals, lots of 

organophosphate insecticides have been used and replaced over the past several decades 

(McKenzie and Batterham, 1998; Phillips, 2009). Despite the development of resistance 

and more recent issues of environmental and human contamination with residues, 

insecticides are still widely used in the flystrike control. Surgical mulesing is a highly 

effective method for reducing the prevalence of breech strike and Merino sheep farmers 

rely heavily on this management tool. However, mulesing has become socially 

unacceptable and is now illegal in many countries (Phillips, 2009; Sneddon and Rollin, 

2010).  

Because of the negative effects of these two methods, efforts to develop alternative 

control methods have continued, including a search for effective baits for trapping 

(Urech et al., 2009), exploration of bacterial or predator species that could be used for 

biological control (Leemon and Jonsson, 2012; Wright et al., 2009), antibodies and 
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vaccines for immunological control (Colditz et al., 2002; Elkington et al., 2009), and 

selection for flystrike resistance as a genetic control (Greeff et al., 2014; Smith et al., 

2008). 

In genetic control, Greeff et al. (2014) found that breech strike was a moderate to highly 

heritable trait (h2 = 0.51) in a winter rainfall environment, whereas Smith et al. (2009) 

reported a lower value for heritability (0.34) in a summer rainfall region. Despite the 

differences, both estimates of heritability show that breech strike should respond to 

genetic selection. On the other hand, breech strike is a discrete trait that depends on the 

level of challenge, and can vary dramatically from year to year depending on the 

prevailing environmental factors. Moreover, it is difficult and expensive to monitor 

large numbers of sheep for breech strike in a production system in which the animals 

are challenged and no preventative treatments are carried out. An alternative is to use 

indirect traits that are correlated with breech strike and can be used as selection criteria. 

1.1.3 Indirect indicator traits 

Previous researchers have shown that a number of traits are correlated with the 

incidence of flystrike, and thus could qualify as indicator traits: moisture content in the 

fleece, fleece rot, dermatophilosis, amount of dags, wool cover in the breech/bare skin 

area around anus and vulva, amount of wool wax, urine stain, and wool colour 

(indicating suint content) and skin wrinkles (Raadsma and Rogan, 1987; Scobie et al., 

2002, 2008; Watts et al., 1979, 1980). Greeff et al. (2014) showed that the amount of 

dags was the most important predisposing factor for breech strike in a Mediterranean 

environment, followed by urine stain, neck wrinkle and breech cover, whereas Smith et 

al. (2009), also studying Merinos in Australia, showed that breech wrinkles was the 

most important predisposing factor in a summer rainfall environment. 

Greeff et al. (2014) showed that breech strike is a highly heritable trait (h2 = 0.51 ± 

0.10). Although breech strike is genetically positively correlated to all of the scored 

indicator traits, the strongest correlation was with faecal dags (rg = 0.86 ± 0.17; Greeff 

and Karlsson, 2009). Dags are cause by diarrhoea in the winter rainfall zones 

(Mediterranean regions), predisposing sheep to breech strike. The heritability of dags 

means that the incidence can be reduced through selective breeding (Greeff et al., 2014). 

Moreover, as an indicator trait that is genetically correlated to breech strike, dags could 
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be used as an indirect selection criterion. However, all of the indicator traits together 

only explain 20-30% of the variation in the incidence of breech strike in unmulesed 

sheep. Therefore, other factors must play a major role in flystrike susceptibility. 

1.1.4 Semiochemical detection by insects 

One such factor could be wool odour because it is well known to play a significant role 

in attracting Lucilia species. For example, Brodie et al. (2016) showed that Lucilia 

sericata is strongly attracted to DMTS and indole, but discriminates against carrion 

when it wants to lay eggs as soon as the carrion begins to produce appreciable amounts 

of indole. Indeed, olfaction is considered the most important cue used by insects to 

rapidly locate a host over long distances (De Bruyne and Baker, 2008). 

In experimental entomology, the ability of the antennal olfactory apparatus of insects to 

detect volatiles is assessed by EAG, followed by behavioural tests to detect whether the 

compounds that evoke antennal responses also attract or repel the insects. For example, 

Birkett et al. (2004) reported that, among the compounds that evoke an antennal 

response in cattle flies, 1-octen-3-ol and 6-methyl-5-hepten-2-one were attractive, 

whereas naphthalene, linalool and propyl butanoate were repellent, in behavioural tests. 

Brodie et al. (2016) reported that, although indole could evoke an antennal response in 

both gravid and non-gravid L. sericata, they were repellent for gravid flies but attractive 

for non-gravid flies. For L. cuprina, 1-octen-3-ol, dimethyl disulphide, and 2-

phenylethanol have been identified as inducing an antennae response (Park and Cork, 

1999) but the behavioural responses are not known. 

Several volatile compounds produced by cattle play an important role in the attraction 

of the pest, Haematobia irritans (Diptera: Muscidae), and they can evoke both antennal 

and behavioural responses in the insect (Oyarzún et al., 2009). Similar results also have 

been found for pests of horses and humans (Logan et al., 2009; Baldacchino et al., 

2014). Wool samples from flystruck sheep have long been known to attract gravid L. 

cuprina (Mackerras and Mackerras, 1944), so a second hypothesis in this thesis is that 

wool samples from flystrike-resistant and flystrike-susceptible sheep will release 

different organic compounds, and that these compounds will evoke different antennal 

and behavioural responses in gravid L. cuprina. A study using dogs supports this 

hypothesis. Wool from Merino ewes deemed to be genetically resistant or susceptible to 
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breech strike was collected from both the Mt Barker (WA) and Armidale (NSW) 

research flocks. Over a 12-month period, these samples were used to train two dogs 

from the ‘Hanrob International Dog Academy’ to target samples from the resistant line 

and ignore samples from the susceptible line. Overall the dogs were shown to have an 

accuracy of 82% in identifying resistant animals and 92% accuracy in ignoring 

susceptible animals (Greeff et al., 2013). This observation suggests that odour explains a 

large part of the unexplained variation in the incidence of breech strike. Thus, the third 

hypothesis tested in this thesis is that different organic compounds will be released from 

wool samples of resistant and susceptible sheep.  

1.2 Research progression and methodology 

1.2.1 Research tasks 

The overarching hypothesis for this research is that different volatile organic chemicals 

are released by wool from flystrike-resistant sheep and flystrike-susceptible sheep, that 

these different compounds will evoke different antennal and behavioural responses in L. 

cuprina, and that these molecules are heritable in the Merino population. As this is the 

first study in this area, a primary task was to establish effective antennal and 

behavioural experimental methodologies for L. cuprina. We compared several antennal 

access methods as we developed the EAG test, and several behavioural methods as we 

developed the behavioural tests. In addition, flies used in experimental entomology are 

usually raised in the laboratory for several generations, but it is not known whether 

long-term laboratory rearing affects the results. Thus, the second task in this study was 

to test whether long-term laboratory rearing affects the fecundity, antennal and 

behavioural responses, and morphology in L. cuprina. Moreover, for the EAG test, it is 

necessary to show that the antennae are capable of responding, so a standard compound 

is necessary as a positive control. L. cuprina is a carrion colonizer so a positive control 

would need to be chosen from carrion-related compounds. The third task in this project 

was, therefore, to find such a molecule for verifying the reliability of the antennal and 

behaviour tests. 

These methodological studies were effectively preparatory to the fourth task – detection 

of the semiochemicals in the odours of wool samples that can evoke antennal and 

behavioural responses in gravid L. cuprina, and then estimation of the heritability of 
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those semiochemicals so as to determine whether they can be used in genetic selection 

for resistance to flystrike in sheep. 

1.2.2 Methodology 

This thesis describes five experiments: 

Experiment 1: Selection of antennal and behavioural test methods 

EAG is widely used in entomological research for the detection of volatiles perceived 

by the antennal olfactory apparatus of insects. Three commonly used methods for 

accessing the antenna were assessed: whole fly, head only, and isolated antenna. The 

outcomes clearly showed that the isolated antenna was best, so it was used in 

subsequent experiments.  

Four behavioural tests, Y-tube test, landing time test, visiting frequency test and trap 

test, were used in this test. Based on the results, the trap test was selected in subsequent 

experiments. 

Experiment 2: Effects of long-term laboratory rearing 

Flies reared in laboratory were fed with two diets (sugar plus liver; sugar, milk powder 

and liver), we measured potential fecundity, resource attractiveness and morphology in 

successive generations. 

To measure potential fecundity, 10 gravid flies of the F1, F6 and F11 generations were 

frozen and dissected, the eggs in their ovaries were counted under a microscope. For the 

resource attractiveness test, the attractiveness of wool samples and liver to the flies from 

F1, F6 and F11 generations were analysed using the antennal and behavioural tests. For 

morphology analysis, 10 new post-eclosion females of the F1, F6 and F11 generations 

were killed by freeze anesthesia, weighed and pinned next to a ruler on a white 

polystyrene board in preparation for digital photography. The left side wing was 

carefully pulled out with forceps, placed next to a ruler on a white polystyrene board 

and covered with a coverslip to ensure it was in a stretched position for digital 

photography. Digital photographs from underneath the body and the left wing of each 

specimen were analyzed with thin-plate spline (tps) software 

(http://life.bio.sunysb.edu/morph). 

Experiment 3: Standard compound selection 
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Four carrion-related chemical compounds, DMTS, butyric acid, indole and 1-octen-3-ol 

were used, and the antennal (EAG) and behavioural responses of gravid and non-gravid 

L. cuprina were assessed. The compounds were diluted in a series (10-6, 10-5, 10-4, 10-3, 

10-2, and 10-1 g/mL) in dichloromethane (DCM) and then applied to the testing systems. 

For the EAG test, a piece of filter paper (about 1 cm × 5 cm) was zig-zag folded and 

partly inserted into the wide opening of a Pasteur pipette. A 20 µL droplet of each 

solution (10-6, 10-5, 10-4, 10-3, 10-2 or 10-1 g/mL) was applied to the filter paper and 

allowed to dry completely in a fume hood. The filter paper was then fully inserted into 

the Pasteur pipette. Each compound was tested with antennae from six non-gravid and 

six gravid females. During the lifespan of each antenna (about 15 min), the control 

pipette was applied first, followed by the six doses (from lowest to highest) of two 

compounds followed by a repeat of the control before the antenna was replaced. The 

test compound in the pipette was volatilized with a 0.5 s air puff. 

These EAG experiments showed the antennae responded to all four compounds at 

certain doses, so these four compounds were subsequently used in behavioural tests. For 

each compound, the higher doses (300 μg and 3000 μg) were tested first with gravid 

flies. As only DMTS and butyric acid were attractive to gravid flies, the same doses 

were used for the behaviour tests with non-gravid flies. For each test, 50 gravid and 

non-gravid flies were cold-sedated for about 5 min and then released into each cage. 

After allowing time for adaptation, two traps were placed inside the cage, one with the 

test compound or material (treatment) and one as negative control. After 1 h, the flies in 

each trap were counted. Thereafter, all flies in the traps were released into the cage, the 

treatment trap was replaced with the positive control trap (pig liver), and the test flies 

were allowed another hour to enter the traps. 

Experiment 4: Semiochemical selection from wool 

We used a flock of 600 Merino ewes belonging to the Western Australian Department of 

Primary Industry and Reginal Development (DPIRD). The flock was located in Mount 

Barker (Western Australia) and has been bred to allow the identification and calculation 

of heritable traits related to flystrike. We used a subset of this flock, 40 ewes expressing 

extreme resistance or extreme susceptibility to flystrike, that were derived from 4 sires 

(i.e., 10 ewes per sire). Two sire groups were extremely resistant and two were 
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extremely susceptible (determined by heritability calculation), but there were no 

obvious visual differences among progeny groups. The 40-ewe subset were used to 

study organic compounds released from wool, while the main flock was used to 

estimate the heritability of any compounds that elicited a response in flies. 

The wool samples taken from the flystrike-resistant and flystrike-susceptible animals 

were placed into prewashed 120 ml amber vials, transported to the laboratory and stored 

at 5�. The behavioural responses of gravid flies to the samples were detected using the 

methodologies selected in Experiment 1, and then the most and least attractive samples 

were assessed by GCMS-EAD. Volatile compounds were extracted using a solid phase 

micro-extraction (SPME) approach, with the standard compound DMTS added into the 

wool samples, and the extract was injected into the GC. The compounds that evoked an 

antennal response in GCMS-EAD test were then used for further GC and behavioural 

test, respectively, as described in Experiment 3. 

Experiment 5: Semiochemical selection directly from the breech of sheep and 

heritability estimation 

In this study, breech odours were directly collected from the breech of 60 ewes and 60 

rams prior to the flystrike season (on 5 Sept. for rams, and on 12 Sept. for ewes). The 

sheep were then naturally challenged for 3-4 weeks with blowflies and the sheep 

infected flystrike were recorded as susceptible group while the sheep not infected 

flystrike was recorded as control group. To collect the violate breech odours, each sheep 

was confined in a narrow passageway, and the odours were collected around each 

sheep’s breech with a metal thermal desorption tube (O.D. × length: 0.25 × 3.5 inch) 

which was stuffed by 100 g Tenax TA (60/80 mesh) with two wool glass balls plugged 

in at both ends. One end of the tube hose was connected to a vacuum pump (2.5W) and 

the other end was used to suck air from around the breech. After 3 min sampling for 

each sheep, the sealed tubes were taken to lab and eluted by 1 mL acetone and hexane 

mixed solution (volume 1:1). The extracted solution was concentrated to about 0.1 mL 

and was used for GCMS analysis. The results of GCMS were compared between 

susceptible and control groups. Candidate compounds were those with significant 

difference between the two groups. 

For heritability estimation, a total of 1032 wool samples were processed and measured 
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in the GCMS. The wool samples were taken from the breech and mid-side of sheep born 

in 2014 from the DPIRD Breechstrike Flock and the CSIRO Breechstrike Flock 

(Armidale, NSW). Subsamples (1.5 g) were stored in 20 mL glass vials that were used 

in the GCMS auto-sampler. The vials were stored at -20°C until analysis. 

The raw data from the GCMS were further processed by using AMDIS (Automated 

Mass Spectral Deconvolution and Identification System, Version 2.72, National Institute 

of Standards and Technology (NIST), USA). The areas of individual peaks/compounds 

were integrated based on the total ion current from the GCMS. Each peak/compound 

was initially identified from its spectrum, using the NIST Library. In general, if the 

match index (R. Match) was < 900, the peak is considered as “unknown”. 

AMDIS exports the results of the analysis of an individual sample (peak identification, 

retention time, intensity, etc.) as an Excel or text file. ASREML (Gilmour et al., 2009) 

was used to estimate the heritability of candidate semiochemicals. A Restricted 

Maximum Likelihood analysis was carried out to estimate the additive genetic and 

phenotypic variation. We fitted an animal model that utilises the full pedigrees, site (i = 

Mt Barker or Armidale), sex (j = male or female) and birth status (l = born as single or 2 

= born as multiple) and all positive 2-way interactions as fixed effects in the model. 

Animal was fitted as a random effect. The model was as follows: 

Yijkl = mu + site i+ genderj + birth statusl + 2-way interactionsjk + animali+ errorijkl 

where Y = chemical compound. 

The final analyses only contained the significant factors (e.g., age and dam age were not 

significant). Heritability was estimated by dividing the additive genetic variance by the 

phenotypic variance. 

1.3 Chapter descriptions and publications 

This thesis is articulated around three chapters relating to the main contributions of the 

work performed during the PhD project. Chapters 3, 4 and 5 are published in 

internationally peer-reviewed journals. The manuscripts have been reformatted to fit the 

format of this thesis. 

1.3.1 Chapter 3: The effects of diets and long-term laboratory rearing on reproduction, 

behaviour and morphology of Lucilia cuprina (Wiedemann) 
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This chapter introduces the general laboratory rearing method for L. cuprina and 

assesses the effects of long-term laboratory rearing. Two commonly used diets were 

used, and reproduction, behaviour and morphology of the F1, F6 and F11 generation 

were measured. The results show that only fly morphology was affected by long-term 

laboratory rearing, so we were able to use laboratory-reared flies for antennal and 

behavioural tests. The published article is: 

Yan, G., Schlink, A.C., Brodie, B.S., Hu, J., and Martin, G.B., 2019. The Effects of 

Diets and Long-term Laboratory Rearing on Reproduction, Behaviour, and Morphology 

of Lucilia cuprina (Diptera: Calliphoridae). Journal of Medical Entomology 56: 665-

670. 

1.3.2 Chapter 4: Behavioural and electrophysiological responses of gravid and non-

gravid Lucilia cuprina (Diptera: Calliphoridae) to carrion-associated compounds 

This chapter shows the antennal and behavioural response of L. cuprina to the carrion-

associated compounds DMTS, butyric acid, 1-octen-3-ol and indole. The effects of 

ovarian status on antennal and behavioural responses were also investigated. The results 

show all four compounds evoked an EAG response, while only DMTS evoked 

responses in GCMS-EAD analyses and behaviour tests. Gravid flies detected lower 

doses of the test compounds than non-gravid flies. The results also show that DMTS can 

be used as a standard compound for antenna tests in L. cuprina. 

The corresponding article has been published: 

Yan, G., Liu, S., Schlink, A.C., Flematti, G.R., Brodie, B.S., Bohman, B., Greeff J.C., 

Vercoe, P.E., Hu, J. and Martin, G.B., 2018. Behaviour and electrophysiological 

response of gravid and non-gravid Lucilia cuprina (Diptera: Calliphoridae) to carrion-

associated compounds. Journal of Economic Entomology 111: 1958-1965. 

1.3.3 Chapter 5: Volatiles from Merino fleece evoke antennal and behavioural 

responses in the Australian sheep blow fly, Lucilia cuprina 

This chapter identifies flystrike-related volatile compounds in wool from Merino sheep. 

First, the attractiveness of the 10 wool samples from flystrike-resistant sheep and 10 

samples from flystrike-susceptible sheep were used in the attractiveness test. The two 

most attractive and the two least attractive samples were then used in GCMS-EAD. The 
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results showed that octanal and nonanal are present in the attractive wool samples that 

elicited responses from the fly antenna. In the following laboratory bioassays, octanal 

and nonanal evoked antennal and behavioural responses in gravid L. cuprina. These 

results suggest that octanal and nonanal are semiochemicals responsible for attracting L. 

cuprina to Merino sheep, and thus might be used as traits for breeding for resistance to 

flystrike. 

The corresponding article has been published: 

Yan, G., Liu, S., Schlink, A.C., Flematti, G.R., Brodie, B.S., Bohman, B., Greeff J.C., 

Vercoe, P.E., Hu, J. and Martin, G.B., 2019. Volatiles from Merino fleece evoke 

antennal and behavioural responses in the Australian sheep blow fly Lucilia cuprina. 

Medical and Veterinary Entomology 33: 491-497. 
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Chapter 2: Exploration of methods for detection of responses in 

antenna electrophysiology and preference behaviour in Lucilia 

cuprina (Wiedemann) 
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2.1 Abstract 

To select the best antennal and behavioural tests for L. cuprina, we assessed three 

commonly used antenna access methods for the EAG (whole insect; whole head; 

antenna only) and four commonly used behavioural tests (Y-tube; landing time; visiting 

frequency; trap). For the antennal test, the EAG signals from the whole-insect and the 

whole head were contaminated by massive background noise, whereas the signal from 

the antenna alone was stable. Using the antenna-only method, we compared the EAG 

signal produced using electrode gel and saline as the conduction media, and found that 

the response of the antenna to a stimulus was higher with the saline than with the 

electrode gel. In the behavioural tests, the attractiveness of bovine liver was not 

detectable using the Y-tube or landing time, but was readily detected using visiting 

frequency and the trap, with the trap being the most sensitive. Based on these results, 

we decided to focus our studies on antenna-only preparations, with saline as the 

conduction medium, in the EAG analyses, and the trap test for behavioural analyses. 

 

2.2 Introduction 

The antennae are the main olfactory organs of insects and play an important role in 

foraging, host location, and searching for a spouse and spawning places (Myrick and 

Baker, 2011). For the detection of volatiles perceived by the antennal olfactory 

apparatus, bioassays based on EAG are widely used in experimental entomology. The 

EAG can be used for many purposes, such as screening bioactive compounds, 

purification of extracts, selection of active synthetic compounds, concentration 

measurements in the field, and as a detector in gas chromatography. The method is 

based on the work by Schneider (1957) who recorded small voltage fluctuations 

between the tip and base of an insect antenna during stimulation with pheromones. 

Although the precise mechanism behind the EAG signal is not known, it is generally 

assumed that the measured voltage fluctuation is caused by electrical depolarizations of 

olfactory neurons in the insect antenna. 

An antenna has many olfactory receptor cells, each of which can be considered as a 

combination of a resistor (R) and a voltage source (V). The EAG signal is a voltage 

deflection between the tip and the base of an insect antenna, following exposure to a 
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stimulus, that can be measured with suitable equipment. The antennal voltage source is 

weak and the resistance of the antenna is high (several megaOhms) so recording the 

delicate voltage fluctuations across an antenna requires a sensitive instrument that does 

not interfere with the physiological processes in the antenna. 

The working principles of the EAG are shown in Figure 2.1. When the antenna is 

connected to the input terminals of the amplifier and the electrical circuit is closed, the 

main components are: 1) a voltage source (from receptor cell depolarizations in the 

antenna); 2) resistance in the antenna; and 3) input resistance of the amplifier. 

According to Ohm's Law, the voltage across the antenna is determined by the ratio of 

the antennal resistance to the input resistance (amplifier). 

 

Fig. 2.1 The working principles of EAG (moth antenna). 

In EAG, most critical part is the combination of the antennal preparation and amplifier 

input. Antenna access depends on antenna morphology so various methods are used: for 

long antennae, excision and mounting of the antenna directly on a micropipette tip; for 
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short, club-shaped antenna, excision and mounting of the entire insect head on the 

micropipette tip; and, for other conformations, mounting of the whole insect on the 

micropipette tip. In addition, the antenna can be mounted using an electrode gel or a 

water-based saline). The gel in the micropipette can be applied onto a metal electrode 

surface into which the end of the antenna is inserted. The gel easily forms a contact with 

the antenna, unlike a saline that is often repelled because the antenna is hydrophobic. 

Thus, the first aim of this study was to consider the above options and select the best 

antenna access method for EAG. 

On the other hand, although the response of the antennae to volatile substances can be 

detected by EAG, further testing is needed to determine the relationship between the 

substances detected by the antenna and the behavioural response of the insects, so a 

relevant behavioural test always follows EAG. This combination of observations 

determines whether a substance that evokes an antennal response is attractive or 

repellant. Olfactory behavioural tests usually involve offering the insects a choice 

between treatment and control, such as the Y-tube test (Xu et al., 2015), landing times 

(Cragg, 1956), visiting frequency (Brodie et al., 2016) or traps (Brodie et al., 2015; Zito 

et al., 2014). However, for a given insect species, some of these behavioural tests do not 

work well – indeed, with the Y-tube test with wool samples, L. cuprina showed 

preference (Cragg, 1956). Thus, the second aim of this study was to determine the best 

suitable olfactory behavioural test for L. cuprina. 

We used 10-day-old female L. cuprina. We compared three antenna access methods 

(antenna only; entire head; entire fly) and two mounting media (electrode gel; saline) 

were compared. We also compared four behavioural tests (Y-tube; landing time; visiting 

frequency; trap) using wool samples and liver as an attractant. 

 

2.3 Materials and Methods 

2.3.1 Fly colonies 

The flies had been reared in the University Field Station (Shenton Park) of The 

University of Western Australia, after starting a new colony with approximately 100 

larvae collected from the breech of fly-struck sheep approximately three months before 

these experiments commenced. Flies were kept under L12:D12 photoperiod at 30–40% 



19 

relative humidity and a temperature of 23–25°C. Upon emergence, non-gravid flies 

were provided sugar and water until used in the experiments. Upon emergence, gravid 

flies were provided water, a mixture of milk powder and sugar (1:1), and then liver 

paste when they were 4-8 days old. 

2.3.2 EAG test 

An Ag-AgCL wire connected to a metal electrode is inserted into a glass capillary filled 

with saline (Staddon and Everton, 1980), and the electrode is connected to the insect 

antenna through the saline to form a closed loop (Fig. 2.2a). 

 
Fig. 2.2 The structure of probes used for different types of connection to antennae (Syntech, 2015). 

The glass capillaries were made by automatic drawing equipment. The antennae were 

accessed by three methods, for each of which EAG was recorded for 30 min: 

a) Whole-fly: after hypothermic anesthesia, the fly was fixed inside the tip of a 

disposable plastic pipette, the diameter of which had been adjusted to allow the head 

to protrude outside while the body of the fly was held inside the glass pipette (Fig. 

2.2b); one glass capillary/electrodes filled with saline was placed in contact with the 

neck and a second was in contact the trimmed tip of the antenna; 

b) Whole head: after hypothermic anesthesia, the head of the fly was excised from the 

thorax and mounted between two glass capillary pipettes, in which a silver electrode 

had been placed, and the pipette was filled with saline to ensure conduction; the 
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reference electrode was placed in contact with the cut surface (into the cavity) of the 

chopped head, while the recording electrode was brought into contact with the 

trimmed tip of the right antenna (Fig. 2.2c); 

c) Antenna-only: the antenna was carefully pulled out of the head of the fly and 

suspended between two glass capillary electrodes filled with saline under 10x 

microscope (Fig. 2.2d). 

2.3.3 Stimulus preparation 

A zig-zag folded piece of filter paper (size about 1 x 5 cm) was partly inserted into the 

wide opening of the Pasteur pipette; 20 μL of 10-3 g/mL DMTS or 1-octen-3-ol DCM 

solution was dropped onto the filter paper using a micropipette and 2 minutes was 

allowed for the solvent to evaporate. The filter paper was then pushed completely inside 

the Pasteur pipette. The test compound in the pipette was volatilized with a 0.5 s air puff 

(Fig. 2.3). To shield the preparation from potential electromagnetic interference, the 

entire EAG test was carried out in a Faraday cage. 

2.3.4 Gel VS saline 

The antenna-only access method had proven best, so used in the comparison of 

electrode gel and saline as conduction media between the glass capillary and the silver 

electrode. The recording electrode was placed in contact with the tip of the antenna, and 

the reference electrode was placed in contact with the base. The glass capillary tube in 

which the electrode was placed was firstly filled with electrode gel. The stimulus 

(DMTS 10-3 g/mL) was volatilized with a 0.5 s air puff (Fig. 2.3) and the EAG was 

recorded for 3 min. A new glass capillary tube was then filled with saline and the test 

was repeated with the same antenna. 
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Fig. 2.3 Stimulation of the antenna (Syntech, 2015). 
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2.3.5 Behavioural tests 

Four behavioural tests were compared (Fig. 2.4). 

Fig. 2.4 The four behaviour test methods: a) Y-tube; b) landing time; c) visit times; d: trap. 

a) Y-tube: the two side arms of Y-tube were connected to two odour sources by hoses, 

with one source being the control (directly connected to the air pump) and the other 

being the treatment (a jar contain about 10 g liver; Fig. 2.4a); test fly was placed in 

the main arm of the Y-tube and its choice was recorded; if no choice was made 

within 5 min, the fly was replaced and the procedure repeated; the test temperature 

was 20-26 °C (n = 20); 

b) Landing time: a device was formed from two Petri dishes (diameter of 15 cm and 

thickness of 2.8 cm), gauze and a piece cardboard – the dish was divided into two 

halves using the cardboard, and one side was filled with activated carbon (control) 

while a bait was placed in the other side (a small Petri dish containing about 5 g 

liver). This arrangement was covered with the gauze and another 2.5 cm deep Petri 

dish within which there was a small hole for inserting a fly (Fig. 2.4b). The bait was 

below the gauze and the flies could not contact it. After 2 minutes adaptation, the 

length of time that the fly stayed on the liver side was recorded for 10 minutes (600 

s). If no exploration behaviour was observed, the duration was not recorded. The test 

temperature was 24-26 °C, and the light was directly above (n = 10); 



23 

c) Visiting frequency: the experiment was carried out in wire mesh cages (45 × 30 × 30 

cm) illuminated by fluorescent ceiling lights in a laboratory maintained at 24-26°C. 

For each test, 50 flies were selected from about 200 cold-sedated flies and released 

into each cage with sugar and water; after 1 h adaptation, two paper cups covered 

with a layer of gauze were placed in the cage, about 20 cm apart (Fig. 2.4c). One cup 

was empty and the other was contained about 5 g piece of liver. The number of flies 

on the gauze of each cup was recorded every two minutes for one hour. Ten 

experimental replicates were performed simultaneously in 10 different cages; 

d) Trap: the experiments were carried out in wire mesh cages (45 × 30 × 30 cm) 

illuminated by fluorescent ceiling lights in a laboratory maintained at 24-26°C. Two 

glass funnel bottle traps were placed about 20 cm apart inside each cage. The traps 

were made from 0.45 L brown glass bottles that were cut 10 cm from the base into 

two sections that gave a 10-cm high cylinder plus a 6-cm high funnel (the top of the 

bottle). The funnel was inverted and inserted into the cylinder to guide flies into the 

cylindrical base and to discourage them from leaving. Two traps (treatment and 

control) were placed in each cage; treatment traps contained 5 g liver held in a piece 

of 1-ply cheese cloth, suspended 2 cm above perfume-free soapy water that drowned 

the responding flies (Fig. 2.4d); control traps only contained soapy water. For each of 

the 10 experimental replicates, 50 gravid flies were selected from 200 mixed-sex 

flies and then released into the bioassay cage. After a 1-hour acclimation period with 

sugar and water, the treatment and control traps were placed inside each cage and the 

sugar and water were removed. After 2 hours, the number of flies in each trap was 

recorded. There were 10 experimental replicates (10 different cages). 

2.3.6 Statistical analyses 

The EAG responses were exported to Syntech software. The data collected from Y-tube 

test was analysed by Chi-squared, and differences between treatment and control in the 

other three behavioural were analysed using t-tests for paired samples with 10 replicates 

(i.e., cages). 
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2.4 Results 

2.4.1 EAG tests 

In the EAG recording using the whole-fly method (Figure 2.5), the EAG signal 

fluctuated highly rapidly and widely throughout the 30 min observation period, even in 

the absence of stimulation. 

Fig. 2.5 Antenna response of fly to no stimulus with a whole-fly preparation (the side length of grid 

indicated 0.2 mV). 

When the whole-head method was tested in the absence of stimulation, the EAG signal 

fluctuated widely for the first 10 min, but then became stable (Figure 2.6). 

 
Fig. 2.6 Antenna response of fly to no stimulus with a whole-head preparation (the side length of 

grid indicated 0.2 mV). 

Figure 2.7 shows EAG recordings using the antenna-only method. It can be seen that in 

the absence of a stimulus, the EAG signal is stable throughout the entire recording. For 

this reason, the antenna-only preparation was only one used for testing responses to a 

stimulus. 
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Fig. 2.7 Antenna response of fly to no stimulus with an antenna-only preparation (the side length of 
grid indicated 0.2 mV). 

Figure	2.8	shows	the	EAG	response	of	antennae-only	method	from	L.	cuprina	to	
DMTS,	as	detected	using	the	antenna-only	access	method.	There	was	a	clear	
fluctuation in the signal	following the application of the DMTS stimulus. As seen in 

Figure 2.7, there was little background noise.	

Fig. 2.8 Antenna response of fly to DMTS (arrows) with an antenna-only preparation (the side 

length of grid indicated 0.2 mV). 
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Figure 2.9 compares EAGs recorded from antenna-only method with electrode gel and 

saline as the conduction media. The intensity of the response to the DMTS stimulus was 

greater with the saline than with the gel. 

Fig. 2.9 Antenna response of fly to DMTS (arrows) with an antenna-only preparation using saline 
(salt solution) and gel as conduction media (the side length of grid indicated 0.2 mV). 

2.4.2 Behavioural tests 

Figure 2.10 shows how the four behavioural tests fared in detecting the responses of L. 

cuprina to bovine liver. With the Y-tube (Fig. 2.10a), there was no significant difference 

in percentages between the liver arm and the control arm (P = 0.525).  
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Fig. 2.10 Comparison of behaviour tests. A) Y-tube; b: Landing time; c) Visiting frequency; d: Trap. 
* P< 0.05; *** P< 0.001: significant difference between control and treatment. 

Similarly, with landing times (Fig. 2.10b), there were no significant difference between 

liver and control (t9 = 0.477, P = 0.645). By contrast, the number of flies visiting liver 

was greater than the number visiting he control (t9 = 0.627, P = 0.027; Fig. 2.10c). With 

the trap test (Fig. 2.10d), the situation was even more clear, with the percentage of flies 

captured with liver as bait being markedly greater than the percentage in control traps (t9 

= 8.381, P < 0.001). 

 

2.5 Discussion 

It is clear that: 1) for EAG, the signal fluctuated excessively throughout the recorded 30 

min with the whole-insect method, and fluctuated excessively for the first 10 min with 

the whole-head method, but was stable with the antenna-only method; 2) with the 

antenna-only method, the EAG signal obtained by using electrode gel as a conduction 

media did not perform as well as using the saline; 3) for the behavioural tests, the Y-tube 

and landing methods could not detect whether the flies were attracted to liver, whereas 



28 

the visiting frequency and trap methods could. These findings provide very clear 

direction for future studies of olfactory responses in L. cuprina. 

Many factors influence the performance of antennae in EAG, including insect species, 

physiological state, gender, the concentration, physical and chemical properties of the 

stimulus, environmental temperature and humidity, and external electromagnetic 

environment. It is therefore important to minimize background noise so a high-quality 

EAG signal can be recorded. With L. cuprina, it is clear that the whole-insect method is 

problematical and, although the head-only method appeared to stabilize after 10 

minutes, a delay of this magnitude is untenable in experimentation because of the 

limited life of the tissues. In these methods, the noise might arise from struggles of the 

fly and antenna movements. Fortunately, the morphology of the antennae of L. cuprina 

permits the direct antenna-only method and these interference factors can be avoided, 

presenting a stable EAG signal. The antenna-only method has been used in several other 

species, including Lucilia sericata, Chrysopa phyllochroma, and Catocheilus 

(Baldacchino et al., 2014; Bohman and Peakall, 2014; Brodie et al., 2016; Xu et al., 

2015). Nevertheless, there are some limits to this approach: 1) The short survival time 

of separated antennae; 2) the antenna is small and easily damaged during the separation. 

To ensure that these factors do not interfere with experimental outcomes, we chose a 

standard stimulus molecule as a positive control (see Chapter 4) and used it to verify the 

antenna responsiveness before and after each EAG test in subsequent studies. 

For the assessment of insect behaviour, the Y-tube has been widely used and presented 

good outcomes for a variety of species, including Chrysopa phyllochroma, Lucilia 

sericata, and Simulium vittatum (Xu et al., 2015; Liu et al., 2016; Verocai et al., 2017). 

We decided to test alternative approaches because Cragg (1956) had been unable to 

show a preference of L. cuprina for sheep wool when using the Y-tube, but did observe 

a preference when using landing time. Our results showed that, with bovine liver also, 

the Y-tube could not be used to assess L. cuprina behaviour, perhaps because 

confinement of the flies to such a small space causes stress. Assessment of landing time 

also did not reveal any behaviour, perhaps because other odours in the environment 

were competing with the liver. 

The visiting frequency and trap tests were both successful, as we expected because 
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previous studies with L. sericata had shown that both methods can detect attraction to 

odor sources (Brodie et al., 2014, 2015). These two tests have some common features, 

such as the use of wire mesh cages and the use of groups of flies. However, there are 

also important differences – in the visiting frequency, one fly might visit the odor 

resource several times leading to unavoidable duplicate records. This is not a problem 

for the trap test. In the present study, both methods were able detect attraction of L. 

cuprina to bovine liver, but the difference between treatment and control was much 

greater with the trap test than with the visiting frequency test. In addition, the capture 

rate is increased from about 30% to over 90% with the test time increased from 2 to 8 

hours when using liver as bait. On this basis, only the trap test will be used for further 

studies, and the time for each test was 2 hours. 

In conclusion, for L. cuprina, the EAG signal is more stable when using the antenna-

only method in combination with saline as conduction medium between the glass 

capillary and silver electrode. For behavioural assessment of odor preference, the trap 

test is the most sensitive and robust method. 
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Chapter 3: The effects of diets and long-term laboratory rearing 

on reproduction, behaviour and morphology of Lucilia cuprina 

(Wiedemann) 

 

The full text of this chapter is published: 

Yan, G., Schlink, A.C., Brodie, B.S., Hu, J. & Martin, G.B. (2019). The effects of diets and long-

term laboratory rearing on reproduction, behaviour, and morphology of Lucilia cuprina (Diptera: 

Calliphoridae). Journal of Medical Entomology 56, 665-670. DOI: 10.1093/jme/tjy219 

 

It has been reformatted to fit this thesis. 
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3.1 Abstract 

The Australian sheep blow fly, L. cuprina (Diptera: Calliphoridae) (Wiedemann), is 

commonly reared in the laboratory for many sequential generations on simple, fixed 

diets, so it can be used in veterinary, medical and forensic studies. To investigate the 

effect of diet and long-term laboratory rearing on L. cuprina, flies were fed with two 

different diets (sugar and milk-sugar) over a year and F1, F6 and F11 generations were 

used for comparisons based on the number of eggs, attraction to wool and liver, and 

wing size. The results showed that the number of eggs of gravid flies, and the 

attractiveness of wool and liver did not differ significantly between diets and 

generations, but gravid flies were more attracted to wool and liver than non-gravid flies 

(P < 0.05). Moreover, in the F1 generation, thorax length and wing aspect ratio were 

significantly longer than in the F6 and F11 generations (P < 0.05), and the wing length 

was significantly longer than in the F11 generation (P < 0.05). It was concluded that 

neither diet nor long-term laboratory rearing affect potential fecundity or the 

behavioural responses of L. cuprina, but the gravidity of flies affects their behavioural 

response, and long-term laboratory rearing significantly affects fly morphology, 

apparently explaining a loss in flight performance. 

 

3.2 Introduction 

The Australian sheep blow fly, L. cuprina (Wiedemann), is the major cause of myiasis 

(flystrike) in Merino sheep in Australia and New Zealand (Heath and Bishop, 2006; 

Wardhaugh et al., 2007). In Australia alone, flystrike causes economic losses of about 

US$280 million per annum (Sackett et al., 2006). In addition, L. cuprina is important 

for human medicine because it causes myiasis in wounds or can be used for wound 

debridement (Paul et al., 2009; Tantawi et al., 2010; Kingu et al., 2012; Kuria et al., 

2015), and in forensic science offers a means to estimate post mortem interval 

(Bernhardt et al., 2017). Thus, L. cuprina is widely used in behavioural ecology, 

forensics, and medicine fields of research. 

Wild flies are not always available for research and, even when they are present, there is 

a lot of uncertainty in age, physiological state, nutritional state, health condition and 

available numbers of flies, so laboratory rearing of L. cuprina is essential. The diets 
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used to rear laboratory blow flies are typically based on a carbohydrate, such as 0.1M 

sucrose, 1:1 honey-water, or sugar granules (Weller and Foster, 1993; Newcomb et al., 

1997; Blystone and Hansen, 2014). However, for females to reach sexual maturity, 

protein must be included in the diets of adult blow flies (Huntington and Higley, 2010). 

For L. cuprina and its sister species, Lucilia sericata, two simple diets are commonly 

used in laboratory rearing: sugar plus liver, and sugar-milk plus liver (Weller and Foster, 

1993; Newcomb et al., 1997; Brodie et al., 2014; Kotze et al., 2014; Brodie et al., 2015; 

Yan et al., 2018).  

To ensure that there are flies ready to use, laboratory-reared blow flies are commonly 

bred for several generations and fed consistently with the same diet. The effects of diet 

on both larvae and adults are well documented (Browne, 1993; Day and Wallman, 2006; 

Rabêlo et al., 2011; Flores et al., 2014; Bambaradeniya et al., 2017), and it is well 

known that diet composition is critical because it has the potential to cause differences 

in morphometry and gene expression in the adults and their offspring (Tarone and 

Foran, 2011). In addition, it has been reported to affect reproductive performance, such 

as the number of eggs laid by L. sericata (Blystone and Hansen, 2014; Bowdan, 1982) 

and behavioural responses in Phormia regina. Schultzhaus et al. (2017) also reported 

that, in Drosophila melanogaster, mate preference and attractiveness are affected by 

nutritional history. However, there has been little consideration of the effects of long-

term constant diet and rearing conditions on blow fly. As the rearing conditions are 

stable and clean, unlike the completely unconstrained environment in its natural habitat, 

we hypothesized diet and long-term laboratory rearing affects the fertility and resource 

attractiveness of L. cuprina. 

After the rearing of L. cuprina for several generations, we noticed that, in contrast to the 

agile wild flies, the laboratory-reared flies became easy to capture, which might be 

caused by reduced flight performance. As the flight performance of Drosophila is 

related to their wing morphology (Ray et al., 2016), and phenotypic plasticity (the 

ability of a single genotype to produce multiple phenotypes when exposed to different 

environments (Wilson, 1998; Mirkes, 2009)) has been reported in several fly species 

(Florin, 2001, Laparie et al., 2016; Prudhomme et al., 2016; Ray et al., 2016; 

Matamoro-Vidal et al., 2018), we hypothesized that diet and long-term laboratory 

rearing affects the morphology of L. cuprina. 
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In the present study, our specific objectives were to test whether diet and long-term 

laboratory-rearing affects 1) the potential fecundity; 2) resource attractiveness; and 3) 

morphology of L. cuprina. 

 

3.3 Materials and Methods 

3.3.1 Fly Colonies 

The colony of L. cuprina was started with approximately 100 larvae collected from the 

breech of fly-struck sheep on Katanning Research Station, Western Australia. After 

transportation to the laboratory on the University Field Station (Perth, Western 

Australia), the larvae were placed in a plastic tray (15×15 cm) containing about 100 g 

fresh sheep liver. The plastic tray was placed on dry sand (about 5 cm depth) in a plastic 

box (30 × 30 × 15 cm) which was covered with a mesh to prevent larvae from escaping 

and/or interaction from flies in the laboratory. The plastic box was maintained in an 

incubator (23–25°C, 50–60% relative humidity) until all the larvae transformed to 

pupae, after which the pupae were removed to a plastic container (9 cm i.d. × 7 cm 

height) and covered with about 2 cm dry sand. The plastic container was placed in a 

cage (45 × 30 × 30 cm) under 12:12 (L:D) h photoperiod at 30–40% relative humidity 

and 23–25°C room temperature. Newly emerged flies were cold-sedated to confirm 

species according to integument colour, the number of paravertical setulae and the size 

of the relative positions of the three vertical setae (Ullyett, 1945; Williams et al., 2014). 

Adult flies (F1) were offered water and sheep liver paste (two times each day; 10.00 and 

15.00) upon eclosion. Eggs observed on the sheep liver paste during replacement were 

collected and used to rear the F1 generation. 

The eggs were transferred to meat meal (20 g) on a plastic tray (15×15 cm) that was 

placed on dry sand (about 5 cm depth) in a plastic box (30 × 30 × 15 cm). The meat 

meal paste was prepared by mixing meat meal (VVRS, QLD, Australia), fluffed cotton 

wool (Woolworths, Australia) and egg powder (Farm Pride, VIC, Australia) in a ratio of 

100:1:5 (by weight), with a suitable amount of water added to make the mixture into a 

paste. Mesh was used to cover the box to prevent maggots from escaping and entry by 

flies in the laboratory. The plastic boxes were kept in an incubator (23–25°C), and meat 

meal (100-200 g) was added at 09.00 every morning for seven consecutive days, until 
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all the larvae transformed to pupae. After another four days incubation, the pupae were 

removed into a plastic container (9 cm i.d. × 7 cm height; about 500 pupae each 

container) and covered with about 2 cm dry sand. The plastic container was placed in a 

cage (45 × 30 × 30 cm) that was maintained under 12:12 (L:D) h photoperiod at 30–

40% relative humidity and 23–25°C room temperature. From eclosion until they were 4 

days old, flies were provided with water ad libitum and one of two diets: 1) a sugar diet 

comprising of white sugar cubes (CSR, Yarraville VIC, Australia) ad libitum; 2) a milk-

sugar diet comprising of a 1:1 mixture of milk powder (Woolworths, Australia) and 

white sugar ad libitum. Flies in both dietary treatments were then given liver paste until 

the flies were 8 days old. Thereafter, the liver was not offered. For each generation, 

there were 4 cages of each diet for rearing of gravid flies, while there were 4 additional 

cages for test generations (F1, F6 and F11) of each diet for rearing of non-gravid flies. 

Gravidity was determined in 10 randomly selected females from each feeding cage of 

about 500 flies. If more than eight of the ten flies were gravid, then the flies from that 

cage were used in the following tests. 

The four cages of gravid flies were used for the next generation breeding. Eggs were 

collected by placing an oviposition site in the cage for 24 h when the flies were 14 days 

old. The oviposition site was prepared by placing about 20 g bovine liver, plus 5 ml 

extra blood (bovine liver exudate), on a moistened paper towel laid in the base of a 

plastic container. For each breeding cage, a mass of eggs (approximately 1 cm diameter) 

was separated from the eggs laid in the plastic container and transferred to meat meal 

paste (20 g) on a tray, to start the breeding of the next generation, using the protocol 

described above for continuous rearing. The meat meal paste was packed in plastic 

boxes (30 × 30 × 15 cm) and stored at –20 °C until use. 

3.3.2 Hypothesis 1: Diet and long-term laboratory rearing affect the potential fecundity 

of L. cuprina 

Ten gravid flies (10-day-old) from the four cages (2-3 of each cage) of F1, F6 and F11 

generations that had been fed the sugar and milk-sugar diets were frozen and dissected, 

and the number of eggs in their ovaries were counted under a microscope (10 × 

magnification). 
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3.3.3 Hypothesis 2: Diet and long-term laboratory rearing affect the resource 

attractiveness of L. cuprina 

Non-gravid flies (obtained by not offering liver paste while they were 4-8 days-old) and 

gravid of the F1, F6 and F11 generations, that had been fed the two diets were used in a 

two-choice bioassay that was carried out in wire mesh cages (45 × 30 × 30 cm) in the 

laboratory. Two glass bottle traps (treatment and control) were placed about 20 cm apart 

inside each cage. The traps were made from 0.45 L dark brown bottles (7 cm i.d. × 16 

cm height). The top 6 cm of each bottle was cut into two sections, a 10 cm tall cylinder 

and a 6 cm tall funnel. The funnel was inverted and inserted into the cylinder to guide 

flies into the cylindrical base and discourage them from leaving. As L. cuprina is a 

major cause of flystrike in Merino sheep in Australia and further relative work plan to 

be carried out, wool and sheep liver were used in the treatment traps. Each treatment 

trap contained 5g wool or sheep liver, wrapped in 1-ply cheese cloth, and suspended 2 

cm above unscented soapy water (Liby, China, 1:500) to drown any responding fly. The 

control traps only contained soap water. 

For each of the 10 experimental replicates, fifty 10-day-old gravid or non-gravid flies 

were cold-sedated (-20 °C) for approximately 5 minutes, separated from a mixed-sex 

and released into the bioassay cage. After a 1-h acclimation period with sugar and water, 

the treatment and control traps were placed inside each cage. Two hours later, the 

number of flies in each trap was recorded and trap captures were calculated. There were 

500 gravid and 500 non-gravid flies from the four cages (100-150 flies of each cage) of 

each diet were used in two-choice bioassay, and the rest gravid flies in the four cages 

were used for next generation breeding. 
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Fig. 3.1 Illustration of measurements of the length and width of the wing of L. cuprina. 

3.3.4 Hypothesis 3: Diet and long-term laboratory rearing affect the morphology of L. 

cuprina 

Ten (2-3 flies of each cage) new post-eclosion female flies of the F1, F6 and F11 

generations that had been fed the two diets were killed by freeze anesthesia, weighted 

and pinned next to a ruler on a white polystyrene board in preparation for digital 

photography. The left side wing was pulled out carefully with forceps, placed next to a 

ruler on a white polystyrene board and covered with a coverslip to ensure it was in a 

stretched position for digital photography. Digital photographs from underneath body 

and the left wing of each specimen were analyzed with thin-plate spline (tps) software 

(http://life.bio.sunysb.edu/morph). Packages tpsUtil and tpsDig were used for data 

acquisition and editing. Thorax length, wing length and wing width were measured on 

the images using tpsDIG (Fig. 3.1). Thorax length was measured as the distance from 

anterior margin of the thorax to the root of posterior leg, and wing length was measured 

as the distance from the origin of the radial vein to the tip of the wing; wing width was 

measured across the largest portion of the wing, typically in a straight line vertically 

from the second branch of the cubitus vein (Fig. 3.1). 

3.3.5 Data analysis 

Wing aspect ratio was calculated as wing length divided by wing width. The numbers of 

eggs obtained from ovaries, thorax length, wing length, wing width, wing aspect ratio, 

and fly weights (fecundity and morphology tests) were analyzed by two-way ANOVA 

with generation and diet as the two factors. Pearson correlation coefficient was used to 
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relate fly weight to the number of eggs obtained from the ovaries. The percentage 

captured in the two-choice bioassay was calculated by the difference between treatment 

and control traps, and arcsine transformed and evaluated for normality using a Q-Q plot. 

The transformed data were analyzed by three-way ANOVA with generation, diet and 

physiology state as the three factors. If necessary, a Duncan test followed the two-way 

and three-way ANOVA to determine the differences among values in the different 

treatment groups. All data were analyzed by SPSS (18.0), and P < 0.05 is considered to 

be significant. 

 

3.4 Results 

3.4.1 Hypothesis 1 Diet and long-term laboratory rearing affect the potential fecundity 

of L. cuprina 

The effect of the interaction between diet and generation was not significant for the 

number of eggs obtained from the ovaries (Table 3.1). Neither diet nor generation had a 

significant effect on the number of eggs obtained weight of flies (Table 3.1). However, 

the number of eggs obtained from the ovaries was significantly correlated with fly 

weight (ρ = 0.644, P < 0.001; Fig. 3.2). 

Table 3.1 Mean ± SE of the number of eggs obtained from the ovary and the weight of the gravid 
flies, and the results of two-way ANOVA with diet and generation as two factors 

 

 Number of eggs  Weight of fly (mg) 

 F1 F6 F11  F1 F6 F11 

Milk-sugar 240 ± 6 235 ± 6 242 ± 5  563 ± 11 566 ± 13 547 ± 10 

Sugar 239 ± 7 233 ± 8 226 ± 10  549 ± 11 550 ± 8 539 ± 11 

        

 df F P  df F P 

Diet 1, 54 1.139 0.291  1, 54 2.069 0.156 

Generation 2, 54 0.419 0.66  2, 54 1.131 0.33 

Diet × Generation 2, 54 0.612 0.546  2, 54 0.074 0.929 
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Fig. 3.2 The correlation between fly weight and egg number in L. cuprina. 

3.4.2 Hypothesis 2 Diet and long-term laboratory rearing affect the resource 

attractiveness of L. cuprina 

There were no significant effects of the interactions: diet by generation × gravidity; diet 

by generations; diet by gravidity; generation by gravidity on the percentage of captured 

flies in the traps using wool and liver as bait (Table 3.2). Both the diet and generation 

had no significant effect on the percentage of captured flies in the traps using wool and 

liver as bait (Table 3.2). The gravidity of fly significantly affected the percentage of 

captured flies in the traps using wool and liver as bait (Table 3.2). More gravid flies 

were attracted by wool and liver than non-gravid flies (P < 0.05, Table 3.2). 

3.4.3 Hypothesis 3 Diet and long-term laboratory rearing affect the morphology of L. 

cuprina 

There was no significant interaction between diet and generation on weight, thorax 

length, wing length, wing width and the aspect ratio of wing (Table 3.3). The thorax 

length, wing length and aspect ratio were significant affected by generation (Table 3.3). 

The thorax length and wing aspect ratio of F1 generation were significant longer than 
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that of F6 and F11 generation (P < 0.05), and there was no significant difference 

between F6 and F11 generation (P > 0.05; Table 3.3). The wing length of F1 generation 

was significant longer than F11 generation, and there was no significant difference in 

the wing length of F6 generation with F1 and F11 generations (P > 0.05; Table 3.3).  

Table 3.2 Mean ± SE of the percentage of flies captured in the two-choice bioassay and the results of 
three-way ANOVA with diet, generation and physiological stage as factors. * Difference between 

gravid and non-gravid is significant 

 

Generation Diet 
Wool  Liver 

Gravid Non-gravid  Gravid Non-gravid 

F1 
Sugar 16.8 ± 1.2 7.4 ± 0.7  35.6 ± 4.3 32.2 ± 4.7 

Milk-Sugar 15.2 ± 1.5 5.2 ± 1.0  35.4 ± 4.4 31.6 ± 4.4 

F6 
Sugar 16.8 ± 1.2 8.4 ± 1.3  33.8 ± 4.1 27.2 ± 3.9 

Milk-Sugar 17.6 ± 1.4 8.4 ± 1.1  36.2 ± 2.6 30.8 ± 5.0 

F11 
Sugar 15.2 ± 1.6 8.0 ± 1.8  35.2 ± 4.6 28.4 ± 2.9 

Milk-Sugar 16.2 ± 1.6 8.8 ± 0.9  34.2 ± 3.3 30.2 ± 3.7 

 Total 16.3 ± 0.6* 7.7 ± 1.5  35.1 ± 1.5* 30.1 ± 1.6 

       

Factors df F P  F P 

Diet 1, 108 0.069 0. 739  0.170 0.681 

Generation 2, 108 1.599 0.207  0.255 0.776 

Gravidity 1, 108 130.4 < 0.001  4.318 0.040 

Diet × generation 2, 108 1.303 0.276  0.186 0.830 

Diet × gravidity 1, 108 0.127 0.722  0.084 0.772 

Generation × gravidity 2, 108 0.858 0.427  0.079 0.924 

Diet × generation × gravidity 2, 108 0.013 0.987  0.048 0.953 
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Table 3.3 Mean ± SE of weight, thorax length, wing length, wing width and aspect ratio, and the results of two-way ANOVA with diet and generation as the 
two factors, and Duncan tests of thorax length, wing length and aspect ratio. Values in the Total column with the same superscript lower-case letters indicate 

significant difference (Tukey’s HSD: P < 0.05) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
. 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

  Milk-sugar Sugar Total   Diet Generation Diet × Generation 

Weight (mg) 
F1 348 ± 12 348 ± 12  df 1, 42 2, 42 2, 42 
F6 368 ± 11 365 ± 9 366 ± 7  F 0.002 1.293 0.055 
F11 355 ± 8 359 ± 16 357 ± 9  P 0.968 0.285 0.946 

          

Thorax length (mm) 
F1 3.04 ± 0.05 3.04 ± 0.05a  df 1, 42 2, 42 2, 42 
F6 2.83 ± 0.03 2.88 ± 0.03 2.85 ± 0.02b  F 0.156 20.046 1.589 
F11 2.85 ± 0.03 2.77 ± 0.04 2.81 ± 0.03b  P 0.695 < 0.001 0.216 

          

Wing length (mm) 
F1 6.35 ± 0.06 6.35 ± 0.06a  df 1, 42 2, 42 2, 42 

F6 6.28 ± 0.10 6.20 ± 0.08 6.24 ± 0.06ab  F 1.221 5.843 0.335 
F11 6.15 ± 0.03 6.03 ± 0.10 6.09 ± 0.05b  P 0.275 0.006 0.717 

          

Wing width (mm) 
F1 2.63 ± 0.02 2.63 ± 0.02  df 1, 42 2, 42 2, 42 

F6 2.64 ± 0.03 2.66 ± 0.01 2.65 ± 0.01  F 0.172 0.326 0.053 
F11 2.64 ± 0.02 2.65 ± 0.05 2.65 ± 0.02  P 0.680 0.724 0.949 

          

 
Aspect ratio 

F1 2.42 ± 0.03 2.42 ± 0.03a  df 1, 42 2, 42 2, 42 

F6 2.38 ± 0.03 2.33 ± 0.03 2.35 ± 0.02b  F 1.806 6.824 0.456 

F11 2.33 ± 0.01 2.28 ± 0.03 2.30 ± 0.02b  P 0.186 0.003 0.637 
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3.5 Discussion 

In these studies of L. cuprina, increases in laboratory rearing reduced thorax length, wing 

length and wing aspect ratio, supporting our hypothesis that long-term laboratory-rearing 

affects morphology. The relationship between insect morphology and environment is well 

documented, and the typical example is the insects living in Kerguelen Islands. For many 

environment factors, such as strong and frequently winds, low temperature, concentrated 

resource distribution and low predation pressures, most insects living in Kerguelen Islands 

are flightlessness and even loss of flight muscles in some native fly species (Vernon, 1981; 

Chevrier, 1996; Laparie et al., 2010; Lebouvier et al., 2011; Laparie et al., 2016). In addition, 

the experience of embryonic or larvae is related to the variations of juvenile in many aspects, 

such as growth rates, mortality rates, fecundities, time to reproductive maturity (Pechenik, 

2006). It was also reported that the larval density and resource type affect the size or 

morphology of adult blow flies (Ireland and Turner, 2006; Tarone et al., 2011). As all these 

factors involved above are different between laboratory and wild, it is easy to understand the 

effects of long-term laboratory rearing on the morphology of L. cuprina. 

Kinematic studies in insects suggest that the changes we have observed will affect flight 

performance (Ray et al., 2016) with, for example, larger relative thorax mass considered to 

reflect a greater capacity for flight, and wings that are longer and more slender, indicating 

greater capacity for acceleration (Thomas et al., 1998; Berwaerts et al., 2002). Therefore, the 

reductions in thorax length and wing aspect ratio that we have demonstrated in L. cuprina are 

consistent with a loss of flight performance and may explain our observation that L. cuprina 

are easier to catch after laboratory rearing for several generations. This supposition will need 

to be confirmed in future studies with direct measurements of flight performance, such as 

maximum velocity, velocity mode, maximum acceleration, minimum turning radius and 

maximum turn rate of L. cuprina. 

Contrary to our hypothesis, we detected no significant effect of diet or long-term laboratory-

rearing on potential fecundity in L. cuprina. One possible explanation is that all of the flies 

used in this study were of a similar size, so variation was limited. It has long been known that 

primary follicle number is positively correlated with size in flies (Spradbery and Schweizer, 

1981; Kenny et al., 1992), a fact that is consistent with our own observations that the number 

of eggs obtained from ovaries in L. cuprina was significantly correlated with fly weight. On 

the other hand, the fecundity of insects is significantly affected by adult diet when the diets 
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are very different in nutrition. For example, for both L. cuprina and L. sericata, the ovaries 

do not develop when females are fed on diets of cane-sugar, dates and fresh flowers, with or 

without the addition of fresh sheep-dung but adding fresh liver to the diet leads to an 

immediate and rapid growth of the ovaries 2-3 days later (Mackerras, 1933); for butterfly 

Bicyclus anynana, adults feed with banana diet achieved the highest egg numbers which are 

significantly higher than adults feed with sucrose solution with or without lipids enriched 

(Geister et al., 2008).  

Contrary to the hypothesis, the resource attractiveness of gravid L. cuprina was not affected 

by diet or long-term laboratory-rearing. By contrast, Tomberlin et al. (2012) reported L. 

sericata provided blood rather than milk powder as a protein source showed a significantly 

greater level of response to wild-type Proteus mirabilis, but one possible reason for the 

disagreement is the failure of milk-fed females to obtain appropriate nutrients for mating and 

subsequent oviposition. The effect of gravidity on behaviour in blow flies is well documented 

(Ashworth and Wall, 1995; Brodie et al., 2016; Liu et al., 2016; Yan et al., 2018) and, with 

the two diets used in the present study having no significant effect on potential fecundity. 

These results indicated that flies reared in the laboratory within one year can be used for 

resource-attractiveness tests with got reliable results. 

In conclusion, feeding sugar and milk-sugar diets to flies in the laboratory for one year has no 

significant effects on potential fecundity or behavioural responses, but the attractiveness of 

resources to L. cuprina was affected by the gravidity of flies, which should be considered in 

future behaviour tests. Importantly, long-term laboratory rearing affects fly morphology, 

apparently leading to a degradation of flight performance. 
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and non-gravid Lucilia cuprina (Diptera: Calliphoridae) to carrion-

associated compounds 

The full text of this chapter is published: 

Yan, G., Liu, S., Schlink, A.C., Flematti, G.R., Brodie, B.S., Bohman, B., Greeff, J.C., Vercoe, P.E., Hua, J. 

& Martin, G.B. (2018). Behaviour and electrophysiological response of gravid and non-gravid Lucilia 

cuprina (Diptera: Calliphoridae) to carrion-associated compounds. Journal of Economic Entomology 111, 
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It has been reformatted to fit this thesis. 
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4.1 Abstract 

The Australian blowfly, L. cuprina Wiedmann (Diptera: Calliphoridae), is a major cause of 

myiasis (flystrike) in Merino sheep in Australia and New Zealand and, as a primary colonizer 

of fresh carrion, also an important species in forensic investigation. Olfaction is considered 

the most important cue for insects to rapidly locate carrion over long distances, so the first 

carrion visitors are predicted to be very sensitive to carrion-related volatile compounds. We 

studied the responses of the Australian blow fly, L. cuprina, to the carrion-associated 

compounds DMTS, butyric acid, 1-octen-3-ol and indole. We also tested 2-mercaptoethanol, 

a compound commonly used in fly traps in Australia. We investigated whether responses of 

the flies are affected by their ovarian status by comparing responses of gravid and non-gravid 

L. cuprina in EAG and two-choice laboratory bioassays. All four compounds evoked an EAG 

response, while only DMTS evoked responses in GCMS-EAD analyses and two-choice 

bioassays. Gravid flies detected lower doses of the test compounds than non-gravid flies. Our 

results indicate that DMTS is an important semiochemical for L. cuprina to locate carrion 

resources, and has the potential for use in fly traps for flystrike control. Our observations also 

suggest that the greater sensitivity of gravid L. cuprina allows them to find fresh carrion 

quickly to maximize reproductive success by avoiding unsuitable degraded carrion. 

 

4.2 Introduction 

The blowfly L. cuprina (Wiedmann) is a major cause of myiasis (flystrike) in Merino sheep 

in Australia and New Zealand (Heath and Bishop, 2006; Wardhaugh et al., 2007), and causes 

an economic loss of about US$280 million per annum in Australia alone (Sackett et al., 

2006). It is known that blowfly trapping can be used to reduce fly density and the incidence 

of strike (Tillyard and Seddon, 1933), but success has been limited. Trap efficacy depends on 

the composition of attractants used, so veterinary science and livestock industries could 

benefit from continued research into the olfactory responses of L. cuprina. 

In addition to being economically important agricultural pests, L. cuprina [as well as its sister 

species Lucilia sericata (Meigen)] are often primary colonizers of carrion (Payne, 1965; De 

Jong and Hoback, 2006). Carrion offers a rich supply of nutrients but is ephemeral, so 

competition for this resource is intense (Janzen, 1977; DeVault et al., 2003). For the rapid 

location of carrion over long distances, olfactory compounds are likely to be the most 

important cues; accordingly, obligate scavengers should be under strong selective pressure to 
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develop keen olfaction (De Bruyne and Baker, 2008). Consequently, we would expect the 

first carrion visitors to be very sensitive to carrion-associated volatile organic compounds 

(VOCs). VOCs, alone or in combination, have been extensively studied in L. sericata and 

shown to evoke EAG and behavioural responses, with combinations revealing evidence of 

synergism (Frederickx et al., 2012a; Chaudhury et al., 2015; Brodie et al., 2016; Liu et al., 

2016). For L. cuprina, on the other hand, most studies investigating the attractiveness of 

VOCs have been conducted with mixtures of compounds (Emmens and Murray, 1983; Morris 

et al., 1997; Urech et al., 2004; Urech et al., 2009; Scobie and O'Connell, 2010; Scott, 2014). 

For example, butyric acid and indole, mixed with other compounds, are used in non-return 

insecticide-free traps for L. cuprina as a means of prevention of flystrike on sheep (Urech et 

al., 2004). Several VOCs present in mammalian body odours, such as sulphur-based 

compounds and 1-octen-3-ol, are also present in decomposing carrion and can attract female 

L. cuprina and elicit neuronal antennal responses from them (Park and Cork, 1999). It cannot 

be determined from these studies whether L. cuprina responds to the combination of 

molecules or to a single compound of the combination. Therefore, as a first step towards a 

structured series of investigations in female L. cuprina, we tested the hypothesis that whether 

individual carrion-associated VOCs will evoke responses that can be detected by EAG or by 

behaviour in laboratory bioassays. 

The seeking and exploitation of resources by insects are known to depend on the relationship 

between their nutritional needs and their physiological status, especially with respect to 

female reproduction (Stockhoff, 1993; Hochuli, 2001). In L. sericata: i) non-gravid females 

respond to both carrion and faeces whereas gravid females respond only to carrion (Brodie et 

al., 2016); ii) gravid females are more attracted to liver odours than non-gravid flies 

(Ashworth and Wall, 1995); and iii) gravid and non-gravid females are attracted by different 

concentrations of dimethyl disulfide (DMDS), phenylacetic acid (PAA) and indole (Liu et al., 

2016). There is a very strong likelihood that gravid Cochliomyia macellaria and Chrysomya 

rufifacies will be the first to arrive at carcasses but, over the next 2 d, there is a dramatic shift 

to dominance by non-gravid females (Mohr and Tomberlin, 2014). For L. cuprina, therefore, 

we tested whether gravid females are more sensitive to carrion-associated VOCs than non-

gravid females. 

We tested our hypotheses using four VOCs from the many that could be associated with 

carrion decomposition (LeBlanc, 2008; von Hoermann et al., 2016). DMTS is among the 

many sulphur-based compounds that could be associated with carrion decomposition of 
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cysteine (Jürgens et al., 2013), is present throughout the process of carrion decomposition of 

piglets (von Hoermann et al., 2016), and attracts necrophagous flies (Wang et al., 2001; 

Urech et al., 2004; Hu et al., 2010). On the other hand, 1-octen-3-ol appears about 5 days 

after the death of a piglet (von Hoermann et al., 2016) and is known to attract tsetse flies 

(Hall et al., 1984) and non-gravid L. sericata (Brodie et al., 2016). Butyric acid and indole are 

linked to the microbial degradation of fat and protein during carrion decomposition 

(Statheropoulos et al., 2005; Dekeirsschieter et al., 2009; Frederickx et al., 2012b; Chaudhury 

et al., 2014), and are commonly used in fly traps to reduce flystrike in Australia. We also 

tested 2-mercaptoethanol because it had been shown to enhance the attractiveness of fleece, 

and, in a mixture with a combination of indole, pentanoic acid and sodium sulfide, it had 

been shown to double the number of flies caught, compared to the liver standard (Eisemann, 

1985, 1995; Urech et al., 2004). 

 

4.3 Materials and Methods 

4.3.1 Fly Colonies 

Flies used for the experiments were reared in the University Field Station (Shenton Park) of 

The University of Western Australia, after starting a new colony with approximately 100 

larvae collected from the breech of fly-struck sheep approximately three months before these 

experiments commenced. The sheep were hosted on Manurup Research Station (latitude 34° 

34′ 39″ S, longitude 117° 31′ 10″ E) near Mount Barker, Western Australia. This area has a 

Mediterranean environment with an annual rainfall of 650 mm, most of which falls between 

May and December. The blowflies for the insectary were sourced from the same site. Flies 

were kept under 12:12 (L:D) h photoperiod at 30–40% relative humidity and 23–25°C. 

Clearly, the availability of non-gravid and gravid adult flies is critical for the identification of 

behavioural differences between the two reproductive conditions. To produce non-gravid 

flies, ovaries were prevented from developing by providing flies with sugar and water from 

emergence until they were used in the experiments. To produce gravid flies, full development 

of the ovaries was ensured by providing water, a mixture of milk powder and sugar (1:1) 

upon emergence, and liver paste from 4 to 8 d after emergence. However, this approach also 

raises the possibility of a confounding effect of nutritional history on the behavioural 

measurements (e.g., Bowdan, 1982, Schultzhaus et al., 2017). For this reason, we carried out 

a pilot experiment to test the effect of nutritional history on attraction behaviour in L. 
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cuprina: one group was fed with sugar plus water after emergence; the other group was fed 

with sugar plus milk powder plus water after emergence; both groups were given liver paste 

when the flies were 4–8 d old. Even after six generations of breeding, nutritional history had 

no significant effect on the attractiveness of wool or liver. 

Ovary status of gravid flies was determined by dissecting 10 randomly selected flies from 

each feeding cage of about 500 flies – if more than eight were gravid, flies from that cage 

were used for behaviour tests. For the antenna tests, ovary status was determined by 

dissection of the flies from which the antennae were removed. 

4.3.2 Electroantennography (EAG) 

Five chemical compounds were used: DMTS, butyric acid, indole and 1-octen-3-ol, all 

obtained from Alfa Aesar (Heysham Lancashire, United Kingdom), and 2-mercaptoethanol 

obtained from Sigma- Aldrich (St. Louis, MO). The compounds were diluted in a series of 

concentrations (10-6, 10-5, 10-4, 10-3, 10-2 or 10-1 g/mL) in DCM, the solvent used in the 

electrophysiological and behavioural assays, and then applied to the EAG testing system. A 

piece of filter paper (about 1 × 5 cm) was zig-zag folded and partly inserted into the wide 

opening of a Pasteur pipette. A 20 μl droplet of each solution (10-6, 10-5, 10-4, 10-3, 10-2 or 10-1 

g/mL) was applied to each individual filter paper and the DCM was allowed to evaporate 

completely in a fume hood. In preliminary testing, antennae respond to DCM, but 2 min 

drying was found to be sufficient to eliminate any response in an antenna. The filter paper 

was then fully inserted into the Pasteur pipette. Each filter paper, therefore, contained 0.02, 

0.2, 2, 20, 200 or 2,000 μg of test substance when inserted into the pipette. Except for DMTS, 

there was no antennal responses at a dose of 0.2 μg. For DMTS, lower doses were tested and 

a response was no longer detectable at 0.002 μg, so 0.02 μg was chosen as the lowest dose for 

EAG studies. Both ends of the pipette were sealed with a piece of aluminium foil and were 

re-sealed for subsequent reuse. After preliminary experiments showed that the pipettes could 

be re-used at least six times without any change in responses between first and last puff, we 

used the same pipette for the six replicates, all within 2 h. A Pasteur pipette containing filter 

paper only was used as control. 

Each compound was tested with antennae from six non-gravid and six gravid female flies. 

The antenna was carefully pulled out from the head of the fly and suspended between two 

glass capillary electrodes filled with saline solution (Staddon and Everton, 1980). The test 

compound in the pipette was volatilized with a 0.5 s air puff. The control pipette was applied 
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first, followed by the six doses (from lowest to highest) of two compounds, followed by a 

repeat of the control. The antenna was then replaced, and the two compounds were again 

tested, but in reverse order, using the same sequence of doses. For each antenna, the operation 

was completed within 15 min.  

4.3.3 Two-choice behavioural bioassays 

In the above EAG experiment, the antennae were found to respond to four compounds 

(DMTS, butyric acid, indole, 1-octen-3-ol) at specific doses. These four compounds were 

subsequently used in two-choice behavioural bioassays. The bioassays were carried out in 

wire mesh cages (45 × 30 × 30 cm) illuminated by fluorescent ceiling lights in a laboratory 

maintained at 24-26°C. Two plastic funnel bottle traps were placed about 20 cm apart inside 

each cage (Fig. 4.1). 

 
Fig. 4.1 Design of two-choice behavioural bioassay laboratory experiments for measuring responses of L. 
cuprina. The negative control trap (DCM only) is first compared with a test compound dissolved in DCM. 

Subsequently a second negative control (DCM only) is compared with a positive control (pig liver). 

The traps were made from 0.5 L transparent plastic bottles (7 cm i.d. × 16 cm height) that 

were cut 9 cm from the base into two sections, a 9 cm tall cylinder and a 7 cm tall funnel. The 

funnel was inverted and inserted into the cylinder to guide flies into the cylindrical base and 

discourage them from leaving. To prepare the attractant in the traps, 30 µL of test solution 
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was added dropwise to a piece of filter paper (diameter 3 cm) and allowed to dry for 2 min. 

The filter paper was placed into the traps. DCM was used as a negative control because, in 

contrast to the EAG tests, we did not have data from preliminary experiments to verify a lack 

of effect after 2 min evaporation; pig liver (5 g) on filter paper was used as a positive control. 

For each of the 10 replicates, 50 gravid or non-gravid female flies, termed here ‘response 

flies’ (RFs), were selected from 200 mixed sex flies that had been cold-sedated for 5 min and 

then released into each cage, where they were supplied with sugar and water. A very small 

number of flies did not recover within 10 min, and were replaced. After overnight adaptation, 

two traps were placed inside the cage, one for the treatment and one as a negative control. 

Control and treatment traps were alternated in adjacent cages. The values for the behavioural 

response of the RFs increase with time, as does the amount of compound volatilized, so the 

flies in each trap were counted after precisely 1 h. Thereafter, all trapped flies were removed 

and released into the cage, the treatment trap was replaced with the positive control trap (pig 

liver) and the RFs were allowed another hour to enter the traps. After each test, the cages 

were soaked overnight in an aqueous detergent solution and then washed with hot water. 

For each compound, the higher doses (300 µg and 3000 µg) were tested first with gravid 

flies. These doses were selected on the basis of the outcomes of the above EAG tests, and on 

finding from studies with L. sericata (Brodie et al., 2014). For these two doses, if 

attractiveness did not differ significantly from the negative control, the compound was not 

subjected to further testing. If the high doses were attractive, lower doses were tested until 

there was no significant difference in the negative control. 

4.3.4 Gas Chromatography-Mass Spectrometry Electroantennographic Detection 

As only DMTS and butyric acid induced responses in both the EAG and behaviour bioassays, 

they were the only two compounds subjected to GCMS-EAD experiments. We tested the 

ability of this method to detect biologically active compounds at lower concentrations and 

determined the detection limit by injecting pure compounds into the GC at 20 ng and in 10-

fold dilutions until the antenna did not respond. 

GCMS-EAD consisted of a HP 5890 GC connected to a 5792 mass spectral detector (MSD) 

equipped with a HP5ms column (30 m x 0.25 mm x 0.25 μm), using helium as the carrier gas 

at 2 mL/min. The capillary column was split with a Y-glass splitter between the MSD and the 

EAD as described earlier (Bohman and Peakall, 2014, Xu et al., 2017). The gas for EAD was 

passed through a Syntech effluent conditioner (Syntech, Kirchzarten, Germany) containing a 



54 

heated (250 °C) transfer line, with the outlet placed in a purified and humidified air stream, 

where the electrodes holding the antenna were positioned. 

Two microlitres of a solution containing 20 ng butyric acid and 20 ng DMTS was injected 

(splitless mode, 1 min) and detected simultaneously with the MSD and EAD. The injector 

and transfer line temperatures were set at 250°C; the oven temperature was set initially at 

40°C and then increased to 160°C at a rate of 15°/min with no holds. 

4.3.5 Statistical Analyses 

As the same antenna was used to examine responses to both the test compound and the 

control compound (DCM), data were analyzed using paired t-test with six replicates. EAG 

responses were presented as the difference between the treatment and control values as 

reported from the Syntech software. To compare these differences in gravid and non-gravid 

flies for a given compound at all six doses, parametric one-way analyses of variance 

(ANOVA) were used with dose as a factor. 

The difference in the behavioural response of L. cuprina to each compound at a given dose 

was examined using t-tests for paired samples with 10 replicates (i.e., cages), as the treatment 

trap and the negative control trap were inside the cage simultaneously. The differences in 

behavioural response of L. cuprina to negative and positive controls were analyzed by paired 

t-tests. To examine the differences between gravid and non-gravid flies in behaviour 

responses to a compound at each tested dose, the relative behaviour response was calculated 

as the difference between the treatment (%) and the negative control (%). The relative 

responses were used in a two-way ANOVA, where gravid status and chemical dose were two 

fixed factors. The interaction between two factors was also included in the model. 

 

4.4 Results 

4.4.1 EAG 

Table 4.1 shows the EAG responses of the antennae of gravid and nongravid flies to the 

control and six doses of test compounds, and the results of paired-sample t-tests comparing 

the control with each dose. For gravid flies, the lowest dose that induced a response was 0.02 

µg for DMTS (t = 5.94; df = 5; P = 0.002), 20 µg for butyric acid (t = 3.01; df = 5; P = 0.03), 

and 200 µg for indole (t = 3.78; df = 5; P = 0.013) and 1-octen-3-ol (t = 4.13; df = 5; P = 

0.009). For non-gravid flies, the thresholds of the responsive doses were 2 µg for DMTS (t = 
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3.70; df = 5; P = 0.014), 200 µg for butyric acid (t = 2.88; df = 5; P = 0.035) and 2000 µg for 

indole (t = 3.08; df = 5; P = 0.028) and 1-octen-3-ol (t = 5.36; df = 5; P = 0.003). The results 

showed clearly that the antennae of gravid flies were more sensitive to the test compounds 

than the antennae of non-gravid flies.  

Table 4.2 shows the differences between control and test compound in EAG response, to the 

six doses of the test compounds, for gravid and non-gravid flies, and the outcome of the one-

way ANOVA. For gravid flies, there were significant dose-responses for DMTS (F = 14.6; df 

= 5, 30; P < 0.001), butyric acid (F = 22.0; df = 5, 30; P < 0.001), indole (F = 89; df = 5, 30; 

P < 0.001) and 1-octene-3-ol (F = 67.2; df = 5, 30; P < 0.001). For non-gravid flies, on the 

other hand, significant differences among doses were only observed for butyric acid (F = 

10.6; df = 5, 30; P < 0.001) and 1-octen-3-ol (F = 24.7; df = 5, 30; P < 0.001). 
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Table 4.1 The EAG responses (mV) of the antennae of gravid and non-gravid flies to increased doses of carrion-associated test compounds as reported in Syntech 
software (mean ± SE) 

 
      Dose (µg) 

    0 (control) 0.02 0.2 2 20 200 2000 

DMTS 

Gravid -0.47 ± 0.075 -0.70 ± 0.086** -0.71 ± 0.087** -0.74 ± 0.104** -0.69 ± 0.086** -0.86 ± 0.111** -1.25 ± 0.120** 

Non-gravid -0.69 ± 0.177 -0.77 ± 0.205 -0.79 ± 0.213 -0.89 ± 0.228* -0.92 ± 0.2197* -0.87 ± 0.223* -0.94 ± 0.249* 

         

Butyric Acid 

Gravid -0.46 ± 0.077 -0.57 ± 0.130 -0.53 ± 0.092 -0.55 ± 0.081 -0.60 ± 0.074* -0.91 ± 0.144** -1.48 ± 0.177*** 

Non-gravid -0.79 ± 0.177 -0.85 ± 0.225 -0.94 ± 0.230 -0.80 ± 0.162 -0.87 ± 0.183 -0.94 ± 0.203* -1.42 ± 0.250** 

         

Indole  

Gravid -0.35 ± 0.056 -0.40 ± 0.067 -0.37 ± 0.064 -0.38 ± 0.077 -0.36 ± 0.058 -0.62 ± 0.098* -0.84 ± 0.157* 

Non-gravid -0.35 ± 0.050 -0.31 ± 0.035 -0.36 ± 0.062 -0.32 ± 0.098 -0.37 ± 0.068 -0.41 ± 0.079 -0.50 ± 0.095* 

         

1-octen-3-ol 

Gravid -0.37 ± 0.062 -0.40 ± 0.073 -0.39 ± 0.074 -0.41 ± 0.079 -0.48 ± 0.116 -0.61 ± 0.113** -1.87 ± 0.209*** 

Non-gravid -0.20 ± 0.034 -0.25 ± 0.039 -0.23 ± 0.027 -0.24 ± 0.015 -0.23 ± 0.054 -0.28 ± 0.071 -1.31 ± 0.223** 

         

2-mercapto 

ethanol 

Gravid -0.50 ± 0.068 -0.47 ± 0.090 -0.41 ± 0.063 -0.46 ± 0.083 -0.51 ± 0.121 -0.52 ± 0.089 -0.51 ± 0.105 

Non-gravid -0.33 ± 0.069 -0.33 ± 0.065 -0.36 ± 0.084 -0.35 ± 0.072 -0.34 ± 0.066 -0.36 ± 0.068 -0.34 ± 0.056 

* Significant difference between compound and control * P < 0.05, ** P < 0.01 and *** P < 0.001. 
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Table 4.2 The EAG responses of the antennae of gravid and non-gravid flies to five compounds over a range of doses, presented as differences in response (mV) 
between the treatment and control, as reported by Syntech software (mean ± SE) 

 
 

Physiological stage 

Dose (µg) Effect of Dose 

 0.02 0.2 2 20 200 2000 df F P 

DMTS 
Gravid 0.23 ± 0.047 0.24 ± 0.030 0.26 ± 0.041 0.22 ± 0.030 0.38 ± 0.054 0.78 ± 0.104 5, 30 14.6 < 0.001 

Non-gravid 0.08 ± 0.53 0.10 ± 0.065 0.20 ± 0.055 0.18 ± 0.047 0.18 ± 0.051 0.25 ± 0.085 5, 30 1.1 0.377 

            

Butyric acid 
Gravid 0.12 ± 0.085 0.07 ± 0.043 0.09 ± 0.015 0.15 ± 0.049 0.45 ± 0.092 1.02 ± 0.127 5, 30 22.0 < 0.001 

Non-gravid 0.06 ± 0.063 0.08 ± 0.049 0.02 ± 0.048 0.09 ± 0.041 0.15 ± 0.052 0.63 ± 0.101 5, 30 10.6 < 0.001 

           

Indole  
Gravid 0.04 ± 0.039 0.02 ± 0.051 0.02 ± 0.026 0.01 ± 0.019c 0.26 ± 0.069 0.48 ± 0.124 5, 30 8.9 < 0.001 

Non-gravid -0.04 ± 0.037 0.01 ± 0.019 -0.03 ± 0.086 0.02 ± 0.042 0.05 ± 0.039 0.14 ± 0.046 5, 30 1.8 0.134 

           

1-octen-3-ol Gravid 0.03 ± 0.014 0.02 ± 0.013 0.04 ± 0.017 0.11 ± 0.055 0.24 ± 0.057 1.38 ± 0.153 

5, 30 67.2 
< 0.001 

Non-gravid 0.04 ± 0.017 0.03 ± 0.013 0.03 ± 0.028 0.02 ± 0.025 0.07 ± 0.041 1.10 ± 0.206 5, 30 24.7 < 0.001 

           

2-mercaptoethanol 
Gravid -0.02 ± 0.053 -0.09 ± 0.021 -0.04 ± 0.058 0.01 ± 0.073 0.02 ± 0.023 0.01 ± 0.043 5, 30 0.7 0.625 

Non-gravid -0.01 ± 0.016 -0.02 ± 0.030 -0.01 ± 0.024 -0.01 ± 0.017 -0.03 ± 0.022 -0.01 ± 0.039 5, 30 0.2 0.972 
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4.4.2 Two-choice behavioural bioassays 

Figure 4.2 shows the proportion of gravid and non-gravid L. cuprina that were caught in the 

negative control traps and the treatment traps for four compounds at various doses. Compared 

to the negative control traps, DMTS attracted more gravid flies at 0.3 µg (t = 3.35; df = 9; P = 

0.008), 3 µg (t = 9.59; df = 9; P < 0.001), 30 µg (t = 7.04; df = 9; P < 0.001), 300 µg (t = 

5.48; df = 9; P < 0.001) and 3000 µg (t = 9.37; df = 9; P < 0.001); more non-gravid flies were 

attracted at 30 µg (t = 8.41; df = 9; P < 0.001), 300 µg (t = 9.00; df = 9; P < 0.001) and 3000 

µg (t = 7.10; df = 9; P < 0.001). Butyric acid attracted more gravid flies at doses of 30 µg (t = 

8.57; df = 9; P < 0.001), 300 µg (t = 7.27; df = 9; P < 0.001) and 3000 µg (t = 7.67; df = 9; P 

< 0.001), and more non-gravid flies at doses of 30 µg (t = 9.15; df = 9; P < 0.001) and 300 µg 

(t = 6.60; df = 9; P < 0.001) when compared to the negative control. For indole and 1-octen-

3-ol, no significant difference was found between the negative control trap and the traps with 

doses of 300 and 3000 µg. 

 

Fig. 4.2 Percentage of L. cuprina captured in 2-choice behaviour bioassays (1hour duration each) 
employing upside down bottle traps (see Fig. 4.1) baited one of 4 carrion-associated compounds at one 

dose (0.03-3000 µg). DCM served as - control and pig liver as + control. In each experiment, an asterisk 
(*) denotes a treatment stimulus that captured significant more flies (P < 0.05). 
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Table 4.3 shows the relative behaviour response of gravid and non-gravid L. cuprina to a 

series of doses of butyric acid and DMTS. There was no significant effect of the interaction 

between physiological stage and DMTS dose on the behaviour response (F = 1.20; df = 3, 90; 

P = 0.315; Table 4.3). However, for butyric acid, the interaction was significant (F = 3.29; df 

= 3, 72; P = 0.025).  

The positive control (pig liver) traps had 30.3% (SEM = 0.54) of gravid flies inside the trap, 

compared with 9.4% (SEM = 0.37) in the negative control traps (t = 33.92; df = 139; P < 

0.001). With non-gravid flies, 30.5% (SEM = 0.71) of flies were caught in the positive 

control traps while only 7.8% (SEM = 0.31) were found in the negative control traps (t = 

29.45; df = 79; P < 0.01). 
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Table 4.3 The relative behaviour response of gravid and non-gravid flies to butyric acid and DMTS at a range of doses (mean ± SE) 
 

  Dose (µg)      

  0.03 0.3 3 30 300 3000  Factor df F P 

DMTS 
Gravid 0.6 ± 2.40 8.6 ±2.57 7.8 ± 0.81 9.2 ± 1.31 9.4 ± 1.71 9.6 ± 1.02  Dose 5, 90 5.48 < 0.001 

non-gravid   2.2 ± 2.93 9.4 ± 1.12 7.0 ± 1.44 9.8 ± 1.38  Physiology 1, 90 1.85 0.177 

         Dose*physiology 3, 90 1.20 0.315 

             

         Dose 3, 72 16.2 < 0.001 

Butyric acid 
Gravid   0.6 ± 3.01 11.2 ± 1.31 9.0±1.24 9.2 ± 1.20  Physiology 1, 72 3.26 0.075 

non-gravid    0.2 ± 2.03 11.0 ± 1.20 9.6±1.45 0.6 ± 1.12  Dose*physiology 3, 72 3.29 0.025 
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4.4.3 GCMS-EAD 

As only DMTS and butyric acid induced responses in both the EAG and behaviour 

bioassays, only these two molecules were subjected to GCMS-EAD. Figure 4.3 shows 

that DMTS consistently elicited responses from the antennae of both gravid and non-

gravid flies at doses of 20 and 2 ng. At 0.2 ng no peak could be detected in the total 

ion chromatograms (TIC), but all antenna still responded. The antenna of gravid flies 

alone responded at the lowest dose (0.02 ng). Further, it is clear that butyric acid is not 

suitable for GCMS-EAD with this column and instrument configuration. This 

carboxylic acid strongly interacts with the stationary phase of the column leading to 

broad peaks, low detection limit and absence of antennal responses. 

Fig. 4.3 GCMS-EAD signals of antennae from gravid and non-gravid L. cuprina showing the 
responses to butyric acid and DMTS. The TIC of 20-0.2 ng butyric acid and DMTS are shown in 
the top traces and the antennal responses of gravid and non-gravid flies are shown in the down 

traces. The TIC (2000 ng) show the retention time of butyric acid and DMTS. 
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4.5 Discussion 

Two of the carrion-associated VOCs, DMTS and butyric acid, evoked responses that 

could be detected by both EAG and behaviour tests in L. cuprina, whereas the other 

two VOCs, 1-octen-3-ol and indole, only evoked EAG responses. Sulfur-containing 

VOCs, such as DMTS, are produced by fresh carrion and attract carrion flies that only 

oviposit on the carrion during the early decay stages (Archer and Elgar, 2003; 

Kalinova et al., 2009; Frederickx et al., 2012b; Zito et al., 2014; von Hoermann et al., 

2016). DMTS evoked both EAG and behavioural responses, suggesting that it is 

important for attracting L. cuprina to carrion in the early stages of decay. As little as 

0.02 ng of DMTS can be detected by the antenna of gravid L cuprina, indicating a 

strong selection pressure on necrophagous insects to fine-tune their olfactory system 

for the detection of the early stages of carrion decay. Interestingly, our findings are 

also consistent with the role of oligosulfides in floral oviposition site mimics (Jürgens 

et al., 2013). 

It is also clear that, in all tests, gravid females are more antennally sensitive to 

carrion-associated VOCs than non-gravid females. Only small amounts of DMTS are 

produced in the early stage of carrion decay, and emissions increase as decomposition 

progresses before declining in the final stages (von Hoermann et al., 2016). Therefore, 

greater sensitivity to DMTS would help gravid L. cuprina to find the carrion rapidly, 

reducing competition and maximizing opportunities for the growth and survival of 

their offspring (Archer and Elgar, 2003). 

By contrast, indole and 1-octen-3-ol, which appear in later stages of carrion 

degradation, are known to attract non-gravid L. sericata to canine faeces, while for 

gravid L. sericata indole helps avoid degraded carrion (Forbes and Perrault, 2014; 

Brodie et al., 2016; von Hoermann et al., 2016). In L. cuprina, the antennae of gravid 

flies were more sensitive to 1-octen-3-ol and indole than the antennae of non-gravid 

flies, but our behavioural tests showed that these two carrion-associated VOCs were 

not attractive. These observations are consistent with the view that, just because an 

insect has a receptor, a specific behaviour (e.g., attraction) need not be elicited. This 

dissociation in between receptor presence and insect behaviour could be due to insects 

having a receptor for the compound but being repelled by it; insects only responding 

to a specific concentration of the compound; insects being attracted or repelled by 

combinations of compounds; insects retaining the receptor but having a degenerated 
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behaviour response. Alternatively, the function of the receptor might not be known. 

Compounds which have receptors but do not attract insects might play a supporting 

role during the location of resources, or have other roles. 

In L. cuprina, the responses in EAG and behavioural bioasssays were not always 

linked, supporting observations in studies of other species. For example, in Musca 

domestica, DMTS evokes an EAG response but not a behavioural response (Zito et 

al., 2014). Both Tabanus bromius and Atylotus quadrifarius display EAG responses 

that differ in intensity between 1-octen-3-ol and phenols, but the responses in trap 

experiments are similar for the two compounds (Baldacchino et al., 2014). This sort of 

inconsistency between EAG and behavioural outcomes to a single compound has also 

been demonstrated for flower-visiting insects and floral scents (Jhumur et al., 2007; 

Xu et al., 2015; Bohman et al., 2016; Bohman et al., 2017). It is important to note that 

electroantennographic methods only show which compounds that can be detected by 

the insect’s antenna, not the function of the compound. That said, in our study, a wide 

range of doses of DMTS evoked stable EAG and GCMS-EAD responses in L. 

cuprina, suggesting DMTS to be a practical positive control in future EAG or GCMS-

EAD analyses with this species. GCMS-EAD could be useful for detecting bioactive 

compounds in these insects, as the detection limit is much lower than EAG with 

‘puffing’, due to the lower background noise. This increase in sensitivity is twofold: 

1) there is no simultaneous mechanical stimulation, and 2) the compounds are injected 

in solution with the full amount reaching the antenna, rather than in EAG where only 

the headspace volatiles are delivered to the antenna. By using GCMS-EAD to obtain 

retention indices of bioactive compounds, the relevant candidate compounds may be 

identified by GC-MS, or targeted for collection by preparative gas chromatography 

for further characterization and testing. 

Fly traps that contain an aqueous solution of sodium sulfide, butyric acid, 2-

mercaptoethanol and indole are selective for L. cuprina and are used to reduce 

populations and thus prevent fly strike (Urech et al., 2009). The inclusion of butyric 

acid in the mixture significantly increases the attractiveness to L. cuprina in 

laboratory assays (Eisemann, 1985). In addition to butyric acid, DMTS attracts gravid 

L. cuprina, as shown in the present study, suggesting that the addition of DMTS will 

improve the performance of fly traps. 

Overall, we have showed that L. cuprina is attracted to carrion- associated VOCs, 



64 

with gravid flies able to detect lower doses than non-gravid flies. The results of our 

study might be directly applied to flystrike management by modification of 

population-control traps. Furthermore, we have established reliable EAG and 

behavioural assays using L. cuprina that will assist future studies on the identification 

of attractive odours compounds produced by Merino sheep, potentially uncovering the 

underlying cause of sheep myiasis. 
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Chapter 5: Volatiles from Merino fleece evoke antennal and 

behavioural responses in the Australian sheep blow fly, Lucilia 

cuprina 
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5.1 Abstract 

To identify flystrike-related volatile compounds in wool from Merino sheep, the 

attractiveness of wool to L. cuprina Wiedmann (Diptera: Calliphoridae) was 

examined. First, a selection of wool samples guided by previous knowledge of sheep 

lines, predicted to be more susceptible or more resistant to flystrike, was tested. The 

attractiveness of the 10 samples selected was not associated with field susceptibility: 

two samples from the more resistant line were identified as most attractive and two 

samples from the more susceptible line were identified as least attractive, based on the 

behavioural assays with gravid flies. Comparison of the headspace volatiles of these 

samples, using solid phase microextraction and gas chromatography-mass 

spectrometry-electroantennographic detection, revealed octanal and nonanal to be 

present in the attractive wool samples that elicited responses from the fly antenna. 

Furthermore, the two compounds were not present in wool that was least attractive to 

L. cuprina. In laboratory bioassays, octanal and nonanal evoked antennal and 

behavioural responses in gravid L. cuprina, thus confirming their potential role as 

semiochemicals responsible for attracting L. cuprina to Merino sheep. 

 

5.2 Introduction 

Flystrike is a distressing disease caused by blow flies ovipositing on attractive areas 

of sheep, with the hatched larvae subsequently feeding on sheep tissue. 

Approximately 90% of all flystrike occurs within the area around the anus and vulva, 

known as the ‘breech’ (Richards and Atkins, 2010). In Australia, South Africa and 

New Zealand, L. cuprina is the main causal agent of flystrike (Norris, 1990; Heath 

and Bishop, 2006). The most efficient method for flystrike prevention is ‘mulesing’, a 

surgical procedure that removes skin, and therefore wool follicles, from the breech, 

thus preventing the accumulation of faeces (Watts et al., 1979; Beveridge, 1984; Lee 

and Fisher, 2007). However, mulesing has become socially unacceptable and is now 

illegal in many countries (Phillips, 2009; Sneddon and Rollin, 2010). Crutching, the 

shearing of wool from around the anus and vulva, can also be used instead of 

mulesing and, in combination with insecticides, can prevent flystrike, although the 

flies are increasingly becoming resistant to the chemical treatments (Sandeman et al., 

2014). 
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A more ‘clean, green and ethical’ approach to the prevention of flystrike is genetic 

selection for resistance (Martin and Greeff, 2011). Resistance to breech strike is 

heritable, with heritability ranging from moderate (0.32) in a summer rainfall 

environment (Smith et al., 2009) to high (0.52) for uncrutched sheep in a winter 

rainfall environment (Greeff et al., 2013). However, breech strike is a discrete trait 

and its expression can vary dramatically from year to year depending on the 

prevailing environmental factors. In addition to its sporadic nature, the trait is difficult 

and expensive to monitor in large numbers of sheep in a production system where the 

animals are challenged and no preventative treatments are carried out. An alternative 

approach is to find indirect traits that are correlated with breech strike and that can be 

used as indirect selection criteria to genetically improve breech strike resistance. 

Previous research has shown that several traits are correlated with the incidence of 

flystrike: moisture content in the fleece, fleece rot, dermatophilosis, dags (faecal 

soiling around the anus and hind legs), wool cover in the breech area, urine staining, 

wool colour (indicating suint content), and wrinkles in the skin around the breech 

(Copland and Pattie, 1982; Raadsma and Rogan, 1987; Scobie et al., 2002; Smith et 

al., 2009; Greeff et al., 2014). However, variation in breech characteristics (skin 

wrinkle, wool cover, dags, urine stain, wool colour) only explains approximately 40% 

of the variation in breech flystrike resistance (Greeff et al., 2017). Therefore, other 

factors are predicted to play major roles in flystrike susceptibility. 

One such factor could be wool odour because it plays a significant role in attracting 

Lucilia species (De Bruyne and Baker, 2008; LeBlanc, 2008; Brodie et al., 2014; Yan 

et al., 2018). Interestingly, sniffer dogs can differentiate between wool samples from 

sheep that have been predicted to be more susceptible and more resistant to flystrike 

(Greeff et al., 2013). It therefore seems likely that volatile compounds could 

contribute to the variation in susceptibility to breech strike and that, once identified, 

such compounds could be used as an indirect trait for selection for resistance against 

breech strike (Sandeman et al., 2014). Importantly, while it is known that dags, urine 

and faeces can attract flies, we have also observed that sheep that are not 

contaminated with dags, urine or faeces can be struck, suggesting that other factors in 

wool contribute to the attractiveness of sheep to blowflies. 

Previous work has established techniques necessary for determining whether volatile 

compounds can evoke antennal and behavioural responses in Lucilia spp. (Zito et al., 
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2014; Brodie et al., 2016). Recently, DMTS and butyric acid were shown to evoke 

antennal responses and these compounds can attract L. cuprina (Yan et al., 2018). The 

specific research objectives for the present study were: (a) to investigate the attraction 

of wool samples from predicted flystrike resistant and susceptible Merino sheep to L. 

cuprina; (b) to detect and identify the compounds that evoke antennal responses of L. 

cuprina from headspace volatiles (HSV) of most attractive and least attractive wool; 

and (c) to confirm the behavioural response of L. cuprina to any identified 

compounds. 

 

5.3 Materials and methods 

5.3.1 Source of experimental flies 

Flies were bred and reared in an insectary at Shenton Park Field Station of The 

University of Western Australia. The fly colony was established from approximately 

100 wild-type larvae collected from the breech of fly-struck sheep three months 

before these experiments commenced. Flies were kept in the darkroom under a 14:10 

h light/dark photocycle controlled by a fluorescent lamp at 23–25 °C and 30–40% 

relative humidity. Flies were provided with water and fed a 1:1 mixture of milk 

powder and sugar upon emergence, and liver paste when 4–8 days old. Gravidity was 

determined in 10 randomly selected females from each feeding cage of approximately 

500 flies. If more than eight of the 10 flies were gravid, then the flies from that cage 

were used in the behaviour tests. For the EAG experiments, gravidity was determined 

by dissection after the antennae were removed. 

5.3.2 Source of experimental wool 

The wool samples were taken from 10 Merino ewes at the Katanning Research 

Station of Department of Primary Industries and Regional Development Western 

Australia at the beginning of February (summer of 2017) when the sheep were 

approximately 20 months old and the incidence of flystrike was the lowest. The sheep 

had previously been shorn in November 2016. In this Merino flock, previously 

described by Greeff et al. (2017), 22 sires were ranked on the basis of the prevalence 

of flystrike in their progeny and wool was sampled from the breeches of five ewes 

from each of the two sire progeny groups that were most extreme for 
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resistance/susceptibility to breech strike. Clean wool samples were collected into 

sealed glass jars and stored at −20 °C.  

5.3.3 Objective 1: Investigate the attraction of wool samples from predicted flystrike 

resistant and susceptible Merino sheep to L. cuprina 

The responses of flies to olfactory stimuli were investigated with a two-choice 

bioassay using wire mesh cages (45 × 30 × 30 cm, Betta Security, Middle Swan, 

Western Australia) illuminated by fluorescent ceiling lights in a laboratory maintained 

at 24-26 °C. Two glass funnel bottle traps were placed about 20 cm apart inside each 

cage. The traps were made from 0.45 L brown glass bottles (width 7 cm, height 16 

cm; Bundaberg Brewed Drinks, Bundaberg, Queensland) that were cut 10 cm from 

the base into two sections that gave a cylinder (height 10 cm) and a funnel (height 6 

cm) (i.e. top of bottle). The funnel was inverted and inserted into the cylinder to guide 

flies into the cylindrical base and discourage them from leaving. Two traps were 

placed in each cage: one for treatment and one for control. Treatment traps contained 

a wool sample (5 g) held in a piece of one-ply cheese cloth, suspended 2 cm above 

perfume-free soapy water (Liby, Guangzhou, China; dilution 1:500) that drowned the 

responding flies. Control traps only contained soapy water. 

For each of the 10 experimental replicates, 50 gravid flies (approximately 10 days 

old) were selected from 200 mixed-sex flies that had been cold sedated (–20 °C) for 

approximately 5 minutes and then released into the bioassay cage. After a one-hour 

acclimation period with sugar (CSR Sugar, Yarraville, VIC, Australia) and water, the 

treatment and control traps were placed inside each cage and the sugar and water were 

removed. After two hours, the number of flies in each trap was recorded and the trap 

capture rates were calculated. The wool samples and flies used in two-choice 

bioassays were used only once, and the 10 experimental replicates were performed 

simultaneously in 10 different cages. 

5.3.4 Objective 2: Detect and identify the compounds that evoke antennal responses 

of L. cuprina from HSV of most attractive and least attractive wool 

HSV preparation 

Based on the results of the two-choice bioassays in Objective 1, the two wool samples 

that were most attractive (supposedly resistant wool samples 1 and 2 in Fig. 5.1) to 

the L. cuprina, and the two least attractive samples (supposedly susceptible wool 
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samples 4 and 5 in Fig. 5.1), were used for HSV collection. Volatile compounds were 

extracted using a SPME approach: 15 g wool was placed inside a 250 mL glass 

beaker with a piece of filter paper (1 cm × 5 cm; Whatman No. 1; Whatman, 

Maidstone, UK) loaded with a DMTS (Sigma-Aldrich, Bellafonte PA, USA) solution 

in dichloromethane (30 μL of 1 µg/µL = 30 µg, based on results from preliminary 

experiments). DMTS was included as a positive control for GCMS-EAD studies as it 

has previously been confirmed to be active with the same species (Yan et al., 2018) 

yet absent in the sheep wool odour profile. The beaker was sealed with a double layer 

of aluminium foil and placed in a water bath (40 °C). Six SPME fibres 

(divinylbenzene, carboxen, polydimethylsiloxane coating, 50/30 thickness, Sigma-

Aldrich, Bellafonte, USA, p/n 57328-U) were inserted through the aluminium foil into 

the headspace and volatile extraction was conducted 16 hours (based on preliminary 

experiment). 

GCMS-EAD 

The GCMS-EAD set-up comprised a HP 5890 GC connected to a 5972 MSD 

equipped with a HP-5ms column (30 m x 0.25 mm x 0.25 μm) (Hewlett-Packard, Palo 

Alto, CA, USA), using helium at 2 mL/min as the carrier. The gas flow was split with 

a Y-glass between the MSD and the EAD, as described previously (Bohman and 

Peakall, 2014; Xu et al., 2017). For EAD, the GC effluent was passed through a 

Syntech conditioner (Syntech, Kirchzarten, Germany) containing a heated (250 °C) 

transfer line, with the outlet placed in a purified and humidified air stream, where the 

electrodes holding the antenna were positioned. Each antenna was carefully pulled out 

of the head of the fly and suspended between two glass capillary electrodes filled with 

saline solution (Staddon and Everton, 1980). The injection port temperature was set at 

250 °C. The SPME needle was desorbed and injected in splitless mode, with a 

desorption time of 2 minutes. The oven temperature was held at 40 °C for 1 min, 

increased to 80 °C at a ramp rate of 3 °C/min and maintained for 3 min, then further 

increased to 150 °C at a ramp rate of 5 °C/min, and at 10 °C/min to 250 °C and 

maintained for 3 min. Only the antennae that responded to DMTS were considered as 

viable. The signal-to-noise levels in the recordings were low, with a high frequency of 

random spikes, so an eluted compound was only regarded as a candidate when it 

elicited antennal responses in at least three out of five valid antennae. These candidate 

compounds were subjected to further detailed EAG studies with dose-response 
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experiments, and subsequently two-choice behaviour bioassays to confirm their 

attractiveness to L. cuprina.  

EAD of candidate compounds 

Octanal and nonanal were two compounds identified that evoked antennal response in 

GCMS-EAD (see Results), so they were used for the EAG experiments and 

behavioural bioassays. Octanal (98%; Alfa Aesar, Heysham, UK) and nonanal (97%, 

Alfa Aeasar) were diluted in a series of concentrations (10-3, 10-2, and 10-1 g/mL) in 

dichloromethane (analytical reagent (AR) grade), the solvent used in the subsequent 

electrophysiological and behavioural assays, as well as the EAG testing system. A 

piece of filter paper (1 cm × 5 cm) was zig-zag folded and partly inserted into the 

wide opening of a Pasteur pipette. A 20 µL droplet of octanal or nonanal (10-3, 10-2 or 

10-1 g/mL, i.e. 0.02, 0.2 and 2.0 mg of the compound) was applied onto the filter 

paper and the solvent was allowed to evaporate for 2 min in a fume hood (preliminary 

experiments had shown this to be sufficient for complete evaporation of 

dichloromethane). The filter paper was then fully inserted into the Pasteur pipette. 

Preliminary experiments had confirmed that the pipettes could be used at least six 

times without any apparent change in responses between first and last puff, 

accordingly, the same pipette was used for the six replicates, all completed within 2 h. 

A Pasteur pipette containing a piece of filter paper was used as the negative control. 

Each compound was tested with antennae from six gravid female flies. The test 

compound in the pipette was volatilized with a 0.5 s air puff. The control pipette was 

applied first, followed by the three doses (from lowest to highest, with 1 min between 

two consecutive puffs) of two compounds, and followed by a repeat of the control 

before the antenna was replaced. The averaged value of the two controls was used in 

the statistical analyses. 

5.3.5 Objective 3: Confirm the behavioural response of L. cuprina to any identified 

compounds 

The two compounds that evoked antennal responses, octanal and nonanal, were tested 

individually in two-choice behavioural bioassays. The process followed the same 

procedure as for Objective 1, with the exception that the wool sample was replaced 

with a piece of folded filter paper (1 cm × 5 cm; Whatman No. 1) containing a 20 µL 

droplet of octanal or nonanal solution (10-3 g/mL). This dose was chosen on the basis 
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of our previous studies, in which we assessed the antennal and behavioural responses 

of L. cuprina to a series of concentrations of several compounds (Yan et al. 2018). 

Each test was replicated 20 times. 

5.3.6 Statistical analysis 

The data from the two-choice bioassays were analysed using t-tests for paired samples 

with 10 (for wool) or 20 (for the synthetic compounds) replicates (i.e., cages of flies). 

Because the same antenna was used to examine responses to both the test compound 

and the control, the data were analysed using a paired t-test with six replicates. 

 

5.4 Results 

5.4.1 Objective 1: Investigate the attraction of wool samples from predicted flystrike 

resistant and susceptible Merino sheep to L. cuprina 

The percentage of gravid L. cuprina captured in the control and treatment traps are 

shown in Figure 5.1. The traps with wool from supposedly flystrike resistant sheep 

attracted more gravid flies than control traps (resistant wool 1-3: t9 = 9.112, 7.757, 

8.125, P < 0.001; resistant wool 4: t9 = 3.854, P = 0.004; resistant wool 5: t9 = 3.217, 

P = 0.011). By contrast, among the five traps with wool from supposedly flystrike 

susceptible sheep, only two attracted more flies than the control traps (susceptible 

wool 1: t9 = 4.342, P = 0.002; susceptible wool 2: t9 = 2.569, P = 0.03), while three 

samples were not significantly different from the control (susceptible wool 3: t9 = 

1.899, P = 0.09; susceptible wool 4: t9 = -1.928, P = 0.086; susceptible wool 5: t9 = -

1.964, P = 0.081).  
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Fig. 5.1 Mean percentage of gravid female L. cuprina captured in the 2-choice behaviour 

bioassays (2 h duration) employing upside-down bottle traps that were either baited with wool 
samples (resistant wool samples 1-5 and susceptible wool samples 1-5) or left empty as a control 
(n = 10 each). Asterisks (*) indicate where a treatment stimulus captured significantly more flies 

than the control (* P < 0.05, ** P < 0.01 and *** P < 0.001). 
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Fig. 5.2 Representative recordings of the responses in gas chromatography (GC)-

electroantennographic detection (EAD: gravid female L. cuprina antenna) to a SPME of the 
headspace volatiles of four wool samples (left: from resistant sheep, wool 1 and 2; right: from 

susceptible sheep, wool 4 and 5, as shown in Fig. 5.1). Four components elicited antennal 
responses as follows: (1) DMTS, (2) octanal, (3) nonanal, and (4) dimethyl tetrasulfide. The 

sulfurous compounds acted as positive controls. 

5.4.2 Objective 2: Detect and identify the compounds that evoke antennal responses 

of L. cuprina from HSV of most attractive and least attractive wool 

The GCMS-EAD responses to the wool extracts are shown in Figure 5.2. The positive 

control, DMTS (and dimethyl tetrasulfide, present as a trace impurity in the 

commercial sample of DMTS) elicited responses from fly antennae, confirming the 

activity of the antennae (Fig. 5.2). Two other compounds consistently detected over 

multiple EAD analyses (6 repeats), identified as to octanal and nonanal, were 

confirmed to be present in the two wool samples most attractive to L. cuprina 

(resistant wool 1 and 2); by contrast, neither of these compounds was detected in the 

two least attractive wool samples (susceptible wool 4 and 5, Fig. 5.2).  
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Fig. 5.3 The EAG responses of antennae of gravid flies to control and treatments consisting of 

octanal (serial doses: 0.02, 0.2 and 2 mg) and nonanal (serial doses: 0.02, 0.2 and 2 mg) as 
reported by the Syntech software (mean ± SE). Six replicates were used for each dose. An asterisk 

(*) indicates a significantly greater response to treatment compared with the control (P < 0.05). 

The antennal responses of gravid flies to three doses of octanal and nonanal are shown 

in Figure 5.3. Responses were greater than control values at all doses of octanal (t4 = 

3.992, P = 0.016, for 0.02 mg; t4 = 5.471, P = 0.005, for 0.2 mg; t4 = 8.395, P = 0.001, 

for 2 mg) and nonanal (t4 = 7.101, P = 0.002, for 0.02 mg; t4 = 6.241, P = 0.003, for 

0.2 mg; t4 = 6.759, P = 0.002, for 2 mg). 

5.4.3 Objective 3: Confirm the behavioural response of L. cuprina to any identified 

compounds 

The proportion of gravid L. cuprina trapped in the control (soap water) and in the 

treatment traps containing 0.02 mg octanal or nonanal are shown in Figure 5.4. 

Compared with the control traps, more gravid flies were attracted by the traps that 

contained octanal (t19 = 2.123, P = 0.047) or nonanal (t19 = 3.280, P = 0.004). 
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Fig. 5.4 Mean percentage of gravid L. cuprina captured in 2-choice behaviour bioassays (2 h 

duration) employing upside-down bottle traps baited with 0.02 mg of two candidate compounds, 
octanal and nonanal. An asterisk (*) denotes a treatment stimulus that captured significantly more 

(P < 0.05) flies than control (empty) traps. 
 

5.5 Discussion 

The data obtained in the present study demonstrate that: (a) wool samples from 

different sheep differ in their attractiveness to gravid L. cuprina flies, with the two 

most attractive wool samples unexpectedly originating from supposedly flystrike 

resistant sheep, whereas the two least attractive wool samples originated from 

supposedly flystrike susceptible sheep; (b) octanal and nonanal are two compounds 

from the HSV of attractive wool that elicited blow fly antennal responses; and (c) 

octanal and nonanal are also attractive to gravid L. cuprina in two-choice bioassays. 

The attractiveness of wool to gravid L. cuprina varied among individual sheep in the 

behavioural bioassays, and the capture rate of treatment traps from 12.0% to 26.2%. 

The main reason for the low capture rate is suspected be the short test time (2 h). 

When the relationship between capture rate and test time using fresh bovine liver as 

the bait was tested, the results showed that about 10% flies were captured in the traps 

after 1 hour, about 30% flies were captured after 2 hours, about 50% flies were 

captured after 4 hours, and about 90% flies were captured after 8 hours (Yan, 

unpublished). In addition, the GC chromatograms differed clearly between the most 

attractive and least attractive wool samples. An interesting and highly unexpected 

result was that the two most attractive wool samples originated from sheep 
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supposedly more resistant to flystrike and the two least attractive wool samples 

originated from supposedly more susceptible sheep. Some reasons for these surprising 

results are suggested below. 

First, only fleece odour was considered as a factor in this study, so we sampled the 

fleece in the season of least flystrike to exclude the effect of other important factors, 

such as dags, urine, faeces and moisture, that are very likely to attract L. cuprina 

(Eisemann, 1995; Greeff et al., 2017). Previous studies have shown that the 

attractiveness of wool samples from fly-struck sheep declines rapidly over time after 

removal from the sheep (Mackerras and Mackerras, 1944), ostensibly as a result of 

the loss of critical attractive volatile compounds. Thus, in the future, it would be 

valuable to complement this study with the analysis of samples from individual sheep 

before and after they are struck by flies in the field. 

Second, the fact that a gravid fly is attracted does not guarantee flystrike because 

oviposition only occurs when the environment is suitable (Cragg and Cole, 1956). For 

example, pads treated with organic sulfurous compounds and placed on sheep are 

more attractive to gravid L. sericata than those treated with ammonium carbonate, 

although neither treatment resulted in oviposition (Cragg, 1950). In recent work, 

gravid L. cuprina were found to be more attracted to decaying liver than to fresh liver, 

although the strongest oviposition behaviour was observed on fresh liver (Yan, 

unpublished). Similarly, gravid flies do not show a preference in attraction between 

wet and dry wool, although there is a correlation between egg laying and moisture 

content (Eisemann, 1995; Schlink et al., unpublished). It is therefore clear that a 

greater attractiveness for a resource does not guarantee oviposition, and vice versa. In 

addition, physical cues (such as visual cues), sometimes alone, but most often in 

conjunction with chemical cues, also play an important role in blowfly attraction 

(Gomes, 2007; Wall and Fisher, 2010; Brodie et al., 2015). Moreover, it has 

previously been shown that sniffer dogs are able to discriminate between wool 

samples from resistant and susceptible sheep (Greeff et al., 2013), whereas the results 

of the present study show that flies cannot. Because the odour receptors of mammals 

and insects are different (Benton et al., 2006), it is not surprising that compounds 

detected by dogs are not necessarily attractive to flies. 

Third, the number of sheep sampled in the present study was limited. Although the 

results were statistically significant, a scaled-up study would help further to confirm 
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the apparently counterintuitive results; alternatively, this might unlink the connection 

of attraction and fly strike susceptibility. 

Octanal and nonanal have been previously identified in extracts of wool and cattle 

hair and have been shown to evoke antennal responses in mosquitoes, tsetse flies, bed 

bugs and triatomine bugs (Guerenstein and Guerin, 2001; Gikonyo et al., 2002; 

Ghaninia et al., 2008; Syed and Leal, 2009; Harraca et al., 2012). Nonanal has also 

been found in rat carrion and canine faeces and is known to evoke antennal responses 

in L. sericata (Brodie et al., 2014; Brodie et al., 2016). The present study provides 

evidence that octanal and nonanal were present in wool that is attractive to L. cuprina 

but not in wool that was unattractive to L. cuprina. 

In conclusion, Merino sheep clearly show individual differences in the chemical 

content of their wool. Octanal and nonanal can be used to distinguish wool that is 

attractive or non-attractive to L. cuprina and the detection of these compounds could 

be used, by a straightforward SPME GC-MS protocol, to detect wool that attracts L. 

cuprina. Further work will be required to determine whether wool odour is associated 

with flystrike susceptibility in the field. To test whether octanal or nonanal can be 

used as volatile organic markers in the breeding of flystrike-resistant sheep, an 

evaluation on their heritability in wool odours is required in future studies. 
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Chapter 6: Selection of candidate compounds that predict 

flystrike by L Cuprina in the field and estimation of their 

heritability in Merino sheep 
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6.1 Abstract 

To detect whether compounds in the wool odours can be used as an indirect indicator 

trait for resistance to breech strike, we first compared the composition of odours 

collected from the breech wool of flystrike-resistant and flystrike-susceptible sheep. 

We then established a database on the composition of wool odours by sampling wool 

from 1032 fully pedigreed Merino sheep at 16 months of age and detecting all the 

compounds in the odour/headspace of each wool sample using GCMS. Finally, we 

used the database for the assessment of the heritability of the compounds that differed 

between the flystrike-resistant and flystrike-susceptible sheep, focusing on those 

compounds that we have shown to evoke antennal and behavioural responses in 

gravid L. cuprina flies. Our results showed that about 1400 volatile compounds were 

extracted in the wool odours, but only 71 were present in more than half of the 1032 

samples. Nonanal and dimethyl sulfone were present in greater concentrations in the 

flystrike-susceptible than the flystrike-resistant ram. The heritabilities were 0.15 ± 

0.07 for octanal, 0.19 ± 0.07 for nonanal, and 0.25 ± 0.09 for dimethyl sulfone. These 

outcomes suggest that, after further work, octanal, nonanal and dimethyl sulfone in 

wool might be suitable as indicator traits for breeding sheep that are less attractive to 

blowflies. 

 

6.2 Introduction 

Although flystrike is a serious problem in countries that have large populations of 

sheep for wool production, the risk of flystrike is particularly high in Australia where 

there is a combination of susceptible breeds of sheep and suitable climatic conditions 

(Phillips, 2009). In Australasia, up to 96% of flystrike cases are caused by L. cuprina 

laying eggs on live sheep (Heath and Bishop, 2006). The total economic losses due to 

myiasis, death, reduced wool production, weight loss, and the costs associated with 

prevention and treating blowfly strike amounts to more than $175 million annually 

(Jubb et al., 2015). The weight of the problem was recognized in the late 1920s and 

1930s when genetic experiments were begun to find a genetic solution. Later, with the 

advent of effective chemicals and surgical ‘mulesing’, genetic solutions were 

abandoned so, today, these treatments are combined with shearing before the main 

risk period to prevent flystrike (Greeff et al., 2018). However, mulesing has become 
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socially unacceptable and is now illegal in many countries (Phillips, 2009; Sneddon 

and Rollin, 2010). The most common method of control is treatment with long-acting 

insecticides, but the flies are developing resistance to most current compounds 

(Sandeman et al., 2014). Genetic solutions to breech strike have been demonstrably 

successful (Karlsson and Greeff, 2012), and breeding for resistance to myiasis is again 

being seen the best long-term solution. 

Several studies have shown that the heritability of breech strike on the underlying scale is 

high (0.52) in a winter rainfall environment and moderate (0.32) in a summer rainfall 

environment (Greeff et al., 2014; James, 2006; Smith et al., 2009). However, on the 

observed scale, which depends on the incidence of breech strike, it was much lower (0.08 

to 0.11), with the value depending on whether the sheep were not crutched or mulesed 

(Greeff et al. 2019). It is thus clear that selecting directly for breech strike resistance 

should be feasible but, deliberately challenging sheep with flies to identify genetically 

resistant individuals is neither ethical nor practical under normal farming conditions. This 

conundrum led to a focus on the identification of indirect indicator traits. Among the 

most useful are fleece rot, dermatophilosis, dags, wool cover in the breech area, urine 

staining, wool colour (indicating suint content), and wrinkles in the skin around the 

breech, all of which were genetically important with potential as indirect indicator traits 

for breeding for breech strike resistance (Copland and Pattie, 1982; Greeff et al., 2014; 

Raadsma and Rogan, 1987; Scobie et al., 2002; Smith et al., 2009). 

On the other hand, further study by Greeff et al. (2017) has shown that the variation in 

these breech characteristics (skin wrinkle, wool cover, dags, urine stain, wool colour) 

only explains about 40% of the variation in flystrike resistance, so a large proportion of 

the variation remains unexplained. In the absence of these factors, breech strike was still 

a heritable trait (Greeff et al.2019), suggesting that other factors play a major role in 

flystrike. 

There is little doubt that odour plays a significant role in attracting Lucilia species to 

sheep (De Bruyne and Baker, 2008; LeBlanc, 2008; Brodie et al., 2014; Yan et al., 

2018), a finding elegantly demonstrated by the ability of dogs to differentiate between 

wool samples from sheep that are genetically resistant and susceptible to flystrike 

(Greeff et al., 2013). We have studied the behaviour of gravid L. cuprina and, against 

expectation, found that the flies were more attracted to wool from flystrike-resistant 

sheep than the wool from flystrike-susceptible sheep (Yan et al., 2019). One possible 
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reason was the loss of critical attractive volatile compounds when the wool was 

sampled. Thus, in this study, we have taken a different approach by first testing for the 

chemical differences in the composition of odours from breech wool that had been 

collected in the field from flystrike-resistant and flystrike-susceptible sheep. We then 

tested whether the relative abundance of these compounds is a heritable trait, with a 

view to testing whether odour compounds can be used as indirect indicator traits to 

breed for sheep that are less attractive to L. cuprina. 

 

6.3 Material and methods 

6.3.1 Establishing of breech strike flock 

The Breech-Strike Merino Flock of the Department of Primary Industries and 

Regional Development of Western Australia (Mt Barker, WA), and from the CSIRO 

flock (Armidale NSW) were used in this study. The management and structure of 

these sheep has been described by Greeff et al. (2014) for the Mt Barker flock and by 

Smith (2009) for the CSIRO flock. The Mt Barker flock consists of approximately 

1000 ewes mated to 22 rams annually, whereas the CSIRO flock consisted of 

approximately 500 breech ewes mated to 12 sires. Full pedigrees, date of birth, sex 

(male of female) and birth status (single or twin born) were available on each lamb 

born in both flocks. Approximately 1000 lambs are born and raised every year in the 

Mt Barker flock and about 500 in the CSIRO flock. These flocks have been evaluated 

for resistance/susceptibility to breech strike since 2006. 

6.3.2 Wool sampling to establish a library of wool odours 

Breech wool was sampled in August 2015, prior to the fly season, from 616 sheep 

(425 males, 191 females) that were born in 2014 in the Mt Barker flock. After 

collection, the samples were stored in glass containers at –20°C. Breech wool samples 

were also collected from 416 sheep in the CSIRO Breech strike flock (216 males, 200 

females), prior to yearling shearing. These samples were placed directly into a 20 mL 

glass vial, frozen and transported to the University of Western Australia. The samples 

from Mt Barker were sub-sampled by taking 1.5 g of each sample and stored in a 20 

mL glass vial which was used in the GCMS auto-sampler. The wool samples in the 20 

mL vials from the CSIRO flock were reduced to 1.5 g then again stored at –20°C until 

GCMS analysis. Thus, a total of 1032 samples (sheep) were analyzed by GCMS. 
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GCMS was used to identify the volatile compounds in this complex mixture of 

odours. The samples were loaded into an automatic GC system (Agilent 7890A GC) 

in the School of Chemistry and Biochemistry, Faculty of Science, University of 

Western Australia. Volatile compounds were extracted using SPME: each 1.5 g wool 

sample was placed in an Agilent SPME Autosampler; the vial was placed in the 

Agitator and incubated at 40°C for 30 min; a divinylbenzene carboxen 

polydimethylsiloxane fibre in a 24 g needle (Agilent, SPME part number 57329-U) 

was used to absorb volatile compounds under these conditions for 20 min; the SPME 

was then used for GCMS analysis for 120 sec; helium gas was used to separate the 

volatile compounds by pushing them down in a temperature-controlled column 

towards the Mass Spectrometer (MS); the injection port temperature was 250°C and 

the sample was injected in split-less mode; the carrier gas was helium at a total flow 

rate of 24 mL/min, flowing into the column at 1 mL/min; the oven temperature began 

at 40°C for 1 min, increased at a ramp rate of 3°C/min to 80°C maintained for 3 min, 

increased at a ramp rate of 5°C/min to 150°C, and then increased by 10°C/min to 

250°C where it was maintained for 10 min. The total run time was about 52 min. The 

detector was operated under electron impact ionization conditions with source 

temperature 230°C, electron energy 70 eV, and scan mode 35 to 400 m/z. The total 

ion current was recorded and integrated for each of identified peaks. 

6.3.3 Chromatograms 

The GCMS signal is displayed as ‘peaks’ on a graph (‘chromatogram’) that represent 

the substances in the sample (see Figure 6.1). AMDIS software was used to find target 

compounds in the GCMS spectral data files. In this case, identification was aided by 

the ‘NIST’ database, a predetermined library tallowed for some integrity in 

identifying co-eluting compounds as well as possible contaminants. In general, if the 

match index (R. Match: the matching factor between the standard spectral library and 

the unknown object spectrogram which ignoring those peaks that do not exist in the 

standard spectral library but do exist in the unknown object spectrogram, 1000 means 

perfect matching) is < 900, the peak is considered as ‘unknown’. 
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Fig. 6.1 AMDIS output for a wool sample, showing the individual peaks for the compounds; 
within the sample, each peak is assigned a target for identification. 

AMDIS exports the result of the analysis of an individual sample (peak identification, 

retention time, intensity, etc.) as an Excel or text file. The various peaks from the 

different analyses were aligned to chemical identifications of the peaks or the 

retention times. As there were many ‘unknown’ compounds, retention time was 

selected to align the samples into one Excel file that can be used for further analysis. 

This work was performed by using the MetAlign software (Computational Systems 

Biology, University of Western Australia http://ce4csb.org/applications/MetAlign). 

The maximum retention difference was set at 0.1 min when all wool samples were 

pooled into one Excel file. 

A specific library that contains the compounds in all wool samples was established in 

Excel. Usually, about 200 to 300 volatile compounds were registered in GCMS. Some 

new peaks/compounds always appeared in different samples and in different batches, 

and were added to the library. Therefore, the total number of peaks in the Library 

became very large as more samples were analyzed. After analysing the wool samples, 

the library, “SPME Wool 20150810 WA-NSW.msl”, containing about 1700 

compounds, was used for the analysis of the odour profiles. The full list of volatile 

compounds identified in wool are shown in the Appendix. 

6.3.4 Collecting odours directly from the breech of flystrike-resistant and flystrike 

susceptible sheep 

Identification of resistant and susceptible sheep 

Breeding values for breech strike, estimated by JG Greeff (unpublished), were used to 

identify 30 Merino rams and 30 Merino ewes that were predicted to be most resistant 

to breech strike, and 30 Merino rams and 30 Merino ewes that were predicted to be 

most susceptible to breech strike, at yearling age. Breech odours were collected from 
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all of these sheep prior to the flystrike season (5 September for rams; 12 September 

for ewes). The sheep were then naturally challenged for 3-4 weeks with blowflies. 

Finally, the sheep were grouped by whether they suffered flystrike during this study. 

The sheep that became flystruck in the breech were recorded as being susceptible 

while those that avoided flystrike were recorded as resistant. 

Sampling odours directly from the breech 

Volatile odour compounds were collected from around the breech of each sheep with a 

metal thermal desorption tube (0.25” OD × 3.5” length) that was filled with 100 g 

Tenax TA (60/80 mesh); a glass wool ball was used to plug each end of the tube. One 

tube was used for each sheep. Before odour collection, the tubes were cleaned 

thoroughly by placing them into desorption equipment for 20 min at 250 °C, nitrogen 

flow rate 10 L/min. One end of the tube was used to aspirate air from around the 

breech, with the aid of a vacuum pump (2.5W) attached by a hose to the other end. 

The tube was sealed after 3 min of sampling by the matching screw caps. After each 

sampling, the tubes were taken to the laboratory and eluted with 1 mL acetone: 

hexane (1:1). The extract was concentrated to about 0.1 mL and used for GCMS. 

GCMS analysis of odours sampled directly from the breech 

For analysis, we used an HP 5890 GC equipped with an HP 5972 MSD and a HP 5ms 

column (30 m × 0.25 mm × 0.25 µm). The sample was injected into the port in 

splitless mode and the injection port temperature was 250°C. The carrier gas was 

helium at a total flow rate of 2 mL/min. The oven temperature was set initially at 

40°C for 1 min, increased at a ramp rate of 3 °C/min to 80°C (maintained for 3 min), 

increased at a ramp rate of 5°C/min to 150°C, and then increased at 10°C/min to 

250°C (maintained for 3 min). The detector was operated under electron impact 

ionization conditions with source temperature 230°C, electron energy 70 eV, and at 

scan mode 35 to 400 m/z. The total ion current was recorded and integrated for each 

of the identified peaks. The methods used for the compound analysis were as 

described above. 

6.3.5 Statistical methods 

The GCMS data generated from odours sampled directly from the breech before the 

blowfly season were analysed to determine differences between flystrike-resistant and 

flystrike-susceptible sheep. The relative abundance of each compound was evaluated 
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for normality using a Q-Q plot. As the distribution of the different compounds were 

generally skewed, the data were transformed to natural logarithms (ln) and square 

roots to normalize the residuals. Differences in relative abundance between 

susceptible and resistant sheep were analyzed by two-tailed t-tests using ln-

transformed data, using SPSS 18.0. 

For genetic analyses, the odour compound traits that were significantly different 

between the resistant and susceptible sheep were analysed with ASREML (Gilmour et 

al. 2009) to estimate the heritability of each trait. The original data for each odour trait 

were modified by standardizing the variation, so that the standard deviation was equal 

to 1. The standardized values of each trait were then transformed to ln and to square 

roots. The transformed data as well as the original standardized values were used for 

the statistical analyses. A Restricted Maximum Likelihood analysis was carried out to 

estimate the additive genetic and phenotypic variation. We fitted an animal model that 

utilises the full pedigrees, site (i = Mt Barker or Armidale), sex (j = male or female) 

and birth status (l = born as single or 2 = born as multiple) and all positive 2-way 

interactions as fixed effects in the model. Animal was fitted as a random effect. The 

model was as follows: 

Yijkl = mu + site i+ genderj + birth statusl + 2-way interactionsjk + animali+ errorijkl 

where Y = chemical compound. 

The final analyses only contained the significant factors (e.g., the effects of age and 

dam age were not significant). Heritability was estimated by dividing the additive 

genetic variance by the phenotypic variance. 

 

6.4 Results 

6.4.1 Differences between flystrike-resistant and flystrike-susceptible sheep in odours 

sampled directly from the breech 

Table 6.1 shows the ln-transformed relative abundance of the compounds in wool 

odour detected in rams, and the results of two-tailed t-test. There were trends for 

differences between flystrike-resistant and flystrike-susceptible groups for dimethyl 

sulfone (P = 0.068), nonanal (P = 0.085) and 1-Propene-1-thiol (P = 0.081). 
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Table 6.1 The ln transformed relative abundance of compounds in wool odour detected in rams and the results of two-tailed t-test 
 

 RI RT susceptible n resistant n df t P 

Ethene, methoxy- 788 9.93 10.25±0.41 4 10.47±0.14 31 33 0.542 0.592 

2-Pentanone, 4-hydroxy-4-methyl- 850.2 11.26 12.94±0.14 8 12.96±0.07 52 58 0.098 0.922 

Dimethyl sulfone 918.3 13.05 9.54±0.38 5 10.06±0.10 19 22 1.922 0.068 

Vinyl butyrate 919.9 9.60 9.49±0.49 3 9.75±0.15 18 23 0.664 0.513 

Unknown 927.1 13.41 9.93±0.22 7 9.94±0.10 43 48 0.046 0.964 

Unknown 928.4 13.40 9.64±0.35 4 9.71±0.18 12 14 0.195 0.849 

Ethene, methoxy- 957 14.12 10.00±0.94 4 9.89±0.36 9 12 0.145 0.887 

Propanoic acid, 2-(aminooxy)- 961.9 14.25 9.19±0.22 7 9.32±0.12 34 39 0.458 0.649 

Cyclotetrasiloxane, octamethyl- 970 14.44 12.27±0.30 8 12.04±0.12 52 58 0.711 0.48 

Unknown 974.1 14.55 10.71±0.18 4 10.42±0.14 34 36 0.717 0.478 

Benzaldehyde 978.2 14.61 9.97±0.31 6 9.98±0.22 28 32 0.018 0.986 

Unknown 993.7 9.93 10.84±0.37 4 10.40±0.27 13 15 0.84 0.414 

Methane, isocyanato 999.7 15.17 9.53±0.64 4 9.51±0.15 27 27 0.047 0.963 

Phellandrene 1020.8 15.69 9.65±0.50 5 9.77±0.28 13 17 0.226 0.824 

Unknown 1049.5 10.41 10.89±0.30 6 10.36±0.15 40 44 1.32 0.194 

p-Cresol 1074.8 17.04 11.33±0.33 5 10.34±0.23 29 32 1.696 0.1 

Benzeneacetonitrile, (benzoyloxy)-

4-methoxy 
1077.7 18.09 10.54±0.42 8 10.40±0.17 50 56 0.322 0.749 

Acetophenone 1080.5 17.17 9.50±0.21 6 9.34±0.15 29 33 0.453 0.654 

Phenylglyoxal 1088.2 14.61 11.49±0.32 7 10.87±0.24 35 42 1.093 0.281 
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Nonanal 1109.9 17.84 11.75±0.18 8 11.41±0.07 52 58 1.75 0.085 

Benzoic acid 1153.9 18.86 11.01±0.27 7 10.89±0.19 32 37 0.268 0.79 

1-Propene-1-thiol 1287.4 21.75 9.51±0.39 4 8.40±0.27 17 19 1.843 0.081 

Naphthalene, 1,2,3,5,6,7,8, 8a-

octahydro-1,8a-dimethyl 
1475.6 25.44 10.91±0.68 5 10.77±0.33 9 19 0.201 0.843 

Unknown 1674.3 28.91 9.69±0.42 2 9.32±0.15 28 28 0.625 0.537 

Unknown 1929.3 33.06 12.84±0.07 8 12.80±0.03 52 58 0.519 0.606 

Unknown 1957.6 33.63 12.61±1.06 4 11.44±0.22 37 40 1.575 0.123 
Note: The total number of wool samples from susceptible ram is 8; RI is retention index, a factor used to convert retention times into system-independent constants in 
gas chromatography; RT is retention time, a measure of the time taken for a solute to pass through a chromatography column in gas chromatography, calculated as the 
time from injection to detection, n is the number of wool that detect the aim compound. 
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Table 6.2 shows the ln-transformed relative abundance of the compounds in wool 

odour detected in ewes and the results of two-tailed t-test. No significant difference 

was found between flystrike-resistant and flystrike-susceptible groups in the relative 

abundance of any compound, although the difference between resistant and 

susceptible sheep approached significance for nonanal (P = 0.118). 

 
Table 6.2 The ln transformed relative abundance of the compounds in wool odour detected in 

ewes and the results of two-tailed t-test. 
 

Note: A total of 8 wool samples were taken from each susceptible ewe. 

6.4.2 Volatile compounds from wool 

Based on the above results, octanal (detected in the odours of L. cuprina attractive 

wool samples, see Chapter 5), nonanal, dimethyl sulfone and heptanal (from Annika 

Karlsson) were selected for the genetic study. Note that 1-Propene-1-thiol was not 

included in the database because, like many compounds in wool odours, it was 

probably affected by many factors (eg., dags, urine, environmental odours) and was 

therefore detected in 21/60 sheep – too few to be of interest. These traits were selected 

from amongst about 1400 volatile compounds extracted from wool samples collected 

from 1032 sheep in August 2015 at 40°C. Appendix 1 summarises the database. 

Octanal was detected in 931 samples, nonanal in 650 samples, heptanal in 594 

samples, and dimethyl sulfone was detected in 672 samples. 

6.4.3 The effects of site and sex 

Table 6.3 shows the results of Wald F statistics of the original, ln- and square root-
transformed data. For all three types transformation, only the effect of sex on the 

 RI RT susceptible n resistant n df t P 

2-Pentanone, 4-

hydroxy-4-methyl- 
850.2 11.26 13.18±0.12 8 13.28±0.4 48 54 -0.888 0.379 

Unknown 917.1 13.41 9.64±0.31 7 9.77±0.06 41 46 -0.67 0.506 

Cyclotetrasiloxane

, octamethyl- 
970 14.44 9.36±0.26 6 9.57±0.15 40 44 -0.489 0.628 

p-Cresol 1074.8 17.04 - 1 10.00±0.37 27 - - - 

Acetophenone 1080.5 17.17 9.12±1.24 4 8.88±0.26 21 23 0.29 0.774 

Nonanal 1109.9 17.84 10.06±0.31 8 10.71±0.14 46 52 -1.588 0.118 

Unknown 1929.3 33.06 12.42±0.22 8 12.60±0.2 49 54 -1.395 0.143 
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abundance of octanal was significant. A sex × site interaction was found for the 
abundance of dimethyl sulfone (P < 0.05) but not the other three compounds. Site 
significantly affected the abundances of octanal, nonanal and heptanal (P < 0.05), and 
sex significantly affected the abundance of heptanal (P < 0.05). For the abundance of 
octanal, the effect of sex was only significant in ln-transformed data (P < 0.05). 

Table 6.3 Wald F statistics for the relative abundance of the four selected compounds in wool 
odour, using non-transformed data (none), and ln-transformed and square-root-transformed 

data 
 

  Site × sex  Site  Sex  

 Transformation T value P  T value P  T value P AIC 

Octanal 

none 2.9 > 0.05  340.38 < 0.01  3.17 > 0.05 634 

ln 0.24 > 0.05  134.51 < 0.01  21.19 < 0.05 4601 

square root 0.04 > 0.05  313.5 < 0.01  1.76 > 0.05 -442 

           

Nonanal 

none    22.63 < 0.05  5.6 > 0.05 104 

ln    102.43 < 0.01  3.42 > 0.05 2798 

square root    48.47 < 0.05  6.85 > 0.05 -1912 

           

Heptanal 

none 5.29 > 0.05  47.76 < 0.05  16.34 < 0.05 977 

ln 10.43 > 0.05  1271.67 < 0.001  23.65 < 0.05 3951 

square root 5.16 > 0.05  351.73 < 0.01  30.19 < 0.05 -751 

           

Dimethyl 

sulfone 

none 43.46 < 0.05  19.67 < 0.05  5.16 > 0.05 945 

ln 29.43 < 0.05  79.09 < 0.05  1.31 > 0.05 4711 

square root 70.3 < 0.05  40.09 < 0.05  2.24 > 0.05 -231 

6.4.4 Heritabilities 

Table 6.4 show the additive (σ2
A), environmental (σ2

E), phenotypic (σ2
P) variances and 

the heritability (h2) of the non-transformed, ln-transformed and squareroot-

transformed relative abundances of octanal, nonanal, heptanal and dimethyl sulfone in 

the wool odours. The genetic parameter results differed among the data that 

transformed by the three methods. The Akaike information criterion (AIC) value of 

square root data was negative, and the AIC value of original data was smaller than 

that of both the ln-transformed data and the square-root-transformed data (Table 6.3). 

Thus, the model fitted to the standardized data gave the heritability of these traits as: 

0.15 ± 0.07 for octanal; 0.19 ± 0.07 for nonanal; 0.25 ± 0.09 for dimethyl sulfone and 
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0.04 ± 0.04 for heptanal (not significantly different from zero). The standard errors 

are relatively large for octanal, nonanal and heptanal, suggesting that dimethyl sulfone 

is the best candidate as an indicator trait for genetic selection, with octanal and 

nonanal perhaps also qualifying. 

Table 6.4 Mean additive (σ2
A), environmental (σ2

E) and phenotypic (σ2
P) variance components 

and heritability estimates (h2 ± s.e.) of octanal, nonanal, heptanal and dimethyl sulfone on the 
standardized raw (none) and ln-transformed and square-root-transformed data 

 
 Transformation σ2

A σ2
E σ2

P h2 s.e. 

Octanal 

none 0.19 1.09 1.28 0.15 0.07 

ln 0.06 14.41 14.47 0.004 0.09 

square root 0.02 0.22 0.24 0.08 0.03 

       

Nonanal 

none 0.08 0.33 0.41 0.19 0.07 

ln < 0.001 5.51 5.51 < 0.001 < 0.001 

square root 0.01 0.05 0.06 0.17 0.07 

       

Heptanal 

none 0.04 0.88 0.92 0.04 0.04 

ln 0.61 16.31 16.93 0.04 0.04 

square root 0.01 0.16 0.17 0.06 0.05 

       

Dimethyl 

sulfone 

none 0.23 0.69 0.92 0.25 0.09 

ln 1.37 34.36 35.73 0.04 0.04 

square root 0.05 0.23 0.29 0.19 0.08 

 

6.5 Discussion 

The relative abundances of octanal, nonanal and dimethyl sulfone were trends for 

differences between flystrike-resistant and flystrike-susceptible groups, although 

many sheep had very low (or undetectable) values of these compounds. Dimethyl 

sulfone was moderately heritable on the standardize original scale, but the relative 

abundance of octanal and nonanal were low heritable traits with relatively large 

standard errors – they may still qualify as indicator traits, but the heritability of 

heptanal was effectively zero. 

A difference in wool odour chemistry between flystrike-resistant and flystrike-

susceptible sheep has been evident in other studies, such as the ability of sniffer dogs 

to differentiate between wool samples from sheep that are genetically resistant and 
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susceptible to flystrike (Greeff et al., 2013), and the differences in heptanal in odours 

of wool from flystrike resistant and susceptible sheep (Annika Karlsson, 2018, 

unpublished). Our previous work also showed chemical differences between flystrike 

resistant and susceptible sheep, but in an unexpected way because the two wool 

samples that most attracted L cuprina were from flystrike-resistant animals whereas 

the two least attractive wool samples were from flystrike-susceptible animals. 

Moreover, octanal and nonanal were detected in the two most attractive wool samples 

but not in flystrike-susceptible wool samples (Yan et al., 2019). However, the present 

study showed that nonanal was relatively more abundant in flystrike-susceptible ram 

than flystrike-resistant ram, as expected. We know that nonanal is attractive for gravid 

L. cuprina (Yan et al., 2019) so we would expect the higher level of nonanal in wool 

odour to make this wool more attractive to gravid L. cuprina, and thus increase the 

possibility of flystrike. The disagreement between our studies might be caused by 

differences in sample size, timing of sample collection and the sampling protocol – to 

rule out the effect of other factors (dags, urine etc.) we first extracted odours from 

wool sampled in the low flystrike season (Yan et al., 2019) whereas for the present 

study we collected odours directly from the breech of sheep in the flystrike season. 

The present study also showed that the relative abundance of dimethyl sulfone was 

higher (P = 0.068) in flystrike-resistant sheep than in flystrike-susceptible sheep. But 

the biological activity of dimethyl sulfone is still unknow, further relative work still 

required. However, dimethyl sulfone is common in the food of humans and animals 

and provides organic sulfur to support body functions and animal health (Richmond, 

1986), so a high relative abundance of dimethyl sulfone in wool odours might be 

indicative of good health status in the sampled sheep, perhaps contributing to 

resistance to flystrike.  

Nevertheless, when all studies were considered together, there is sufficient evidence 

to list four candidates as potential selection criteria that used for the following 

heritability evaluation: 1) nonanal, 2) dimethyl sulfone (abundance differs between 

flystrike-resistant and flystrike-susceptible sheep; present study), 3) octanal (attractive 

for gravid L. cuprina; abundance differs between flystrike-resistant and flystrike-

susceptible sheep), and 4) heptanal (abundance differs between flystrike-resistant and 

flystrike-susceptible sheep; Annika Karlsson, unpublished). 
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Wool odour is a dynamic mixture of a multitude of individual components, the 

concentrations of which are differentially affected over time by external factors such 

as temperature, humidity, age of sheep, and diet (Brimblecombe et al., 1992; Lisovac 

and Shooter, 2003). In addition, short-wave ultraviolet light, when combined with 

high temperature, will cause a certain degree of photodegradation that also affects the 

compounds present in wool (Holt and Milligan, 1984; Launer and Black, 1971; 

Brimblecombe et al., 1992; Millington and Church, 1997). This complexity is evident 

by the fact that we detected more than 1000 compounds in our wool samples, 

although only 71 of them were found in more than half of the samples. These 

observations suggest that most compounds in wool odours reflect differences between 

individual animals, and that only a few are common to all wool odours and thus 

suitable as a trait for selection flystrike resistance. Importantly, the four candidate 

compounds that we have now focused on were all widespread in wool odours that 

were detected in more than half of the wool samples (a part sheep with flystrike 

history). We were therefore convinced to pursue octanal, nonanal, heptanal and 

dimethyl sulfone as candidate traits for selection for flystrike resistance in sheep. 

Our results also showed that transforming the data to natural log or to square root 

affected the variance components and therefore the heritability estimates. The AIC 

values for the square-root-transformed data were negative, whereas the AIC values of 

the original non-transformed data were smaller for all the traits that we analysed. The 

smaller AIC values indicated that the original standardized data provided a more 

reliable result. 

In conclusion, the abundances of octanal, nonanal and dimethyl sulfone were trend for 

difference between flystrike-resistant and flystrike-susceptible sheep and have 

heritabilities of 0.15 ± 0.07 for octanal, 0.19 ± 0.07 for nonanal, and 0.25 ± 0.09 for 

dimethyl sulfone. These observations suggest that, after further work, these three 

compounds might be useful as indirect indicator traits in breeding for resistance to 

breech strike. Dimethyl sulfone is the best candidate as it is moderately heritable and 

is widely found in wool, so it should be investigated further to determine whether it 

can serve as an additional indicator trait to breed for sheep that are less attractive to 

blowflies. 

It is important to note that attractiveness to blowflies is only one factor that 

determines whether an animal is struck, because breech strike is a complicated trait 
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that also depends on genetic susceptibility of the sheep and whether the environment 

on the breech is suitable for the development of the blowfly larvae. A sheep might be 

highly attractive but, if the environment is dry and not suitable for the larvae to 

develop, flystrike will not occur. This may explain why we found so few compounds 

that differed between flystrike-resistant and flystrike-susceptible groups. There may 

be other odour compounds that attract blowflies and that are evenly distributed 

between resistant and susceptible sheep, and although they attract flies to the resistant 

sheep, these sheep might not have an environment conducive to flystrike. It is 

therefore important to evaluate more sheep for attractiveness that are similar for the 

other indicator traits, such as dags, breech wrinkle and breech cover. 
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Chapter 7: General Discussion 

The blowfly, L. cuprina (Wiedemann), is the major cause of myiasis (flystrike) in 

Merino sheep in Australia. It has clearly been shown that this terrible problem can be 

prevented by breeding sheep that are resistant to flystrike but, to do that, we need to 

allow flystrike to happen so we can identify resistant and susceptible animals. This is 

clearly unacceptable. We have therefore focused on the clear evidence that resistance 

and susceptibility are associated with the odour of wool and decided to identify 

‘semiochemicals’ produced by flystrike-susceptible sheep … the wool odours that 

attract the flies. The presence of an attractor molecule, if it was heritable, would offer 

breeders an indirect indicator trait for selection for resistance to flystrike. The work in 

this thesis has delivered one such option, octanal, a molecule that is associated with 

carrion (and hence attracts flies), is part of the odour of wool, and is heritable in 

Merino sheep. 

To get to this finding, we first had to establish methods for measuring the olfactory 

responses (EAG) and behavioural responses of L. cuprina to odours, select a positive 

control molecule that could be used to ensure that the isolated fly antenna in the EAG 

was functional (we chose DMTS), and determine whether L. cuprina raised over 

successive generations in the laboratory reflected the behaviour and physiology of 

wild flies in the field (they do). 

The development of the EAG test was challenging because the fly and its antennae are 

small. We were hoping to be able to use the whole insect, or least the whole head, to 

access electrophysiological contact with the antennae, but the background noise in 

signal was too intense. Separated antennae are used in EAG of species such as Lucilia 

sericata, Chrysopa phyllochroma, Catocheilus species (Baldacchino et al., 2014; 

Bohman and Peakall, 2014; Brodie et al., 2016; Xu et al., 2015). We therefore 

resorted to antennae separated from the head, accessed by microscope, and finally 

achieved a clear, stable EAG signal. For insects with filiform antenna, this approach is 

simple but for the short, club-shaped antennae of L. cuprina, it required patience. 

There are many methods for assessing behaviour in entomology, but it is important to 

select a test that is suitable for the target insect species. In our case, L. cuprina has 
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been reported to display aggregated oviposition (Browne et al., 1969; Charabidze et 

al., 2011) so we needed to choose methods that suit aggregation behaviour. We thus 

found that Y-tube and landing time tests do not work well for gravid L. cuprina 

whereas measures of visiting frequency and the trap test provided reliable measures of 

their attraction to bovine liver. In the end, we found the trap test alone to be sufficient 

for assessing host finding behaviour of L. cuprina. 

To investigate the effect of laboratory long-term rearing, flies were fed with two 

different diets (sugar and milk-sugar) over a year and F1, F6 and F11 generations 

were used for comparisons based on the number of eggs, attraction to wool and liver, 

and wing size. As we expected, the morphology of flies was affected by long-term 

laboratory rearing, if not as we expected, but the number of eggs in gravid flies and 

their attraction to wool and liver were not affected. Tomberlin et al. (2012) reported L. 

sericata provided blood as a protein source, rather than milk powder, showed a 

significantly greater level of response to medium rearing with wild-type Proteus 

mirabilis, although it is a possible reason that milk-fed females fail to obtain 

appropriate nutrients for mating and subsequent oviposition. The effect of gravidity 

on behaviour in blowflies is well documented (Ashworth and Wall 1995, Brodie et al. 

2016, Liu et al. 2016, Yan et al. 2018), but the two diets used in the present study did 

not affect potential fecundity. These outcomes satisfied us that the antennal and 

behavioural data collected from laboratory-reared flies reflects the field situation. 

Equipped with a valid experimental model and valid antennagram and behaviour 

methodologies, we were able to assess the attractiveness of wool samples from 

flystrike-resistant and flystrike-susceptible sheep. We first tested the attractiveness of 

these wool samples to gravid L. cuprina, and the two most attractive and the two least 

attractive wool samples were selected for GC-EAD test. The odour of the samples that 

were most attractive to gravid L. cuprina contained two carrion-associated odour 

molecules, octanal and nonanal, both of which evoked antennal responses and 

attraction behaviour. We found variation among individual sheep but, importantly, 

discovered that the relative abundance of octanal in wool was a heritable trait. 

In contrast to expectations, the two most attractive wool samples were from flystrike-

resistant sheep while the two least attractive wool samples were from flystrike-

susceptible sheep! The possible reasons are: 1) the fleeces were sampled in the season 

of lowest flystrike incidence, and other important factors related to flystrike, such as 
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dags, urine, faeces and moisture, were ignored; 2) attraction of a gravid fly does not 

guarantee flystrike because oviposition only occurs when the environment is suitable 

(Cragg and Cole, 1956); and 3) the number of sheep sampled was limited. However, 

as we expected, octanal and nonanal were detected in the two most attractive wool 

samples from resistant sheep but not in the two least attractive wool samples from 

susceptible sheep, and both compounds evoked antennal and behavioural responses in 

gravid L. cuprina. These results indicated that the contents of octanal and nonanal 

differ between L. cuprina attractive and non-attractive wool samples, and they might 

be used as indicator trait for L. cuprina attractive sheep selection. 

Inspired by above results, we sampled odours directly from the breech of sheep in the 

beginning of the flystrike season, to detect the difference of the compounds between 

flystrike-resistant and flystrike-susceptible individuals. Our results showed that 

nonanal was relatively more abundant in odours from flystrike-susceptible ram than in 

odours from flystrike-resistant ram, while the relative abundance of dimethyl sulfone 

was higher in resistant sheep than in susceptible sheep. Having shown that nonanal 

attracts gravid L. cuprina (Yan et al., 2019), and considering evidence that dimethyl 

sulfone is positively linked to animal health (Richmond, 1986), our results were to be 

expected. Moreover, octanal is also attractive to gravid L. cuprina (Yan et al., 2019) 

and is present in the odour from wool that attracts L. cuprina, and heptanal is 

relatively more abundant in flystrike-susceptible than in flystrike-resistant sheep 

(Annika Karlsson, unpublished). These four compounds are therefore obvious 

candidates for breeding flystrike-resistant sheep, so the next step was estimation of 

their heritabilities. 

For heritability estimation, we began by establishing a database for 1032 sheep that 

combined information about the compounds detected in their wool with their 

background data. Our results showed that three of the four compounds were heritable 

with estimates of 0.15 ± 0.07 for octanal, 0.19 ± 0.07 for nonanal, and 0.25 ± 0.09 for 

dimethyl sulfone. The results indicate that all three compounds can be used as indirect 

indicator traits for selection for breech strike resistance. Dimethyl sulfone is the best 

candidate as it is moderately heritable and is widely found in wool, so a priority is to 

investigate it further to determine whether it can serve as an additional indicator trait 

to breed for sheep that are less attractive to blowflies. On the other hand, heptanal can 

be abandoned because its relative abundance in the wool odour was not heritable. 
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In conclusion, we have developed operational methods for measuring the antennal and 

behavioural responses of L. cuprina, and shown that laboratory rearing for a year does 

not affect those responses. We also found that DMTS evoked stable antennal and 

behavioural responses in L. cuprina, and it can be used as a standard compound in 

EAG test of L. cuprina. This combination of findings allows us to be confident in our 

experimental model. Using this model, we have been able to provide evidence that 

octanal and nonanal produced by Merino sheep attracts L. cuprina. Moreover, the 

relative abundances of octanal, nonanal and dimethyl sulfone are heritable, so it seems 

likely that the relative abundances of these compounds in wool could be used as an 

indicator trait for breeding flystrike-resistant Merino sheep. However, before industry 

application, further work is required, especially an evaluation of the genetic 

correlations of odour traits with incidence of flystrike (and other key production 

traits). Moreover, we would need to develop a method for measuring the odours in a 

commercial setting. If these endeavours prove successful, we should be on track to 

saving the Australian Merino-based industries as much as $200m per year. 
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Appendices 
Appendix 1 The compounds detected by GCMS from the odours of wool fleeced from 1032 
sheep, and the appearance times of each compound in the wool samples. 
 
Volatile compound RI RT Volatile compound RI RT 
Unknown 473.7 1.8968 Unknown 1016.5 16.026 
Unknown 455.9 2.5772 Pentane, 1-(1-butenyloxy)-, (E)- 1019.9 16.125 
Carbamic acid, monoammonium 
salt 369 2.7258 Unknown 1016.7 16.127 

Unknown 386.5 2.8135 Unknown 1020.2 16.128 
Methylamine, N, N-dimethyl-  391.3 2.8966 Benzene, 1,2-dichloro- 1018.4 16.206 
Isopropyl alcohol  399.5 2.9956 Benzene, 1,3-dichloro- 1018.9 16.222 
Acetonitrile  399.1 3.0326 Unknown 1018.6 16.231 

Unknown 960.5 3.0411 Benzene, 1-methyl-3-(1-
methylethyl)-  1023.5 16.26 

Unknown 401.1 3.0422 Unknown 1030.7 16.334 
Ethylamine or Dimethylamine 1187.1 3.1687 Unknown 1022.7 16.419 
Unknown 401.3 3.1691 Unknown 1024 16.509 
Unknown 401.3 3.1757 Heptane, 2,2,4,6,6-pentamethyl- 1031.5 16.544 
2-Propanone, 1-hydroxy-  544.1 3.2974 Unknown 1030.8 16.552 
Propanal, 2-methyl-  411.5 3.324 p-Cymene  1029.7 16.569 
2-Butanone  432.8 3.3428 Unknown 1029 16.569 
Unknown 425.1 3.3548 Unknown 1029.7 16.572 

Methacrolein  414.8 3.3881 Benzene, 1-methyl-3-(1-
methylethyl)- 1035.9 16.748 

2-Butanone  423.2 3.4605 Unknown 1088.9 16.768 
2,3-Butanedione  420.9 3.5089 Benzene, 2-ethyl-1,4-dimethyl- 1089.2 16.772 
2-Butanol  425.3 3.5977 Unknown 1033.9 16.778 
2-Butanol  457.2 3.5984 2-Nonanone  1065.1 16.778 
Furan, 2-methyl-  459 3.6076 Unknown 1030.8 16.779 
Cyclopentane  434.2 3.6078 Unknown 1129.9 16.814 
Acetic acid (C2H4O2) 439.9 3.6164 1-Hexanol, 2-ethyl-  1033.8 16.816 
Hydrazine, 1,2-dimethyl-  446.9 3.6208 2-Octenal, (E)-  1071.2 16.819 
Acetic acid  445.8 3.6287 Unknown 1032.4 16.91 
Unknown 447.8 3.6389 Unknown 1033.4 16.915 
2-Pentanone  474.4 3.6516 Unknown 1036.1 16.917 
Unknown 452 3.6717 Eucalyptol  1038.8 16.979 
Unknown 466.8 3.6857 D-Limonene  1034.9 17.018 
3-Buten-2-ol, 2-methyl- (C5H10O) 466 3.6876 Unknown 1036.6 17.068 
1-Propanol, 2-methyl-  436.9 3.8306 Decane, 2,5,9-trimethyl- 1040.5 17.125 
Isobutyronitrile  480 4.0609 Unknown 1121 17.199 
3-Pentenal, 4-methyl-  449 4.0752 Cyclohexane, butyl-  1039.3 17.219 
Butanal, 3-methyl-  453.3 4.1638 Unknown 1040.1 17.276 
2-Pentanone  555.3 4.2087 Unknown 1039.7 17.283 
1-Butanol  457.5 4.2411 Unknown 1040.7 17.287 
Butanal, 2-methyl-  459.1 4.2764 Unknown 1043.6 17.306 
Pentanal  482.5 4.3055 Unknown 1042.1 17.349 
Unknown 521.1 4.3783 Indane  1041.1 17.352 
Unknown 521.8 4.3808 Unknown 1041.6 17.364 
Unknown 522.5 4.3833 Unknown 1044.7 17.37 
3-Buten-2-one, 3-methyl-  534.8 4.5034 Unknown 1042.3 17.391 
Pentane, 2,2,3,4-tetramethyl-  521.7 4.5102 Unknown 1043.4 17.413 
Unknown 570.9 4.6034 Cyclopentane, pentyl-  1043.3 17.429 
Propanoic acid  556 4.7043 1-Nonanol  1044 17.477 
1-Heptene (C7H14) 557.5 4.746 Unknown 1045.1 17.506 
Propanoic acid  558.1 4.7503 Unknown 1098.8 17.538 
Unknown 551.2 4.7699 p-Cresol  1090.2 17.541 
Methyl Isobutyl Ketone or 2-
Hexanone  649.5 4.887 Cyclopropane, 1-butyl-1-

methyl-2-propyl-  1047.4 17.625 

Furan, 2-ethyl-  574.9 4.9091 Unknown 1059.6 17.679 

Acetoin  592.5 4.9691 2-Cyclohexen-1-one, 3,5-
dimethyl-  1048.3 17.704 

2,4-Dimethylfuran  600 5.046 Unknown 1051 17.811 
Unknown 590.9 5.0952 5-Methyl-1-heptanol  1052.1 17.872 
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Cyclohexane, methyl-  624.3 5.4016 Unknown 1053.8 17.965 
2-Butanol, 2,3-dimethyl-  515.5 5.4073 Unknown 1060.6 18.012 
1-Butanol, 3-methyl-  641.5 5.4471 Unknown 1055.3 18.041 
Butanenitrile, 2-methyl- (C5H9N) 619.7 5.4492 Tridecane, 6-methyl-  1055.6 18.042 
1-Butanol, 3-methyl-  517.8 5.454 Unknown 1105.9 18.059 
1-Heptene, 6-methyl- (C8H16) 686.1 5.5635 Unknown 1056.1 18.064 
1-Pentanol  714.9 5.6059 Unknown 1060.2 18.1 
2-Pentanol, 3-methyl-  629.4 5.6599 Benzene, 1,3-diethyl-  1057 18.115 
Pyrazine  644.8 5.6707 Unknown 1061.1 18.123 
1-Pentanol, 4-methyl-  657.8 5.6974 Benzene, 1-methyl-3-propyl-  1061.3 18.127 
1-Ethyl-5-methylcyclopentene 
(C8H14) 653.9 5.7232 Unknown 1067 18.136 

Propylene Glycol  659.5 5.7426 Unknown 1167.6 18.379 
2-Butenal, 2-methyl-  660.3 5.8464 Unknown 1066.1 18.399 
Propanoic acid, 2-methyl-  538 5.8665 Unknown 1063.6 18.431 
Propanoic acid, 2-methyl-  687.1 5.8847 Unknown 1093 18.503 
3-Pentanone, 2-methyl-  674.5 5.9345 Unsure!  1127.2 18.514 
2-Hexanone  583.8 5.9382 Decane, 5-methyl-  1068 18.613 
Unknown 673.6 5.949 Unknown 1124.6 18.694 

1-Octene, 3,7-dimethyl-  793.4 5.9704 Benzene, 1-methyl-4-(1-
methylpropyl)-  1154.8 18.706 

Unknown 695.7 5.9712 Unknown 1125.7 18.707 
Unknown 679.4 5.975 Unknown 1134 18.712 
1-Methylcyclohexa-2,4-diene  673.4 5.9752 Benzene, 1,2,3,4-tetramethyl-  1132 18.73 

Propanoic acid, 2-methyl-  677.5 5.9823 Pentanal, 2-methylene-, 2-(1-
methylethyl) hydrazone 1070.1 18.757 

2-Hexene, 2,4-dimethyl-  883.6 6.0225 Naphthalene, decahydro-, trans-  1071.1 18.787 
Propanoic acid, 2-methyl-  678.7 6.0247 Unknown 1071.1 18.823 
Unknown 826.6 6.0259 Isophorone  1071.6 18.852 
Unknown 688.2 6.0817 Decane, 2-methyl-  1075.9 18.878 
Unknown 691.1 6.0868 Unknown 1074.7 18.959 
Heptane, 2-methyl-  705.8 6.0931 Unknown 1090.5 18.994 
Unknown  688.1 6.1083 Benzene, 1-methyl-2-propyl- 1077.3 19.114 
Heptane, 4,4-dimethyl-  818.9 6.1403 Unknown 1077.9 19.146 
2-Octene, (E)-  727.7 6.1435 Unknown 1079.9 19.175 
1-Pentanol  554 6.1797 Unknown 1079.8 19.205 
Toluene  555.1 6.2021 Unknown 1079.2 19.211 
Hexanal  718 6.2217 Unknown 1079.1 19.214 
Unknown 556.3 6.2275 trans-2-Undecen-1-ol  1083.1 19.228 
Heptane, 3-methyl-  725.4 6.4301 Unknown 1079.7 19.239 
2-Heptene, 6-methyl-  727.5 6.5195 1-Octanol  1085.2 19.332 
Butanoic acid  752 6.5949 Unknown 1085.1 19.339 
Unknown 756.8 6.6345 1-Nonanol  1148.9 19.352 
2-Butenal, 3-methyl-  579.3 6.6768 2-Decen-1-ol, (E)-  1177.5 19.365 
2-Butenal, 3-methyl-  764.4 6.6855 Unknown 1082.8 19.387 
Cyclohexane, 1,3-dimethyl-  752.4 6.6943 Decane, 3-methyl-  1083.4 19.391 
Unknown 748.2 6.7171 2-Nonen-1-ol  1083.3 19.395 
Cyclohexane, 1,3-dimethyl-, cis-  752 6.7457 Unknown 1083.7 19.419 

Unknown 773.4 6.7479 4-Methyl-1,2,5-oxadiazol-3-
amine  1085.3 19.505 

Cyclohexane, 1,4-dimethyl-  759.4 6.7681 2-Nonen-1-ol  1089.2 19.528 
3-Pentanone, 2,4-dimethyl-  588 6.8245 Unknown 1133.3 19.528 
Unknown 759.2 6.8281 Unknown 1140.6 19.533 
Cyclohexane, 1,4-dimethyl-, trans-  802.3 6.8349 Unknown 1089.4 19.563 
2-Hexanone, 5-methyl-  847.2 6.9599 2-Nonen-1-ol, (E)-  1088.8 19.574 
Cyclopentane, 1-ethyl-3-methyl-, 
cis- 784.2 6.9748 Unknown 1088.8 19.673 

Cycloheptane, methyl-  775.1 6.9848 Unknown 1088.8 19.678 
3-Hexen-2-one  798.7 6.9953 Unknown 1088.9 19.685 
Furan, 2-methoxy-  796.7 6.9989 Unknown 1093.2 19.716 
Unknown 595.8 7.0147 Heptanoic acid  1094.4 19.716 
Hexanal  599.2 7.09 Unknown 1090.2 19.737 
2,3-Butanediol  788.2 7.1214 Unknown 1118.4 19.746 
Heptane, 2,4-dimethyl-  816 7.1904 Benzene, 1-ethyl-2,4-dimethyl-  1098.8 19.755 
Unknown 609.9 7.2828 Unknown 1090.9 19.772 
Cyclohexane, 1,2-dimethyl-, trans-  802.4 7.3161 Unknown 1091.9 19.835 
Cyclohexane, 1,2-dimethyl-, trans-  802.3 7.3188 Decanenitrile  1093.1 19.901 
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Tetrachloroethylene  806.7 7.4836 Undecane, 4-methyl-  1167.1 19.93 
Tetrachloroethylene  806.6 7.4878 Unknown 1099.7 19.986 
Unknown 806.9 7.4997 Nonanenitrile  1188.2 20.035 
Acetamide, N-ethyl-  808.9 7.5186 Unknown 1097.2 20.046 
1-Penten-3-one, 2,4-dimethyl-,  810.6 7.5486 1,1'-Bicyclohexyl-1,1'-diol   20.106 
1-Ethyl-3-methylcyclohexane (c,t) 878.5 7.5978 Unknown 1189.5 20.149 
Heptane, 2,2-dimethyl-  813.3 7.7702 Unknown 1104.1 20.178 
Unknown 956.2 7.9918 Unknown 1099.4 20.182 
Pyrazine, methyl-  821.5 8.0963 Unknown 1104.1 20.184 
Unknown 821.8 8.0985 Unknown 1100.7 20.205 
Heptane, 2,6-dimethyl-  821.9 8.1129 Unknown 1099.2 20.208 
1-Pentanol, 4-methyl-  830 8.2651 Unknown 1112.7 20.236 
Unknown 827 8.2899 Cyclopentane, hexyl-  1150.6 20.337 
Unknown 836.1 8.3135 Unknown 1151.1 20.337 
2,2-Dimethyl-3(2H)-furanone  832.6 8.3443 2-Nonanone  1105.6 20.337 

Unknown 827.9 8.3503 2-Nonanone, 3-
(hydroxymethyl)-  1105.6 20.349 

3-Heptanone  874.7 8.3635 Acetic acid, 2-ethylhexyl ester,  1161.2 20.351 
3-Penten-2-one, 4-methyl-  833.5 8.4033 Unknown 1103.2 20.375 
Furan, 2-methoxy-  833.7 8.4067 Unknown 1128.1 20.406 
Ethanone, 1-(3,3-
dimethyloxiranyl)-  665.5 8.4067 Unknown 1104 20.432 

Cyclohexane, ethyl-  829.4 8.4197 Cyclohexanone, 3-butyl-  1104.2 20.434 
Unknown 834.6 8.4274 Unknown 1105 20.439 

1-Hexanol  858.9 8.4432 2(3H)-Furanone, 5-
ethyldihydro-5-methyl-  1106.9 20.448 

Butanoic acid, 3-methyl-  836.8 8.4718 Unknown 1106 20.448 

1H-Pyrrole, 2-methyl-  830.9 8.4847 2-Nonanone, 3-
(hydroxymethyl)-  1105.8 20.505 

Unknown 671.2 8.5356 Unknown 1107.1 20.534 
Unknown 835.8 8.5413 Unknown 1122.1 20.555 
Cyclohexane, 1,1,3-trimethyl-  832.5 8.5416 Unknown 1106.8 20.559 
Unknown 835.5 8.552 Undecane, 2-methyl-  1171.6 20.561 
Formic acid hydrazide  835.9 8.5711 (2-Methylbutyl) cyclohexane 1107.3 20.594 
Unknown 833.6 8.5832 Tridecane, 6-methyl-  1108.4 20.663 
Unknown 834.1 8.6026 1-Octene, 6-methyl-  1109.7 20.705 

Unknown 836.6 8.6749 2,5-Dihydroxybenzaldehyde, 
2TMS derivative  1112.2 20.708 

Butanoic acid, 2-methyl-, ethyl 
ester  840 8.6851 Unknown 1110.1 20.727 

Unknown 836.2 8.7009 Unknown 1110.4 20.735 
Unknown 836.2 8.7048 Unknown 1111.7 20.748 
Unknown 836.4 8.7084 Undecane  1113.8 20.752 

Unknown 837.2 8.7154 2,2-Dimethylindene, 2,3-
dihydro- 1111 20.761 

3-Octanol  841.8 8.7545 Unknown 1114.4 20.764 
Unknown 838.3 8.763 Unknown 1111.9 20.801 
Butanoic acid, 2-methyl- 852.4 8.7801 Unknown 1111.6 20.813 
Pentanoic acid, 2-methyl- 844.1 8.8041 Unknown 1113 20.833 
Unknown 840.8 8.886 3,5-Dimethyl-2-octanone 1115.6 20.842 
Butanoic acid, 2-methyl- 691.7 8.9534 Unknown 1114.2 20.914 
1,2,4,4-Tetramethylcyclopentene 849.5 8.9985 Unknown 1114.6 20.944 

2-Hexenal, (E)-  845.8 9.0659 Benzene, 1-methyl-4-(2-
methylpropyl)- 1115.3 20.955 

Unknown 846.1 9.0706 Unknown 1122.9 20.962 
Unknown 862.3 9.071 Unknown 1164.3 20.967 
Heptane, 2,3-dimethyl-  845.9 9.0789 Unknown 1116.6 20.975 
Cyclooctane, methyl-  874.9 9.0823 Unknown 1197.2 20.992 
Cyclohexane, 1,2,3-trimethyl- 867.9 9.0876 Unknown 1116.9 20.995 
Cyclohexane, 1,2,4-trimethyl- 846.4 9.0927 Unknown 1115.8 21 
Guanidine,  860.3 9.1321 Unknown 1115.9 21 

Heptane, 4-ethyl-  848.3 9.1905 Benzene, 2,4-dimethyl-1-(1-
methylethyl)-  1139.7 21.001 

Heptane, 4-ethyl-  849.4 9.1981 Unknown 1162.2 21.012 
Benzene, 1,3-dimethyl-  852 9.3296 Unknown 1117.4 21.021 
Unknown 857.5 9.3587 Nonanal  1119.9 21.043 
Unknown 857.7 9.3792 Unknown 1117 21.056 
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Octane, 2-methyl-  853.8 9.3883 Unknown 1194.6 21.056 
Unknown 858.6 9.3979 Unknown 1194.2 21.06 
3-Penten-2-one, 3-ethyl-4-methyl-  858.6 9.4061 Unknown 1117.7 21.066 
1-Hexanol  858.9 9.43 Unknown 1154 21.071 
o-Xylene  860.9 9.4788 Benzene, 1-ethyl-2,3-dimethyl- 1118.3 21.093 
p-Xylene  860.3 9.4812 Unknown 1117.6 21.112 
Unknown 861.9 9.4838 Unknown 1119 21.146 
1,3-Cyclopentadiene, 5-(1-
methylethylidene)-  882.3 9.4858 Unknown 1123.4 21.149 

Heptane, 3-ethyl-  858.1 9.5771 Unknown 1121.2 21.275 
Unknown 858.3 9.5865 Unknown 1124.7 21.281 
Octane, 3-methyl-  859.8 9.609 Unknown 1121.9 21.288 
Unknown 859 9.6154 Unknown 1122.3 21.293 
1-Heptanol  932.5 9.6365 Unknown 1123.9 21.3 
Unknown 864.7 9.6396 Unknown 1123.7 21.386 
Unknown 862.5 9.7068 Unknown 1124.2 21.402 
Benzaldehyde  958.8 9.7078 Unknown 1126.4 21.427 
Hexanal, 4-methyl-  734 9.7878 Unknown 1125.2 21.442 
Hexanal, 4-methyl-  867.9 9.7935 Unknown 1125.2 21.453 
Unknown 863.7 9.7955 Unknown 1125.6 21.492 
Unknown 1111.9 9.8492 Unknown 1128.2 21.511 

Unknown 866.6 9.885 Benzene, 2,4-dimethyl-1-(1-
methylethyl)- 1126.6 21.516 

Pentanoic acid  870.8 9.9436 Benzene, 1,3-diethyl-5-methyl-  1174.6 21.539 
Unknown 867.8 9.9749 Benzene, 1,2,4,5-tetramethyl-  1133.3 21.552 
2,6-Lutidine  872.6 9.9783 Unknown 1151.4 21.553 
Ethanone, 1-(1-cyclohexen-1-yl)-  873.6 10.018 Unsure! 1127.9 21.595 
Unknown 873.6 10.025 2,4-Heptadien-6-ynal, (E ,E)- 1173 21.599 
Bicyclo[3.2.1]octane  870.6 10.091 13-Methyltetradecanal  1274.4 21.608 
Cyclohexane, 1,2,4-trimethyl-  871.5 10.121 Decane, 2,5-dimethyl-  1128.6 21.627 

Unknown 872.3 10.133 Naphthalene, decahydro-2-
methyl- 1129.1 21.631 

Pentanoic acid?  874.9 10.137 Unknown 1131.4 21.647 
Unknown 873.6 10.203 Undecane, 5-methyl- 1163.7 21.683 
Unknown 874 10.22 2,6-Dimethyldecane  1129.7 21.685 
2-Heptanone  756 10.224 Unknown 1130.5 21.729 
Unknown 873.8 10.225 Unknown 1130.5 21.733 
Unknown 896.7 10.226 Benzene, 1,2,3,5-tetramethyl-  1133 21.856 
Unknown 897.3 10.229 Benzene, 1,2,3,5-tetramethyl-  1160.7 21.865 
Unknown 874.1 10.234 Decane, 3,7-dimethyl- 1138.6 21.884 
Cyclohexane, 1,1,3,5-tetramethyl-, 
trans-  874.9 10.234 Unknown 1135.1 21.94 

Cyclopentane, 1-methyl-2-propyl-  879.5 10.24 Unknown 1135.4 21.962 

2-Butenoic acid, 2-methyl-, (Z)-  881.9 10.244 Bicyclo[2.2.1]heptan-2-ol, 
1,7,7-trimethyl-, (1S-endo) 1183.7 22.144 

Unknown 896.7 10.282 Decane, 5-methyl-  1140.8 22.235 
Pentanoic acid  877.5 10.331 Unknown 1140.9 22.238 
4-Pentene-2-ol, 2-methyl  876.7 10.343 Undecane, 2-methyl-  1171.1 22.239 
Styrene  762.4 10.348 Campholenal  1140.8 22.241 
Benzene, 1,3-dimethyl-  882.3 10.353 Unknown 1142.3 22.244 
Benzenepropanoyl bromide  882 10.359 Unknown 1150.1 22.32 
2-Hexanone, 4-methyl-  878.8 10.399 Unknown 1142.8 22.337 
1-Ethyl-4-methylcyclohexane  898.1 10.406 Unknown 1142.8 22.337 

Unknown 879.3 10.436 Naphthalene, decahydro-2-
methyl-  1143.4 22.342 

4-Hexen-3-one, 5-methyl- 883.4 10.444 Unknown 1145.5 22.462 
Unknown 884.1 10.453 Contamination  1146.6 22.497 
Unknown 881.5 10.524 Unknown 1147 22.546 
Unknown 884.9 10.527 Cyclohexane, pentyl-  1111.5 22.57 
4-Pyridinol-1-oxide  977.9 10.553 Cyclohexane, pentyl-  1147.7 22.571 
Nonane 887.8 10.607 1-Octene, 7-methyl- 1148.9 22.64 

Nonane 775.1 10.612 1H-Indene, 2,3-dihydro-1,1-
dimethyl- 1197.8 22.669 

Unknown 883.5 10.616 5-Ethyldecane  1139 22.671 
2-Heptenal, (Z)- 951.8 10.621 Unknown 1149.7 22.687 
Unknown 884 10.635 Undecane, 3-methyl- 1176.5 22.696 
3-Methylcyclopentyl acetate 889.7 10.673 Unknown 1151.2 22.74 
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Unknown 889.9 10.676 Benzene, 1,4-diethyl-2-methyl- 1152.9 22.825 
Unknown 912.4 10.75 Unknown 1174.1 22.83 
Octane, 2,2,6-trimethyl- 902 10.785 Unknown 1154.2 22.841 

Unknown 890.5 10.839 
Bicyclo [3.1.1] heptan-3-ol, 6,6-
dimethyl-2-methylene-, [1S-
(1,3,5)]- 

1153.5 22.86 

Trans-1,4-diethylcyclohexane 972.6 10.839 2,6,6-Trimethyl-2-cyclohexene-
1,4-dione 1157.1 22.91 

Octane, 2,2,6-trimethyl- 914.9 10.973 Benzene, 1-methyl-4-(1-
methylpropyl)- 1155 22.924 

Unknown 896.7 11.126 Unknown 1178.4 22.925 
Unknown 937.2 11.145 (S)-(+)-6-Methyl-1-octanol 1155 22.932 
Unknown 897.5 11.156 Decane, 4-ethyl- 1158 22.948 

1-Hexanol, 3-methyl- 927 11.161 2,6,6-Trimethyl-2-cyclohexene-
1,4-dione 1157.1 23.035 

Undecane, 2,6-dimethyl- 929 11.178 Benzene, 1-methyl-4-(1-
methylpropyl)- 1157.1 23.038 

Unknown 904.1 11.185 trans-3-Caren-2-ol 1157.8 23.066 
Heptane, 2,3,6-trimethyl- 903.1 11.212 Carveol 1223.4 23.068 

Cyclohexane, 1,1,2,3-tetramethyl- 918.4 11.334 1H-Indene, 2,3-dihydro-5-
methyl- 1159.1 23.123 

Unknown 903 11.345 Unknown 1159.8 23.15 

Dimethyl sulfone  816.2 11.374 2(3H)-Furanone, dihydro-5-
propyl- 1162.4 23.297 

Unknown 903.1 11.384 2(3H)-Furanone, dihydro-5-
propyl- 1162.5 23.3 

Butanoic acid, 4-hydroxy- 914.6 11.398 Unknown 1163.1 23.331 
Pyrazine, 2,5-dimethyl- 903.2 11.411 Unknown 1162.8 23.332 
Unknown 904.4 11.451 2-Decanone 1165.2 23.434 
Nonane, 5-methyl- 951.7 11.453 2-Decanone 1169.4 23.507 
Unknown 906.4 11.516 Unknown 1166.4 23.51 
Unknown 906.1 11.524 Unknown 1167.4 23.54 
Unknown 906.9 11.53 Unsure! 1168.3 23.583 
Unknown 906.8 11.55 Dodecane, 4-methyl-  1172.5 23.592 
Unknown 906.8 11.55 2-Decenal, (E)-  1265.7 23.649 

Unknown 907.4 11.558 Naphthalene, 1,2,3,4-
tetrahydro-  1170.4 23.682 

Unknown 907.9 11.561 Phenol, 4-ethyl-  1175.6 23.744 
Nonane, 4-methyl- 954.1 11.576 Unknown 1285.7 23.744 
Unknown 907.6 11.584 Unknown 1172 23.768 
Octane, 2,5-dimethyl- 912.4 11.598 Pinocarvone 1172.4 23.788 
1-Pentanol, 2,3-dimethyl- 909.5 11.649 Undecane, 3-methyl- 1176.5 23.806 
1-Pentanol, 2,3-dimethyl-  909.6 11.655 Undecane, 3-methyl- 1176.5 23.835 
Benzene, (1-methylethyl)-  914 11.657 Unknown 1173.3 23.839 
Octane, 3,5-dimethyl-  910.3 11.688 4'-Methylpropiophenone  1192.3 23.861 
Silane, trimethyl(3-methyl-1-
butynyl)- 915.8 11.734 2-Decen-1-ol, (E)- 1177.8 23.904 

Unknown 916.1 11.734 Benzaldehyde, 2,4-dimethyl- 1221.1 23.934 
1H-Indene, octahydro-, cis- 993.9 11.735 Octanoic acid  1178.1 23.995 
Cyclohexanepropanol- 911.5 11.74 Benzaldehyde, 2,5-dimethyl- 1183.8 24.02 
2-Methylbicyclo [3.2.1] octane 941.8 11.745 Unknown 1177.6 24.04 
Unknown 1000.1 11.756 Unknown 1177.5 24.041 
Cyclohexane, (1-methylethyl)-  912 11.764 Octanoic acid  1177.6 24.042 
3-Pentanol 913.6 11.802 Unknown 1177.6 24.049 
Unknown 960 11.857 Unknown 1178 24.061 
Benzene, 1-ethyl-2-methyl-  910 11.867 Unknown 1179.7 24.08 
Unknown 960.4 11.869 Octanoic acid  1178.4 24.084 

Cyclohexasiloxane, dodecamethyl-  1141.5 11.878 Cyclohexanol, 2-(1-
methylpropyl)- 1182.8 24.162 

Butanoic acid, 4-hydroxy-2-
methylene-  915.3 11.899 Cyclohexanol, 2-(1-

methylpropyl)-  1182.9 24.166 

Cyclohexane, propyl-  922.2 11.909 Unknown 1179.9 24.167 
Unknown 916 11.912 Cyclotetrasiloxane, octamethyl-  1215.1 24.269 
Unknown 917.9 11.978 Unknown 1182.9 24.308 
Unknown 918.3 11.995 Unknown 1184.9 24.404 
Octane, 3-ethyl-  960.6 11.996 Unknown 1187.3 24.513 
Unknown 918.4 12.005 Unknown 1187.1 24.517 



113 

Unknown 919.1 12.011 Unknown 1187.1 24.52 
Unknown 942.9 12.018 Nonanenitrile  1187.4 24.53 
Unknown 919 12.023 Naphthalene  1190.5 24.551 
Octane, 2,6-dimethyl-  923.4 12.042 Naphthalene  1190.6 24.563 
Cyclohexane, 1-methyl-4-(1-
methylethenyl)-, cis-  936.4 12.047 Unknown 1208.4 24.598 

Unknown 919.1 12.047 Octanoic acid, 2-methyl-  1193.1 24.662 
Benzene, 1-methoxy-4-methyl-  848 12.07 Decanoic acid, 2-methyl-  1191 24.674 
Unknown 942.7 12.091 Unknown 1191.3 24.714 
Unknown 921.9 12.159 Unknown 1191.5 24.718 
Nonane, 3-methyl-  966.9 12.216 2-Decanone  1194.5 24.722 
Unknown 924.2 12.239 Unknown 1194.3 24.732 
Unknown 924.1 12.243 Unknown 1192.1 24.751 
Bicyclo [2.2.1] heptane, 7,7-
dimethyl-2-methylene-  941.1 12.253 Unknown 1192.8 24.78 

3-Carene  1010.3 12.258 Unknown 1194 24.845 

Pinene  924.7 12.265 1H-Indene, 2,3-dihydro-1,1-
dimethyl- 1194.9 24.855 

Unknown 924.8 12.27 Unknown 1194.3 24.855 
Formamide, N, N-diethyl-  926.6 12.364 1-Undecanol  1274.7 24.857 
Unknown 930.8 12.449 1-Tridecene  1292.6 24.864 
Heptane, 3-ethyl-2-methyl-  929.4 12.461 Unknown 1194.4 24.872 
Cyclohexane, 1-ethyl-2,4-dimethyl-  931 12.519 Unknown 1195.1 24.887 
Unknown 931.6 12.522 Unknown 1197.6 24.928 
Unknown 931.8 12.527 Unknown 1196.9 24.979 
Unknown 933.3 12.545 Unknown 1197.8 25.044 
1-Hexanol, 4-methyl-  938.1 12.649 Unknown 1199.1 25.068 
Cyclohexane, 1,1,3,5-tetramethyl-, 
cis- 934.2 12.659 Unknown 1201.1 25.193 

Unknown 953.1 12.668 Unknown 1201.4 25.193 
R (-)3,7-Dimethyl-1,6-octadiene 934.7 12.674 Unknown 1203.9 25.193 
TBDMS  939.7 12.71 Unknown 1203.2 25.261 
Unknown 937 12.762 Decanal  1208.7 25.283 
1-Hexanol, 4-methyl-  940.8 12.772 Unknown 1208.5 25.437 
Unknown 937.8 12.797 Undecane, 2,6-dimethyl- 1213.5 25.444 
2(3H)-Furanone, dihydro-3-methyl- 942.5 12.815 Unknown 1208.9 25.452 
2(5H)-Furanone, 5,5-dimethyl-  944.3 12.887 Unknown 1212.1 25.553 
Unknown 889.2 12.892 Unknown 1212.4 25.57 
Unknown 944.7 12.905 Unknown 1212.6 25.578 
Pentanoic acid, 4-methyl- 940.7 12.91 Dodecane, 2,6,10-trimethyl- 1375.8 25.591 
3-Heptanone, 6-methyl-  944.4 12.912 Pentasiloxane, dodecamethyl 1224 25.836 

Unknown 944 12.912 
1-Cyclohexene-1-
carboxaldehyde, 2,6,6-
trimethyl-  

1229.8 26.01 

3-Heptanone, 6-methyl- 944.8 12.913 Phosphonoacetic Acid, 3TMS 
derivative  1231.2 26.114 

Unknown 945 12.924 Unknown 1229.3 26.151 
Pentanoic acid, 4-methyl- 942.3 12.96 4-Nonanol, 2,6,8-trimethyl-  1230.8 26.181 
Unknown 945.8 12.975 4-Nonanol, 2,6,8-trimethyl-  1230.5 26.182 
Benzene, propyl-  946.8 12.989 4-Nonanol, 2,6,8-trimethyl-  1239.3 26.193 
Unknown 946.8 13.002 Cyclopentane, (2-methylbutyl)-  1246.9 26.302 

2-Heptanone, 6-methyl-  893.2 13.002 2-Propanol, 1-(2-butoxy-1-
methylethoxy)-  1234.8 26.392 

Cyclohexane, 1,1,2,3-tetramethyl-  952.9 13.006 1H-Pyrrole-2,5-dione, 3-ethyl-
4-methyl-  1236.6 26.396 

Unknown 953.4 13.016 Unknown 1242.7 26.489 
Unknown 954.8 13.018 Unknown 1239.8 26.499 
Bicyclo[3.1.0]hex-2-ene, 4-
methylene-1-(1-methylethyl)-  947.4 13.19 Unknown 1242.3 26.581 

Benzeneacetaldehyde  1055.2 13.23 Unknown 1242.2 26.593 
Unknown 949.5 13.281 Unknown 1242.6 26.598 

Benzene, 1-ethyl-4-methyl- 954 13.329 Benzene, 2-methoxy-1-methyl-
4-(1-methylethyl)-  1242.6 26.603 

Benzene, 1-ethyl-2-methyl- 970 13.33 Cyclohexane, hexyl-  1242.9 26.614 
1H-Indene, octahydro-,  952.3 13.392 Unknown 1243.3 26.615 
Unknown 954.2 13.419 Unknown 1253.2 26.82 
Unknown 953.6 13.438 Unknown 1255.3 26.888 
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Unknown 1015.1 13.46 Unknown 1280.9 26.931 
Benzene, 1-ethyl-3-methyl-  975 13.52 Unknown 1253.3 26.973 
Unknown 958 13.524 2-Undecanone  1259.7 27.021 
2-Heptanol, 6-methyl-  920.3 13.538 Unknown 1255.3 27.029 
Unknown 956.1 13.54 Unknown 1257.7 27.12 
Unknown 957.9 13.561 2-Undecanone  1294.3 27.171 
2-Heptanone, 5-methyl-  958.2 13.602 Unknown 1259.8 27.19 
Unknown 957.2 13.603 Dodecane, 2-methyl-  1265.5 27.225 

Unknown 925.4 13.641 2(3H)-Furanone, 5-
butyldihydro-  1261 27.23 

Mesitylene 968.1 13.69 Unknown 1271.7 27.429 
Unknown 960.1 13.707 Tridecane, 4-methyl-  1359 27.436 
Benzene, 1,2,4-trimethyl-  929.9 13.714 Tridecane, 7-methyl-  1272.9 27.466 
Nonane, 2,3-dimethyl-  960.7 13.718 Unknown 1272.9 27.471 

Benzene, 1,2,4-trimethyl-  987.1 13.728 Ethanone, 1-(2,4-
dimethylphenyl)- 1322.5 27.479 

Decane, 2,2-dimethyl-  966.9 13.791 Nonanoic acid  1268.4 27.482 
Unknown 962.8 13.811 Unknown 1324.3 27.57 
Unknown 964 13.866 Unknown 1275.1 27.714 
Unknown 1025.6 13.888 cis-9,10-Epoxyoctadecan-1-ol  1281 27.761 
Unknown 938.3 13.898 1-Dodecanol, 3,7,11-trimethyl-  1278.3 27.813 
Unknown 1024.9 13.914 Unknown 1278.6 27.823 
Octane, 2,3,7-trimethyl-   13.92 Oxirane, tetradecyl-  1281 27.908 
trans-(2-Ethylcyclopentyl) methyl 
acetate  970.7 13.966 Unknown 1281 27.913 

1,3,5-Cycloheptatriene, 3,7,7-
trimethyl- 967 13.987 Unknown 1292.6 28.306 

Benzene, 1-ethyl-3,5-dimethyl-  1069 14 Naphthalene, 2-methyl-  1301.4 28.473 
Unknown 1006.4 14.021 Undecanal  1310 28.707 

Unknown 970.5 14.051 2,4,7,9-Tetramethyl-5-decyn-
4,7-diol  1328.4 28.982 

Unknown 968.9 14.059 Dodecane, 2,5-dimethyl-  1317.2 29.06 
Unknown 969.3 14.063 Unknown 1334.5 29.419 
Unknown 975.5 14.063 Nonadecane, 9-methyl-  1342.1 29.525 
Unknown 1008 14.067 Tetradecane, 4-methyl-  1344.3 29.611 
m-Menthane, (1S,3S)- (+)-  969.3 14.069 Unknown 1350.7 29.899 
Unknown 1002.4 14.085 Unknown 1347.6 29.964 
Unknown 969.4 14.091 Unknown 1347.8 29.971 
Unknown 970.3 14.102 Tridecane, 5-methyl-  1353.9 29.974 
Unknown 970.4 14.102 Unknown 1419.3 30.254 
3,4-Dimethylcyclohexanol  970.6 14.121 Unknown 1365 30.34 
Octanal  971 14.127 Unknown 1366.4 30.387 
Cyclohexene, 4-methyl-1-(1-
methylethyl)-  970.9 14.132 Dodecanal  1375.7 30.469 

Unknown 975.8 14.178 Unknown 1375.6 30.486 
2-(Butyliden-2-one) tetrahydrofuran 996 14.206 Tridecane, 3-methyl-  1371.7 30.49 

Pentanoic acid 978.4 14.239 2(3H)-Furanone, dihydro-5-
pentyl- 1366 30.502 

Heptane, 2,2,4,6,6-pentamethyl- or 
smiilar  1009.1 14.253 Unknown 1366.5 30.519 

Hexanoic acid  974.2 14.262 Unknown 1367.1 30.546 
Cyclohexene, 4-methylene-1-(1-
methylethyl)-  974.8 14.295 Dodecanal  1375.7 30.633 

Unknown 978.1 14.32 Dodecanal  1375.8 30.637 
1-Methyl-4-(1-methylethyl)-
cyclohexane  980.5 14.333 Tetradecane, 2-methyl-  1467 30.673 

Unknown 975.6 14.346 Butyl benzoate r Match 955 
Prob 57% 1379.4 30.768 

Unknown 961.9 14.355 Unknown 1382.3 30.801 
5-Hepten-2-one, 6-methyl-  982.5 14.453 Unknown 1382.2 30.831 
Unknown 979.9 14.51 Unknown 1382.2 30.986 
Unknown 981.1 14.539 Unknown 1382.3 30.989 

Cyclohexane, 1-methyl-2-propyl-  981.5 14.568 

1,2,4-Methenoazulene, 
decahydro-1,5,5,8a-
tetramethyl-, [1S-(1alpha, 
2alpha, 3alpha-betat, 4alpha, 
8alpha-beta, 9] 

1383.3 30.989 
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Unknown 1003.2 14.569 1-Tridecene  1392.5 31.12 
Unknown 997.8 14.574 2-Dodecanone  1395.2 31.219 
Cyclohexane, 1-methyl-3-propyl-  986.3 14.574 1-Dodecanol  1478.6 31.296 
Unknown 973.4 14.608 2-Undecanone, 6,10-dimethyl-  1404 31.6 
Unknown 982.4 14.61 Dodecanal  1413.1 31.654 
Unknown 982.4 14.614 Longifolene  1426.2 31.807 

Unknown 983.1 14.635 

1,4-Methano-1H-indene, 
octahydro-1,7a-dimethyl-4-(1-
methylethenyl)-, [1S-(1, 3a, 4, 
7a)]- 

1422.3 31.898 

1,1,3,3,5-Pentamethylcyclohexane  996.8 14.638 Unknown 1455.1 31.989 

Unknown 985.2 14.649 Decahydro-1,1,4a,5,6-
pentamethylnaphthalene  1475.1 32.181 

Unknown 983.8 14.661 Alloaromadendrene  1476.9 32.214 
Unknown 984.1 14.668 Isosativene  1447.2 32.478 
Unknown 984.5 14.669 Cyclohexane, octyl-  1455.9 32.617 
Unknown 988.3 14.678 1-Pentadecene  1459.6 32.673 

2-Octanone? 978.2 14.686 Benzene, 1-(1,5-
dimethylhexyl)-4-methyl-  1460.3 32.735 

Unknown 1071.4 14.693 2,6,10-Trimethyltridecane  1463.9 32.794 
Unknown 1008.4 14.707 2-Tridecanone  1463.4 32.956 

Heptane, 5-ethyl-2-methyl-  1016 14.714 2,5-Cyclohexadiene-1,4-dione, 
2,6-bis(1,1-dimethylethyl)-  1469.9 32.957 

Unknown 1010.5 14.759 Unknown 1478.9 33.315 
Heptane, 2,2,4,6,6-pentamethyl-  1023.1 14.771 Tridecanal  1511.3 33.324 
Heptane, 2,2,4,6,6-pentamethyl-  994.3 14.771 Dodecanal  1485.7 33.327 

Octane, 2,6,6-trimethyl-  997.7 14.778 3-Buten-2-one, 4-(2,6,6-
trimethyl-1-cyclohexen-1-yl)-  1486.9 33.5 

?5-Hepten-2-one, 6-methyl- 991.7 14.822 Unknown 1489.8 33.561 
Unknown 988.9 14.856 Pentadecane  1500.6 33.638 
Unknown 988.5 14.865 n-Tridecan-1-ol  1560.7 33.73 
Unknown 988.8 14.865 Unknown 1503.8 33.755 
Benzene, 1,2,3-trimethyl-  995.6 14.874 Butylated Hydroxytoluene  1506.6 33.813 
Unknown 989.6 14.898 Unknown 1512.6 34.071 

Benzene, tert-butyl-  990.2 14.92 
1,1,1,3,5,7,9,11,11,11-
Decamethyl-5-
(trimethylsiloxy)hexasiloxane  

1512.5 34.073 

Decane, 4-methyl-  1071.5 14.957 Heptasiloxane, 
hexadecamethyl- 1529.7 34.453 

Unknown 991.5 14.959 Hexadecane, 2,6,10,14-
tetramethyl- 1698.6 34.472 

Unknown 991.9 14.967 2(4H)-Benzofuranone, 5,6,7,7a-
tetrahydro-4,4,7a-trimethyl-, ( 1535.2 34.489 

Unknown 994.3 15.066 Unknown 1554.3 34.578 
Unknown 994.1 15.07 Unknown 1550.1 34.789 
Cis-3-methylpent-3-ene-5-ol 1110.2 15.123 Unknown 1550.1 34.814 
Nonane, 2,5-dimethyl- 1020.3 15.129 Unknown 1544.9 34.815 
Unknown 1006.7 15.136 Pentadecane, 3-methyl-  1573.2 34.91 
Unknown 1006.4 15.208 Unknown 1550.1 34.934 
Octane, 3,5-dimethyl- 1055.8 15.32 2-Tetradecanone  1575.5 35.033 
Unsure! 1000.5 15.323 Unknown 1555.6 35.052 
Octanal 1004.8 15.379 Diethyltoluamide  1564.1 35.251 
Unknown 1005.1 15.581 Unknown 1571.5 35.274 
Unknown 1007.6 15.691 Diethyl Phthalate  1572.6 35.35 
Decane 2,5,9-trimethyl 1038.9 15.707 Hexadecane  1600.6 35.387 
Benzene, (2-methylpropyl)- 1009.3 15.761 Unknown 1571.3 35.421 
Unknown 1010.5 15.811 Tetradecanal  1587.5 35.645 

Unknown 1011 15.849 2-Cyclohexen-1-one, 4-(3-
hydroxybutyl)-3,5,5-trimethyl- 1610.7 36.2 

Unknown 1014.6 15.852 Heptadecane 1639.9 36.482 
Benzene, 1-methyl-4-propyl- 1011.3 15.862 Unknown 1624.9 36.62 
Unknown 1011.6 15.88 Unknown 1708.6 36.665 

Unknown 1011.8 15.885 Heptasiloxane, 
hexadecamethyl- 1630.8 36.777 

Unknown 1012.6 15.896 Unknown 1679.5 37.722 

Unknown 1012.7 15.908 2-Hexadecene, 3,7,11,15-
tetramethyl-, [R-[R*, R*-(E)]] 1683.4 37.824 
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Unknown,  1012.5 15.928 Octadecane 1695.5 38.099 

Undecane  1024.1 15.935 2-Pentadecanone, 6,10,14-
trimethyl- 1718 38.732 

Unknown 1014.3 15.986 1,2-Benzenedicarboxylic acid, 
bis(2-methylpropyl) ester 1736.8 38.91 

Unknown 1014.1 15.988 Hexadecanoic acid, methyl 
ester 1801.9 39.73 

Cyclopentanone, 3,4-bis 
(methylene- 1013.7 15.992 Unknown 1937.3 41.272 

 

 

 




