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Abstract In this study, the relationship between physiological conditions, including
oogenesis and gravidity, and attraction to carcass odors was examined in order to
discover how the attractivity of volatile organic compounds (VOCs) varied in females
of the necrophagous fly Lucilia caesar (Linnaeus, 1758) (Diptera: Calliphoridae). Thus
we want to shed some light on settlement behavior of scavenger flies. In bioassays with
a decomposed mouse (Mus musculus), mixtures of synthetic compounds and flies of
several physiological states, we observed rates of attraction and found compound
classes that attract the different physiological stages. We found that a protein-poor diet
increased the attraction to a carcass, especially between the age of 3 and 7 days. 7-day
old females were attracted to cyclic compounds when mated and after exposure to a
protein-poor nutrition, whereas they responded to fatty acids when mated after expo-
sure to a protein-enriched diet. Furthermore we found that only with a protein-rich diet
did the gonadal development complete with mature eggs in the Xth stadium between
seven and 10 days and an overlapping second cycle with eggs in the Vth stadium at day
10.
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Introduction

In order to understand insect behavior, it is essential to know the sex and the stage of
development of the individuals under study. This understanding can lead us to the
resources required by individuals in different physiological conditions.

Insects must feed, mate and oviposit to complete their life cycle and these require-
ments are influenced by intrinsic factors (neuronal, hormonal and muscular).

One example is that food resources to sustain vital functions might be different from
resources related to reproduction. Special diets may be needed for the development of
reproductive organs (Stoffolano et al. 1995). Another factor than temperature, humidity,
light, host stimuli, and copulation that influence the neural and hormonal control of
ovarian development (Papaj 2000, 2005; Lachmann and Papaj 2001) described Barton-
Browne (2001) for Lucilia cuprina (Wiedemann, 1830) (Diptera: Calliphoridae).
Females require protein-rich food in order to complete egg maturation that depends
on the release of the ovarian ecdysteroidogenic hormone through the corpora cardiaca
(Yin et al. 1993; Zou et al. 1989). Without protein the cycle stops at the end of
previtellogenesis or at the beginning of vitellogenesis and development of all primary
ovarian follicles is arrested (anautogene oogenesis) (Harlow 1956; Aluja et al. 2001).
Insects’ attraction to specific resources depends on intrinsic physiological circum-
stances; therefore resource-orientated behavior is the result of physiological status as
well as external stimuli (Barton-Browne 1993). For example show gravid females of
blowflies in advanced vitellogenic stages a high response activity to carrion odours
(Woodburn and Vogt 1982; Stoffalano et al. 1990; Wall and Warnes 1994; Ashworth
and Wall 1995; Archer and Elgar 2003; Aak and Knudsen 2012).

Another fact is that mates are needed in all fly species for fertilization (given there is
no parthenogenesis) (Barton-Browne et al. 1987). Full ovarian development, encour-
ages mating (Carsten and Papaj 2005). Simple exposure to food resources or food-
associated stimuli can also have a positive effect on egg load e.g., fruit experience for
Tephritidae (Diptera) (Papaj 2000, 2005). Stoffolano et al. (1995) showed that sugar,
feces or liver feeding in Calliphoridae resulted in different levels of ovarian
development and thus in differences pertaining to the readiness for mating in females
and also in males. In contrast, Omar (1992) claims that a protein-rich diet did not affect
male blowfly mating behavior or their sexual activity (Parker 1968).

Both sexes of Diptera, using ephemeral resources such as dung, ripe fruits or
carcasses, can find each other either on food resources (Stoffalano et al. 1990), at
oviposition sites (Parker 1968) or via sex pheromones (Shorey et al. 1969). Evidence is
accumulating that mating changes the fly’s responsiveness to attractants including
semiochemicals and thus their behavior. For instance, given the choice, virgin females
of Tephritidae were highly attracted to male pheromones over host fruits, whereas
mated females, instead, chose the fruit odour (Jang 1995, 2002). It often happens that
males await females on oviposition sites (Borgia 1981; Otronen 1995). For example,
Scathophaga (Diptera: Scathophagidae) females visit cattle dung to lay their eggs and
mate directly before oviposition on the dung (Parker 1970a, b, 1974).

However, blowflies have no long-range pheromone attractant (Broce 1980) but a
mounting stimulant (Parker 1968). They use kairomones to aggregate (Aak and
Knudsen 2012) and males most likely use visual cues to finally locate and approach
females (Boeddeker et al. 2003).
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Now, the fertilized female flies require an oviposition site and it is of interest to know
how they find the appropriate resource for their offspring. Sivinski (1988) showed female
aggregation in Phoridae (Diptera) through pheromones emitted by other females, this has
also been shown for blowfly L. cuprina (Barton-Browne et al. 1969), for Culex
quinquefasciatus Say, 1823 (Diptera: Culicidae) (Laurence and Pickett 1985), and for four
other different dipteran families (McCall and Cameron 1995). From this it is apparent that
there is semiochemical-regulated oviposition behavior in many flies, however, it has been
suggested that females are mainly attracted by odors released from characteristic resources
(Pfeil and Mumma 1993; Hartlieb and Anderson 1999; Staedler 2002; Stensmyr et al.
2002; Aak et al. 2010; Van der Niet et al. 2011; Paczkowski et al. 2012).

In summary, it seems that olfactory-mediated behavior depends on a combination of
intrinsic factors, which mediate the response to extrinsic stimuli. In the present study
we examined the change of attractiveness of carrion across different stages of devel-
opment of a necrophagous female blowfly, Lucilia caesar (L.) for a better understand-
ing of insect succession on carcasses and the mechanisms responsible.

Decay of carrion is typically accompanied by the emission of volatile organic
compounds (VOCs) responsible for the unpleasant odor of a carcass and thus for the
attraction of necrophagous insects. The odor is built up by a plethora of compounds
including, for example, alcohols, aldehydes, ketones, fatty acids, esters, sulfides and
cyclic compounds (Vass et al. 2004) (Fig. 1). Although necrophagous insects are known
to exhibit a predictable succession of settlement on a carcass during the decomposition
process (Anderson and VanLaerhoven 1996), and multiple studies have investigated
how the physiological stage of an insect influences its searching behavior (Crnjar et al.
1990; Ashworth and Wall 1995; Hayes et al. 1999; Wall and Fisher 2001; Aak and
Knudsen 2011, 2012; Paczkowski et al. 2012; Zhu et al. 2013), the relationship between
the physiological stage of necrophagous flies, and its response to the volatile compounds
emitted by different stages of carcass decay is not yet fully understood.

Fig. 1 Relative distribution of the volatile compound classes of a mouse decomposed for 10 days under cold
and dry conditions (12 °C/40–60 % RH) in ng/ μl, (after Kasper et al. 2012)
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However, as large carcasses are more frequently found in rural regions, and garbage,
slaughterhouses and feces are important breeding sites for blowflies in urban areas
(Norris 1965), there are some other important medical aspects to be considered.
Blowflies may lay their eggs in fresh or cooked meat and fish or dairy products and
are therefore of the greatest hygienic importance, being potential vectors of bacteria,
viruses, protozoan and helminthes (Schuhmann 1965 and 1971).

L. caesar can also be an option for secondary parasites and can cause myiasis
(Stevens and Wall 1997). The eggs are laid in open wounds of vertebrates, mostly in
sheep, and the larvae feed on necrotic cells, but may also attack the healthy tissue. As
attractive VOCs can also originate from breath, feces, or wool (Cragg 1956; Cork and
Hall 2007), the analysis of the behavior of L. caesar can have implications for blow fly
control in terms of reduced destruction of food (Wall andWarnes 1994; Aak et al. 2011) and
prevention of myiasis (Broughan and Wall 2006; Urech et al. 2009; Harvey et al. 2010).

In any case, when studying resource-oriented behavior, the gravid females are the
primary interest. Gravid females actively search for an oviposition site, and their larvae
cause the main damage on food resources or that they have further implications for
forensic entomology in terms of PMI calculations.

Materials and Methods

Breeding

For fly breeding L. caesar L3-stadium larvae, which were close to pupation, were used.
To obtain unfertilized females, pupae were reared individually and after eclosion and
gender determination, 20–60 females were kept together in breeding boxes. To obtain
inseminated females, pupae (50–150 individuals) were reared together in a single
breeding box with the chance of both sexes to mate quickly (Pollock 1971). In the
following we refer to those two female groups as unmated and mated females.

The breeding boxes were transparent acrylic glass boxes (35×20×15 cm). Room
temperature was held constant 23±2 °C at 55 % humidity. The light–dark cycle was
−11:13 h, which was maintained through daylight-lamps during the winter. The flies were
kept under two separate feeding conditions. One group received a low-protein diet
consisting of sugar-water (1:4), raisins and cornflake-mush and the other received a
protein-enriched diet in which peptone powder frommeat, dissolved in water was present,
in addition to the aforementioned diet. Fresh food was provided every day, and old food
removed, to prevent odor formation, thus maintaining female flies naïve to cadaver-odors.

For the different experimental designs flies were tested after 1, 3, 7 and 10 days for
the oogenesis and decomposition attraction experiments and after 1, 3 and 7 days for
the volatile attraction experiment (Table 1).

Preparation of Ovaries for Ovary Development Status

To prepare ovaries and spermathecae the flies were shock-frozen at −20° for 20 min
and the organs were removed. Extracted ovarioles and entire fragments of the ovary
were transferred to 96 % ethanol, mounted on a slide, and the stage of the primary
ovarian follicles was determined with a phase contrast microscope. The development of
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the ovular chamber has been divided in ten stages (Adams and Mulla 1967). The Ist
germ cell stadium forms a cell differentiation in the basal part of the germarium. The
germ cell, separated from the germarium through a thin epithelial layer of cells, changes
its conical to a spherical structure. The chromatin of the nurse cell cores experience
strong changes up until the IIIrd stadium. Oocytes begin to form within the IVth
stadium, where yolk forms and the oocyte starts to grow to the size of a mature egg.
The ovular cell grows from initially 30 to 1000 μm. The nurse cells degenerate in the
IXth stadium (Adams and Reinecke 1979; Theunissen 1973; Vogt et al. 1974). Oocytes
develop synchronously in distinct cycles, but the cycles overlap temporally.

In this study the primary ovarian follicles without opaque (visible) yolk material in
the egg chamber are described as previtellogene and were classified as stage I-III
(Adams and Mulla 1967). Stages IV-IX were vitellogene follicles and the Xth stage
equaled a mature egg (Fig. 2). Females were dissected at different ages (1, 3, 7, and
10 days) and the follicular stages of each age, from each diet, were determined (Table 1).

Mating Status and Oviposition

To verify how many, and at which age, females were inseminated, squeeze preparations
of the spermathecae of a fly were made. Twenty females from each age group with the
protein-enriched diet were selected and their spermathecae examined.

Protein-fed females, brought together with males in the same breeding box were
expected to oviposit. Therefore 20 flies from each age stage (1, 3, 7 and 10 days
respectively) (Table 1) were separated and placed on a beef mince ball (5 cm in
diameter) in a jar. After removal of the flies, 6 h later, the number of laid eggs were
counted. After 12 h the number of hatched larvae was determined through subtraction
of the remaining unhatched eggs.

Bioassays

Olfactory attraction was recorded using a static-4-chamber olfactometer as described by
Steidle and Schöller (1997). The olfactometer was made of acrylic glass and consisted
of a cylinder (4 cm high, 19 cm across), was placed on top of the four-chambered
cylinder. The walking arena had a plastic gauze (mesh 0.5 mm) base and a glass plate

Table 1 Overview of the combinations of insects’ developmental history used in each of the experiments

Experiment Sex Dietary history Age (days) Sample size
per replicate

Egg development mated females +/− protein 1, 3, 7 and 10 10

Mating status mated females - protein 1, 3, 7 and 10 20

Oviposition mated/unmated females + protein 1, 3, 7 and 10 20

Bioassay: mouse mated/unmated females +/− protein 1, 3, 7 and 10 20

Bioassay: compound
mixture

males/females unmated
mated females
males/females mated

−protein
−protein
+ protein

1
3 and 7
7

20
20
20
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lid. Each chamber was open to the walking arena above so volatiles could diffuse
through the gauze and form an odor field.

For each test-run a single fly was released into the walking arena using an aspirator.
The fly was left for 10 s in the dark to acclimate. Thereafter, the time the fly spent
walking within each of the four odor fields was recorded over a period of 180 s by
visual observations and using a digital counter, that calculation of total times with

Fig. 2 Age- and nutrition depended oogenesis: Development stages of the egg chamber of 1, 3, 7 and 10 days
old Lucilia caesar females with and without protein n=20 Oocyte development stadiums (roman letters) of the
egg chambers with age (in days) and nutrition. A: Females fed with protein-poor nutrition. a) 1 day (II
stadium), b) 3 days (III stadium), c) 7 days (III stadium), d) 10 days (III stadium); B: Females fed with protein-
rich nutrition. e) 1 day (II stadium), f) 3 days (III stadium), g) 7 days (IX stadium), h) 10 days (V stadium) 2.
cycle; Abbriviations: cp, connection pipe; fe, follicle epithelium; fo, follicle; ge, germarium; Oo, oocyte; pf,
primary follicle; sf, secondary follicle; tn, trophocytes nuclear; yo, yolk
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minimal reaction delay. Twenty individuals were tested per treatment combination. The
order of the tested parameters (sex, age, nutrition, mating status) was randomized and
the olfactometer was cleaned with detergent, rinsed thoroughly and wiped with acetone
to avoid odor contamination, always before a different physiological stage was used.
The olfactometer was kept in a fully shaded small room and was illuminated vertically
from above to exclude unwanted visual disturbances. However, the olfactometer was
turned slightly after every test-run to avoid unnoticed effects, such as cardinal direc-
tions or ventilation.

Dead mice of both sexes were used in this study, which originated from the
same rearing at the University Hospital Charité Berlin, and were of the same
size and age and had been fed the same diet (hay food pellets). For ethical
reasons we used mice scheduled to be destroyed due to stock size and
dispatched them by breaking the spinal cord. Immediately after death, mice
were put in an open glass Petri dish (12 cm diameter) and allowed to decom-
pose in a climatic exposure cabinet in a cold and dry environment (12 °C/40–
60 % RH) for 10-days (cd10) (Kasper et al. 2012).

1 Attraction to mouse carcass
The first bioassay was conducted with mated and unmated females of

different ages (1, 3, 7 and 10 days after emerging) and feeding history (reared
with and without proteins) with n=20 for every treatment combination
(Table 1). Three chambers were left empty and in the fourth chamber a dead
mouse was placed. The mouse was of the highly attractive decomposition stage
(cd10) (Kasper et al., accepted) in order to provide a reference point for
changes in behavior.

2 Attraction to volatile compound mixtures
Bioassay two was designed to measure the response of different stage and state

flies to the volatiles typical of a certain decomposition stage.
Six mixtures, each consisting of a different class of compounds (alcohols,

fatty acids, esters, sulfides, aldehydes and cyclic compounds; Fig. 1) were
produced, each representing a different decomposition stage. The composition
of compounds and their quantity used for the mixtures (Table 2) was based
on the organic volatile composition of the cd10 mouse (Kasper et al. 2012).

The mixtures were tested for their attraction to males, unmated females
and mated females (1, 3 and 7 days after emerging; n=20) reared on a
protein poor diet. Because of the results of the ovarian development and
bioassays 1, the 7-days old flies were separated into two groups: with
protein-enriched diet and without (Table 1). Three chambers were provided
with blank filter paper as reference. The volatiles were dissolved in dichlo-
romethane and 1 μl was dropped onto a fourth piece of paper placed in test
chamber four.

Data Analysis

Differences in abidance time across the four fields were tested using the Friedman test
based upon the mean rank differences of the fields (Siegel and Castellan 1988).
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If the Friedman test was significant (P<0.05) a post hoc Wilcoxon signed-rank test
was used to test for a specific difference in the time spent above chamber four, with the
dead mouse, versus chamber two, which has no direct border to the test field. Control
tests with four blank fields were conducted to confirm the influence of the treatments.
As none of the control tests showed any significant differences between chambers they
are not discussed further.

A non-parametric one-way analysis of variance by ranks, the Kruskal-Wallis-test
was used to examine the effect of the group variables (age, diet and gravidity) upon the
time spent on test field four.

The parametric equivalent, the one-way analysis of variance (ANOVA), was used to
test the differences between combination of diet, age and mating status. In order to
indicate which parameter influenced the behavior of the flies, the ANOVA was
followed by post-hoc pairwise comparison, using the least significant difference
(LSD) test.

Table 2 Composition of the used mixtures in bioassay 2 in respect of the result after a mouse decomposed for
10 days under cold and dry conditions (12 °C/40–60 % RH) was analyzed in the GC-MS (Kasper et al. 2012)

Classes Compounds ng/μl Classes Compounds ng/μl

Alcohols and
ketones

1-butanol 1.5 carboxylic
acids

acetic acid 0.2

3-methylbutan-1-ol 1.8 propanoic acid 0.3

1-hexanol 11.7 2-methylpropanoic acid 0.3

1-octen-3-ol 1.5 butanoic acid 2.5

1-octanol 0.1 2-/3-methylbutanoic acid 0.8

benzylalcohol 1.0 pentanoic acid 0.1

2-phenylethanol 1.4 4-methylpentanoic acid 1.5

3-hydroxy-2-butanone 2.3 hexanoic acid 0.8

Esters ethyl butyrate 1.0 heptanoic acid 0.1

propyl butyrate 0.3 octanoic acid 0.3

butyl butyrate 0.2 nonanoic acid 0.5

ethyl 2-methylbutyrate 0.0 decanoic 0.3

ethyl pentanoate 0.4 aldehydes benzaldehyd 0.2

ethyl hexanoate 0.1 heptanal 1.8

propyl hexanoate 0.1 hexanal 0.8

ethyl octanoate 0.2 octanal 0.2

gamma-butyrolacton 0.4 cyclic phenol 2.2

Sulfur compounds dimethyl disulfide 0.0 hydrocarbons indol 0.7

dimethyl trisulfide 0.2 3-ethyl-2,5-dimethylpyrazine 0.1

dimethyl tetrasulfide 0.1 3-carene 0.1

3-methylthio-1-propanol 0.1

a The synthetic substances originated from Aldrich, Merck and Fluka and were between 95 and 99 %, GC-MS:
coupled gas chromatography mass spectrometry
b Known attractants for Calliphoridae shown in bold
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Results

Developmental Status of Ovaries

Microscopic preparation showed that all follicles of paired ovaries developed synchro-
nously within an individual. Flies with similar nutrition reached a consistent egg
development stage at each age step, with no more than one stadium of difference
between individuals within a group. The previtellogenous phase lasted 3 days for all
examined flies, independent of their nutrition (with or without proteins) and indepen-
dent of the presence of male flies.

By day 7 and day 10, diet clearly influenced the progress of oogenesis (Fig. 2).
Eggs from females with protein-poor diets reached the IIIrd stadium (at most), i.e.,
the stage before the yolk proteins are ingested in the oocytes. After 10 days the
ovaries still remained in the previtellogenesis stage. Only with a protein-rich diet
was the gonadal development completed. The dissected female flies produced
mature eggs in the Xth stadium between 7 and 10 days and a second cycle had
begun. At day 10, when the first cycle was completed and the eggs in the Xth

stadium were ready to be laid a second gonotrophic cycle emerged with eggs in
the Vth stadium.

Mating Status and Oviposition

In 10 % of the tested protein-deprived females sperm was found in the
spermathecae after 24 h (Fig. 3a). With increasing age, the number of inseminated
females also increased gradually, up to 80 % of the tested females after 10 days.
None of the protein-deprived female flies deposited their eggs. However, 10 % of
the protein-fed females deposited their mature eggs after 7 days, all of which
hatched (Fig. 3b). The eggs were laid predominately in clusters, as is characteristic
for this species. After 10 days 40 % of the tested flies laid their eggs, most of
which hatched within approximately 12 h and the last after 1 day. Less than 1.7 %
of eggs remained unhatched.

Mouse Carcass Bioassay

Comparing the mean time spent on each field none of the 1-day-old flies showed any
preference for the test field with the dead mouse (Friedman test and Wilcoxon test
P>0.05). From day three for mated and day seven for unmated females, all flies were
attracted to the dead mouse regardless of their diet (Friedman test and Wilcoxon test
P<0.05) (Fig. 4).

The two different mating conditions of the protein-deprived females showed no
significant difference of the behavior within one age group, whereas the protein-fed
females showed a significant difference (Kruskal Wallis test P=0.007, n=20) 3 days
after eclosion (Fig. 4).

Tests within the unmated protein-fed and protein deprived as well as mated protein-
fed and protein deprived tested for the four age groups showed significant different
responses to the test field (Kruskal-Wallis test P≤0.001 n=20). The analysis of variance
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confirmed this (ANOVA P<0.001, n=20) with ad-hoc LSD test for the single age
groups with P<0.05 displayed in Fig. 4. The nutrition and the mating stage had no
significant influence on their own.

Combinations of the three parameters (nutrition, age and mating) result in ANOVA
P<0.05 for Bnutrition and mating,^ as well as for Bnutrition and age^. That means the
nutrition in combination with mating OR age has an influence of the behavior with
LSD P<0.01 for the ages compared 1:3, 7, 10 days and 3:7 days. In summary a protein-
poor diet increased the attraction to the dead mouse, especially between 3 and 7 days.

VOCs Bioassays

Male responses to the compound mixtures were low and although they were mainly
attracted to sulfides and cyclic compounds this was not always significant (Friedman
test and Wilcoxon test P<0.05) (Fig. 5). The responses to fatty acids varied and
interestingly the attraction to alcohol increased with age.

Fig. 3 a Percentage of inseminated 1, 3, 7 and 10 days old Lucilia caesar (L.) females with protein poor
nutrition n=20. b Total number of eggs and percentage of females ovipositing at 1, 3, 7 and 10 days after
emerging. Lucilia caesar females with protein rich nutrition, n=20
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The attractiveness to the VOC mixtures changed from fatty acids over ester and
sulfides to aromatic cyclic compounds with increasing age (Friedman test and
Wilcoxon test P<0.05).

Although 7 day old mated females reacted almost identically to the carcass, regard-
less of their diet and their egg load, the volatile composition to which they responded
was very different (Fig. 5). The protein-deprived females were attracted to cyclic
compounds only (Friedman test P=0.003), whereas the gravid, protein-fed females
were interested in fatty acids Friedman test P=0.001) and sulfides (Friedman test P=
0.022) (Wilcoxon test for all<0.05).

Discussion

Having confirmed consistent and synchronous egg development in our rearing depend-
ing on protein nutrition (as described in Mackerras 1933; Vogt et al. 1974; Stoffolano
et al. 1995; Barton-Browne 2001) we can interpret the searching behavior for carcasses
as a search for food resource and mating or oviposition sites with respect to the
physiological status of the female flies.

We refer to the females reared together with males as mated females as they had the
chance to mate quickly (Pollock 1971). However, only 25 % of our 3 day old females
were inseminated and 52 % after 7 days (Fig. 3). Those females were protein-deprived
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and it is likely that protein-fed females had a higher percentage of insemination as the
egg load has a positive effect on the female to mate (Papaj 2000 and 2005; Aak and
Knudsen 2012).

The mouse, despite the fine gauze, is a visual cue and could have influenced the
behavior as olfactory and visually mediated behaviors are often associated (Morehead
and Feener 2000; Wall and Fisher 2001; Gomes et al. 2007; Aak and Knudsen 2011).

We are also aware that attraction is generally considered a result of blends including
the ratio between central compounds of chemicals (Ashworth and Wall 1994; Morris
et al. 1998; Hansson 1999; Urech et al. 2004; Bruce et al. 2005; Cork and Hall 2007;
Aak et al. 2010; Aak and Knudsen 2012) and that the mixtures of compound classes

Fig. 5 Response of the different physiological fly stages (m: males and f: females, 1, 3, 7: age in days, p: fed
with protein) to the compound mixtures: mean time spent on test field 4 above the compound (± standard
error). Maximum possible time=180 s, random expectation of one-quarter the time=45 s. Significant
attractiveness tested with Friedmann test and confirmed by Wilcoxon test are demonstrated by asterisks
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give only limited answers to what is important for different physiological stages, and
that further experiments with single compounds and compound combinations are
necessary.

Nevertheless are the results of this study, including the detailed analysis of attractive
compounds, important to indicate the attraction of VOCs to gravid necrophagous flies
of public health concern. The quantity and ratio of the tested compounds reflect those
of an attractive decomposition stage, even if they are split in compound classes,
characterized by a high amount of polysulfides, intermediate amounts of alcohol, fatty
acids and cyclic compounds, and low amounts of ester and aldehydes.

The response to the mouse carcass was low and the differences between all females
were minimal 1 day after the adults emerged, as expected, because there was little time
to mate and the diet had not much influence on the egg development thus far.

However, the unmated protein-deprived females responded most strongly to
fatty (carboxylic) acids 1 day after emergence, confirming results shown for
houseflies by Cossé and Baker (1996) and Kelling (2001) and for blowflies
Kasper et al. accepted (butanoic acid and propanoic acid). It is possible that
their physiological condition requires the fatty acids and they incorporate them
into their tissue; generally without modification of the fatty acids (sugars and
certain amino acids are converted into fatty acids before incorporated into
tissues) (Stanley-Samuelson et al. 1988; Simopoulos and Salem 1992). In
addition, there is continuous fatty acid turnover in tissue lipids by hydrolytic
and transferring enzymes (Spike et al. 1991).

As the response of protein-fed unmated females to the offered carcass was low
compared to the other females, we assume their behavior was indifferent because they
do not require more proteins than they obtained from their food. Their egg maturation
developed well (see Fig. 2) but as they had not yet mated, no oviposition site was
required either (Ashworth and Wall 1994).

In contrast, the unmated females reacted strongly to the carcass if no protein was
given during their rearing. Without protein, and therefore with undeveloped eggs, the
attraction of protein-rich resources occurred always 3 days after the female flies
emerged regardless of the state of gravidity. Especially between 3 and 7 days the
response was high because during these days, before the yolk proteins are ingested in
the oocytes (stage IV), proteins are required (Stoffolano et al. 1995; Barton-Browne
2001) and a protein-deficiency triggers a searching behavior for the same (Dethier
1961; Aak and Knudsen 2012).

Three days after emergence the mated flies were significantly attracted to sulfides
and esters when no protein-enriched diet was taken. It is mainly the emission of volatile
sulfides, which indicates protein, because it occurs subsequently to protein degradation
caused by enterobacterial degradation of cysteine and methionine (Wahl et al. 1999;
Dent et al. 2004).

The role of sulfides as key compounds for necrophagous insects in detecting carrion
and as a resource for reproduction is already well examined (Emmens and Murray
1982; Nilssen et al. 1996; Stensmyr et al. (2002), Woodard 2006; Kalinová et al. 2009;
Podskalská et al. 2009; Paczkowski et al. 2012; Kasper et al., accepted).

Emmens and Murray (1982), for example, demonstrated that the oviposition behav-
ior of L. cuprina was strongly affected by bacterial products, especially by sulfur
compounds (also see Ashworth and Wall 1994).
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The attractiveness of sulfides to necrophagous flies was also suggested by Stensmyr
et al. (2002), who showed that blowflies respond to dimethyl-mono-, dimethyl-di- and
dimethyl-trisulfide, emitted by both plants and meat in an identical manner.

In contrast, more tests are required in order to better understand the role of esters in
the nutrition and searching behavior of flies. In the current study, only 3-day-old
females preferred the ester mixture. Esters have a pleasant fruity odor (Kim et al.
1998), and occur after fermentation, which is attractive for several insects (El-Sayed
et al. 2005; Ponnusamy, et al. 2008). Overall, the amount of esters emitted by the tested
carcass was very low (4 % of the total emitted VOCs). The predominant ester was
ethylbutyrate (Kasper et al. 2012), which in ripe fruits, for example, attracts gravid
female fruit flies (Diptera: Tephritidae) (Eisemann and Rice 1992; Malo et al. 2005).
Insect pheromones also often contain esters (Leal 1998), whether ethylbutyrate invokes
attractiveness for mated females of L. caesar to carcasses as an oviposition site, has yet
to be confirmed.

After 7 days, the critical stage of egg development (stage IV) was reached, although
the eggs had still not maturated without protein given, the mated flies’ response
changed in favor of cyclic hydrocarbons.

Interestingly, the protein-deprived males showed the same response at the seventh
day. However, the males showed, regardless of age and nutrition, similar attraction to
odors of cyclic hydrocarbons (e.g., phenol and indole (see Table 2) and sulfides. In
addition to carcasses, these compounds are known from feces and manure, which is a
regular food resource of many dipterans, in particular for Calliphoridae and Muscidae,
and may also act as aggregation sites (Cossé and Baker 1996; Johnson and Jürgens
2010) and is preferred to carrion (Stoffalano et al. 1990). Other resources known for
containing cyclic hydrocarbons are feces and manure, which are attractive for (Cossé
and Baker 1996; Johnson and Jürgens 2010). Also Archer and Elgar (2003) found that
males visited carcasses only early after death.

A searching behavior of the males, indicative of the need to obtain protein to build
up their readiness for mating (Nakagawa et al. 1994; Stoffolano et al. 1995), was not
noticeable.

Although the attractiveness to the alcohol/ketones increased with age in both sexes
regardless the diet, those substances did never result in a significant attraction.
However, 3-hydroxybutanone, also known as acetion, which is a by-product of bacte-
rial activity after decarboxylation of proteins, was thought to be a key compound group
for necrophagous insects in the detection of oviposition sites and resources for the
offspring and brood care (Robacker and Lauzon 2002; Robacker et al. 2004; Johansen
et al. 2014).

In addition the mouse carcass emitted 1-octene-3-ol and hexanol (Table 2), which
are characteristic of fungal decomposition (Pfeil and Mumma 1993), and which is
predominantly produced during decomposition in the cold and dry environment. It
seems important to enable flies to identify their resources as previously shown by Cork
(1994), Cork and Hall (2007) and Schoefiel et al. (1995). In order to explain the role of
the alcohol/ketones compounds in terms of resource searching behavior, further inves-
tigations are necessary.

Also the aldehydes were not significantly frequented by any of the tested flies
regardless of their physiological condition. In previous studies (Paczkowski et al.
2012; Johansen et al. 2014) had shown that heptanal and nonanal were key compounds
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for Calliphora vicina Robineau-Desvoidy (Diptera: Calliphoridae). Experiments with
single compounds, possibly including electro-antenno-grammes, are aspired for Lucilia
species.

The mated females fed with protein responded in a similar manner to the mated,
protein-deprived flies (Wall and Warnes 1994). They reacted almost identically to the
carcass after 7 days. Strikingly, the volatile composition, to which they responded, was
very different. When reared with protein the mated females preferred fatty acids and
sulfides. Here, the difference in the elicitor is particularly obvious, as gravid females
might search for an oviposition site, which offers fatty acids for their offspring or they
build it into the egg yolk directly. Cork and Hall (2007) and Urech et al. (2004) showed
that blowflies were attracted to short-chained fatty acids, which might lead to the same
assumption. We assume the ratio of both sulfides and fatty acids is important for
recognizing the right stage for the offspring. They continued to show a high response
after 10 days (Hammak et al. 1987) as they have still developed eggs, whereas the
attraction to the mouse carcass decreased in the mated, protein-deprived females.

In summary these results confirmed that the combination Bnutrition and mating^ was
relevant at day three, whereas after that, mating without developed eggs did not strongly
influence the behavior of the females. In contrast, a protein-enriched diet enabled egg
maturation, and subsequent mating triggered a significantly different response. In addition
the combination Bnutrition and age^ influenced the behavior too, and a protein-poor diet
increased the attraction to the deadmouse, especially between days 3 and 7.With different
elicitors due to these different physiological conditions, we demonstrated that the key
compounds of the olfactory mediated behavior changed drastically.
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