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Zusammenfassung

Die Geruchswahrnehmung von Insekten ist an die spezifischen Anforderungen der Okosysteme
angepasst, in denen sie leben. Von Insekten wahrgenommene Volatile konnen Informationen tiber
den Ort eines geeigneten Ovipositionsplatzes oder den physiologischen Zustand einer Wirtspflanze
geben. Da der Geruchssinn der Insekten sich seit Millionen von Jahren an die Wahrnehmung
bestimmter Volatile angepasst hat, konnen die wahrgenommenen Volatile als Markerstoffe
angesehen werden, die zuverlissig einen Okosystemzustand angeben kénnen. Die Identifikation
dieser Markerzustande und die Evaluation ihrer Nitzlichkeit fir spurenanalytische Anwendungen ist
das Ziel dieser Arbeit.

Es wurden drei Themen ausgewahlt um die Verwendungsmoglichkeit des Insektengeruchssinns fiir
Sensoranwendungen zu lberprifen: Fleischfrische, Todeszeitbestimmung (post mortem Intervall,
PMI) und frihzeitige Feuererkennung. Spurenanalytik (GC-MS), Elektrophysiologie (EAG, GC-
MS/EAD), Verhaltensversuche und Feldtests wurden angewandt, um die chemoékologische
Interaktion der SchmeiRfliege Calliphora vicina und der , Feuerkafer” Melanophila cuspidata,
Merimna atrata and Acanthocnemus nigricans mit ihrer natiirlichen Umgebung zu untersuchen. Die
Resultate aus diesen Methoden erlaubten die Selektion von Volatilen, die drei Kriteria erfiillen: hohe
Quantitat, zuverlassige Emission und die ausschliessliche Emission von der untersuchten und keiner
anderen Quelle. Diese drei Auswahlkriterien wurden aufgestellt um zu gewahrleisten, dass die
ausgewadhlten Markervolatile nicht nur zuverlassig mit dem physiologischen Status der Substrate
(Alter von verderbendem Fleisch, PMI, Temperatur von erhitzten Spanen) korrelieren, sondern auch
den Anspriichen technischen Sensorsysteme genligen.

Im Falle des alternden Fleisches unter warmen und trockenen Bedingungen ist Nonanal ein Zeiger fir
die korrekte Reifung des Fleisches zu Schinken. Dimethyl Trisulfid, Phenol und Indol zeigen das
Verderben des Fleisches unter warmen und feuchten Bedingungen an. Bei niedrigen Temperaturen
sind zunehmende 2,3 Butandiol Emission und abnehmende Nonanal Emission ein Zeiger fir
zunehmendes Verderben des Fleisches, sowohl unter trockenen als auch feuchten Bedingungen.
Allerdings wurde 2,3 Butandiol nicht von C. vicina wahrgenommen, da die Fliege wahrend der
Vegetationszeit aktiv ist und unter diesen Bedingungen Dimethyl Trisulfid, Phenol und Indol emittiert
werden.

Nonanal, Hexanal, Dimethyl Disulfid, Dimethyl Trisulfid, Butan-1-ol und Phenol wurden als niitzliche
Volatile zur Eingrenzung der Leichenliegezeit ausgewahlt. Die genannten Aldehyde sind typisch fur
die friihen Stadien der Verwesung, gefolgt von Butan-1-ol und den Schwefelsulfiden. Phenol wird
hauptsachlich in den spateren Verwesungsstadien emittiert. Allerdings werden Phenol und 1-Butanol
nicht von der Fliege wahrgenommen, da diese ein Generalist ist und nicht zwischen dem geblahten
und aktivem Stadium der Verwesung unterscheiden muss. Daher wird zusatzlich die
Geruchswahrnehmung des Speckkafers Dermestes maculans betrachtet. Die Untersuchung anderer
necrophager Insekten kdnnen weitere Einblicke in die Zeitabhangigkeit der Volatilemissionen
wahrend der Vertebratenverwesung geben. Die im Rahmen dieser Arbeit gewonnenen Ergebnisse



erlauben eine Korrelation zwischen Emissionen und Leichenliegezeit und kdnnen eine Grundlage fir
eine volatilenbasierte post mortem Zeitbestimmung fiir Polizeikrafte sein.

Terpene, aliphatische Aldehyde, Furfural und Methoxyphenole werden von erhitztem Holz emittiert.
Komponenten aus all diesen Stoffklassen werden von M. cuspidata und M. atrata wahrgenommen,
da diese Kafer den Erhitzungszustand von Baumstammen nach einem Feuer erkennen kdnnen, um
einen geeigneten Ovipositionsplatz zu finden. A. nigricans nimmt vor allem Methoxyphenole wahr,
wohingegen M. atrata und M. acuminata Furfural zur Orientierung verwenden. Diese Unterschiede
komplementieren das bekannte Verhalten dieser Kafer in ihrer natlirlichen Umgebung, da A.
nigricans auf verkohlten Stammen, die grolRe Mengen von Methoxyphenolen emittieren, seine Eier
ablegt, und M. atrata und M. cuspidata auf Stammen ihre Eier ablegen, die vom Feuer zwar duf3erlich
verkohlt, aber innerlich nur erhitzt wurden und daher Furfural emittieren. Halbleitergassensoren, die
Furfural mit einer ausreichenden Selektivitdt vermessen kdnnen, konnen Holzbrande schon wahrend
ansteigender Temperatur und damit vor der Entziindung detektieren. Derartige Sensoren kénnen
sowohl als neuartige Friihwarnsysteme fir die holzverarbeitende Industrie als auch fur
Waldbrandwarnsysteme oder den Haushalt dienen.



Abstract

The olfaction of insect species is adapted to the requirements of the specific ecosystem they are
living in. Volatiles perceived by insects can transport information on the location of an oviposition
place or the physiological status of a host plant. As the olfaction of insects has adapted to the
perception of distinct volatiles since millions of years, these volatiles can be regarded as marker
compounds, which enable a reliable assessment of an ecological status. The identification of such
marker compounds and the evaluation of their usefulness for trace analytical applications is the aim
of this thesis.

Three topics were selected to evaluate the utilization of insect olfaction for sensor applications: Meat
spoilage, post mortem interval (PMI) estimation, and the volatile based detection of wood fire before
ignition. Trace analysis (GC-MS), electrophysiology (EAG, GC-MS/EAD), behavioral studies and field
tests were used to understand the volatile based interaction of the blowfly Calliphora vicina and the
fire beetles Melanophila cuspidata, Merimna atrata, and Acanthocnemus nigricans with their
environment. The results gained by these methods allowed the selection of volatile marker
compounds that fulfilled three criteria: high abundance, reliable emission, and unique emission from
the substrate and not from any other sources. These criteria should ensure that the marker
compounds’s emission is not only reliably correlated to a physiological state of the substrate, e.g. an
increasing spoilage of meat, a time point after death of a vertebrate, or a distinct temperature of
wood prior to ignition, but that the marker compound can be sensed by technical sensor systems, as
well.

In case of meat aging, the predominant emission of nonanal under warm conditions was an indicator
for the correct maturation of the meat to ham. Dimethyl trisulfide, phenol, and indole indicated
moisture induced spoilage under warm conditions. Under cold conditions, increasing 2,3 butanediol
emission and decreasing nonanal emission was a spoilage indicator for both the dry and the wet
samples. However, 2,3 butanediol was not perceived by the fly, because its activity is restricted to
the warm vegetation period, where dimethyl trisulfide, phenol, and indole are emitted.

Nonanal, hexanal, dimethyl disulfide, dimethyl trisulide, butan-1-ol, and phenol are useful volatiles to
estimate the PMI of vertebrates. The aldehydes are emitted in the early stages of vertebrate decay,
followed by butan-1-ol and the sulfur compounds. Phenol is predominantly emitted in the later
stages of decay. However, butan-1-ol and phenol are not perceived by the fly, which is a generalist
among carrion visitors and does not differentiate between the early stage, the bloated stage, and the
active stage of decay. The olfaction of other necrophagous insects, which prefer a distinct stage of
decay, might lead to new insights into the time dependent volatile emission during vertebrate decay.
The results gained by the investigation of the odor profile of decaying vertrebrates allowed a
correlation between PMI and volatile profile that can be used by police forces as an additional
indicator of the PMI.



Terpenes, aliphatic aldehydes, furfural, and methoxyphenols are emitted from heated wood flakes.
All of these compounds are perceived by M. cuspidata and M. atrata, as they can be used to assess
the heating stage of a stem in order to find appropriate oviposition places. A. nigricans
predominantly prefers methoxyphenols, while furfural is perceived by M. acuminata and M. atrata.
These results complement the knowledge on the behavior of these beetles in their ecosystem, as A.
nigricans oviposits on smoldering logs, which emit high abundances of different methoxyphenols,
and M. atrata and M. cuspidata oviposit on heated but unburned stems, which emit, among other
compounds, furfural. Semi conductor gas sensors perceiving furfural with a sufficient selectivity can
predict a wood fire before it ignites. This would enable a new generation of early fire warning
systems that can be used in the wood processing industry, wood land fire warning, or households.

These three examples show that insect olfaction can be utilized for the development of concepts for
technical sensor applications, but that the ecological background of the insects has to be considered
when selecting marker compounds. The restricted selectivity and sensitivity of technical sensors in
comparison to the highly selective and sensititve biochemical perception mechanisms of insects have
to be considered, as well. Therefore, the direct transfer from insect olfaction to technical solutions is
not always possible.
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2. General Introduction

Insects live on our planet since app. 360 million years. They can be found in nearly any ecosystem of
the world and they are the class with the highest number of species in the animal kingdom.
According to the laws of evolution, only the fittest survive (Darwin, 1859). The fittest individual in a
population is not necessarily the strongest, but can be the one who shows the best adaption to the
ecosystem it is living in. As conditions in ecosystems alter, the individuals with the highest flexibility
to adapt to these changes are the fittest. In consequence, the wide-spread and large group of insects
shows a high variation of successful strategies to fulfill the demands of various changing ecological
niches (Grimaldi and Engel, 2005; Linksvayer et al., 2012).

Some of these niches require physical abilities, like flying or running, or abilities in orientation
towards a food source or towards mating partners (Nation, 2001; Grimaldi and Engel, 2005). The
basis for the orientation in complex environments is the selection of important stimuli. Such stimuli
can be the optical impression of a host plant species (Briscoe and Chittka, 2001), the acoustic
impression from a mating partner (Groot et al., 2010), the gustatory impression of a food source
(Singh, 1998) or the volatile profile of a mating partner (Vogt and Riddiford, 1981). Among these
senses, olfaction and gustation are the oldest senses in nature and especially olfaction plays an
important role for the orientation of many insect species (Hansson, 1999). Insects can differentiate
between healthy or damaged plants (Schiitz and Weissbeker, 2003; Schiitz et al., 2004; Schiitz et al.,
1997b) or can communicate with each other by means of olfaction (Pelosi and Maida, 1995).

Olfaction is based on the perception of volatile organic compounds (VOCs). In nature, VOCs are
actively or passively produced as by- or end-products of chemical reactions (Schiitz et al., 1997b;
Paczkowski and Schiitz, 2011). A plant can defend itself by the emission of volatiles (Feussner et al.,
1997; Fineshi and Loreto, 2012) or an insect can attract mates by using its pheromone glands (Vogt
and Riddiford, 1981). Draught stress (Schiitz et al., 2004; Paczkowski et al., 2011b), auto oxidation
(Choe and Min, 2005), or feeding by other insects (Schoning et al., 1998; Thakeow et al., 2008) are
other examples for the origin of volatiles. On the other hand it has to be taken in account that
olfaction in insects is not always an isolated impression. The process of finding a source can include
other senses, as well (Schmitz et al., 2002; Heisswolf et al., 2007). An example for a possible
interaction of senses, which can be connected to a sensitivation of sensory neurons, is the Australian
little ashbeetle Acanthocnemus nigricans. The beetles are attracted by smoldering logs (Schmitz et
al., 2002; Kreiss et al., 2007). They derive of an infrared sensitive organ for fire detection and use
their olfaction to detect smoldering logs, as well (Schitz et al., 1999a). It is still a matter of
discussion, if the beetles are activated by the scent of a fire and orientate towards it by means of
their infrared detection (Evans, 2010). This could be an example of two complementary senses, as
interactions between olfaction and other stimuli have already been observed (Heisswolf et al., 2007).
These observations might contribute to recent discussions on the selectivity of insect olfaction
(Hallem and Carlsson, 2006; Bohbot and Dickens, 2012). Odor cues are often compounds emitted by
many different sources, which do not allow the exact identification of a single type of source, for
instance a food source. Although pattern recognition is enabling insects to identify odor bouquets,
additional senses will allow a more precise differentiation of the insect’s environment. On the other
hand, studies show the attractivity of isolated volatiles (Pelosi and Maida, 1995; Aak et al., 2010).



The role of hormones and age in olfaction has been discussed, as well (Crnjar et al., 1990). It is known
that neurosecretory cells (NSCs) in the protocerebrum of insects can release hormones, which are
temporarily stable and can directly serve as neurotransmitters. Such neuropeptides can activate
neurons over an intermediate time interval, causing a predisposition for detecting and corresponding
to stimuli from the environment (Peric-Mataruga et al., 2001, Grimmekikhuijzen, 2012). These
examples show that olfaction is influenced by the physiological state of the insect, as well.

All of these studies from the fields of evolution, physiology, genetics, biochemistry, behavior and
chemistry of insects are interlinked and show that olfaction is based on complex interactions
between an individual and its environment (Crnjar et al., 1990, Schitz et al., 1997b; Hansson, 1999;
Schmitz et al., 2002; Schiitz et al., 2003; Schiitz and WeiBbecker, 2003; Schiitz et al., 2004; Heisswolf,
2007; Aak et al., 2010). In this thesis, these complex interactions were evaluated for applications in
food science, forensic science, and fire control (Paczkowski et al., 2011a; Paczkowski et al., 2011b;
Paczkowski and Schiitz 2011; Paczkowski et al., 2012). Insects are adapted to the perception of
volatiles that reliably convey information about the status of a host or the position of a mate. This
adaption is the result of millions of years of evolutional pressure that favored the survival of the
fittest (Darwin, 1859). According to volatile perception, the fittest individual is the one that perceives
the volatiles allowing the most reliable identification of the source it is aiming to. Therefore, these
volatiles can be regarded as pre-selected by nature and can be reliable markers for volatile based
applications. In the frame of this doctoral thesis, the olfaction of the blowflies Calliphora vicina and C.
vomitoria, as well as the olfaction of the Australian fire beetles Acanthocnemus nigricans and
Merimna atrata and the European fire beetle Melanophila acuminata were investigated in order to
identify reliable marker volatiles for meat spoilage detection, post mortem interval (PMI) estimation
(Paczkowski et al., 2012) and early fire warning (Paczkowski et al., 2011a), respectively.

2.1 Volatile organic compounds

Volatile organic compounds (VOCs) are organic (= carbonic) compounds with a vapor pressure under
SATP conditions (Standard Ambient Temperature and Pressure; 25°C and 1013 hPa) that is high
enough to allow their evaporation in the gaseous phase. Although there is no uniform definition for
VOCs, most approaches devide between very VOCs (VVOCs), VOCs, and semi VOCs (SVOCs), on the
basis of their vapor pressure. However, there is no distinct definition at which vapor pressure or
boiling point a volatile is classified as VVOC, SVOC, or VOC. While VVOCs, like CO,, NO, or CH,0, are
completely in the gaseous phase under SATP conditions, SVOCs, like 3-methyl-2H-furo[2,3-c]pyran-2-
one, a compound that promotes seed germination after forest fires (Flematti et al., 2011) or
methylbenzoate, a compound emitted by many molds (Parkinson et al., 2008), are evaporated at low
concentrations.

VOCs are investigated in many branches of science. Especially in the atmospheric chemistry, VOCs
are in the focus of recent research, because they can harm human health at high concentrations
(Granstrém, 2002; Parkinson et al., 2008; Maleknia et al., 2009). Anthropogenic VOCs derive, for
instance, from industry (Graedel, 1994), traffic (Na, 2006), or consumers (Goldberg, 1993). In nature,
VOCs can be by- or end-products of chemical reactions in plants (Feussner et al., 1997), animals
(Paczkowski and Schitz, 2011), or fungi (Thakeow et al., 2008). The following subchapters give
information on the formation and the physical properties of VOCs relevant for this thesis, as well as
an overview on sampling procedures and identification methods.
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2.1.1 Formation of VOCs

2.1.1.1 Wood

Wood is a complex tissue consisting of hemicelluloses, cellulose, lignin, and a broad variety of
accessory compounds. The relative amount of these constituents varies between tree species, within
tree species and even within one tree (Kollmann, 1982). The most important group of volatile
accessory compounds, especially in soft wood, is the group of terpenes (Granstrom, 2002; Banerjee,
2001; Englund and Nussbaum, 2000). At room temperature freshly felled wood emits terpenes with
high vapor pressures (Englund and Nussbaum, 2000). Although this is a physical process, terpenes
can transform to other compounds by chemical reactions (Neuenschwander et al., 2010). A second
group of accessory compounds is the group of fatty acids. The parenchyma cells of wood contain
fatty acids in the phospholipid membranes and in vesicles (Sjostrom 1993). Linoleic acid and
arachidonic acid are typically abundant in these membranes (Frankel, 1983). Fatty acids can be
degraded by autolysis, reactive oxygen species (ROS) (Choe and Min, 2005), thermal oxidation
(Paczkowski et al., 2011a), and microbial enzymes (Paczkowski and Schiitz, 2011). All of these
processes might lead to the same volatile products. Autolysis or oxidation by ROS leads to the
formation of the aldehydes hexanal, heptanal, nonanal and decanal (Risholm-Sudman et al., 1998;
Svedberg et al., 2004; Arshadi, 2005; Roffael, 2006). However, aldehydes can form due to thermally
induced oxidation (Arshadi, 2005) or fungal metabolism (Combet et al., 2006), as well. However,
there is a lack of detailed studies on the formation of volatile lipid oxidation products (Combet et al.,
2006; Kionka and Kunau, 1985; Heath et al., 2002).

Hemicellulose is a heteropolymer consisting of different hexose and pentose sugars. Together with
cellulose, to which it is interconnected with pectin, it forms a net of fibers that makes the cell walls of
plants more flexible (Nultsch, 2001). The most abundant sugars in hemicelluloses are the pentoses D-
xylose and L-arabinose that can be polymerized together with glucose, xylose, mannose, galactose,
rhamnose, mannuronic acid, galacturonic acid, and arabinose. These sugar monomers form, for
instance, xylan, glucuronoxylan, arabinoxylan, glucomannan, and xyloglucan (Sjostrom, 1993).
Cellulose is a macromolecule consisting of chains of biochemically polymerized glucose. The single
glucose molecules are connected by 1,4-B-glycosidic bonds to the dimer cellobiose. In this subunit
one glucose molecule is turned 180°. Repeatedly attached dimers form cellulose chains. These chains
are organized in microfibers in which hydrogen bonds connect the chains to each other. These
microfibers are integrated into the cell wall (Sjostrom, 1993; Nultsch 2001). Volatile products of
hemicellulose combustion are acetic acid from the deacetylation of hemicelluloses, and
hydroxyacetone and furanes from the degradation of pentoses and hexoses (Risholm-Sudman et al.,
1998; Fengel and Wegener, 1984; Oasmaa et al., 2003; Tjeerdsma et al., 1998; Chheda et al., 2006;
Roffael, 2006; Oasmaa et al., 2003).

Among the group of furanes, 2-pentylfurane, furfural and methylated furfural are reported in many
of the published experiments (Risholm-Sudman et al., 1998; Fengel and Wegener, 1984; Oasmaa et
al.,, 2003; Tjeerdsma et al., 1998; Chheda et al., 2006). Thermal degradation of the cellulose
macromolecule leads to the cleavage of the 1,4-B-glycosidic bonds. Incomplete degradation yields,
among many other products, hydroxyacetone (Piskorz et al., 1986; Zhang et al.,, 2008), 5-
methylfurfural (Oasmaa et al., 2003) and 3-methyl-2H-furo[2,3-c]pyran-2-one, also known as
karrikinolide (Flematti et al., 2011) (Figure 1).
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Figure 1 shows the structure of cellulose (B). The macromolecule forms from the biochemical polymerization of glucose
(A). The smallest unit is the dimeric anhydrocellobiose, consisting of two glucose molecules. Glucose polymers assemble
to microfibers, which are integrated in the cell wall. Incomplete thermal degradation yields hydroxyacetone, 5-
methylfurfural, 3-methyl-2H-furo[2,3-c]pyran-2-one (karrikinolide), and other volatile organic compounds (VOCs).

Lignin is, together with cellulose, the main compound of any wooden tissue. Although the complete
structure of lignin is not fully understood, it is known that the bio-polymer lignin consists of several
monomeric constituents. The lignin of hardwood is mainly made up of the two biochemically
polymerized phenylpropanoids coniferylalcohol and sinapylalcohol, while softwood lignin consists of
synapylalcohol (Sjostrom, 1993). The most prominent bond between two phenylpropanoids is the B-
0-4-bond (Figure 2), but others also exist, for instance biphenyl- or B-B-bonds exist (Higuchi, 1990).
These are formed due to biochemical radicalization of sinapyl- or coniferylalcohol. Radicalization of
the compounds leads to the formation of a polymerized lignin precursor (dimeric chinomethid). The
following ionic addition reforms the aromatic center in the molecule. By repeating this process, more
and more coniferyl- and sinapylalcohol units are added to the growing lignin molecule (Sjostrom,
1993, Higuchi 1990). An example for lignin depolymerization is the radicalization of lignin by UV-rays,
resulting in bleaching of wood tissue because of the destruction of photoactive conjugated double
bond systems, for instance in the delocalized m-electron systems of benzoic rings (Chang, 2001).

Temperature induced bond breaking of lignin is a physical influence that results in radicalization of
molecules, as well. During a wood fire, heat and oxygen leads to a loss of electrons in the lignin
molecule and consequently the bonds between the polymerized coniferyl and sinapyl components
break, a process called oxidative cleavage (Gao et al., 2003). However, pyrolytic studies on wood
prove the formation of the same volatiles under anaerobic conditions, which indicates oxidative
processes without oxygen (Azeez et al., 2010; Branca et al., 2006; Ingram et al., 2008; Karagoz et al.,
2005).
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Figure 2 shows sinapylalcohol and coniferylalcohol (A), which are the basic compounds in hardwood lignin. Both
compounds are polymerized by biochemical processes during the lignification of the cell wall. The result of this
polymerization is the macromolecule lignin (B). 40-60% of the bonds between sinapyl- and coniferylalcohol are B-O-4-
bonds (*). Thermal degradation of the lignin molecule yields the methoxyphenols 4-methylguaiacol, 4-ethylguaiacol and

eugenol and other volatiles.

The released components are further oxidized to guaiacol derivatives, like 4-methylguaiacol, 4-
ethylguaiacol and eugenol, and a large number of other compounds (Figure 2), (Azeez et al., 2010;
Branca et al., 2006; Ingram et al., 2008; Karagoz et al., 2005). A complete oxidation of lignin leads

mainly to the formation of CO,, H,0, and mineral containing ashes. Biochemical degradation of lignin
can be induced by fungi (Oudia et al., 2008). White rot fungi derive of enzymes (phenoloxidases,
peroxidases, chinon-reducing enzymes) that are able to oxidize polymerized coniferyl and sinapyl

components by radical mediators (Mai et al., 2004). These processes can result in the formation of

the same compounds that are formed by thermal degradation.

2.1.1.2 Vertebrate tissue

For specific details on the chemical composition and the degradation of vertebrate tissue, the reader

is referred to the publication presented in chapter 3 of this thesis.

2.1.2 Physics of VOCs

Environmental factors are important for the formation, evaporation and distribution of volatiles.
Physical parameters, such as temperature and wind speed are part of these environmental factors
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(Balkovsky and Shraiman, 2002). The temperature plays an important role in the ideal gas law, which
explains the relation between pressure, volume, temperature, the mol of a gas, and the universal gas
constant. The Maxwell-Boltzmann distribution derives from the ideal gas law and describes the mean
kinetic energy of molecules in gases and fluids (Giancoli, 2010). This kinetic energy influences the
rate of movement of the molecules. If this movement is fast enough, a molecule will have enough
energy to overcome the binding forces to other molecules and can, for instance, evaporate from a
fluid (Agafonova et al., 2012). The kinetic energy, which is sufficient for evaporation, is compound
specific. Therefore, every pure compound has its specific boiling point, which is the temperature at
which a pure compound completely evaporates. However, temperatures below the boiling point
allow certain evaporation, as well, because few molecules, according to the Maxwell-Boltzmann
distribution, have a kinetic energy higher than the averge (Giancoli, 2010; Zeng et al., 2010). This
evaporation behavior is compound specific, as well, and is described by the vapor pressure of the
compound (Giancoli, 2010; Agafonova et al., 2012). The vapor pressure is usually measured with the
pure compound under SATP conditions, which means that the athmospheric pressure and the
temperature are kept constant (25°C, 1013 hPa). If the specific vapor pressure of the pure compound
and the athmospheric pressure are the same, the compound has reached its boiling point (Giancoli,
2010).

The vapor pressures of the pure compounds selected in the manuscripts presented in this study
varied between 1 ppmv for 5-hydroxymethylfurfural and 14,500 ppmv for hexanal (Yaws, 2007; The
good scents company, 2012). In order to relate the vapor pressure of the pure compound under SATP
conditions to other concentrations, Henry's law is the appropriate approach for diluted compounds
at low concentrations (Pollien et al., 2003):

p=ky Xc

where p is the partial pressure of the solved compound in the gas above the solution, ¢ is the
concentration of the compound in the solution and ky is the Henry's constant that depends on the
solved compound, the temperature, and the solvent. Ky is experimentally determined. Henry's law
takes in account the interactions of both temperature and solvent with the volatile compound. A
non-linear relation of ¢ and p can be calculated by determining ky for different concentrations. As the
Henry constants for most of the compounds used in this study was not known, Raoult’s law was used
(Stanford and Mcgorrin, 1994). Raoult’s law implies a linear relation between the vapor pressure of a
diluted compound and its concentration and has to be used for diluted compounds at high
concentrations:

p=p" Xx

where p is the partial pressure of the solved compound in the gas above the solution, p* is the vapor
pressure of the pure compound, and x is the mole fraction of the solved compound. As the real vapor
pressure / dilution curve is non-linear, Raoult’s law is only an approximation of the real vapor
pressure. Especially at low concentrations, the vapor pressure is underestimated.

Antoine’s law, which is a pragmatical simplification of the Clausius-Clapeyron equation (Manjare and
Goshal, 2006), describes the relation between the vapor pressure and the temperature for pure
compounds:



B
p = 10%7c+T

where p is the partial pressure of the pure compound in the gas above the solution, T is the
temperature, and A, B, and C are experimentally determined constants.

Volatiles are usually emitted in plumes, which are distributed coincidentally in the environment. The
combination of different wind speeds and wind directions lead to lamiar and turbulent wind
currences which dilute the plumes and create a complex concentration gradient, which is not
necessarily correlated to the position of the source (Villermaux and Innocenti, 1999; Fackrell and
Robins, 1982). This makes it difficult to predict even the direction of a punctual volatile emission
source (Balkovsky and Shraiman, 2002). Nevertheless, insects are able to select and approach a
source by means of olfaction. Two different strategies allow the insect to find a source. The first
strategy is an adaption towards the perception of volatiles at very low concentrations (Pelosi and
Maida, 1995; Tegoni et al., 2004). The second strategy is the development of an effective searching
behavior (Balkovsky and Shraiman, 2002).

Thus, the presented physical relations describing emission and distribution of volatile compounds
show the complexity of the mere physical process. This complexity leads to an unpredictability of
volatile emissions in a natural environment, which has to be considered especially when interpreting
guantitative data on volatile compounds.

2.1.3 Sampling of VOCs

Sampling of VOCs is always restricted by the applied method (Rosa Ras et al., 2009). An important
methodological factor is the sampling with static or dynamic head space. Static sampling is based on
the passive collection of volatiles by an adsorbent placed near the emission source. Dynamic
sampling is based on an airflow that sucks the emitted volatiles through the adsorbent. Another
methodological difference exists between solvent free or solvent utilizing methods (Tholl et al.,
2006).

As an example, the SPME (Solid Phase Micro Extraction) technique was developed for solvent free
sampling in a static or dynamic headspace. A strong advantage of the method is the uncomplicated
handling, but a disadvantage is the unprecise quantification. Details on SPME sampling are published
in Paczkowski and Schiitz, 2011. As this mini-review is already published and should not be modified,
this cross reference should avoid unnecessary repetitions. For more information on SPME sampling
see Tholl et al., (2006) and Wardencki et al., (2004).

Another volatile collecting method is the solvent based closed loop stripping apparatus (CLSA)
method for dynamic sampling, firstly applied by Grob in 1976 (Grob and Zircher, 1976). A pump is
circulating air in a closed system and a charcoal filter is collecting the volatiles emitted by the sample.
CLSA filter tubes are manufactured with an exact weight of charcoal fixed by a metal wire in a glass
tube. After collection, the volatiles in the charcoal filter are eluted with a solvent (Hwang, 1984;
Osemwengie and Steinberg, 2003; Nawrath et al., 2012). This is the advantage of this method,
because the eluat can be analyzed several times by different analytical methods in order to confirm
the identity of the compounds. Another possibility is the repeated analysis by the same method in
order to estimate the standard deviation of the analysis. The eluat can be stored at low temperature.
Major drawbacks of the method are the complex sample preparation in comparison to the TDS or
10



SPME method, which can lead to contaminations (Tholl et al., 2006). Furthermore, the dilution of the
collected volatiles during eluation can dilute a compound’s concentration below the detection limit.
Adapting the amount of solvent can improve this effect. Another disadvantage is the injection of the
solvent into the GC, which covers many highly volatile compounds in the large solvent peak. This
disables the identification of highly volatile compounds (Paczkowski and Schitz, 2011), which are
detectable by the solvent free methods SPME and TDS.

The TDS sampling method (Thermal Desorption System) is based on a powder fixed in a glass tube by
metal wire caps. There are different powders (Tenax, Carbotrap, Carbosieve, Carboxen or others)
with different adsorption properties (Rothweiler et al., 1991), which can be combined with each
other in one glass tube (Vass et al., 2004; Vass et al., 2008). The air is actively sucked through the
tube during sampling and the volatiles are adsorbed on the powder. After sampling, the volatiles are
thermally desorbed by an increasing temperature and a constant air flow leads them to a cooling
trap. The advantages of the TDS method are the good sensitivity and the uncomplicated handling,
which decreases the possibility of contaminations. Furthermore, the sampling method does not
require a solvent and allows accurate quantification. On the other hand, the sample can be analyzed
only one time and the equipment for TDS sampling and sample injection is expensive in comparison
to other methods. Furthermore, a high amount of water vapour in the sampled air can cover the
presence of VOCs at the retention time range of water. The selection of the appropriate adsorbent
can decrease this problem (Helmig and Vierling, 1995).

The direct headspace method comprises several approaches for the sampling of a gas volume and its
injection in a GC. One variation is that containers under vacuum suck the air from the environment
and can be closed and transported to the lab. In the lab, gas samples can be taken with syringes from
the container and can be injected in a cool injector of a GC. An easier method is the storage of a
sample in a glass vial and the direct injection of the head space above the sample in the vial into the
cool injector by an auto sampler (Hilbschmann, 2001). In general, direct headspace sampling has the
strong advantage that it is relatively unselective because the kind of volatiles and their quantities are
not influenced by selective adsorbents. Therefore, the injected gas volume resembles the original
composition of the sampled gas. Furthermore, contaminations due to sample processing are
minimized. A major drawback is the low concentration of the volatiles, which are not enriched on an
adsorbent (Tholl et al., 2006). The only possibility to avoid concentrations below the detection limit
of a detector is the injection of a large gas volume, which is problematic because of the water
content of the sample volume that leads to column bleeding (Helmig and Vierling, 1995).

The last sampling methods described here is the trapping of the volatiles by leading them through
cooled liquid solvents, e.g. ethanol, cyclohexane, or dichloromethane (Dufour et al., 2007) or
extracting them in these solvents (Thakeow et al., 2008). This method has the advantage that it
results in large quantities of volatile containing solvent, which can be further analyzed even by
bench-chemistry methods. Of course, the method is not useful for low emission rates, because
usually only low amounts of the volatiles diffuse from the gaseous to the liquid phase. Most of the
published work on wood pyrolysis uses this method, because it is useful for sampling high emission
rates. Sensitive methods, for instance TDS or SPME, will adsorb too many volatiles and will cause an
overloading of the column, which results in insufficient peak separation, distorted peaks and
restrictions in quantification (Hiibschmann 2001).
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2.1.4 Identification of VOCs

The identification of volatile organic compounds covers simple bench-chemistry methods, which use
an indicator that reacts in presence of a compound or a group of compounds (Hayes, 2004), fast
analytics by infrared or UV desorption (Didomenico and Rendhal, 2004) and more complex analytical
devices (Gutmacher, 2011; Merford, 2002; Kim et al., 2011). If the formation process of a compound
is understood and if this process results in one or few products, the identification of this compound
can be done by simple methods, sometimes even by gas sensor devices (Waser, 2003; Paczkowski et
al., 2011a; Kim et al., 2011). However, in order to understand this formation process and to calibrate
a simpler detection method, it is necessary to apply more complex identification methods. There
exist various analytic devices for broad scale identification of volatile compounds (Merfort, 2002). In
the frame of this doctoral thesis, gas chromatographs (GCs) were used for volatile sample processing
and three different detectors (FID, MS, and EAD) analyzed the compounds in the sample. For more
detailed information on gaschromatography see Hilbschmann (2001) or WeilRbecker et al., (2004).

2.1.4.1 Injector

The type of injector depends on the volatile sampling method. A TDS system requires a thermo
desorption unit in order to desorb the volatiles from the adsorption powder with a temperature
program (40°C to 250°C) (Tholl et al., 2006; Vass et al., 2004; Vass et al., 2008). The desorbed
volatiles are transported by a gas flow (usually helium) to a cryo trap, were they freeze (-80 °C)
before the resulting mixture is heated for further transport to the column. This is of high importance,
because the following separation requires a fixed starting time for the column’s temperature
program (Hubschmann, 2001). A cryo injection port is also vital for direct headspace methods, were
the injected gas has to freeze for fixation. Volatiles on a SPME fiber can be adsorbed in a
conventional injection port at high temperatures (250 °C) and the compounds are fixed at lower
temperatures at the beginning of the column (Wardencki et al., 2004). A liquid sample can directly be
injected in a heated (250°C) standard injector (Thakeow et al., 2008).

The injection mode of an injector can be splitless, meaning that the complete volume of the sample
reaches the column, or can have a split ratio, meaning that only parts of the injected sample are led
to the column. The split mode is useful when a sample has a high concentration of volatiles and
overloading of the column should be avoided (Statheropoulos et al., 2005). As described above,
overloading can cause restrictions in qualitative and quantitative analysis (Hilbschmann, 2001).

On-column injection requires a low concentration in the sample, as the sample cannot be diluted by
a split. As the sample is not heated in the injector, no thermally induced chemical reactions take
place. The focusing can be enhanced by a cooling trap (Hilbschmann, 2001).

2.1.4.2 Column

The volatile compounds are led through the column in the mobile phase by a carrier gas, which is
usually inert helium. The interaction of the volatiles with the stationary phase depends on the vapor
pressure of the compound, both the chemical characteristics of the compound and the stationary
phase and the temperature (McNair and Miller, 1997). For instance, a polar column has a higher
retention for polar compounds. However, there exist many different columns, which vary not only in
the chemical composition of the stationary phase, but also in their length (3—60 m), their inner
diameter (0.05-0.53 mm), and their stationary phase thickness (0.1-5.0 um) (Hibschmann, 2001;
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Poole, 2012). The influence of all of these factors on the separation performance is described by the
distribution coefficient of a compound (McNair and Miller, 1997; Hiibschmann, 2001). For instance, a
distribution coefficient of 2 means that the compound is solved twice as much in the stationary
phase than in the mobile phase. A distribution coefficient of 1 means that a compound is solved to
the same extent in the mobile and the stationary phase and a coefficient of 0 means that the
compound is not solved in the liquid phase, which resembles the behavior of pure air (McNair and
Miller, 1997).

An equation with the most important factors influencing the resolution of a GC column is shown

VN _
v =3 ) ()

where R is the resolution of the GC run, N is the efficiency as a function of the type of gas, length of

here:

the column and inner diameter of the column, k is the retention as a function of temperature,
stationary phase thickness, and inner diameter of the column and « is the selectivity as a function of
the temperature and the type of the stationary phase. The temperature of the column and the kind
of stationary phase are the most important factors influencing Ry (Harris and Habgood, 1966).
Hower, all factors have to be combined carefully in order to get a performance adapted to the
requirements of the analysis and most often the maximum resolution is to costly or one GC run takes
to much time to enable efficient work in analytical labs (Hlibschmann, 2001; Poole, 2012, McNair
and Miller, 1997). For instance, under isothermal conditions the doubling of the column lengths
increases the resolution with a factor of 1.4 (+40%), while the time of the analysis is doubled (+100%)
and the column is more costly (McNair and Miller, 1997). In the food industry such a solution might
cause trouble in the lab organization, because many samples have to be analyzed, while in research
institutes a high resolution can be crucial. In this doctoral thesis the type of the stationary phase was
the most important factor that influenced the resolution of the analysis, while the other factors were
kept constant for most of the analytical experiments.

Under constant analytical parameters, the compound specific retention allows the identification of a
compound, because a standard solution with this compound can confirm its identity by matching the
retention time. However, several compounds can have the same retention time even under constant
analytical parameters. Therefore, further confirmation of the compounds identity, for instance by a
mass spectrometer, is usually necessary. If the standard is run with different GC parameters, the
retention index can be calculated by means of a reference mixture, for instance alkanes with
different chain length (Castello et al., 2009).

2.1.4.3 Detector

The compounds are detected after leaving the column. Different detectors exist for different
purposes. There are detectors that analyze only parts of the sample, for instance, only sulfur and
phosphor containing compounds (FPD: Flame Photometric Detector) (Berijani et al., 2006) or
nitrogen and phosphor containing compounds (NPD: Nitrogen Phosphorous Detector) (Dorea et al.,
1996).

13



In a FID (Flame lonization Detector), all compounds of a sample are burned in a hydrogen-air flame
after the separation on the column. During this burning, ions are emitted, which hit on a detector
plate. The detector plate changes its resistance due to the contact with the electrons. The intensity
of this change is defined by the quantity and the structure of the compound (Van Hamme et al.,
2000). Therefore, the resulting peak area corresponds to the amount of the compound in the sample.
The chromatogram shows large and small peaks at compound specific retention times. The only
possibility of identifying a compound is the injection of a standard compound, which is analyzed with
the method of the sample. If the standard compound has the same retention time as the compound
in the sample, it is very probable that its identity is the same (Hlilbschmann, 2001).

A quadrupole mass spectrometer (MS) is one of the most popular detectors for GCs. It identifies
compounds by their specific fragmentation pattern and not only by their retention time. In order to
fragment compounds from a GC column, the compounds are led into a vacuum and through an
electronic beam. This beam is emitted by a filament under a defined voltage, usually 70 eV. The
electrons in the beam hit electrons out of the molecules, which leads to the formation of ionized
fragments with a positive charge. These fragments are repelled by an electrode with positive charge
and focused by two electro-magnetic lenses. The fragments reach the quadrupole, which consists of
four rods under an oscillating voltage, which induces an oscillating electromagnetic field. The
penetrability for any fragment is determined by the frequency of the electromagnetic field. A
fragment can pass only if the frequency corresponds to its mass/charge ratio. The fragments passing
the quadrupole hit a detector plate and can be assigned to their mass. From a statistical point of view
the formation of fragments with different masses depend on probabilities. Therefore, each
compound has its fragment pattern with a compound specific relation between fragments that form
with a high probability and fragments that form with a lower probability. This fragment pattern is
called mass spectrum and can be compared to mass spectra of known compounds (Hilbschmann,
2001). A high analogy of the measured spectrum with a spectrum from a database indicates the
identity of the compound in the sample (Watson et al.,, 2004). Running a purchased standard
compound with the same analytic parameters can further confirm the identity of the compound by
the retention time. Details and limitations of compound identification by GC-MS are given in the
gereral discussion of this thesis.

After the identification of a compound it can be quantified by analyzing a standard sample with
known compound concentration and comparing the standard peak area to the sample peak area. As
performing a reliable quantification is rather complicated, this topic is referred to in detail in the
general discussion. In general, the accuracy of the quantification influences the informative value of
the results, which have to be discussed concerning this restriction (see “Formation of VOCs” and
“Physics of VOCs” in the general introduction).

2.2 Insect olfaction

The sense of olfaction is essential for many insect species, as they use it for basic processes in their
biology, such as mating (Pelosi and Maida, 1995), oviposition (Verheggen et al., 2008), finding food
resources (Beck et al., 2012), and interspecific communication (Reyes-Vidal, 2009). There are
manifold different semio-chemicals which are used by insects to serve these purposes. These semio-
chemicals are classified in inter- and intraspecific semio-chemicals. Interspecific semiochemicals
(allelochemicals) are used for the communication between species and interspecific semio-chemicals
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(pheromones) are used for the communication within species (Schaefer, 2003). Pheromones are
known for their role in sexual communication, for instance in the lepidopteran species Bombyx mori
(Maida et al., 1993; Sakurai et al., 2004) or Lymantria dispar (Plettner et al., 2000). But pheromones
can also serve different purposes, for instance aggregation on appropriate food sources (Gruter et
al., 2012), alarming of a group (Vandermoten et al., 2012), and marking of oviposition places (Nufio
and Papaj, 2001). They can be actively released from thoracic or abdominal glands by the sender
(Blomquist and Vogt, 2003). Although there are different definitions (Ruther, 2002), allelochemicals
can be classified by the type of relation between sender and receiver. There are kairomones, which
are advantageous for the receiver and allomones, which are advantageous for the sender (Burger,
1988; Ruther, 2002; Schaefer, 2003). An aggregation pheromone can attract predators and is a
kairomone, while a compound serving for predator defense is an allomone. Synomones are both
advantageous for the sender and the receiver (Shepherd, 2007). Synomones can mediate avoidance
of competition between two species. Apneumones are released by organic matter and are
advantageous for one species, but disadvantageous for another species. An example is the attraction
of a food source for a species, which also attracts predators of this species (Aak et al., 2010). Besides
these classical definitions there are many other more specific definitions, and sometimes it is hard to
define the class of a volatile because of its complex function in an eco-system (Nordlund et al., 1981).

Most of the listed chemo-ecological relations rely on the detection of single compounds rather than
compound groups. The ability to select and sensitively sense single volatile compounds from complex
odor patterns in a habitat requires precise sensory organs and highly developed information
processing (Blomquist and Vogt, 2003). On the other hand, there are many examples for a broad
scale tuning in insect olfaction, as well, suggesting that both approaches make sense for insects
(Hallem and Carlsson, 2006; Bohbot and Dickens, 2012).

For specific details on the biochemistry of insect olfaction the reader is referred to the published
book chapter presented in chapter 3 of this thesis. For more details see Hansson (1999), Pelosi and
Maida (1995), Tegoni et al., (2004), Wicher et al., (2008), Hallem and Carlsson (2006) and Bohbot and
Dickens (2012).

2.3 Electrophysiology

In an olfactory neuron, an odor induces a change of the dendritic membrane potential. This
membrane potential is a product of different ion concentrations inside and outside of the neuron.
When the dendritic membrane potential changes a neuron can be depolarized over the threshold for
excitation and the potential change is transmitted along the axon-membrane of the neuron. The
altering electrical potential of an axon can be measured by two electrodes, one inside the axon and
one outside, as a reference electrode. (Schneider, 1957; Satelle et al., 1980; Schmidt et al., 2011).
There exist different electrophysiological setups that apply the described biophysical relation. Single
sensillum recording (SSR) utilizes single olfactory neurons for signal evaluation (Van der Pers and
Minks, 2011; Shanbhag et al., 1999). While the reference electrode can be situated in the head of an
insect, the measuring electrode is inserted in the axon of an olfactory neuron. This
electrophysiological method requires a lot of skill and patience, as the sensillae on the antennae
cannot be seen with a binocular. Therefore, the only reference for a successful insertion of the
electrode is the measuring of an action potential rate (Lewicki, 1998). The advantage of this method
is the possibility to classify different types of sensillae, which can result in a mapping of an antenna.
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Among the most popular examples of the classification and spatial allocation of sensilla populations
is a map of the funiculus of Drosophila melanogaster (Shanbhag et al., 1999). The classification of a
sensilla population’s odor spectrum is important for the understanding of the mechanisms of
olfaction in insects (Kaib, 1974) and research on this field was crucial for developing hypotheses for
odor perception in insects (Hallem and Carlson, 2006; Bhobot and Dickens, 2012). The
electrophysiological investigations for the presented doctoral thesis were performed with a different
electrophysiological setup, called electroantennogramm (EAG).

2.4 Electroantennogramm (EAG)

While single sensillum recording measures the performance of one olfactory neuron, the
electroantennogramm measures the depolarization of sensilla groups on the whole antenna. This can
be done by clamping the excised antennae between two electrodes in an antenna holder. Usually, an
electrolytic solution connects the antenna with the electrodes. An odor stimulus on the antenna
leads to action potentials in all of the olfactory neurons of one sensilla population, which results in a
depolarization of the whole antennae. This depolarization is caused by an increasing influx of
positively charged ions into the neurons. The increasing negative charge in the surrounding cell
lymph of the neurons leads to a measurable change in the voltage between two electrodes. This
voltage change is amplified by a pre-amplifier and a main-amplifier. A low-pass filter is used to
suppress the influence of drifts and a high-pass filter is used to suppress the influence of high
frequencies of action potentials. The resulting signals show peaks that are correlated to the presence
and the concentration of volatile stimuli (Weissbecker et al., 2004; Sauer et al., 1992; Schitz et al.,
1999b).

In order to apply this stimulus, the volatile can be diluted in paraffin oil and this solution is dropped
on filter paper and inserted in a syringe with a defined volume (Weissbecker et al., 2002; Paczkowski
et al., 2012; Schiitz et al., 1999b). For ideal solutions, the equilibrium concentration of the volatile
stimulus in the defined volume of the syringe corresponds to its vapor pressure (Henrie's law) and
depends on its concentration (Henrie's law or Raoult’s law) and the temperature (Antoine’s law).
When the compound in the syringe has reached its equilibrium concentration, a defined amount of
the gas volume is puffed on the antenna in the antenna holder. With this technique, dose response
curves can be recorded that show the sensitivity of the antenna towards a stimulus in comparison to
a control stimulus (Schiitz et al., 1999b; Paczkowski et al., 2012). With a statistical analysis, the
lowest significant response towards the volatile stimulus can be calculated. The vapor pressure of
this lowest significant response depends on the vapor pressure of the pure compound and the
concentration of the compound (Raoult’s law or Henrie's law) and can be calculated in order to
compare the dose-response relation between volatile stimuli with different vapor pressure.

A modified electrophysiological method based on the EAG method is the electroantennographic
detection. The EAG setup is connected as a detector to a gas chromatograph (Weissbecker et al.,
2000; Smid et al., 2002). This electroantennographic detection can be combined with a MS analysis
(GC-MS/EAD) (Weissbecker et al., 2004; Riolo et al., 2012). At the end of the column of a GC a split
can direct one part of the gas flow to the mass spectrometer and another part to the EAG setup as a
second detector. Both the ion chromatogram of the MS and the electrophysiological chromatogram
of the EAD can be combined in order to identify a volatile and classify it as electrophysiological active
or inactive.
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2.5 Applications of insect olfaction

As the formation, sampling, and detection of VOCs, as well as the capabilities of insect olfaction and
its application in trace analytical methods has been introduced in the previous subchapters of the
introduction, the basic hypothesis of this thesis will be introduced here. This hypothesis regards the
olfaction of insects as a highly promising model for portable trace analytical devices, such as gas
sensors, designed for industrial applications (Vass et al., 2002; Statheropoulos and Karma, 2005;
LeBlanc and Logan, 2010; Paczkowski et al., 2011a; Paczkowski et al., 2011b; Paczkowski and Schiitz,
2011; Paczkowski et al., 2012). The cause for posting such a hypothesis was the common problem
that has to be faced when adapting gas sensors for the detection of process-correlated volatiles: the
problem of the choice of the volatiles that reliably indicate the incident that has to be detected
(Winquist et al., 1993). Finding such a volatile can be highly valuable, because a sensor system that
detects this volatile will sense an incident with high reliability and, in consequence, can be a
commercializable innovation. Insect olfaction can be highly beneficial for selecting such volatiles,
because insects are already adapted to perceive them (LeBlanc and Logan, 2010).

As chemosensing is one of the oldest senses in nature, million years of evolution have developed a
complex interaction of odorant binding proteins, membrane receptors, and neurons in recent insects
(Hansson, 1999; Tegoni, 2004; Hallem and Carlsson, 2006; Bohbot and Dickens, 2012). Such a long
time periode was necessary, because most mutations leading to alterations in the DNA are nonsense
mutations and the phaenotype of the individuals carrying such mutations is not affected. Even most
of the mutations that make sense and lead to a change in the phaenotype of the individual are not
located on sequences expressed for the sense of olfaction. If they are located there, it will be only a
small part of these mutations that improve the abilities of the individual for the interaction with its
changing environment. These small number of mutations will improve the individual's fitness in the
struggle for live. The resulting phaenotypical changes will alter the population, as the individual with
the best adaption will increase its chance to survive and to reproduce (Darwin, 1859) and, therefore,
to disperse its genes, which contain the mutation (Storch et al., 2001). This basic description of
evolutional processes shows the low probability for advantageous modifications in genes and
underlines the importance of a long time and a high number of individuals necessary to generate
such complex biochemical interactions in the olfaction of recent insect species (Pelosi and Maida,
1995; Tegoni et al., 2004; Wicher et al., 2008; Hallem and Carlsson, 2006; Bohbot and Dickens, 2012).
These laws of evolution support the selection of reliably occuring volatiles, because part of an
individual's fitness is its efficiency in detecting, for instance, a food source, a mating partner or an
oviposition place. This detection process is often triggered by volatiles, because volatiles allow an
assessment of the physiological stage of a substrate, which can be crucial for oviposition or feeding
(Schitz and WeiRbecker, 2003; Schiitz et al., 2004; Schiutz et al., 1997b; Schiitz et al., 1999a;
Thakeow et al., 2008). Using such volatiles for sensor solutions can reduce the time and the costs for
fundamental research activities and can efficiently transfer fundamental biological knowledge to
applied technical innovations (Paczkowski et al., 2011a; Schiitz et al., 1997a; Schéning et al., 1998;
Paczkowski et al., 2011b; Schiitz et al., 1999a). This hypothesis has been evaluated in the frame of
this thesis on the three examples meat spoilage, vertebrate decomposition, and thermal oxidation of
wood. In case of meat spoilage, the olfaction of the blowfly C. vicina has been investigated
(Paczkowski et al., 2012) and in case of the thermal oxidation of wood, the pyrophilic beetles M.
atrata, M. acuminata and A. nigricans were investigated (Paczkowski et al., 2011a).

17



A more detailed description of the different ideas concerning applications of insect olfaction are
included in the book chapter “Biosensors on the basis of insect olfaction”, which is part of this thesis
(Paczkowski et al., 2011b). As this book chapter is already published and should not be modified, this
cross reference should avoid unnecessary repetitions. The limits of the hypothesis are discussed in
the general discussion of this thesis.

2.6 Semi conductor gas sensors

Semi conductor gas sensors are used for the detection of organic and inorganic gases (Winquist et
al.,, 1993; Bock et al.,, 1997; Kohl, 2003; Kuske, 2006; Rajamaki et al., 2006; Olafsdottir and
Kristbergsson, 2006, Paczkowski et al., 2011a, ERinger et al., 2010). According to the quantum
theory, electrons in a metal crystal are regarded as an electron gas. The kinetic energy of these
electrons is described by the Fermi-Dirac statistic, which is an adaption of the Maxwell-Boltzmann
statistic for quantum mechanical systems. The Fermi-Dirac statistic takes in account the Pauli
Principle, which demands that every electron in a molecule must have a different quantum number.
The band-model for crystals was developed on the basis of the Schrédinger equation and postulates
that a metal crystal derives of energy bands. Within the band the possible energy state of electrons
seems to be continuously, because of the high number of discrete energy states for the electrons.
Between the bands there are band gaps without electrons. In conductors, the valence band is the
conduction band, because the valence band has free energy states for stimulated electrons. An
isolator has a very large gap between the filled valence band and the empty conduction band and
stimulated electrons cannot pass to the conduction band. A semi conductor has a relatively small gap
between the filled valence band and the conduction band. This small valence-conduction band gap
leads to the typical electrical properties of semi conductors, which can be used for gas detection (for
more information see Giancoli, 2010).

On the surface of a heated metal oxide crystal, volatiles can be oxidized by the oxygen or can reduce
the oxygen in the metal oxide. This influences the energy states in the band, which leads to a band
bending of the valence band and, in consequence, to a change in conductance of the semi conductor
metal oxide crystal (Kohl, 1989; Madou and Morrison, 1989). This altering conductance can be
measured and results in a signal allowing an estimation of the quantity and the type of volatile. The
sensitivity and selectivity of such gas sensors can be modified by the nano structure of the surface,
the type of metal oxide or other substrates, such as porphyrins or copper-phthalocyanines, and
temperature or voltage cycles (Sauerwald et al., 2007; Gramm and Schiitze, 2003).

Gas sensors are regarded as good candidates for many applications, as they derive of several
advantageous features (Gutmacher et al., 2011). They allow a precise online monitoring of gas
emissions, as they can measure volatiles every second and over a period of several years. They can
be produced with relatively low costs and are small. Gas sensors can detect low concentrations of
volatiles; however, major drawbacks are the relatively high energy consumption that disables stand-
alone solutions (Gutmacher et al., 2011) and the lack of selectivity (Semancik et al., 2001, Gramm
and Schitze, 2003). In a complex odor plume there might be important marker volatiles in traces. A
compound that quantitatively dominates the odor profile might induce a strong change in
conductance on the semi conductor gas sensor, which covers the smaller change in conductance
induced by the marker volatile. While insects use their biochemical olfaction to select compounds
from an odor mixture (Tegoni et al., 2004; Hallem and Carlsson, 2006, Wicher et al., 2008; Bohbet
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and Dickens, 2012), gas sensors cannot reach this level of selectivity (Kuske et al., 2006; Olafsdottir
and Kristbergsson, 2006). Besides optimization of a single gas sensor’s selectivity, arrays with signal
integration can be used to enhance selectivity (Gutmacher et al., 2011). In the frame of cooperation
with the Institute of Applied Physics in GieRen, Germany, a first step was made in the development
of an early fire warning system for wood flake dryers in the wood processing industry, which is
basically transferable to forests or wood storages. The sensors in this multi-sensor array are run with
a temperature cycle that enhances their selectivity (Paczkowski,S., Paczkowska,M., Nicke,S.,
Schulze,N., Dippel,S., Schiitz,S., Sauerwald,T., Weiss,A., Bauer,M., Gottschald,J. and Kohl,C-D (xxxx)
The olfaction of a fire beetle leads to new concepts for early fire warning systems, Sensors and
Actuators B-Chemical, Manuscript in preparation).

2.7 Scope of this thesis

The scope of this thesis is the utilization of insect olfaction for three fields of application: forensic
science, fire control, and food science. The first chapter “Biosensors on the basis of Insect olfaction”
introduces the general idea of biosensors and biomimetic sensors.

The following mini-review and two experimental studies show the possibilities of using
necrophageous insects, mainly C. vicina, as an information filter for identifying marker compounds
that can be correlated to the post mortem time. The mini-review “Post-mortem volatiles of
vertebrate tissue” introduces to the general idea and shows the complexity of volatile formation and
volatile pattern published in the literature. The first experimental study “Decaying mouse volatiles

J

perceived by Calliphora vicina Rob.-Desv.” shows the preliminary results with mice as model
organisms. A correlation between the calculated ADD and two volatile compounds is evaluated. The
second study uses pigs as a larger model organism resembling human corpses, and yields more

marker volatiles.

The following four manuscripts evaluate the use of the olfaction of fire associated beetles on the
field of fire warning. The first manuscript “The olfaction of a fire beetle leads to new concepts of fire
warning systems” evaluates the olfaction of the European fire beetle Melanophila acuminata for use
in gas sensor based fire warning systems. The second manuscript uses the Australian fire beetle
Merimna atrata to compare fire beetles in different habitats and, thereby, confirming the hypothesis
of marker volatiles for wood fires, as there should be parallels between the olfaction of both beetles
if evolution really tunes the olfaction to the perception of the most reliable compounds. The third
manuscript “Volatile combustion products of wood attract Acanthocnemus nigricans (Coleoptera:
Acanthocnemidae)” investigates the olfaction of a second Australian fire beetle with behavioral
studies, as it was not possible to use electrophysiological methods with this animal. This study
confirms the importance of lignin and cellulose derived combustion products, which also play a role
in the other two manuscripts. The last manuscript “Biomimetic gas sensors for large scale drying of
wood” focusses on presenting the general idea of the second part of this thesis for a conference
(SPIE 2011). Here, the applicability of the hypothesis is emphasized.

The last manuscript “The olfaction of the blowfly Calliphora vicina (Rob.-Desv.) as an information
filter for volatile-based meat spoilage detection” transfers the idea of post mortem time
determination to meet spoilage. Again, C. vicina is used as an information filter for the identification
of marker volatiles for meat spoilage. This study results in a concept for volatile based meat spoilage
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detection, but also shows the limitations of the hypothesis. In an artificial environment, volatiles can
be emitted that are not important for the ecology of the blowfly, but highly informative for meat
spoilage detection.
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Chapter 12
Biosensors on the Basis of Insect Olfaction

Sebastian Paczkowski, Bernhard Weifibecker, Michael J. Schoning,
and Stefan Schiitz

Abstract Biosensors utilize organic components like proteins, cells, or fragments
of organisms within a technical device. By combining technical transducers with a
biological sensory unit it is possible to reproduce the capability of natural sensors,
which far exceed mere technical solutions in selectivity and sensitivity. For instance,
by integrating the antenna of a Colorado potato beetle (Leptinotarsa decemlin-
eata) in the gate of a field-effect transistor (BioFET), volatile trace compounds are
directly detectable in the ppb range. A complex biochemical detection system in the
antenna of the beetle serves as a filter for compounds that provide vital information
about its environment. Another advantage of biologically inspired sensory solu-
tions is the evolutionary tuning of the natural detection units towards compounds
that are significantly correlated to ecological conditions. Nature has undergone mil-
lions of years of survival of the fittest to select compounds that serve organisms
reliably as information to trace hosts, mating partners, enemies, or competitors.
Because of the diversity of ecological interactions between animals all over the
world the biosensor concept and biomimetic approaches can lead to numerous appli-
cations for tracking, surveillance and monitoring of environmental and industrial
processes.

Keywords Volatile organic compounds (VOCs) - BioFET - Fire detection -
Agricultural pests - Forest pests - Post mortem interval estimation - Meat spoilage
detection

12.1 Definition and Basic Principles

Basically, a biosensor is a measuring device that traces chemical compounds, organ-
isms, or physical measurands by spatially and functionally combining a biological
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component with a physical or chemical transducer (Lowe, 1985; Scheller et al.,
1985). This definition suggests a wide field of possible applications, as it neither
refers to any peculiar biological components nor does it describe any concrete phys-
ical measurands. Actually, the field of possible realizations of biosensor concepts is
quite extensive.

The integrated biological component could, for instance, be an organic molecule,
Like an enzyme or an antibody. These biochemical structures perform distinctive
tasks in organisms and therefore, interact with only a selected number of other
chemical compounds that occur sometimes only in low concentrations. This selec-
tivity can be utilized in a sensor concept that responds selectively and sensitively
towards distinct compounds.

The bio-component can also be an organelle, cell, organ, or a complete organ-
ism. Here, the definition of a biosensor converges towards the definition of a
bio-indicator that is defined as a plant or animal species whose appearance or
absence in a habitat allows correlations to environmental conditions, like nutrition
availability or air pollution. As in the case of a bio-indicator where a macro-
scopic measurand, for instance the number of lichen-species, is determined, also
a biosensor on the basis of molecular bio-components has to display a measurable
factor that is transduced into a physical measurand.

This leads to the second element of a biosensor: the so-called transducer. As
the technological part of the sensor this compound is defined by its function and
not by its mode of operation. Its task is to convert the specific biological/chemical
interaction of the bio-component and an analyte into a physical/chemical response
with a measurable output, generally electrical signals.

The first published application of a biosensor was a system to measure the con-
centration of glucose in the blood (Clark and Lyons, 1962). Here, the enzyme
glucose oxidase was immobilized with a dialysis membrane on a platinum electrode.
The enzyme metabolizes glucose to gluconolactone while the produced hydrogen is
transformed to hydrogen peroxide under consumption of oxygen. This product is
detected by an amperometric electrode. Alternatively, the consumption of oxygen
can be recorded. The bio-component is in this case the dissolved glucose oxidase
and the transducer, a platinum oxygen electrode. A permeable membrane keeps the
solution around the electrode.

12.2 Types of Biosensors

Biosensors can be classified by the type of the used bio-component, the stage of
development (generation), or the type of transducer.

12.2.1 Bio-Components

Enzymes (enzyme sensors) and antibodies (immuno sensors) are utilized as bio-
components in biosensors where the substrate is detected by docking on a selective
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receptor. One can differentiate between catalytic sensors and affinity sensors
depending on whether the formation of a receptor/substrate complex yields a
metabolic product or not.

A microbial sensor utilizes living cells, for instance coupled to an oxygen elec-
trode that measures respiration processes of the cell by means of the oxygen uptake.
This utilization of living cells or tissue opens new perspectives for biosensor appli-
cations. However, it also presents a technical challenge to cultivate functional cells
on a transducer and to obtain a sufficient storage protocol for the biosensor (Rudolph
and Reasor, 2001). Biological receptors or organisms (e.g., after genetic modifica-
tion) can even be used for the detection of compounds that are not relevant to the
organism itself but are of greater interest to humans. As an example, genetically
engineered bacteria produce a fluorescent protein in the presence of uranium, which
emits a green glow when irradiated by UV-light (Hillson et al., 2007). Another
example is the application of complete organs, for instance insect antennae, which
is described in detail in Section 5.

12.2.2 Generations of Biosensors

The above-mentioned glucose sensor of Clark and Lyons uses a membrane in order
to immobilize enzymes on an electrode. This setup is also designated as a biosensor
of the first generation (Scheller et al., 1985).

Enhancements to this technique are sensors where the biochemical receptors are
directly bound to the surface of the transducer (2nd generation) or immobilized
directly on an electronic control device, for instance a transistor (3rd generation). In
particular, field-effect transistors (FETSs) are convenient because of their high input
impedance. The combination of a FET with a bio-component, for instance an insect
antenna, is referred to as a BioFET (Schiigerl, 1985; Schiitz et al., 1997a).

12.2.3 Transducers

The most important types of transducers are electrochemical, optical, mass-
sensitive, or thermal sensors (Rodriguez-Mozaz et al., 2006). An example of
electrochemical transduction is the amperometric detection mentioned in Section 1,
which is especially used for catalytic enzyme reactions.

Optical sensors can utilize the absorption, fluorescence, or bioluminescence of
molecules and organisms as input.

One technical realization of mass-sensitive sensors is the piezoelectric sensor
combining the surface of a quartz oscillator with an enzyme or antibody. When bio-
components from the surroundings attach to its surface the total mass of the crystal
changes and due to Sauerbrey’s equation the oscillating frequency of the quartz also
changes.

Thermal sensors detect the production or consumption of heat during biochemi-
cal reactions.
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12.3 Applications of Biosensors

Conventional methods of instrumental chemical analysis, especially gas chromatog-
raphy and mass spectrometry (GC-MS), require high laboratory costs. In this
context, biosensors offer approaches for improved methods that allow real-time
on-site analytics (Badihi-Mossberg et al. 2007).

To detect, for instance, a pesticide in farmland, standard methods require a
labor-intensive extraction of the target compounds from the sample matrix. GC-
MS analysis is then performed with a throughput of 20-40 samples maximum per
day. Therefore, the manual labor for sample preparation and the operation of the
instrumental setup is very cost-intensive, restricting these conventional methods to
the survey of a limited number of samples.

A portable measuring device without extensive sample preparation is needed to
establish convenient applications for practical on-site use (Rodriguez-Mozaz et al.,
2006). A biosensor with an appropriate selectivity can detect compounds directly
in their matrix without preceding extraction or purification. This will inter alia
enable the recording of data in a high spatial and temporal resolution in order
to follow a concentration gradient and thereby, localize the source of the pol-
lution. Applications of biosensors are, for instance, the detection of pesticides,
air pollutants such as formaldehyde or sulfur dioxide, polycyclic aromatic hydro-
carbons (PAHs), herbicides, toxicants, or heavy metals (Badihi-Mossberg et al.,
2007). The range of applications for biosensors is not restricted to the detection
of chemical compounds, but also includes the sensitive and highly reliable detec-
tion of specific microorganisms (Turner et al., 2008). Examples are the detection of
Escherichia coli in the meat-processing industry (Tokarskyy and Marshall, 2008)
or in water (Theegala et al., 2008). However, biosensors provide less accurate
quantifications of compounds in comparison with conventional techniques of trace
analysis.

If there is an assessment of complex biological effects needed, like toxicity and
mutagenicity of mixtures, the state of health of plants and animals as well as the
quality of ecosystems, a biological integration of complex measurands is necessary
which cannot be detected by compound-specific trace analysis. In this case, a tech-
nical combination of bio-indicator organisms to adapted transductors is necessary.
An example is the detection of the biochemical oxygen demand (BOD) of water
which displays the amount of oxygen demanded to catabolize the contained amount
of organic matter. This complex measurand is an indicator for the rate of pollu-
tion by sewage and can be determined with different conventional methods that
are not applicable for online measurement (Rodriguez-Mozaz et al., 2006). For this
demanding task biosensor approaches are already commercially available (Liu and
Mattiasson, 2002).

On the whole, it is to be expected that the role of biosensors in diverse fields of
application will increase rapidly in the future. Some applications are already covered
by commercially available systems and recent research highlights the large diversity
of further possibilities.
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12.4 Insect Olfaction as a Basis for Biosensors

The basic idea of a biosensor based on insect olfaction is to utilize the extremely
high sensitivity and selectivity of olfactory receptors (ORs). The silk moth Bombyx
mori is able to trace 1,000 molecules per second of the pheromone bombycol
in one cubic centimeter of air (Kaissling and Priesner, 1970). This is equivalent
to a 1-g sugar lump diluted within and distributed over the whole water volume
of Lake Constance. Another advantage of an insect antenna is the evolutionary
adaption of insect olfaction to the detection of complex environmental parameters.
The black jewel beetle Melanophila acuminata can, for instance, detect the burnt
scent of a single charred tree over a distance of several kilometers (Schiitz et al.,
1999).

Therefore, the combination of a highly specialized biochemically operating
insect organ with a signal amplifying and processing electronic device can lead
to a striking detection performance of organic trace compounds in the atmo-
sphere. Such a biosensor system acquires its sensitivity and selectivity by means
of a biochemical transduction pathway linking the occurrence of organic trace
compounds to the depolarization of olfactory sensor neuron populations on the
antenna. As the adaptation of the olfactory sense in insects to the distinctive
demands for the single species has gone through millions of years of selection
of the fittest, the resulting compounds can be regarded as marker compounds in
the ecological interaction between the insect and its environment. Combining tech-
niques of trace analysis, like gas chromatography/mass spectrometry with parallel
electroantennographic detection based on insect antennae into one GC-MS/EAD
setup (Weilbecker et al., 2004) allows the identification of single compounds
that are selectively traceable by an insect via scent. As insect species appear in
most ecosystems all over the world and are adapted to many, often very dis-
tinct olfaction-based interactions with their environment, the amount of potentially
usable marker compounds for biosensors based on insect olfaction is extremely
large. The applicability of these marker compounds for economic purposes
implies that the outcome of biodiversity conservation is a considerable source of
innovation.

12.4.1 The Biochemical Transduction Pathway in Insect Olfaction

Once an odor plume reaches the airspace around an insect, it enters nanopores in the
cuticle of an olfactory sensillum. The cuticle covers the antenna in order to prevent
mechanical damage and desiccation of the sensory neurons housed in the sensillum.
These nanopores allow volatile organic compounds to diffuse into the sensillum
lymph that surrounds the neurons inside the sensillum. So-called odorant binding
proteins (OBPs), first discovered by Vogt and Riddiford as pheromone-binding pro-
teins (PBPs) (Vogt and Riddiford, 1981), selectively bind and transport the mostly
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Fig. 12.1 The functional cuticle
concept of insect olfaction. OBP (empty)
Embedded on the surface of OBP-ligand-complex

the neuronal membrane inside
a sensillum on the antenna are
receptors that trigger ion ion channel (closed)
influx by contact with an
OBP-ligand complex ion channel (open)

neuronal
membrane

dendrite
sensillum lymph
air

antenna

hydrophobic odor compounds through the hydrophilic sensillum lymph to the olfac-
tory receptor contained in the neuron membrane (Fig. 12.1). It is proposed that due
to the three-dimensional tertiary structure of these mono-chain proteins a binding
cavity is formed in which functional groups of amino acids are exposed to inter-
act with the peculiar structure and charge distribution of the odor molecule (Tegoni
et al., 2004). When the OBP-ligand complex contacts its specific olfactory receptors
on the neuron surface, a G-coupled protein cascade can be activated which leads to
the opening of an ion channel allowing an influx of potassium ions that depolar-
izes the sensillum neuron. When the odor is present in a detectable concentration a
sufficient number of cascades are activated to exceed the neuronal activation thresh-
old and an action potential is elicited and further processed in the insect nervous
system. Although intensive research has been conducted on understanding the bio-
chemical interactions involved in insect olfaction the interactions are not as yet fully
understood. For instance, the role of the OBPs and the ORs regarding the priority
of selectiveness in binding the odor molecule is still a matter of discussion (Riitzler
and Zwiebel, 2005) and, as a second example, recently it has been found that the
OR and the ion channel can form a spatial functional unit omitting the G-coupled
protein transduction pathway (Wicher et al., 2008). However, the striking perfor-
mance of insect olfaction in distinctively corresponding to ecologically relevant
compounds has been verified by many studies and should lead to a wide range of
artificial olfaction-based sensor applications in the future.
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12.5 Application Layout: Biosensors on the Basis
of Insect Antennae

The utilization of an intact insect antenna as a bio-component requires a mechani-
cally and electrically stable junction while avoiding damage to the organ. Because
of advantageous electrical and constructive possibilities the design of biosensors as
BioFETs, meaning a hybrid device consisting of an insect antenna and a field-effect
transistor (Fig. 12.2), has been established as particularly reliable (Schoning et al.,
1998; Schroth et al., 2001).

In the case of the “whole-beetle” setup, the antenna of the Colorado potato beetle
was directly coupled to the gate of the field-effect transistor via an electrolyte solu-
tion, whereas for the “isolated antenna” setup, it was removed from the beetle (here,
one part of the antenna is connected via the electrolyte to the FET gate). A typ-
ical dose-response curve of this antenna-based BioFET is schematically depicted
in Fig. 12.3: An air current, loaded with (Z)-3-hexen-1-ol, as an exemplary odor
compound, is applied to the antenna. The biochemical cascade inside the antenna
finally leads to the formation of an electrical potential drop across the receptor’s cell
membrane and thus, to a dipole potential over the whole antenna. The latter mod-
ulates the conductance of the FET channel between source and drain, inducing a
distinct variation of the drain current /p, which is dependent on the particular odor
concentration.

The immanent miniaturization of the insect antenna as well as the miniaturization
of the microelectronic part will allow manufacture of biosensor circuits of the size
of a 1<€ coin. Such sensor heads are deployable in portable biosensor systems to
enable high-resolution data acquisition in-situ.

As distinctive examples four potential applications of biosensors on the basis of
insect antennae are described below.

Fig. 12.2 BioFET hybrid consisting of an insect antenna and a field-effect transistor (FET)
with intact Colorado potato beetle (A) and isolated antenna setup (B), respectively. (a) Antenna,
(b) electrolyte, and (c) field-effect transistor
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12.5.1 Fire Detection with Insect Antennae

Already at the beginning of the twentieth century there were reports from firemen of
black beetles that flew in masses towards burning forests, hampering efforts to extin-
guish fires and even attacking firemen. Reports on this unusual pyrophilic behavior
of the black jewel beetle M. acuminata included speculation that the beetle might
be able to orientate towards a forest fire through olfactory means.

Further research on this beetle revealed that its antenna detects smoke compo-
nents such as guajacol compounds very sensitively (Fig. 12.4).

These compounds originate from the pyrolysis of lignin, one of the basic con-
stituents of wood. As the beetles breed in burned wood, they are adapted to the
detection of wood fires like forest fires. Combustion of fossil wood (i.e., coal) can
be detected by the beetles, too, as it also contains lignin.

Fig. 12.4 Result of
combined gas
chromatography/flame
ionization detection
(GC-FID/EAD) utilizing the
excised antenna fragment of
Melanophila acuminata.
Simultaneous peak formation
allows the identification of
electrophysiologically active

FID signal (mV)I EAD jsignat (m\é‘)3

EAD

%:g

4-acetyl-guajacol
4-formyl-guajacol
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Combustion products of diesel fuel or gasoline do not elicit comparable sig-
nals. This enables the design of a biosensor based on the antenna of M. acuminata
to differentiate between frequently occurring background compounds, for example
originating from traffic, and wood fire. Thus, false-alarms caused by engine exhausts
can be avoided and a reliable fire early warning system can be based on the perfor-
mance of the biosensor. Additionally, by distinguishing between different guajacol
compounds the beetle is able to differentiate between types of fires, as the com-
pounds originate from the variation of oxygen availability and fire temperature. As
a fire warning device should be integrated into an emergency plan any additional
information about the kind of fire will facilitate selection of appropriate response
procedures.

Field experiments revealed that a fire comprising of only a few trees (5 m> wood)
can be detected by a biosensor based on the antenna of M. acuminata over a 2-km
distance and can be traced by the concentration gradient of smoke components and
wind direction through a dense forest stand. Combining the high sensitivity and
selectivity for marker compounds of fires with the identification of the kind of fire
and the traceability of the source, a biosensor based on the antenna of M. acuminata
is a powerful tool to be used as the first link in the fire-fighting chain.

12.5.2 Detection of Phytophagous Infestation
in Agricultural Crops

The Colorado potato beetle Leptinotarsa decemlineata is one of the most important
agricultural pests. Originally, the beetle occurred only on Solanum rostratum which
is a solanaceous herb like the potato plant Solanum tuberosum. When American
settlers intensified cultivation of potatoes the beetle infested these cultures as an
additional source of nutrition. Since then the Colorado potato beetle has spread over
the whole world and caused serious crop losses.

Investigations into the olfactory capabilities of L. decemlineata in search of a
possible pest-management technique revealed that the beetle is able to differentiate
between the feeding of conspecifics, infection of potato plants with the late blight
disease (Phytophthora infestans), as well as the mechanical damage of potato plants
via hail and agricultural machines by its olfaction. Thereby, it uses the fact that
potato plants emit different scents when beetles feed on them compared to plants
that are infected by fungi or that are mechanically damaged (Schiitz et al. 1997b)
and it uses different marker compounds for this discrimination.

These marker compounds are detected in very low concentrations and there-
fore, are recognized by the beetle even at long distances from the emission source.
A marker compound for the cumulative type of damage is 2-phenylethanol, as its
concentration in the air above a potato field allows correlation to the consumed leaf
area (Schiitz, 1997b). Only if cumulative damage surpasses an economic thresh-
old does it make sense to apply control measures to avoid larger crop failure.
Prophylactic chemical treatment can be avoided this way.
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Infestation by the Colorado potato beetles is initially punctual and spreads
as the population increases over the whole field. A well-directed control mea-
sure against infestation hotspots is possible by the detection of (Z)-3-hexen-1-ol,
a marker compound correlated with the ongoing leaf damage. Therefore, mon-
itoring of 2-phenylethanol and (Z)-3-hexen-1-ol by a biosensor based on the
antenna of the Colorado potato beetle situated at a field margin or on a trac-
tor enables the spatial assessment of cumulative and recent damage by taking
wind direction and wind speed into account. This can result in on-site recom-
mendations for efficient and economic pest management (Schiitz and Wei3becker,
2003).

12.5.3 Assessment of Increased Infestation Disposition
Jor Insect Forest Pests

The change to alternative energy sources such as renewable primary products (e.g.,
timber) has led to a focus on intensified utilization of our forests. As the value of
timber increases its harvesting implies a profit gain and this consequently requires
effective management systems. When land usage is intensified in forest stands possi-
ble risks have to be considered, for example nutrient loss, drought stress, or sunburn.
These factors primarily lead to a decrease of accrescence and debilitation of the
trees. A secondary effect is, for instance, the attraction of insects by the modified
scent of debilitated trees. As the defense capability of such trees is lowered the
survival rate of the insect’s offspring rises. This leads to an increase in the pest’s
population, which is then able to infest intact trees, as well. Such complex ecolog-
ical interactions can cause high economic losses. Therefore, a biosensor system on
the basis of a pest species antenna to detect debilitated trees would enable early
retaliatory actions.

The blue pine jewel beetle Phaenops cyanea is able to distinguish between short
but vitality-decreasing drought stress, for instance on pine, and stress inflicted by
fungi infestation or mechanical damage, for example via storms. It utilizes the
fact that pines emit different scents when under drought and when stressed by
fungi or mechanical damage (Schiitz et al., 2004) and it is able to recognize the
different marker compounds. These marker compounds are even detected in the
ppb range (Schroth et al., 2001) and therefore, can be traced over long distances
to damaged pine stands. Consequently, the antenna of the blue pine jewel bee-
tle has the required sensitivity and selectivity when integrated into a biosensor
setup. In order to detect long-term drought stress the antenna of the longhorn bee-
tle Monochamus galloprovincialis, which is able to recognize selectively cyclic and
oxidized monoterpenes emitted by trees under such stress situations, can be utilized
(Weilbecker et al., 2006). For a practically relevant determination of whether a tree
stand is damaged seriously enough to expect an infestation by P. cyanea, quantitative
information correlated to the degree of damage is required. The marker compounds
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(Z)-3-hexen-3-ol and nonanal are correlated with the degree of cell-decomposition
in the bast of the trees. The detection of these marker compounds in a pine stand
enables one to conclude the degree of damage of the assimilate-conducting tissue
and thereby, the predisposition for an infestation by P. cyanea (Schiitz et al., 2004).

12.5.4 Post Mortem Interval (PMI) Estimation in Legal Medicine

In legal medicine the colonization of corpses by necrophagous insects is used to esti-
mate the time elapsed since death. Different insect species colonize a dead vertebrate
in waves, each associated with distinct stages of decay. Studies on a vertebrate’s
volatile profile in a certain state of decay have shown that there is a high variation in
the qualitative scent composition (Statheropoulos et al., 2005, 2007; Dekeirsschieter
et al., 2009). To investigate any constantly occurring trace compounds during verte-
brate decay on the basis of trace analysis would probably exceed the realistic limits
of manual data acquisition. Insect species can be utilized in post mortem interval
estimation to avoid significant expense in regards to time and money as they have
already overcome the problem of volatile pattern variation. For instance, in a GC-
MS/EAD setup the odor compound selection of several insects associated with early
and later stages of decay are analyzed to reveal marker compounds that are typi-
cally emitted in these stages. According to the odor selection there are basically two
types of carrion-colonizing insects, a general type that occurs during most of the
decay period and a specialized type that occurs only at distinct stages of decom-
position. Both types are valuable when a significant marker compound dynamics
leading to a post mortem interval estimation is required. The former type can be
used to develop a biosensor to indicate and locate the presence of corpses, while
the latter type can provide quantitative patterns distinct for earlier or later stages
of decay. The comparative relative quantity of compounds can lead to a dynamic
marker compound pattern as a common core of the scent of decay. A suitable species
for discovering such marker compound patterns may be, for instance, Calliphora
vicina, a bluebottle blowfly species, as it occurs shortly after death until advanced
decay (Smith, 1986). Odor compounds filtered by this fly species are—for example
sulfur compounds like dimethyl-trisulfide (Stensmyr et al., 2002)—general com-
pounds emitted during various metabolic activities. By utilizing the antennae of this
fly species in a biosensor setup it is possible not only to estimate the post mortem
time, but also to trace corpses or victims of natural disasters, for example after
earthquakes. Insect antennae of specialized types of necrophagous insects should be
selective for the identification of marker compounds characterizing certain stages
of decay. For instance, there should be an increase of compounds associated with
fermentation during the bloated stage and an increase in compounds associated with
aerobic metabolic activity during the successive stage where the skin ruptures and
the inner matter comes into contact with air. Combining the odor selection of both
types of necrophagous insect antennae could lead to a biosensor setup that enables
the estimation of post mortem interval as well as the tracing of corpses.
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12.6 Biomimetic Approaches to Sensors on the Basis
of Insect Olfaction

Analyzing odors emitted due to the metabolic activity of organisms adapted to an
ecological context usually results in a very high qualitative and quantitative vari-
ation of the odor-constituting compounds. Despite this high variation insects are
able to orientate towards the source of the scents by olfactory means. Taking into
account recent knowledge of the biochemical chain of odor compound detection
this implies that insects filter marker compounds from the whole scent emitted from
the desired source, despite variation factors, such as environmental conditions (e.g.,
temperature) or metabolic activity of other organisms (e.g., microorganisms). Such
marker compounds significantly display distinct conditions of dynamic ecological
processes. However, prior to transferring them to the databases of functional sensor
systems for monitoring these processes, limitations in the information content of the
marker compounds as well as technical limitations have to be taken into account.
Limitations in the information content of the marker compounds have to be con-
sidered according to the requirements of the technical sensor solution. A marker
compound that significantly defines a natural process is not necessarily conferrable
to an artificial industrial process or a processed industrial product. For instance,
using the detection of a thermal combustion product as a marker for smoldering
wood might not be significant for smoldering wood that has been impregnated.
Regarding the emission rate of compounds, the infestation of natural wood by fungi
should lead to quantitatively different emission progress compared to infestation of
chemically treated wood. Although nature has provided an approach towards the
solution of such cases, for example early fire detection utilizing the odor filtering
abilities of M. acuminata, adaptation to alterations of natural processes is required.

Considering the performance of biosensors on the basis of insect antennae it
is not possible yet to mimic its high sensitivity and selectivity in detecting single
compounds by an artificial solely technical device. Anyway, progress in gas sensor
applications provides devices with certain advantages in comparison to biosensors.
The major drawback of the latter is the short life-time of the antenna which restricts
its efficient usage. Although the requirements of running a biosensor are not high,
there is a requirement for personnel to operate the systems.

Thus, biosensors are more useful for on-site screening or tracking purposes than
for long-term monitoring purposes. In contrast solid-state sensors like semiconduc-
tor gas sensors have a lifetime of approximately 1 year, which makes them good
candidates for low-cost monitoring applications in industrial processes. As they
do not possess the selectivity and sensitivity of biosensors their applicability is
restricted concerning the concentration of the compounds to be traced and the level
of identification, which is rather compound groups, like aldehydes or amines as
opposed to single compounds. Applications of semiconductor gas sensors include,
for instance, monitoring the shelf-life of fish (Nicolay, 2006), monitoring of wheat
for fungal contamination (Presicce, 2006), detecting different mold species in build-
ings (Kuske, 2006), and smoldering fires in coal storage units (Schiitz et al., 1999) or
the discrimination of toasted or untoasted bread (Bock et al., 1997). To combine this
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technique with the concept of marker compounds is quite challenging, as the sen-
sor has to be modified to respond selectively and to gate out any other compound
reactions. This can be achieved with semiconductor gas sensor arrays where the
combined reactions of all sensors in the array lead to a compound-specific pattern.
Moreover, sensor filters, sensor surface modifications, temperature cycles, algorithm
analysis, or artificial neuronal networks (ANN) serve to improve the sensors perfor-
mance. As the efficient traceability of marker compounds is a valuable aim, the
potential for enhancements in this field of technological research is high in order to
successfully utilize the blue prints from nature. For instance, as outlined above, the
amount of 2-phenylethanol emitted by potato plants or cyclic and oxidized monoter-
penes emitted by trees under drought stress can be used to determine the ecological
status of the field or the tree. The following examples describe further possible
applications of biomimetic semiconductor gas sensor systems in industry.

12.6.1 Detection of Meat Spoilage

In our modern food industry quality control is the most important link between
producer and customer. Trust is a strong marketing factor, but due to several scandals
in recent times it became obvious, that the producer is not always able to guarantee
a minimum quality. Especially in the meat industry this is still a problem. Therefore,
there is a strong need for innovation in this field.

Generally, any cells including muscle cells contain fat due to phospholipid mem-
branes. Fatty acids, like linolic acid or arachidonic acid are typically abundant in
membrane lipids and can be degraded to volatile aliphatic alcohols and aldehydes.
Intra-muscular fat consists of fat cells inside the muscular tissue. Because of a per-
manent turnover in all tissues, the composition of nutrition has a strong influence
on the composition of the triacylglycerides. The second important source of meat
volatiles are proteins. The amino acid concentration of muscle tissue shows vari-
ations between species of animals (Branscheid et al., 2007). Amino acid chains
in meat tissue are mainly assembled to form the basic functional unit of the
myosin-actin complex that enables neuron-induced movement.

As the basic function of this complex is the same in all vertebrates, it is supposed
that its biochemical properties and therefore, the amounts of different amino acids
are the same, as well. Equal to protein-induced lipid degradation processes, meat
tissue contains proteolytic enzymes that cleave muscle proteins post mortem. The
main changes take place by fragmentation of myofibrils through the z-disk, degra-
dation of desmin, nebulin, and titin and the appearance of two polypeptides with
a molecular mass of 95 and 30 kDa. These phenomena are most likely induced
by calpains and cathepsins. Putrescine, cadaverine, tyramine, and histamine are
products of bacterial metabolism and E. coli play an important role in the for-
mation of histamine and cadaverine (Durlu-Ozkaya et al., 2001). The variability
of biogenic amines occurring during fermentation processes of meat is very high
and depends on the microorganisms growing on the tissue. As these amines are
not volatile under moderate temperature conditions a further degradation is needed
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to get a protein-induced flavor. Sulfur compounds are volatiles usually emitted by
decaying meat (Mayr et al., 2003), fermented meat (Barbieri et al., 1992), and also
cooked meat (Shahidi, 1998). It is most likely that these volatiles have their origin in
methionine and cysteine, which are the major sulfur-containing compounds in meat
tissue.

There has been some effort to correlate the volatiles emitted by decaying meat
to its grade of spoilage (Stutz et al., 1991; Winquist et al., 1993; Nicolay, 2006;
Mayr et al., 2003). These efforts resulted in sensor concepts disregarding the high
diversity of the scent of decay, which limits their application range (Winquist et al.,
1993; Nicolay, 2006).

As C. vicina is an organism associated with the colonization of vertebrate mat-
ter shortly after death it should be able to detect compounds emitted in the early
phase of decomposition. These compounds can be regarded as marker compounds
for the early spoilage of vertebrate tissue. Thus, by adapting a semiconductor gas
sensor system to the dynamic marker compound pattern of aging meat it is pos-
sible to estimate the freshness of meat. Such a sensor system could be applied
along the whole chain of custody from the slaughterhouse to the consumer. The
most important restriction of such a sensor system is the detection threshold for
the marker compounds as the emission rates in the early stages of spoilage are
usually low.

12.6.2 Early Fire Warning System in Wood Flake Driers

The pyrophilic beetle M. acuminata has already been described above including its
ability to detect fire over a long distance. Once it has reached the freshly burned
area the female beetle oviposits on stems that were not completely destroyed by
the fire. The hatching larvae feed on the cambium and later on the intact wood
tissue. To be able to find an appropriate place for oviposition, the beetle has to
be able to distinguish between different stages of heated or burned wood tissue.
This ability can result in a marker compound pattern that significantly correlates
the emission of compounds during wood heating with the temperature of the wood.
This pattern, when detected by a semiconductor gas sensor system, can lead to fire
warning applications that can detect wood fires before they ignite. Such applica-
tions can be adapted to, for instance, wood flake driers in the wood processing
industry. Reducing the water content of flakes in order to glue and press them to
boards requires a large energy input. As the drying process proceeds more effi-
ciently at higher temperatures it would be more efficient to dry the flakes just under
the threshold of self-ignition. Under production conditions the temperature is usu-
ally lowered to a level that ensures fire safety by monitoring the air temperature
and installing spark extinguishing systems. Monitoring the marker compounds for
heated wood just before the threshold of self-ignition would enable the tempera-
ture to be increased in wood flake driers without increasing the fire risk. This has
the advantages of reducing energy consumption, the loss of material, and dam-
age due to fire. Such systems can also be installed in biomass storage units, for
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example self-ignition of saw dust that is stored in silos as a renewable energy source
is one of the problems faced by modern energy plants. Applications for wooden
constructions, like warehouses, hotels, or private residential buildings are possible,
although the relatively high energy consumption of semiconductor gas sensors limits
commercial viability in the private market.
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Abstract Volatile emission during vertebrate decay is a
complex process that is understood incompletely. It depends
on many factors. The main factor is the metabolism of the
microbial species present inside and on the vertebrate. In
this review, we combine the results from studies on volatile
organic compounds (VOCs) detected during this decay
process and those on the biochemical formation of VOCs in
order to improve our understanding of the decay process.
Micro-organisms are the main producers of VOCs, which
are by- or end-products of microbial metabolism. Many
microbes are already present inside and on a vertebrate, and
these can initiate microbial decay. In addition, micro-
organisms from the environment colonize the cadaver. The
composition of microbial communities is complex, and
communities of different species interact with each other in
succession. In comparison to the complexity of the decay
process, the resulting volatile pattern does show some
consistency. Therefore, the possibility of an existence of a
time-dependent core volatile pattern, which could be used
for applications in areas such as forensics or food science,
is discussed. Possible microbial interactions that might alter
the process of decay are highlighted.
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Introduction

Avertebrate is a complex structure of chemically interacting
compounds. Some functional features like muscle contrac-
tion are constant in all vertebrates. Phospholipids in cell
membranes, actin and myosin in muscle cells, or collagen
and hydroxyapatite in bones are chemical structures that are
indispensible in the biology of a vertebrate and exist in all
vertebrates. The genetic makeup and diet have an impact on
the quantitative chemical composition of a vertebrate. In
muscle proteins, the relationship of different amino acids
varies between species (Branscheid et al. 2007) and the
quantitative composition of bones is influenced by both the
diet (Sos et al. 1961) and species (Ravaglioli et al. 1996).
The fat content, such as the composition and abundance of
fatty acids, triglycerides, phospholipids, and steroids, shows
high variability (Gurr 1988), and it is influenced by genetic
makeup (Branscheid et al. 2007;Estevez et al. 2003;Insausti
et al. 2005;Sink 1979a). The fat composition of the diet also
directly influences the vertebrate’s fat composition (Lee et al.
2004; Sink 1979b). These results indicate that vertebrates
contain chemical structures of low and high variability.
Consumers or destruents are heterotrophic organisms in
the food chain that are able to feed on cadavers. Consumers
are adapted to hunt vertebrate prey but can also feed on
cadavers and, besides other sources, destruents can feed on
dead vertebrates as well. A dead vertebrate has a complex
and time-dependent faunal succession composed of birds
(Moreno-Opo et al. 2010), omnivorous mammals (Haglund
1997), and insects (Amendt et al. 2004;Smith 1986). There
exist very little experimental literature on the microbiological
succession on dead vertebrates (Hopkins et al. 2000). Micro-
organisms are present in all the geographical regions of the
world and play the important role of recyclers in ecosystems.
They degrade organic matter to inorganic substances, which
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are then made available to primary producers. The chemical
reactions catalyzed by microbial enzymes yield volatile
organic compounds (VOCs) as the by- or end-products.
Micro-organisms can adapt their metabolism to their habitat.
This adaption depends on many factors such as the complex
and variable chemical composition of the decomposing dead
vertebrate, temperature of the habitat, or competition
between different microbial species (Kai et al. 2009).
Consequently, the pattern of volatiles released during
vertebrate decay can vary. The aim of this review is to
summarize the volatiles whose presence has been consis-
tently reported during the process of decay and to link these
volatiles to their processes of formation. Based on the results,
we discuss possible applications of these volatile patterns to
forensics and the detection of food spoilage.

Post-mortem decay initiated by endogenous enzymes

Immediately after death, the heart activity ceases and the lack
of oxygen leads to considerable physiological changes.
Glycogen is degraded to lactic acid in the skeletal muscle
(Branscheid et al. 2007). This decreases the pH during the
first hours post-mortem. In the case of high muscle activity
before death, this effect can occur even minutes after death
because the muscle already lacks oxygen. Another conse-
quence is the cessation of pyruvate transport across the
mitochondrial membrane. The oxidation of pyruvate to
acetyl-CoA stops, and acetyl-CoA cannot enter the citrate
cycle. The respiratory chain requires the low electronegativ-
ity of oxygen because it generates the electron gradient
necessary for ATP production. As ATP is a universal energy
source in vertebrate cells, the termination of its anabolism
leads to the cessation of regular metabolism. One of the
consequences of low ATP levels is the binding of the
myosin—actin complex in the muscle, resulting in rigor
mortis. Another effect is the inability of the cells to repair
their own membranes. Consequently, lysosomal hydrolytic
enzymes are released in an uncontrolled fashion in vertebrate
cells (Tto et al. 1991a, b). The proteolytic enzymes released
include lysosomal cathepsins and calcium-dependent endo-
peptidases in the muscle cells. Endopeptidases mainly
consist of calpain I for low calcium levels shortly after death
and calpain II for high calcium levels. High calcium levels
result from increasing influx due to the onset of decay of
longitudinal tubuli in the muscle cells. These proteolytic
enzymes fragment the myofibrils of muscle cells along the
z-disk. They react with troponins T and I, tropomyosin,
C-protein, filamin, vinculin, desmin, titin, and nebulin
(Dransfield 1992; Goll et al. 1983; Koohmaraie 1992,
1994). Toldra (1998) reported lipase and phospholipase
activity inside fermented ham, although halophilic micro-
organisms were only abundant on the surface. This suggested
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that the activity of lipolytic enzymes arose from the muscle
tissue itself. Furthermore, lipoprotein lipase is present in the
skeletal muscles of rats and hydrolyses di- and triglycerides
of low-density lipoproteins at an optimum pH value of § to 9
(Miller et al. 1987;Motilva et al. 1993; Okuda 1991).
Lysosomal acid lipase was found in the human liver,
placenta, aorta, and leukocytes (Sando and Rosenbaum
1985), and it hydrolyses lipids at a pH optimum of 4 to 5
(Motilva et al. 1993; Negre et al. 1985). This suggests that
the activity of lipoprotein lipase ceases shortly after death
due to lactic acid accumulation. The low pH suppresses
lipoprotein lipase and supports the activity of lysosomal acid
lipase. The phospholipids of the cell membranes are
degraded by phospholipases (Toldra 1998). Autolysis of
arachidonic acid by the skin enzyme system of ayu fish
(Plecoglossus altivelis) yields 2-octenal, 1-octen-3-ol, 2-
nonenal, 2-octen-1-ol, and 3-nonen-1-ol, and the autolysis of
eicopentaenoic acid yields 1,5-octadien-3-ol, 2,6-nonadienal,
2,5-octadien-1-ol, and 3,6-nonadien-1-ol (Zhang et al. 1992).
In an anaerobic environment, fatty acids can remain in
adipoceres in certain circumstances. Several studies have
examined adipocere formation under artificial (Forbes et al.
2005a, b, c; Yan et al. 2001) and field (Forbes et al. 2002;
Gill-King 1999) conditions.

In general, lysosomal hydrolytic enzymes are active at
an optimum temperature of 37 °C (Dutson 1983). Most of
these enzymes are also active at lower temperatures but
have lower activity. For example, some cathepsins are
active at 25 °C, and Ca”*"-dependent proteinase (CAF) is
responsible for proteolysis in meat stored at 0—4 °C (Goll et
al. 1983). Another example is calpastatin, which inhibits
calpains with 87% of the maximum rate at 25 °C and pH
7.5. Temperature and enzyme activity are correlated in a
non-linear way (Goll et al. 1983).

Reactive oxygen species (ROS) are formed enzymatically,
chemically, and photochemically. They react with lipids, amino
acids, and sugars. Oxidized lipids release volatile aldehydes,
alcohols, or alkenes. Oxidized methionine forms H,S, while
oxidized sugars form ketones (Choe and Min 2005). Living
vertebrates compensate the cleavage reactions of ROS by
repair processes or quench these highly reactive molecules by
antioxidant defense mechanisms (Cadenas 1989). After death,
these repair mechanisms cease, and ROS product emission
increases. This increase might be the first sign of a post-
mortem VOC pattern. During the active and advanced stages
of decay, these emissions play a minor role in comparison to
the volatiles produced by microbial activity.

Post-mortem decay of vertebrates by micro-organisms

The microbial decay of a vertebrate is a dynamic process that
depends on a highly diverse assembly of microbial species,
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their interactions (Kai et al. 2009; Stams 1994), and the
climatic conditions of the habitat. Temperature has a strong
effect on the microbial species composition. For instance,
psychrotrophic or mesophilic bacteria exhibit optimal growth
at different temperatures and also release different volatiles
(Ercolini et al. 2009). Burial (Dent et al. 2004; Vass et al.
2008) and drowning or exposition (Dekeirsschieter et al.
2009; Statheropoulos et al. 2005) influence the microbial
species composition. In general, the decay of a vertebrate is a
process that occurs in different stages (Amendt et al. 2004;
Dekeirsschieter et al. 2009) and can lead to complete
decomposition or conservation, such as mummification. In
the forensic literature, the decay of a vertebrate is often
described in stages. The stage approach is a useful
simplification of the decaying process as it is possible to
characterize every stage of decay by its typical characteristics.
Using this distinction, other phenomena like the infestation of
the dead vertebrate with insect larvae can be described (Smith
1986). However, Matuszewski et al. found that a decompos-
ing vertebrate can simultaneously exhibit different stages of
decomposition (Matuszewski et al. 2010a) and Carter et al.
states that the stages approach is an accepted and useful
simplification but that the decaying process cannot be
divided in discrete subunits (Carter et al. 2007). Therefore,
most of the studies on volatiles of vertebrate decay (Table 3)
don’t mention the stage of decay in which the volatiles
occurred. Recently, alternative methods for correlating post-
mortem interval (pmi) and decompositional process were
proposed (Michaud and Moreau 2011).

Despite their destructive functions as destruents, micro-
organisms play an important role in living vertebrates by
supporting the latter’s vital functions. The number of micro-
organisms in the human gut was estimated to be in excess of
10" cells/g gut contents (Moore and Holdeman 1974). Many
facultative or obligate anaerobic species such as Escherichia
coli and Clostridium perfringens are present in the healthy
intestine where they metabolize predigested nutrients enter-
ing from the stomach (Corry 1978). Micro-organisms can
adapt their metabolism to the diet of the vertebrate. The
relative amounts of ammonia emitted, fecal volatile sulfur
compounds, phenol and urinary 4-methylphenol in human
feces depend on the relative proportion of meat in the diet of
the vertebrate (Cummings et al. 1979; Geypens et al. 1997).
Intestinal micro-organisms prefer different substrates such as
carbohydrates or amino acids as their nutrition source or
depend on the metabolic products of other microbes (Smith
and Macfarlane 1996). Various microbes are present on
mucous membranes, sexual organs and the skin (Jenny 1983;
Labows 1982; Strachlerpohl and Exner 1985). Yeasts and
bacteria may be present ante-mortem in the lymphatic and
vascular system as a result of infection or uptake during
nutrition (Chang and Kollman 1989; Wells et al. 1988). After
death, the micro-organisms present begin to colonize the
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body and disperse in an uncontrolled manner from their
original location. The infestation of local tissues adjacent to
the intestine and the capillaries of the lymphatic or vascular
system characterize the beginning of this migration. A
second important source of microbes is the mucous
membrane of the respiratory system. This microbial com-
munity consists of Staphylococcus aureus, some Streptococ-
caceae, Neisseria catarrhalis, Corynebacterium Xxerosis,
Coryne. pseudodiphtheriticum, the yeast species Candida
albicans and many other microbial species. In guinea pigs, it
was reported that the immunosystem could neutralize
spreading microbes during the first 24 h after death (Gill et
al. 1976). This led to the hypothesis that after death, ROS
oxidation and autolysis dominate decay until the immuno-
system fails and microbial growth increases. Of course, the
number of microbes mentioned here is limited to only a few
examples. For more detailed information, see Ercolini et al.
(2009) and Corry (1978).

Carbohydrates

The main substrates for microbial growth offered by a
vertebrate are water, carbohydrates, amino acids, fats and
minerals (Dent et al. 2004). Carbohydrates are the most
readily utilized nutrition source for both microbes and
mammals (Boumba et al. 2008). The Embden-Meyerhof-
Parnas (EMP) glycolytic pathway and the Entner—Doudoroff
(ED) pathway yield pyruvate from glucose. Pyruvate is
fermented to ethanol and acetic acid by bacteria and yeasts
(Boumba et al. 2008; Gottschalk 1986). Other by-products of
this fermentation are pyruvic acid, lactic acid, butanoic acid,
propanoic acid, acetaldehyde, acetone, propan-1-ol, propan-
2-0l, butan-1-ol and butane-1,3-diol (Boumba et al. 2008;
Dent et al. 2004; Waksman and Starkey 1931). Incomplete
aerobic degradation of sugar monomers by fungi yields
organic acids such as glucuronic acid, citric acid and oxalic
acid. Complete aerobic decay of sugar monomers results in
carbon dioxide and water.

Clostridiaceae are obligate anaerobic bacteria that are
present in the intestine and in anaerobic soil layers. Since
they sporulate and can therefore survive under aerobic
conditions, these bacteria can colonize a dead vertebrate
from inside and from the external environment. This family
is represented by species such as Clostridium perfringens
(welchii), C. litus-eburense (Corry 1978; Haagsma 1991)
and C. paraputrificum (Corry 1978). Many clostridiaceae
species ferment pyruvate formed from carbohydrates to
acetone, ethanol, butan-1-ol, acetic acid, butanoic acid or
butane-1,3-diol (Boumba et al. 2008). Enterobacteriaceae
such as E. coli are facultative anaerobes that are present in
the intestine. E. coli ferments the pyruvate formed by
glycolysis by mixed acid fermentation (Table 1) to lactic
acid, succinic acid, acetic acid, formic acid and ethanol
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Table 1 Products of carbohydrate-utilizing microbes in a facultative anaerobic environment

Pathway Microbial families and species

Location Metabolic products

Mixed acid fermentation Enterobacteriaceae

Escherichia coli

Enterococcaceae

Enterococcus faecalis,
Enterococcus faecium
Bacillaceae

Bacillus subtilis
Lactic acid fermentation Streptococcaceae
Lactobacillaceae
Lactobacillus acidophilus

2,3 Butanediol fermentation Klebsiella pneumoniae

subsp. pneumoniae
Propanoic acid fermentation Propionibacteriaceae
Propionibacterium acnes
Bifidum pathway Bifidobacteriaceae

Bifidobacterium animalis

Lactic acid, succinic acid,
acetic acid, formic acid, ethanol

Intestine

Lactic acid, succinic acid,
acetic acid, formic acid, ethanol

Oral cavity, intestine,
urethra, sexual organs

Lactic acid, succinic acid, acetic acid,
formic acid, ethanol, butane-2,3-diol

Upper soil layers

Oral cavity Acetic acid, ethanol

Intestine Lactic acid, ethanol

Butane-2,3-diol, lactic acid,
acetic acid, formic acid, ethanol

Intestine

Intestine, skin Propanoic acid, acetic acid

Intestine, sexual organs Lactic acid, acetic acid

(Boumba et al. 2008). It can switch from glycolysis to
lactose utilization to form pyruvate, which is then trans-
formed to the volatile products acetic acid and ethanol. The
genus Klebsiella of the family enterobacteriaceae is a gram-
negative, facultative anaerobe that lives in soil, water or
grain. Klebsiella pneumoniae subsp. pneumoniae is the
only species of this genus known to be abundant in the
intestine of vertebrates. Among intestinal enterobacteriaceae,
this species is characterized by its use of butane-2,3-diol
fermentation for energy production. Butane-2,3-diol, lactic
acid, acetic acid, formic acid and ethanol are the main end-
products of butane-2,3-diol fermentation (Gottschalk 1986).
Staphylococcus aureus from the family Staphylococcaceae,
formerly a member of Micrococcaceae, is a bacterium that is
abundant in the soil, skin and respiratory system of
vertebrates. Streptococcaceae are facultative anaerobes that
are abundant in the oral cavity where they ferment
carbohydrates to lactic acid (Table 1). The facultative
anaerobic family enterococcaceae ferments carbohydrates to
lactic acid by mixed acid fermentation. Members of this
family such as Enterococcus faecalis and Enterococcus
faecium are present in the oral cavity, intestine, urethra and
sexual organs. Due to their lack cytochromes and porphyrins,
these organisms are aero-tolerant. Propionibacteriaceae such
as Propionibacterium acnes are aero-tolerant anaerobic
species that grow relatively slowly on the skin and in the
intestine of vertebrates. These bacteria can ferment carbohy-
drates or lactic acid to propanoic acid and acetic acid by
propanoic acid fermentation (Table 1). Species of the family
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lactobacillaceae such as Lactobacillus acidophilus, which
grows at a pH of 4-5 or lower, are facultative anaerobes or
obligate anaerobes present in the intestine of vertebrates.
They produce lactic acid (homofermentive) or lactic acid,
acetate and ethanol (heterofermentive) by lactic acid fermen-
tation. Bifidobacteriaceae such as Bifidobacterium animalis
are anaerobic bacteria present in the intestine or sexual
organs of vertebrates where they metabolize carbohydrates
by the bifidum pathway to form lactic acid and acetic acid
(Table 1). The contribution of yeasts to vertebrate decay is
less than that of bacteria (Corry 1978). One yeast species
reported to be present on decaying vertebrates is Candida
sp., especially Candida albicans (Chang and Kollman 1989;
Corry 1978), which is present in the intestine, on the mucous
membranes of the oral cavity and the genitals and between
fingers and toes. Saccharomyces cerevisiae (Corry 1978,
Davis et al. 1972), another yeast species, is a facultative
aerobe that obtains energy by respiration or fermentation.
The constant inner putrefaction caused by these micro-
organisms and other microbes leads to the formation of
organic and inorganic gases that cause bloating. The
putrefaction of the cadaver that follows results in the
breakage of the outer skin. Consequently, the inner fluid
comes into contact with oxygen and aerobic species from
the air and soil, which then colonize it. Aerobic
bacillaceae species, mainly Bacillus subtilis, which is
abundant in the upper soil layers, can adapt to facultative
anaerobic conditions by switching to mixed acid fermen-
tation of sugars. This microbe grows faster under aerobic
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conditions. Pseudomonaceae are abundant in soil, water
and on the skin of vertebrates. They are aerobic and
cannot ferment. For energy production, they utilize the
Entner—Doudoroff pathway, which yields pyruvate predom-
inantly from hexoses. These microbes can also generate the
electron gradient of the respiratory chain by reducing nitrate to
nitrogen instead of reducing oxygen. Neisseriaceae such as
Neisseria catarrhalis are aerobic species that are abundant
on the mucosal membranes of vertebrates. Corynebacteria-
ceae are aerobic or facultative anaerobic bacteria, and several
species such as Corynebacterium xerosis or Coryne. pseu-
dodiphtheriticum inhabit the mucosal membranes or skin of
vertebrates.

Table 2 Metabolic products of amino acid degradation

Amino acids

In all vertebrates, amino acids are the major components of
muscle tissue proteins, membrane proteins and free pro-
teins. Although the functional mechanisms of proteins are
complex and diverse, they are composed of the same amino
acids. Microbial proteases and peptidases yield free amino
acids. Amino acid degradation can also lead to the
formation of volatile products (Table 2).

Durlu-Ozkaya et al. (Durlu-Ozkaya et al. 2001) stated
that putrescine, cadaverine, tyramine and histamine in the
skeletal muscle are products of proteolytic bacterial
metabolism and that E. coli plays an important role in the

Leucine Ehrlich pathway, anabolism

M. phenylpyruvica, S. xylosus, S. starnosus
Isoleucine Ehrlich pathway, anabolism

Yeast
Threonine Yeast

Propan-1-ol, 2-methyl-propan-1-ol,
2-methyl-butan-1-ol, 3-methyl-butan-1-ol

3-Methyl-butan-1-ol, 3-methyl-butanal,
3-methyl-butanoic acid

1-Propanol, 2-methyl-propan-1-ol,
2-methyl-butan-1-ol, 3-methyl-butan-1-ol

Propan-1-ol, 2-methyl-butan-1-ol,
3-methyl-butan-1-ol, pentanol

1-Propanol, 2-methyl-1-butanol,
3-methyl-1-butanol, pentan-1-ol

Arginine > ornithine Ornithine decarboxylase Putrescine
Lysine Lysine decarboxylase Cadaverine
Tyrosine S. albus, B. fragilis, Fusobacterium sp., 4-Methylphenol (anaerobe)

Bifidobacterium spp., C. paraputrificum,
C. butyricum, C. sporogenes, C. septicum

E. coli, Proteus sp., E. faecalis, S. albus

Phenylalanine

Pseudomonaceae (aerobe)

M. phenylpyruvica, S. xylosus

P putida, E. coli, K. pneumoniae,

B. halodurans
Denitrifying bacteria

Tryptophan
Cysteine Anaerobe
Methionine

Aerobe

Phenylalanine decarboxylase + Fe**

Bacteroides, Lactobacillus, Clostridium,
Bifidodobacterium, Peptostreptococcus

2-Phenylethanol, phenylacetaldehyde,
phenylacetic acid

Phenol (facultative anaerobe)
Green complex

2-Phenylethanol, phenylacetaldehyde,
phenylacetic acid

Phenylpropanoic acid

Ethylbenzene, benzaldehyde, benzonitrile,
2-hydroxybenzaldehyde

Ethenylbenzene, ethylbenzene

1-Phenylethanol, phenylethanone,
benzoyl-acetate

Indole, indoyl acetic acid and
indoyl propanoic acid
Elemental sulfur, hydrogen sulfide

Hydrogen sulfide, dimethyl sulfide,
dimethyl disulfide, dimethyl trisulfide,
dimethyl tetrasulfide

Methanethiol, dimethyl disulfide,
dimethyl trisulfide

Dimethyl sulfide

H. alvei, E. agglomeran, S. liquefaciens,
A. putrefaciens and A. hydrophila

Methanethiol, dimethyl sulfide
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formation of histamine and cadaverine. L-Arginine hydrolysis
yields ornithine, which is then decarboxylated to putrescine.
Decarboxylated lysine yields cadaverine (Gill-King 1999).
The amino acids valine, leucine and isoleucine are fermented
to higher alcohols such as propan-1-ol, 2-methyl-propan-
1-ol, 2-methyl-butan-1-ol and 3-methyl-butan-1-ol by the
Ehrlich pathway or in reverse as by-products of anabolic
biosynthetic pathways (Boumba et al. 2008; Chen 1978;
Derrick and Large 1993). Moraxella phenylpyruvica, Staph-
ylococcus xylosus and Staphylococcus starnosus transforme
degrade leucine to 3-methyl-butan-1-ol, 3-methyl-butanal
and 3-methylbutanoic acid (Moller et al. 1998; Stahnke
1999). 4-Methylphenol and propanoic acid phenylester are
products of anaerobic tyrosine catabolism by Staphylococcus
albus, Bacteroides fragilis, Fusobacterium sp., Bifidobacte-
rium spp., Clostridium paraputrificum, C. butyricum, C.
sporogenes and C. septicum. Tyrosine degradation also yields
2-phenylethanol, phenylacetaldehyde and phenylacetic acid
(Smith and Macfarlane 1996). E. coli, Proteus sp., Entero-
coccus faecalis and S. albus produce phenol under faculta-
tive anaerobic conditions from the same amino acid (Bone et
al. 1976). Phenylalanine degradation yields 1-phenylethanol,
2-phenylethanol, phenylacetaldehyde, phenylacetic acid and
phenylpropanoic acid (Luengo et al. 2001; Macfarlane and
Allison 1986; Rabus and Heider 1998; Smith and Macfarlane
1996). Tryptophan degradation by Bacteroides, Lactobacil-
lus, Clostridium, Bifidobacterium and Peptostreptococcus
yields indole, indoyl acetic acid and indoyl propanoic acid
(Smith and Macfarlane 1996). L-Phenylalanine can form
greenish products in the presence of phenylalanine deami-
nase and ferric ions (Fe*") (Gill-King 1999). Ferric ions are
present in the soil and hemoglobin. Hemolytic Streptococca-
ceae can degrade hemoglobin, leading to the accumulation of
greenish products in the dead vertebrate. Under aerobic
conditions, indolic and phenolic compounds are oxidized by
mono- and dioxygenases (Young and Rivera 1985). Under
anaerobic conditions, these are fermented by methanogenic
bacteria present in the large intestine to phenol, cyclo-
hexanol, cyclohexanone, hexanoic acid, hexanedioic acid,
butanoic acid, propanoic acid, acetic acid, CO,, H, and
methane (Young and Rivera 1985). Under aerobic conditions,
Coccaceae, Pseudomonaceae, Bacteriaceae, Bacillaeceae,
Candida sp, Saccharomyces sp and certain higher fungi
form pyruvate, acetyl-CoA and succinate. Possible by-
products are quinoline, glutamate, 2-butendioic acid, 2-
oxopropanoic acid and acetic acid (Evans 1963). Yeasts can
degrade the amino acids threonine, leucine, isoleucine and
valine to 1-propanol, 2-methyl-butan-1-ol, 3-methyl-butan-1-
ol and pentan-1-ol (Boumba et al. 2008).

Sulfur compounds are prominent VOCs emitted by decay-
ing vertebrates (Stensmyr et al. 2002). The sulfur-containing
amino acids cysteine and methionine play an important role
in the formation of volatile sulfur compounds such as
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hydrogen sulfide, dimethyl sulfide, dimethyl disulfide,
dimethyl trisulfide, dimethyl tetrasulfide and thiols (Dent et
al. 2004; Freney 1967; Gill-King 1999; Kadota and Ishida
1972). The facultative anaerobic Proteus species from
intestine, soil, and water releases hydrogen sulfide. Dimethyl
sulfide is a product of methionine decomposition under
aerobic conditions. Cysteine degradation can yield elemental
sulfur under anaerobic conditions (Freney 1967). Methanethiol
is a product of methionine degradation (Frederick et al. 1957,
Kadota and Ishida 1972; Wolle et al. 2006), and it can lead to
the formation of dimethyl disulfide during GC analysis
(Lestremau et al. 2004). This oxidative dimerisation may
also occur during the proteolysis of vertebrates (Frederick et
al. 1957). Methanethiol and dimethyl sulfide (Lindinger et al.
1998) were found to be by-products of the metabolism of
Hafnia alvei, Enterobacter agglomeran, Serratia liquefaciens,
Alteromonas putrefaciens and Aeromonas hydrophila (Dainty
et al. 1989). The amount of sulfur compounds emitted by
bacteria is species-dependent (Stutz et al. 1991). Under
aerobic conditions, some bacteria, such as those from the
thiobacillus group, can transform sulfides to sulfurous acids,
elemental sulfur, and sulfate (Dent et al. 2004). The formation
of secondary products from sulfur compounds under natural
and artificial conditions is an indicator of the reactivity of
these compounds (Lestremau et al. 2004).

The variability of biogenic amines is high and depends on
the micro-organisms growing on the tissue (Ansorena et al.
2002). Dimethylamine (Lindinger et al. 1998) or trimethyl-
amine is formed by the oxidative decarboxylation of free
amino acids by Sherwanella putrefaciens (Dainty et al. 1989;
Lopez-Caballero et al. 2001). As these amines are not
volatile under moderate temperature conditions, further
degradation is necessary for the production of VOCs. In
general, these compounds are further degraded to ammonia,
oxidized to nitrite by Nitrosomonas spp. and further to nitrate
by Nitrobacter spp. in the soil under aerobic conditions
(Waksman and Starkey 1931). Aerobic Pseudomonaceae are
proteolytic bacteria that use proline, glutamate, lysine or L-
phenylalanine as their C and N sources (Herrera et al. 2010).

Facultative or obligate aerobic Bacillaceae excrete the
non-specific proteolytic enzyme subtilisin (Higgins and
Burns 1975). Micrococcaceae such as Micrococcus luteus
are aerobic and abundant in the soil and surface water and
are also present on the skin of vertebrates. The proteolytic
species Serratia proteamaculans, Pseudomonas fragi and
Carnobacterium maltaromaticum were detected on beef
(Ercolini et al. 2009). Other micro-organisms reported to
grow on muscle tissue are the facultative anaerobe
Brochotrix thermosphacta and the facultative anaerobe
and aero-tolerant Leuconostoc mesenteroides, Leuc. curva-
tus, Pseudomonas lundensis and Pseudomonas fluorescens
biovar. Moraxella species were also identified (Dainty et al.
1985; Stutz et al. 1991; Vanderzant et al. 1986). These
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species are generally abundant in the respiratory tract
(Molin and Ternstrom 1986).

Lipids

In vertebrates, all cells contain fat in their phospholipid
membranes. Fatty acids such as linoleic acid or arachidonic
acid are typically present in abundance in lipid membranes
(Frankel 1983). Intramuscular fat consists of fat cells inside
the muscular tissue (Gandemer 2002), and depot fat is the
fat under the skin. Intramuscular fat and depot fat contain
triglycerides. The hydrolysis of triglycerides by microbial
lipolytic enzymes yields glycerol and fatty acids.

Glycerol degradation results in the formation of pyruvate,
ATP and NADH. Pyruvate degradation yields products such
as butan-1-ol, butanoic acid, acetone, ethanol, propionic acid,
acetic acid, formic acid, lactic acid, propane-1,3-diol, pro-
pane-1,2-diol and butane-2,3-diol (Boumba et al. 2008).
Many Clostridiaceaec are obligate anaerobic species that
ferment pyruvate to acetone, ethanol, butan-1-ol, acetic acid,
butanoic acid or butane-1,3-diol. E. coli catabolizes glycerol
to propanol and propanoic acid (Boumba et al. 2008).

The fatty acids of vertebrates are further oxidized or
hydrogenised (Dent et al. 2004) to several volatile com-
pounds. However, there is a lack of detailed studies on
volatile formation by microbial fatty acid degradation
(Combet et al. 2006; Kionka and Kunau 1985). Although
the beta-oxidation enzymes of prokaryotes, fungi, and plants
differ from each other (Heath et al. 2002; Kionka and Kunau
1985), their catabolic activity is comparable and yields
acetyl-CoA or propionyl-CoA (Gottschalk 1986). Acetyl-
CoA is degraded to either ethanol, acetic acid, acetaldehyde,
and acetone or to propan-1-ol, propan-2-ol, and propionic
acid (Boumba et al. 2008). The volatile by-products of
lipoxygenase activity in fungi are mainly C6 or C9
aldehydes and C8 alcohols or C8 ketones (Combet et al.
2006; Feussner et al. 1997).

Acrobic oxidation of linoleic acid yields 2,4-decadienal, 3-
nonenal, hexanal, 2,4,7-decatrienal, 2,6-nonadienal, 3-hexe-
nal, and propanal. Further chemical groups include ketones,
hydrocarbons, acids, and epoxides. C. perfringens (welchii)
(Polson et al. 1985) or other species from the genera
Pseudomonas, Acinetobacter, and Bacillus (Gottschalk
1986) are lipolytic and yield volatile aldehydes, ketones, or
esters (Boumba et al. 2008; Dent et al. 2004). Oxidation of
linoleic acid in fungi yields the eight-carbon volatiles 1-octen-
3-0l, octan-3-ol, octan-1-ol, 1-octen-3-one, and octan-3-one
(Combet et al. 2006). Tetradecanoic acid, hexadecanoic
acid, octadecanoic acid, 9-octadecenoic acid, 10-
hydroxyoctadecanoic acid, and (Z, Z)-9,12-octadecadienoic
acid are part of the adipocere. The latter can form in the later
stages of decay by saponification of fatty acids under
anaerobic conditions, neutral or slightly alkaline pH, and in

the presence of certain enzymes (Forbes et al. 2002, 2005a,
b, c; Gill-King 1999; Notter et al. 2009).

Bones

Bones consist of organic and mineral components. The
organic components are mainly fat and proteins. In ancient
bones, it is possible to detect triglycerides, free fatty acids,
collagen, amino acids, and non-collagenous proteins such
as osteocalcin and haemoglobins (Evershed et al. 1995;
Schultz 2006; Vanklinken et al. 1994; Vanklinken and
Hedges 1992). Therefore, fat degradation can lead to the
release of volatiles in the later stages of decay. Fat is the
major component of marrow consisting of different satu-
rated and unsaturated fatty acids, omega-6 polyunsaturated
fatty acid (PUFA), and omega-3 PUFA (Yeung et al. 2008).
Vass et al. investigated the volatile emissions of exposed
mammalian bones. They found different ratios of ketones,
aldehydes, and alcohols in the four different mammalian
species, and among other compounds they identified
nonan-2-one, nonanal, hexanal, and hexan-1-ol (Vass et al.
2008). Ketones and aldehydes are products of fat degrada-
tion (Boumba et al. 2008; Dent et al. 2004). Alcohols,
especially hexan-1-ol and 1-octen-3-ol, are by-products of
fungal metabolism (Borjesson et al. 1993; Korpi et al.
1998; Larsen and Frisvad 1995; Pasanen et al. 1996;
Sunesson et al. 1996; Thakeow et al. 2008), and signs of
fungal activity are present on bones (Marinho et al. 2006).
ROS might also play a role in the formation of volatiles
from bones (Choe and Min 2005). Of the total bone
proteins, 90% to 95% consist of different collagen proteins.
These are degraded to peptides by bacterial collagenases
(Macfarlane and Allison 1986). Streptomyces spp. are
aerobic bacteria living in the soil, and they can cleave the
strong disulfide bonds in the collagen molecule (Gray and
Williams 1971). The mineral component of bones consists
of hydroxyapatite, which is degraded by physical weathering.

Microbial interactions

Micro-organisms can show ecological interactions such as
mutualism or competition. These interactions affect the
pattern of volatiles released by the decaying vertebrate. Smith
et al. investigated the formation of phenolic and indolic
compounds by intestinal microbes in feces under anaerobic
conditions and found variations in the relative quantity of
phenolic and indolic volatiles, depending on the microbial
density (Smith and Macfarlane 1996). Therefore, microbial
density seems to influence their metabolic pathways due to
inter- and intraspecific interactions. An example of mutual-
ism is the fermentation of ethanol to acetate and H,. As the
H, concentration increases, the growth of the ethanol-
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fermenting microbes decreases. The presence of microbes
that utilize H, to reduce CO, to methane increases the
growth rate of the first micro-organism (Bryant et al. 1967).
The suppression of microbial ethanol fermentation in the
presence of hydrogen-utilizing micro-organisms is an exam-
ple of the competition between microbes (lannotti et al.
1973). The lower partial pressure of H, leads to its formation
from NADH by ethanol-fermenting microbes instead of
coupling of the oxidation of NADH to the reduction of
acetyl-CoA to ethanol. Both mechanisms may be important
for post-mortem ethanol detection. The mycelial growth and
spore germination of fungi are inhibited by P fluorescens and
other Pseudomonaceae (Fernando et al. 2005). Dimethyl
trisulfide is one of the inhibitory substances utilized by the
bacteria in this competitive interaction. Phenol is an
antiseptic substance emitted by proteolytic Bacillaceae (Gu
et al. 2007), E. coli, Proteus sp., Enterococcus faecalis and
S. albus (Bone et al. 1976), and it might constrain the growth
of other microbes. Trichosporon cutaneum can degrade
phenol, but the presence of cresols such as 4-methylphenol
delays this reaction (Alexieva et al. 2008). 4-Methylphenol is
a metabolic product of S. albus, B. fragilis, Fusobacterium
sp., Bifidobacterium spp., C. paraputrificum, C. butyricum,
C. sporogenes, and C. septicum. All these data suggest a
complex interaction based on phenolic compounds. The lipid
metabolism of microbes yields fatty acids that show an
antimicrobial effect (Jay 2000). In particular, the emission of
aldehydes increases during the later stages of decay
(Dekeirsschieter et al. 2009; Vass et al. 2008). This might
lead to the conclusion that fatty acids are prominently
decomposed in the later stages of decay to form aldehydes
and that interactions based on fatty acids might occur during
these stages. Wlatiles emitted by the environment can also
influence microbial growth on decaying vertebrates (Gilbert
et al. 1969). For instance, thiols and sulfides were found to
stimulate (King and Coley-Smith 1969) or suppress fungal
growth (Lewis and Papavizas 1972). These results show the
complexity of microbial interactions, which affect the VOCs
emitted.

Post-mortem volatiles

The results of volatile analysis are influenced by abiotic
factors, sampling technique, and analytical setup. Abiotic
factors directly influence the release of volatiles from a
vertebrate. As mentioned above, the temperature influences
the activity of volatile-generating enzymes and the micro-
bial species composition. Moisture also affects the process.

The compounds identified by volatile analysis depend on
the sampling technique and the analytical setup. The
sampling technique can be passive, for instance, in a closed
container, or active with a constant gas flow. Depending on
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the exposed adsorbent, the compounds enrich according to
their chemical properties. A non-specific material adsorbs
many different volatiles, whereas a specific material is
selective for characteristics such as polarity or certain
functional groups. As an example, the SPME (Solid Phase
Micro Extraction) technique was developed for uncompli-
cated and fast volatile sampling in a static headspace. A
short fiber covered with an adsorption material is exposed
to the headspace of the sample. After equilibration between
the solid and the gaseous phase, the fiber is directly inserted
in the injector of a GC system and the volatiles are
thermally desorbed for analysis. The surface of the SPME
fibers is modified to adsorb different classes of volatiles.
For instance, polydimethylsiloxane (PDMS)-covered fibers
adsorb predominantly non-polar compounds or Carbowax-
covered fibers adsorb predominantly polar compounds.
There exist several surface adsorbents, which can be
combined with each other in order to achieve selectivity
or non-selectivity during sampling. Some fiber types used
in analytical studies are listed in Table 4. The exposure time
of the fiber is important as well because a short exposure
time favors the adsorption of compounds with a high
volatility, while discriminating compounds with a low
volatility. A long exposure will lead to desorption of highly
volatile compounds, while additional low-volatility com-
pounds are adsorbed. Moreover, individual adsorption
properties may vary between fibers from different lots.
Therefore, quantification with the SPME technique requires
an internal standard with known quantity. SPME can be
used for the extraction of compounds from liquid solutions
(Ercolini et al. 2009). The liquid extracts can be esterified
to enhance the trace analysis (Forbes et al. 2002, 2005a, b, c).
For more information on SPME sampling, see Tholl et al.
(2006). Dynamic headspace sampling techniques are used to
find volatiles with low emission rates. A continuous air
stream is led through an adsorbent to trap the volatiles out of
the sampling system. Either the air is circulated in the
sampling system or filtered air enters the system, is enriched
with volatiles from the sample, and led through the adsorbent
and then out of the system. For dynamic headspace
sampling, different adsorbents can be used. Tubes filled with
different selective or unselective adsorbent powders, for
instance, TENAX, Carbotrap, Carbotrap C, and Carbosieve
S-II1, are commercially available. For increasing performance,
a tube can be filled with different adsorbent powders. Vass et al.
used triple-sorbent traps for their analysis of buried human
remains (Vass et al. 2004, 2008). Another possibility is the
trapping of the volatiles by directing the gas flow through
cooled liquid solvents such as cyclohexane, methanol, or
dichloromethane. Tholl et al. (2006) give a more detailed
description of volatile sampling techniques (Tholl et al. 2006).

Any chemical analysis of the adsorbed volatile com-
pounds has its own analytical window that enables the
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identification of certain volatiles while excluding others.
For instance, the polarity of a compound influences its
retention on a GC column. A low molecular weight polar
compound might only be detectable by high retention on a
polar column and might be undetectable because of lower
retention on a non-polar column. Furthermore, the detection
of stereo isomers requires enantiomer-selective columns
with modified surfaces (Dotterl et al. 2006). The identifi-
cation of isotope ratios, like *C/**C or '>N/'*N, requires a
modified GC setup (Boschker and Middelburg 2002;
Meier-Augenstein 2002). Both techniques can be used to
specify trace analytical results. Especially, the identification
of isotope ratios in cadaveric volatile compounds can give
important information on the nutrition of the dead verte-
brate or the microbial communities growing on it (Boschker
and Middelburg 2002; Meier-Augenstein 2002).

Finally, the detector attached to the column determines
the information collected on the substances. A flame
ionization detector (FID) gives information about the
retention time and the peak area of compounds in a sample.
Identification and quantification can only be achieved by
using standard compound samples with known concentra-
tion. However, the selection of standard compounds is
problematic when the compound to be identified is
unknown. A mass spectrometer (MS) is able to identify
compounds not only by the retention time of standard
compounds but also by comparing the fragment pattern of a
compound in a sample with a fragment pattern database.
However, a standard compound sample has to be used for
exact identification as well because the fragment pattern
database is restricted to some thousand compounds and
several compounds have the same fragment pattern. For
quantification, a reference quantity is necessary as well.
The selection of possible standard compounds is much
easier with a MS system than with a FID because the
database gives a pre-selection of possible candidates.
However, a false identification is still possible when two
compounds have very similar mass spectra and the same
retention time. In order to improve the trace analysis, it is
possible to use two-dimensional gas chromatography (GC x
GC). Two columns with different polarity are coupled to
each other and, as a result, every compound has two
retention indices. Two compounds, which have the same
retention time on a non-polar column, might have a
different retention time on the second polar column in a
two-dimensional GC. Another approach to enhance com-
pound identification is the time of flight MS (TOFMS).
This detector measures the fragment-specific flight time
from the point of fragmentation to the detector plate.
TOFMS analysis allows a more precise differentiation
between atomic masses in comparison to conventional
mass spectrometers. The studies listed in Table 4 use GC/
MS analysis; only Kalinova et al. is an exception due to
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using GCxGC-TOFMS (Kalinova et al. 2009). Hiibschmann
et al. give further information on gas chromatography and
coupled detector systems (Hiibschmann 2009). Since it is
known that the analytical method influences the results,
Table 4 has been provided to supplement Table 3 and list
selected information on sampling, sample preparation, and
sample analysis. Another factor in chemical analysis is the
modification of volatile compounds during the analytical
procedure. For instance, volatile sulfur compounds can be
transformed during GC-MS analysis (Lestremau et al. 2004).

The analysis of post-mortem volatiles does not only depend
on the analytical parameters itself. Other decomposers might
influence the volatile pattern of a decaying vertebrate by
feeding. Scratches or holes made by scavengers can open the
dead body before it breaks up due to swelling. As a result,
oxygen will infiltrate the body, favoring the growth of aerobic
or facultative aerobic microbial species and suppressing that
of obligate anaerobes. Aerobic (Strachlerpohl and Exner
1985) and anaerobic (Gulzow 1982) micro-organisms of
the scavengers oral cavities could be introduced. Larval
growth might influence the volatile pattern because proteo-
lytic enzymes are excreted by the larvae. The cuticle
hydrocarbons of these insects might also contribute to the
volatile pattern. Burying beetles (Nicrophorus spp.) even
bury small vertebrates and inhibit the decay with excretions
from their glands (Kalinova et al. 2009).

Table 3 lists the VOCs reported in studies on the decay
of vertebrate tissue. Because of the large number of
reported VOCs, the list contains only those that have been
identified in more than one study. The volatile compounds
butane-1,2-diol, butane-1,3-diol, propane-1,3-diol, propane-
1,2-diol, butane-2,3-diol, propan-1-ol, and propan-2-ol are
not reported in any of the reviewed experimental studies
although they are known to be volatile products of amino
acid degradation (Boumba et al. 2008). Table 4 contains
additional information about the method used.

Application of post-mortem volatiles

Insects are important cues for criminal investigations as
their larval development on corpses can help to estimate the
time since death. It is not possible to determine the exact
day of death as larval development is influenced by many
environmental factors. Therefore, additional cues are
necessary to support juristically accepted estimation of the
pmi. Several authors suggested the use of insects to select
volatiles, which are important in the dynamic emission
pattern of vertebrate decay (LeBlanc and Logan 2010;
Paczkowski et al. 2011; Statheropoulos 2005; Vass et al.
2002). These volatiles could be an additional cue for
determining the time since death. However, the variation of
cadaveric volatiles is very high. In order to find useful
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Table 3 VOCs identified in experimental studies and reviews. The cross-references to Table 4 contain information on the experimental conditions

Compound CAS Origin Publication
number
Alcohols
Ethanol 64-17-5 Carbohydrates, amino acids, (Gottschalk 1986; Corry 1978; O'Neal
lipids (Boumba et al. 2008) and Poklis 1996; Stutz et al. 1991;
Dent et al. 2004; Statheropoulos et al. 2005;
Statheropoulos et al. 2007;
Boumba et al. 2008;
Dekeirsschieter et al. 2009)>¢7-!7
2-Methyl-propan-1-ol 78-83-1 (Derrick and Large 1993;
O'Neal and Poklis 1996;
Statheropoulos et al. 2005;
Boumba et al. 2008;
Dekeirsschieter et al. 2009)>°
Butan-1-ol 71-36-3 Carbohydrates, (O'Neal and Poklis 1996; Gill-King 1999;
lipids (Boumba et al. 2008) Dent et al. 2004; Statheropoulos et al. 2005;
Boumba et al. 2008;
Dekeirsschieter et al. 2009)!->3-¢
Butan-2-ol 78-92-2 Alkanes (Patel et al. 1980) (O'Neal and Poklis 1996;
Dekeirsschieter et al. 2009)"
2-Methyl-butan-1-ol 137-32-6 Carbohydrates (Derrick and Large 1993; Boumba et al. 2008)
(Boumba et al. 2008)
3-Methyl-butan-1-ol 123-51-3 L-Leucine (Moller et al. 1998) (Derrick and Large 1993; O'Neal and
Poklis 1996; Boumba et al. 2008;
Dekeirsschieter et al. 2009;
Ercolini et al. 2009; )'>318
Pentan-1-ol 71-41-0 Threonine, leucine, isoleucine, (Lorenzo et al. 2003; Statheropoulos et al. 2005;
valine (Boumba et al. 2008) Vass et al. 2008; Boumba et al. 2008;
Dekeirsschieter et al. 2009;
Hoffman et al. 2009)!>36:8
Hexan-1-ol 111-27-3 Fungal metabolism (Stutz et al. 1991; Haze et al. 2001;
(Borjesson et al. 1993; Statheropoulos et al. 2005;
Korpi et al. 1998; Hoffman et al. 2009)%%%17
Larsen and Frisvad 1995;
Pasanen et al. 1996;
Sunesson et al. 1996;
Thakeow et al. 2008)
2-Ethyl-hexan-1-ol 104-76-7 (Vass et al. 2004; Statheropoulos et al. 2007,
Dekeirsschieter et al. 2009;
Ercolini et al. 2009;
Hoffman et al. 2009)"*7-818
Octan-1-ol 111-87-5 Linoleic acid (Haze et al. 2001; Combet et al. 2006;
(Combet et al. 2006) Hoffman et al. 2009)%°
1-Octen-3-ol 3391-86-4 Linoleic acid (Zhang et al. 1992; Combet et al. 2006;
(Combet et al. 2006) Ercolini et al. 2009;
Hoffman et al. 2009)%!8:1
Acids
Formic acid 64-18-6 Glycerol, pyruvate (Gottschalk 1986;
(Boumba et al. 2008) Dekeirsschieter et al. 2009)'-2
Acetic acid 64-19-7 Carbohydrates, indolic/phenolic (Gottschalk 1986; Dent et al. 2004,
compounds, glycerol Boumba et al. 2008)
(Boumba et al. 2008;
Evans 1963; Smith and
Macfarlane 1996;
Young and Rivera 1985)
Propanoic acid 79-09-4 Amino acids (Gill-King 1999; Statheropoulos et al. 2005;
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(Demeyer and Vannevel 1979)
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Boumba et al. 2008;
Dekeirsschieter et al. 2009;
Hoffman et al. 2009; )!>368
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Table 3 (continued)

(Young and Rivera 1985)

60

Compound CAS Origin Publication
number
Butanoic acid 107-92-6 Carbohydrates, lipids (Gill-King 1999; Lorenzo et al. 2003;
(Boumba et al. 2008), Dent et al. 2004; Statheropoulos et al. 2005;
amino acids Boumba et al. 2008; Dekeirsschieter et al. 2009;
(Demeyer and Vannevel 1979) Hoffman et al. 2009)"2’3’6’8
Pentanoic acid 109-52-4 Amino acids (Lorenzo et al. 2003; Dekeirsschieter et al. 2009;
(Demeyer and Vannevel 1979) Hoffman et al. 2009; )'">*8
Hexanoic acid 142-62-1 Indolic/phenolic compounds (Lorenzo et al. 2003; Dekeirsschieter et al. 2009;
(Young and Rivera 1985) Hoffman et al. 2009)"%3#
Tetradecanoic acid 544-63-8 Lipids (Gill-King 1999) (Forbes et al. 2002, 2005a, b, c;
Notter et al. 2009)'1213:14
Hexadecanoic acid 57-10-3 Lipids (Gill-King 1999) (Forbes et al. 2002, 2005a, b, c;
Notter et al. 2009)'1:12:13:14.15
Octadecanoic acid 57-11-4 Lipids (Gill-King 1999) (Forbes et al. 2002, 2005a, b, c;
Notter et al. 2009)'"-1213:14
9-Octadecenoic acid 112-80-1 Lipids (Gill-King 1999) (Yan et al. 2001; Forbes et al. 2002, 2005a, b, c;
Notter et al. 2009)'0-11:12:13.14.15
(Z, 7)-9,12-Octadecadienoic acid ~ 60-33-3 Lipids (Gill-King 1999) (Nushida et al. 2008; Notter et al. 2009)'*1
10-Hydroxyoctadecanoic acid 638-26-6 Lipids (Gill-King 1999) (Forbes et al. 2002;
Forbes et al. 2005a, b, (:)“’12’]3’I4
Esters
Acetic acid propyl ester 109-60-4 (Statheropoulos et al. 2005;
Dekeirsschieter et al. 2009)>°
Butanoic acid ethyl ester 105-54-4 (Statheropoulos et al. 2005; Hoffman et al. 2009)%%
Butanoic acid butyl ester 109-21-7 (Lorenzo et al. 2003; Dekeirsschieter et al. 2009;
Hoffman et al. 2009; )!">>8
Aldehydes
Butanal 123-72-8 Alkanes (Arp 1999) (Stutz et al. 1991; Vass et al. 2008;
Dekeirsschieter et al. 2009)!-%3:17
Pentanal 110-62-3 Lipids (Boumba et al. 2008) (Statheropoulos et al. 2005; Vass et al. 2008;
Dekeirsschieter et al. 2009)>-¢
Hexanal 66-25-1 Lipids (Boumba et al. 2008) (Haze et al. 2001; Lorenzo et al. 2003;
Statheropoulos et al. 2005; Hoffman et al. 2009;
Ercolini et al. 2009)%%%18
Heptanal 111-71-7 Lipids (Boumba et al. 2008) (Stutz et al. 1991; Haze et al. 2001;
Lorenzo et al. 2003; Vass et al. 2008;
Dekeirsschieter et al. 2009;
Hoffman et al. 2009)"%%8-17
Nonanal 124-19-6 Lipids (Boumba et al. 2008) (Haze et al. 2001; Vass et al. 2004;
Vass et al. 2008; Ercolini et al. 2009;
Hoffman et al. 2009)*>8-18
Decanal 112-31-2 (Vass et al. 2004; Vass et al. 2008) +°
Ketones
Acetone 67-64-1 Carbohydrates (Stutz et al. 1991; O'Neal and Poklis 1996;
(Boumba et al. 2008) Gill-King 1999; Vass et al. 2004;
Dent et al. 2004; Statheropoulos et al. 2005;
Statheropoulos et al. 2007; Boumba et al. 2008;
Dekeirsschieter et al. 2009)!+6¢7-17
Butan-2-one 78-93-3 Alkanes (Patel et al. 1979) (Stutz et al. 1991; Statheropoulos et al. 2005;
Statheropoulos et al. 2007;
Dekeirsschieter et al. 2009)"-%7-!7
Pentan-2-one 107-87-9 Alkanes (Patel et al. 1979) (Statheropoulos et al. 2005;
Dekeirsschieter et al. 2009)"2-
Cyclohexanone 108-94-1 Indolic/phenolic compounds (Statheropoulos et al. 2005;

Hoffman et al. 2009)%®
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Table 3 (continued)

Compound CAS Origin Publication
number
Heptan-2-one 110-43-0 (Statheropoulos et al. 2005;

Dekeirsschieter et al. 2009;

Hoffman et al. 2009)"%68
Nonan-2-one 821-55-6 Lipids (Statheropoulos et al. 2007; Vass et al. 2008;

(Boumba et al. 2008) Dekeirsschieter et al. 2009;
Ercolini et al. 2009) '>7:18
Homoaromatic compounds
Benzene 71-43-2 (Statheropoulos et al. 2005; Vass et al. 2008)>°
Methylbenzene 108-88-3 (Stutz et al. 1991; Vass et al. 2004;

Statheropoulos et al. 2005;

Statheropoulos et al. 2007;

Vass et al. 2008; Hoffman et al. 2009)*>¢7:8:17
1,2-Dimethylbenzene 95-47-6 (Statheropoulos et al. 2007; Vass et al. 2008)>’
1,3-Dimethylbenzene 108-38-3 (Statheropoulos et al. 2005;

Statheropoulos et al. 2007)%’

1,4 Dimethylbenzene 106-42-3 (Vass et al. 2004; Statheropoulos et al. 2005;

Statheropoulos et al. 2007; Vass et al. 2008;

Hoffman et al. 2009)*>¢7:8
1,2,3-Trimethylbenzene 526-73-8 (Statheropoulos et al. 2005;

Statheropoulos et al. 2007)%7
Ethylbenzene 100-41-4 Phenylalanine (Vass et al. 2004; Statheropoulos et al. 2005;

(Luengo et al. 2001; Vass et al. 2008)*%¢
Moller et al. 1998)
Ethenylbenzene 100-42-5 Phenylalanine (Vass et al. 2004; Statheropoulos et al. 2007;
(Luengo et al. 2001) Vass et al. 2008) >
1-Methyl-2-ethylbenzene 611-14-3 (Vass et al. 2004; Statheropoulos et al. 2005;

Vass et al. 2008)*%¢
2-Phenyl-propan-2-ol 617-94-7 (Vass et al. 2004; Vass et al. 2008)*3
Phenol 108-95-2 Tyrosine (Cummings et al. 1979;

(Bone et al. 1976) Statheropoulos et al. 2007,

Vass et al. 2008;

Dekeirsschieter et al. 2009)!23->7:8
4-Methylphenol 106-44-5 Tyrosine (Geypens et al. 1997,

(Bone et al. 1976) Statheropoulos et al. 2007;

Dekeirsschieter et al. 2009)!%37

2-Phenylethanol 60-12-8 Phenylalanine (O'Neal and Poklis 1996;
(Luengo et al. 2001) Dekeirsschieter et al. 2009)'

Benzaldehyde 100-52-7 Phenylalanine (Stutz et al. 1991; Lorenzo et al. 2003;
(Moller et al. 1998) Vass et al. 2004; Dekeirsschieter et al. 2009;
Hoffman et al. 2009)">4817
Acetophenone 98-86-2 Phenylalanine (Statheropoulos et al. 2007,
(Rabus and Heider 1998) Dekeirsschieter et al. 2009)">7

1-Methoxy-propylbenzene 59588-12-4 (Vass et al. 2004; Vass et al. 2008)4’5

Naphthalene 91-20-3 (Vass et al. 2004; Statheropoulos et al. 2007;

Vass et al. 2008)*>7
Nitrogen compounds

Trimethylamine 75-50-3 Amino acids (Dainty et al. 1989; Stutz et al. 1991;
(Lopez-Caballero et al. 2001) Dekeirsschieter et al. 2009)"->317

Benzonitrile 100-47-0 L-Phenylalanine (Vass et al. 2004; Dekeirsschieter et al. 2009)">*
(Moller et al. 1998)

Indole 120-72-9 Tryptophan (O'Neal and Poklis 1996; Gill-King 1999;
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Vass et al. 2002; Lorenzo et al. 2003;

Dent et al. 2004; Statheropoulos et al. 2005;
Hoffman et al. 2009;

Dekeirsschieter et al. 2009)>%8
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Table 3 (continued)

Compound CAS Origin Publication
number
Sulfur compounds
Sulfur dioxide 7446-09-5 (Vass et al. 2002; Vass et al. 2004;
Statheropoulos et al. 2005; Vass et al. 2008;
Dekeirsschieter et al. 2009)!:%3+3:6
Carbon disulfide 75-15-0 (Vass et al. 2004; Statheropoulos et al. 2005;
Vass et al. 2008)*>¢
Methanethiol 74-93-1 Methionine (Lindinger et al. 1998; Dekeirsschieter et al. 2009;
(Frederick et al. 1957; Kalinova et al. 2009)"*3-2
Kadota and Ishida 1972)
Dimethyl sulfide 75-18-3 Methionine (Stutz et al. 1991; Lindinger et al. 1998;
(Dainty et al. 1989) Vass et al. 2004; Statheropoulos et al. 2005;
Statheropoulos et al. 2007; Vass et al. 2008;
Kalinova et al. 2009)*>:6:7:17:20
Dimethyl disulfide 624-92-0 Methanethiol (Stutz et al. 1991; Stensmyr et al. 2002;
(Frederick et al. 1957; Lorenzo et al. 2003; Dent et al. 2004;
Lestremau et al. 2004) Vass et al. 2004; Statheropoulos et al. 2005;
Statheropoulos et al. 2007; Vass et al. 2008;
Dekeirsschieter et al. 2009; Hoffman et al. 2009;
Kalinova et al. 2009)'-4367:8,17.20
Dimethyl trisulfide 3658-80-8 Methionine (Stutz et al. 1991; Stensmyr et al. 2002;

(Wolle et al. 2006)

Dent et al. 2004; Vass et al. 2004;
Statheropoulos et al. 2005;

Statheropoulos et al. 2007; Vass et al. 2008;
Dekeirsschieter et al. 2009;

Kalinova et al. 2009)!%3435:6.7:17.20

marker volatiles, which are correlated to the time since
death, it is possible to use insects as an information filter.
Many insects have adapted their olfaction over millions of
years to specific cadaveric volatiles (Huotari and Mela
1996; Kaib 1974; Kalinova et al. 2009; Stensmyr et al.
2002). Insects are feasible organisms for olfactory research
because electrophysiological methods have been estab-
lished for many species (Kalinova et al. 2009; Schutz et
al. 1999; Stensmyr et al. 2002; Thakeow et al. 2008;
Weissbecker et al. 2004), and the molecular basis of insect
olfaction has been investigated for decades (Vogt and
Riddiford 1981; Wicher et al. 2008). The order Diptera, in
which most necrophilic insect species are classified, is
relatively easy to breed at a high reproduction rate. Using
chemo-ecological methods that combine trace analysis and
electrophysiology (Weissbecker et al. 2004), these insects
can be used to identify core compounds from the volatile
pattern of a dead vertebrate. The existence of a common
core of decompositional odors has already been suggested
(Dekeirsschieter et al. 2009). Carrion-visiting Diptera can
be divided into generalists, such as Calliphora vicina or
Lucilia caesar, and specialists that occur in certain stages of
decay, such as Hydrotaea aenescens or Hydrotaea mete-
orica (Matuszewski et al. 2010b). Both types of insects
might identify core compounds of vertebrate decay, which
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occur at any time or in certain stages of decay. In general,
insect antennae serve as information filters that help in
identifying volatiles for different applications. For instance,
a post-mortem interval-correlated qualitative and quantita-
tive dynamic volatile pattern could give an estimate of the
time since death (Statheropoulos et al. 2007; Vass et al.
2004) or selected volatiles may improve cadaver dog
training (Hoffman et al. 2009). Dimethyl sulfide, dimethyl
disulfide, and dimethyl trisulfide are already known as
electrophysiologically active for the blowflies C. vicina and
L. caesar (Stensmyr et al. 2002) and the burying beetles
Nicrophorus vespillo and Nicrophorus vespilloides (Kalinova
et al. 2009). Such volatiles should be reliable for routine
application and could be detected by low-cost and compact
trace analysis devices such as semi-conductor gas sensor
systems (Kohl 2003; Paczkowski et al. 2011). The tracing of
victims of natural disasters, such as those buried in earth-
quakes, as well as the tracking of victims of homicides
whose bodies have been buried (Killam 2004; Statheropoulos
et al. 2007; Vass et al. 2008) may be improved by such
methods (Statheropoulos et al. 2006). The industrial appli-
cation of a detector for early vertebrate post-mortem VOCs
could help in determining the degree of spoilage or
estimation of the storage time of fish and meat (Lindinger
et al. 1998; Nicolay 2006; Winquist et al. 1993).
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Table 4 Contains important experimental parameters used in the studies listed in Table 3

Number  Publication Tissue Location Sampling technique
1 Dekeirsschieter et al. 2009  Domestic pig Belgium, forest Radiello, passive, 1 week, GC/MS
2 Dekeirsschieter et al. 2009  Domestic pig Belgium, rural Radiello, passive, 1 week, GC/MS
3 Dekeirsschieter et al. 2009  Domestic pig Belgium, urban Radiello, passive, 1 week, GC/MS
4 Vass et al. 2004 Human USA, Tennessee, Triple sorbent traps (Carbotrap,
open woodland Carbotrap C, Carbosieve S-11I), GC/MS
5 Vass et al. 2008 Human, bones USA, Tennessee, Triple sorbent traps (Carbotrap,
of human, deer, dog open woodland Carbotrap C, Carbosieve S-III) , GC/MS
6 Statheropoulos et al. 2005  Human Greece, island of Samos  Three-layer sampling sorbent glass tube
(Carbograph 1, Carbograph 2,
Carbosieve S-I1I), 51, GC/MS
7 Statheropoulos et al. 2007 ~ Human Greece, eastern Attica Three-layer sampling sorbend glass tube
(Carbopack B, Carbopack C,
Carbosieve S-III), 51, GC/MS
8 Hoffman et al. 2009 Different human tissues - SPME (PDMS/DVB), for 20 and
40 min in glas vial, GC/MS
9 Haze et al. 2001 Living human skin Japan TENAX-TA column
(GL Science), 101, GC/MS
10 Yan et al. 2001 Adipocere - -
11 Forbes et al. 2005a Domestic pig adipocere Australia, laboratory 1 pl of chloroform extract,
HMDS esterification, GC/MS
12 Forbes et al. 2005b Domestic pig adipocere Australia, laboratory 1 ul of chloroform extract,
HMDS esterification, GC/MS
13 Forbes et al. 2005¢ Domestic pig adipocere Australia, laboratory 1 pl of chloroform extract,
HMDS esterification, GC/MS
14 Forbes et al. 2002 Soil sample beneath coftin Australia 1 ul of chloroform extract,
HMDS esterification, GC/MS
15 Notter et al. 2009 Domestic pig adipocere Australia, laboratory 1 pl of derivatised sample, GC/MS
16 Nushida et al. 2008 Human adipocere Japan, laboratory Processed and derivatised sample, GC/MS
17 Stutz et al. 1991 Ground beef Laboratory Porapak trap, GC/MS
18 Ercolini et al. 2009 Beef muscle, latissimus dorsi ~ Laboratory 5 g homogenized in 100 ml water and
30 g NaCl, SPME (CAR/DVB/PDMS)
for 1 h, GC/MS
19 Zhang et al. 1992 Ayu skin, arachidonic acid Japan 30 ml (I mg protein/ml) + 50 uM
arachidonic acid; Tenax TA, 70 ml/min,
90 min, GC/MS
20 Kalinova et al. 2009 Mouse (Mus musculus) Laboratory SPME (CAR/PDMS) for 15 min in

glass container, GC x GC-TOFMS

Although the formation of biogenic amines is known to
be correlated with microbial growth on vertebrate tissue,
most of these compounds have a low volatility and,
therefore, are not useful for a volatile-based quality
estimation. Histamine, putrescine, cadaverine, tyramine,
tryptamine, (3-phenylethylamine, spermine, and spermidine
are reported to be the most important biogenic amines
(Onal 2007). Especially putrescine and cadaverine were
regarded as important volatile products of vertebrate decay;
however, all of the listed amines have a low volatility and,
therefore, are not frequently identified in analytical litera-
ture on cadaveric volatiles (Table 3). Together with lipid
acid formation during the formation of adipocere, biogenic
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amines could be important in estimating the pmi by means
of liquid chromatography or SPME liquid extraction (Onal
2007). However, gas sensor systems would most likely not
be able to detect them. On the other hand, ammonia might
play an important role in aging vertebrate tissue. Olafsdottir
and Kristbersson (2006) discuss the performance of
electronic noses for the quality estimation of fresh fish.
As gas sensors are restricted in selecting single compounds
from an odor, the authors refer to compound groups such as
sulfur compounds, volatile amines like ammonia, esters,
aldehydes, or alcohols. The quantitative emission of
compounds from these groups did correlate with the signals
of three gas sensors. Hence, fish storage time was
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detectable for the sensor array in this experiment. Winquist
et al. used an array of 15 gas sensors detecting hydrogen,
hydrogen sulfide, amines, alcohols, saturated hydrocarbons,
and humidity in order to estimate the spoilage of ground
beef (Winquist et al. 1993). In this study, a three-layer-
pattern recognition routine was used in order to train the
electronic nose on the recognition of the type of meat and
the storage time. It was possible to determine the type of
meat and the storage time of ground pork and beef;
however, the authors state that in this experiment variation
was minimal in comparison to the potential variation in
practice. The quantitative emissions of the compound
classes may vary to a high extent and important volatile
cues might be under the detection threshold for gas sensors.
For instance, Lindinger et al. detected methanethiol in
parts-per-billion concentrations in the headspace of beef
meat stored at 22 °C (Lindinger et al. 1998). As already
described in this review, methanethiol is a good candidate
for meat spoilage detection; however, it has to be evaluated
if gas sensors are able to detect the compound at such a
concentration level. Furthermore, meat stored at chill
temperatures will develop a psychrotrophic micro-fauna,
consisting of lactic acid bacteria and Pseudomonas spp. or
Enterobacteriaceae. The volatile profile of these bacteria
will differ from the volatile profile of micro-organisms
growing at ambient temperatures. Ercolini et al. investigated
the odor profile of psychrotrophic micro-organisms and did
not find methanethiol (Ercolini et al. 2009), which indicates
that this compound might form only at elevated temper-
atures. Rajamaki et al. found an increasing quantity of
dimethyl disulfide in the headspace of broiler chicken at an
elevated temperature, which might have formed from meth-
anethiol (Rajamaki et al. 2006). Hence, methanethiol or the
associated methylated sulfides could be markers for the
inappropriate storage of meat at elevated temperatures. In the
study of Rajamaéki et al., a commercial electronic nose with a
principal component analysis detected hydrogen sulfide
concentrations, which allowed one to determine spoilage on
meat packed under a modified atmosphere (Rajamaki et al.
2006). However, gas sensor technology has to be improved
to enable the detection of low concentrations of single
compounds for a reliable spoilage estimation. This improve-
ment can be achieved by immobilizing proteins on sensor
surfaces to utilize the strong odor detection abilities in nature
(Hou et al. 2005; Khanna et al. 2006) or by varying the
operating temperature for enhanced gas sensor selectivity
(Sauerwald et al. 2007).

Conclusion

This review highlights the VOC emissions of dead vertebrates
based on data from experimental trace analysis and their

formation. There is a correlation between the information on
biochemical processes and phenomenological results. For
some volatiles, the pathways of their formation are entirely
unknown or not known in detail. In particular, the detailed
processes of fat degradation in prokaryotes are unknown.
Based on existing information in the literature, it may be
possible to hypothesize a core pattern of volatile emission
during decay. After death, the volatiles produced by ROS
might be the first to give rise to changes, and this event would
be accompanied by the increasing growth of microbes that
metabolize the fat on the skin and lead to decomposition by
the tissues’ own enzymes. Once the immune system fails, the
microbes that are already present inside the respiratory tract or
in the gastrointestinal tract would contribute to the volatile
pattern of decay. The metabolic products of particular
intestinal microbes cause bloating under anaerobic conditions.
This influences the microbial species composition and
therefore gives rise to other volatile metabolic products.
Breakage of the skin leads to the entry of oxygen, which again
favors different microbes, yielding different volatiles. In an
oxidative environment, secondary volatile products might
form. During advanced dry decay, most of the carbohydrates
and proteins are degraded. The volatiles produced by ROS
and the microbial decomposition of bone components might
dominate at this stage. Throughout this process, microbes
might interact and thereby influence the pattern of the volatiles
released. At present, information on vertebrate decay is
incomplete. Therefore, the idea of a core pattern of volatiles
of vertebrate decay remains a hypothesis. Further research on
the application of post-mortem volatiles should integrate the
knowledge of microbiologists and forensic scientists in order
to perform experiments on the biochemical origin of these
volatiles. The evolutional preadaption of insect olfaction to the
perception of decompositional volatiles may help in developing
volatile-based methods for forensic science, such as post-
mortem time estimation or cadaver dog training.
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ABSTRACT: Volatiles emitted by decaying human remains are in the focus of recent research. The identification of core volatiles in this
field is of high importance, because cadaveric volatiles generally show high variation. In this study, the volatile profiles of five mice (Myodes
glareolus) were sampled with charcoal filter tubes from their time of death until advanced decay. Eleven compounds were quantitated by means
of gas chromatography—mass spectrometry. Electroantennographic experiments with female Calliphora vicina antennae led to the identification
of dimethyl trisulfide, dimethyl disulfide, nonanal, hexan-1-ol, 1-octen-3-ol, 3-methylbutan-1-ol, and heptanal as electrophysiologically active
compounds. When these were compared, dimethyl trisulfide (17 ng/uL) and dimethyl disulfide (11 ng/uL) were found to be emitted in higher
concentrations. The roles of these compounds and nonanal as core volatiles for cadaver detection or postmortem time determination and their
correlation to the stages of decay and the accumulated degree days are discussed.
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Vertebrates are degraded by autolytic and microbial processes
after their death (1-11). The chemical reactions catalyzed by the
tissue’s own enzymes, as well as microbial enzymes, yield volatile
organic compounds as byproducts or end products (9,12-20). These
volatile compounds are currently being researched and considered
as possible applications in forensic investigations. In 2004, Dent
et al. (19) published a review of human decomposition processes
in soil. In the same year, Vass et al. (14) introduced a postmortem
volatile database for the purpose of developing a portable sensor
capable of detecting buried remains. Dent et al. (19) discuss the
likely pathways of protein, fat, carbohydrate, and bone decompo-
sition, while Vass et al. (14) provide a first analysis on the volatile
profile of human decomposition in graves. Both groups showed
the existence of a dynamic in the volatile pattern.

Statheropoulos et al. (16) were the first to present experimental
data on the volatiles emitted by human remains on the soil surface
at a specific time point in the decaying process. In 2007, Stathero-
poulos et al. (15) published the quantitative dynamic of the vola-
tile pattern in the early stages of human decomposition. This
discusses the practical use of the volatile pattern of human decay
for canine training or the detection of human remains. In 2009,
Dekeirsschieter et al. (12) sampled the volatile profile of pigs in
three separate habitats. They discuss the influence of factors
affecting the decompositional process and proposed a common
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core of volatiles, which were identified in all habitats. A study by
Hoffman et al. (17) shows similarities across various regions and
different tissues of decaying remains. All of these studies found a
high variability of the volatile pattern of decaying vertebrates and
discuss constant dynamics in the volatile emissions.

The general problem seems to be the identification of core
volatiles by means of common trace analytical methods. They
should have three characteristics: First, they should be removed
from as much variation as possible, enabling cadaver dogs to
find human remains despite disparities in climate, habitat, or
condition of the cadaver. A portable sensor system for tracing
cadavers or postmortem interval (PMI) estimation would also
rely on these characteristics. Second, the volatiles should be
emitted in high quantities, as cadaver dogs are then able to trace
them over larger distances, and gas sensor applications have a
relatively high detection threshold. Third, the emitted quantities
of the core volatiles should show a constant dynamic to correlate
them to the process of decay. Such a correlation could include
several volatiles, some typical for the early stages of decay, and
some typical for the later stages.

To identify the core volatiles in question, it was decided that
mice (Myodes glareolus) would be used in the experiments.
Core volatiles should form from basic chemical compounds such
as those found in muscle tissue or neurons; therefore, a constant
dynamic should be detectable in mice as well as in larger verte-
brates. A small cadaver also emits less volatiles; hence, the
selection of volatiles with the listed characteristics should be
easier. However, any realistic experimental design would most
probably not allow validating core volatiles. Therefore, it was
decided that the female blowfly Calliphora vicina would be used
as an information filter for the scent of decay. The fly feeds and
oviposits on deceased vertebrates (21-23). Ovipositing begins
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shortly after death and continues until advanced decay (22,23);
therefore, this fly is a generalist among carrion visitors. Its olfac-
tion might be adapted to perceive core volatiles, which would
allow tracking of dead vertebrates for ovipositing.

The biochemistry of insect olfaction is different from the
olfaction in mammals and not yet completely understood. The
most accepted hypothesis is that the odor molecules enter
specialized olfactory sensillae on the surface of an insect
antenna. Here, they are bound to odorant binding proteins. This
binding complex is able to activate olfactory receptors on the
surface of axons inside the sensillae, which can lead to an elec-
trophysiological reaction (24). In two separate studies, Kaib (25)
and Huotari and Mela (26) identified several compounds, which
were electrophysiologically active on the antenna of C. vicina.
In both studies, the compounds were not identified as products
of vertebrate decay, but chosen randomly. Compounds such as
dimethyl disulfide or dimethyl trisulfide, which occur frequently
in recent literature as byproducts of vertebrate decomposition, were
not tested during these earlier studies. The first study, combining
trace analysis of dead vertebrates with electrophysiology on
C. vicina, was performed by Stensmyr et al. (20). They identi-
fied dimethyl sulfide, dimethyl disulfide, and dimethyl trisulfide
as active on the antenna of the blowflies C. vicina and Lucilia
caesar. However, they sampled the decaying vertebrate only
once and did not provide information on its stage of decay. To
fill this gap, the volatile patterns of five decaying mice were
analyzed. Thereby, the antenna of C. vicina was used as a phy-
logenetically adapted information filter to select core volatiles of
vertebrate decay.

Materials and Methods
Collection of Volatiles

During the late summer of 2008, five mice (M. glareolus)
were placed in a deciduous forest near Gottingen, Lower
Saxony, Germany. The mice were caught in the forest in live
traps to avoid the killing of preserved mouse species. The traps
were controlled twice a day, and mice of the species M. glareo-
lus were captured and killed using CO,. Approval from the uni-
versity’s Animal Ethics Committee was obtained prior to
trapping the mice. Wild animals were used so as to allow a natu-
ral variation of the chemical composition of the mouse tissues.
The mouse cadavers were placed inside casings made from wire
and fixed to the ground with tent pegs to protect them against
scavengers. To collect the volatiles, the dead mice were placed
in 1.5-L polyethylene bags (Confresco Frischhalteprodukte, Min-
den, Germany) connected to membrane pumps (Thomas Divi-
sion, Sheboygan, WI). The pumps withdrew air from the
environment (70 L/h) through a 3A molecular sieve filter (Carl
Roth GmbH & Co KG, Karlsruhe, Germany), the bag, and an
adsorbent trap. The volatiles were trapped on charcoal (CLSA;
Grinicher & Quartero, Daumazan, France) for 60 min and TE-
NAX® (TDS; Gerstel, Miihlheim, Germany) for 30 min. In
2008, between August 29 and September 24, 29 samples were
taken. During sample collection, the temperature was recorded
with a HOBOO data logger (Onset Computer Corporation,
Bourne, MA). The accumulative degree days (ADDs) were
calculated by dividing the sum of the minimum and maximum
temperature (°C) per day by 2 and subtracting five (27). Table 1
shows the sampling regime, the start of sampling, and the
average temperature between the sampling. Controls with both
TENAX® and charcoal traps attached to empty plastic bags with
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filters were placed 20 m away from the decaying mice to collect
the volatiles of the sampling site.

Trace Analysis

TDS Gas Chromatography—Mass Spectrometry (GC-MS)—The
TDS tubes were thermally desorbed by a TDS thermodesorption
system (Gerstel). The volatiles were focused in a KAS cryotrap
(Gerstel) and separated on a 30 m x 0.25 mm HP-5MS (95%
dimethyl-5% diphenyl-polysiloxane) nonpolar column (0.25 pL
film thickness) in a 6890N Network GC System; both systems
were from Agilent Technologies (Santa Clara, CA). The carrier
gas was helium with 99,999% purity and a gas flow of 1 mL/L.
The oven program was set to an initial temperature of 40°C for
1.5 min, which was then increased at a rate of 7.5°C per min to
200°C with a final hold of 5 min. The 5973 quadrupole mass
spectrometer (Agilent Technologies) was operated in the scan
mode in the m/z detection range of 20-354 per 0.5 sec. The
resulting chromatograms were further evaluated using the
Enhanced Chemstation version D00.00.38 software (Agilent
Technologies), Mass Spectral Search Library of the National
Institute of Standards and Technology (NIST, Gaithersburg,
MD), and MS Interpreter version 0.9f (NIST). Authentic stan-
dards were employed to confirm the identity of the compounds
found in the samples (Table 2). Straight-chain hydrocarbons (C8
—C24) were used to calculate the linear retention index (28).

CLSA GC-MS—The CLSA tubes were eluted with 75 puL of a
dichloromethane/methanol (2:1) mixture. One microliter of the
solution was injected through the injection port of a 6890N Net-
work GC System onto a 30 m x 0.25 mm HP INNOWAX
(poly(ethylenglycol)) polar column (0.25 pm film thickness);
both systems were from Agilent Technologies. The carrier gas
was helium with 99,999% purity and a gas flow of 1 mL/L. The
oven program was set to an initial temperature of 50°C for
1.5 min, which was then increased at a rate of 7.5°C per min to
250°C with a final hold of 5 min. A 5973 quadrupole mass
spectrometer (Agilent Technologies) was operated in the scan
mode in the m/z detection range of 20-354 per 0.5 sec. The
resulting chromatograms were further evaluated using the
Enhanced Chemstation version D00.00.38 software, Mass Spec-
tral Search Library of the National Institute of Standards and
Technology, and MS Interpreter version 0.9f. Authentic stan-
dards were used to confirm the identity of the compounds in the
samples (Table 2). Straight-chain hydrocarbons (C8-C24) were
used to calculate the linear retention index (28). The identified
compounds were quantitated from the peak areas of selected sin-
gle ions in the CLSA eluate. Dimethyl disulfide was quantitated
on the basis of m/z = 94; undecane, m/z = 71; heptanal, m/
z = 70; 3-methylbutan-1-ol, m/z = 55; octan-3-one, m/z = 99;
hexan-1-ol,

m/z = 56; dimethyl trisulfide, m/z = 126; nonanal, m/z = 57,
1-octen-3-ol, m/z = 57; phenol, m/z = 94; and indole, m/
z = 117. The median, minimum, and maximum of the com-
pound concentrations are listed in Table 3. The samples were
grouped into the following stages based on the optical impres-
sion of the stages of decay of the mice: fresh, bloated, active
decay, and advanced decay (Table 4). The characteristics of each
stage were presented by Dekeirsschieter et al. (12) and reviewed
by Carter et al. (29). In few cases, the decaying mice showed
characteristics of two stages, for instance, of the active stage and
the advanced stage. The same effect was described by
Matuszewski et al. (30), in relation to decaying pig carcasses. In
these cases, the predominant stage was selected to evaluate the
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TABLE 1—Sampling regime of the 29 samples of the five mice, the average
daily temperature, the minimum and maximum temperature, the stage of
decay according to Table 4 and the accumulated degree days (ADDs).

Average Minimum  Maximum
daily daily daily
temperature temperature temperature Mice (stage

Date (°C) (°C) (°0) of decay;ADD)

29 August 12 6 19 1 (fresh;0)
2008

30 August 11 5 19 1 (fresh;40)
2008

31 August 11 5 17 1 (bloated;53)
2008

1 September 11 4 16
2008

2 September 10 4 16 1 (active;76),2
2008 (fresh;0)

3 September 11 3 16 1 (active;85), 2
2008 (bloated;20)

4 September 10 2 16
2008

5 September 10 3 16 1 (advanced;103),2
2008 (active;38)

6 September 10 3 16
2008

7 September 12 6 17 1 (advanced;124),
2008 2 (advanced;60)

8 September 15 10 27
2008

9 September 16 10 30 3 (fresh;0)
2008

10 September 16 10 19 3 (fresh;22)
2008

11 September 16 10 20 3 (bloated;35)
2008

12 September 16 11 22 3 (active;47), 4
2008 (fresh;0)

13 September 16 11 21 3 (advanced;55), 4
2008 (fresh;20)

14 September 16 11 21
2008

15 September 15 11 20 4 (fresh;30), 5
2008 (fresh;0)

16 September 14 11 20
2008

17 September 13 10 19 4 (fresh;48), 5
2008 (fresh;22)

18 September 13 9 19 4 (bloated;57), 5
2008 (fresh;31)

19 September 13 8 19
2008

20 September 12 8 19
2008

21 September 12 7 19 4 (active;84), 5
2008 (bloated;59)

22 September 13 9 18 4 (advanced;90), 5
2008 (active;65)

23 September 10 2 15
2008

24 September 18 11 30 5 (active;77)
2008

correlation between the optical impression, ADDs, and selected
compounds in the volatile profile (Fig. 1).

Flies

In the autumn of 2008, female C. vicina were caught from
fresh ground meat (half pork, half beef) in the city of Gottingen.
The species C. vicina was chosen as it is one of the first to
arrive on a dead vertebrate and is present during all stages of
decay, excluding the dry stage. This species is considered one of
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the most important in forensic entomology (22,23) and is a
model organism for the olfaction of blowflies (20,25,26).
Although Calliphora vomitoria is reported to be more abundant
in forests of central Europe (31), it was decided nevertheless that
C. vicina would be used. After removing the antennae for elec-
trophysiological experiments, the development of the ovaries
was assessed (32). This was used as an indicator of the predilec-
tion of the flies to oviposit and therefore exhibits high electro-
physiological performance. Only flies with developed ovaries
were selected for the electrophysiological measurements.

Electroantennogram

All compounds identified in the CLSA samples were tested
in paraffin oil (Uvasol quality; Merck/VWR, Darmstadt,
Germany) dilutions from 10~° to 10> mg/mg. For each dilu-
tion step, a 2 cm? filter paper was drenched with 200 puL of
the dilution. The filter paper was inserted into a 10-mL glass
syringe, and 2.5 mL of the air was blown into a stream of
humidified air (500 mL/min, 23°C, 80% relative humidity),
which was passed over the excised antenna of female C. vicina.
For each dilution, three antennae were used, and every antenna
was blown three times. The depolarization of the antennae was
monitored by an electroantennographic (EAG) setup (Professor
Koch, Kaiserslautern, Germany) consisting of a preamplifier,
main amplifier, frequency filter, and adjustment amplifier The
signals were analyzed by the GC Chemstation software. (for
more details, see Weissbecker et al. [33]). Significant differ-
ences in responses to the negative paraffin oil control on filter
paper and the compound dilution were calculated by the U-test
or r-test.

Results
Decaying Process

Table 4 shows the four different stages of decay according to
the description given by Dekeirsschieter et al. (12). This
approach was used to group the volatile samples. C. vicina is
present during all of these stages (22,23). In Table 1, the sam-
pling regime, the average daily temperature, the stage of decay,
and the ADDs are shown. During the experiment, the average
day temperature varied between 10°C and 18°C. While the first
three mice entered the bloated (Fig. 3) or active stage (Fig. 4)
after one or 2 days, mouse four entered the bloated stage after
6 days and mouse five after 4 days.

The ADD was calculated to compare the temperature depen-
dent processes of decay. However, the values of the ADDs were
not correlated to the stages of decay in this experiment. The
fresh stage (Fig. 2) shows a maximum ADD of 48, while the
bloated stage shows a minimum ADD of 35. The ADD range of
the active stage of decay (ADD,,, = 20; ADD,,.x = 85) over-
laps with all other stages, whereas only the advanced stage
(Fig. 5) (ADDyin = 55; ADDjnax = 124) has a constantly higher
ADD value than the fresh stage.

In this experiment, insects were present during all four
stages of decay, most of them being members of the order
Diptera or Coleoptera. The predominant fly families were Calli-
phoridae (C. vicina, C. vomitoria) and Dryomyzidae. Calliphor-
idae were present throughout the decaying process and
oviposited occasionally, whereas Dryomycidae preferred the
fresh and bloated stages for feeding. A greater number of flies
visited the remains during the decay of mouse one and two
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TABLE 2—Compounds identified by both analytical methods, in the order of their linear retention index on the polar column.

CLSA TDS Authentic Standards

(LRI) (LRI) Chemical (Company, Purity,
No Compound INNOWAX HP-5MS Classes CAS No.) Literature
1 Dimethyl disulfide 1083 755 Sulfur compound Merck, 98%, 624-92-0 (9,12-20)
2 Undecane 1100 1100 Alkane Acros, 99%, 1120-21-4 (13,14)
3 Heptanal 1181 906 Aldehyde Acros, 95%, 111-71-7 (9,12,13,17,18,42)
4 3-Methylbutan-1-ol 1195 759 Alcohol Aldrich, 99,5%, 123-51-3 (1,8,12,47)
5 Octan-3-one 1251 992 Ketone VWR, 96%, 106-68-3 (8,58)
6 Hexan-1-ol 1341 884 Alcohol Aldrich, 98%, 111-27-3 (9,16,17,25,42)
7 Dimethyl trisulfide 1386 976 Sulfur compound SAFC, 98%, 3658-80-8 (9,12-16,19,20)
8 Nonanal 1392 1113 Aldehyde Merck, 98%, 124-19-6 (8,13,14,17,42)
9 1-Octen-3-ol 1440 985 Alcohol Merck, 98%, 3391-86-4 (8,17,48,57)
10 Phenol 1980 1021 Aromatic Aldrich, 99%, 108-95-2 (12,13,15,17,68)
11 Indole 2442 1331 Aromatic heterocycle Fluka, 99%, 120-72-9 (1,12,16-19,34)

LRI, linear retention index; CAS, Chemical Abstracts Service.

than during the decay of mouse three, four, and five. Oviposi-
tion occurred only on mouse one and two. These discrepancies
can possibly be explained by shorter daylight hours, which
decreased from 14 h during the decay of mouse one and two,
to 12 h during the decay of the other mice. The prevalent
beetle species observed were Geotrupes spp., Geotrupidae and
Nicrophorus spp., Silphidae (Nicrophorus vespilloides, Nicropho-
rus vespillo).

Trace Analysis

Eleven compounds were identified by both methods adopted
in the experiment. The compounds are listed in the order of their
retention index on the polar column (CLSA) and are assigned to
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FIG. 1—Relative emission patterns of nonanal and the sulfur compounds
dimethyl disulfide and dimethyl trisulfide across the four stages of decay in
the five mice. On the x-axis the ADD value of each sample is given and the
y-axis shows the relative abundance of nonanal and the sulfur compounds.

the following chemical classes: alcohols, ketones, alkanes, alde-
hydes, sulfur compounds, aromatic compounds, and aromatic
heterocycles (Table 2). The quantitative data are presented in
Table 3. Both sulfur compounds were predominantly found in
the active stage of decay (dimethyl trisulfide, <1-104 ng/pL;
dimethyl disulfide, <1-60 ng/pL), as well as 3-methylbutan-1-ol
(1-20 ng/ul) and phenol (<1-7 ng/uL). Nonanal was found in
high concentrations during the fresh stage of decay (<1-52 ng/
pL) and in lower concentrations during the other stages (<1-12
ng/pL). Hexan-1-ol, 1-octen-3-ol, heptanal, and indole were
found in very low quantities throughout the decaying process
(<1-1 ng/pL). Undecane was present in higher concentrations in
samples throughout the entire experiment (2—-5 ng/uL), with the
exception of one sample in the fresh stage of decay with low
concentration of undecane.

Electrophysiology

The results of the EAG experiments are presented in Table 5.
Significant differences between the paraffin control and the stim-
ulus were observed with dimethyl trisulfide at a dilution of 10~°
and dimethyl disulfide at a dilution of 10~%. Nonanal, hexan-1-ol,
1-octen-3-ol, 3-methyl-butan-1-ol, and heptanal were detected at
dilutions of 1073 or 10™*. Octan-3-one, indole, and phenol stim-
ulated the antennae at higher concentrations, and undecane did
not stimulate the antennae at all.

Discussion

The idea of distinct stages of vertebrate decay is used by sev-
eral authors (for review, see [29]). Clearly, this approach is
always subjective (29), as the process of decay is continuous.
The stage model ignores the fact that a carcass can show the
characteristics of two stages of decay at the same time (30).
Matuszewski et al. (30) discuss processes-oriented approach and
describe the decaying process using the onset, duration, and rate
of the decay characteristics. It is most likely that the mosaic
effect, discussed by Matuszewski et al. (30), influences the vola-
tile profile, particularly of larger vertebrates. This could be prob-
lematic for volatile-based PMI estimation, as the quantity of the
emitted volatiles would depend on several overlapping processes.
The volatile profile of a small cadaver should not show the
influence of the mosaic effect, because the decaying process is
much faster. Therefore, an inhomogeneous decay would not
affect the volatile quantities to the same extent as in larger verte-
brates.
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FIG. 2—Fresh stage of decay of mouse one (29 August 2011).

FIG. 3—Bloated stage of decay of mouse two (3 September 2011).

Temperature is another important aspect to be considered. The
process of decay is mainly driven by microbial metabolism and
insect feeding, and both factors are strongly influenced by the
temperature regime. Calculating the ADDs for PMI determina-
tion was inspired by entomological studies and evaluated for
forensic science (27,34) to compare decaying processes. A linear
model seems to be an inappropriate approach, because the tem-
perature has a nonlinear influence on enzymatic activity (5), as
well as on the vapor pressure of volatile compounds (35). Vass
et al. (34) attempted to solve this problem by calculating the
cumulative degree hours for every 12 h, thereby separating day
and night temperatures. However, they state that their results still
lack any strong correlation between temperature and rate of
decay in graves, indicating the influence of other factors like
humidity, oxygen availability, or soil composition (34). Michaud
and Moreau calculated a nonlinear regression model based on
four ADDs, which explained the decay of the 12 exposed pig
carcasses in their study (27).

In the experiment conducted in Gottingen, only the fresh and
advanced stages of the decaying mice showed no overlapping
ADD values. This confirms the limitations of the stages approach
and the linear model for rapid decaying processes. In general,
describing the decomposition in distinct stages is problematic;
however, insect succession on a cadaver is partly correlated to the
process of decomposition (22,23,31). This correlation might
occur, because certain insect species detect core volatiles, which
are always present at a certain stage of the decaying process. The
electrophysiological studies in the experiment show dimethyl

FIG. 5—Advanced stage of decay of mouse one (5 September 2011).

disulfide and dimethy] trisulfide were detected at very low concen-
trations of 10”° and 10~® by female blowfly antennae (Table 5).
Figure 6 shows the dose-response curve for female C. vicina
antennae with a calculated EDy of 6 x 1071 (36). The curve
shows biphasic development, which is typical for two olfactory
receptor neuron populations of different sensitivities. Furthermore,
the formation of dimethyl disulfide and dimethyl trisulfide has
been reported in most experimental literature on the decomposi-
tion of vertebrates (9,12—17,20). The cited literature, as well as the
trace analysis and electrophysiology presented in this study, lead
to the conclusion that both compounds are important cues for the
process of decay and potential core volatiles. In general, sulfur
compounds are formed by the microbial degradation of methio-
nine and cysteine, which are two sulfur-containing amino acids in
the body (1,19,37,38). Among the sulfur compounds formed,
methanethiol is emitted by the following bacteria: Hafnia alveli,
Enterobacter agglomeran, Serratia liquefaciens, Alteromonas
putrefaciens, and Aeromonas hydrophila, which grow on vertebrate
tissue (39,40). The oxidative dimerization of methanethiol contrib-
utes to the formation of dimethyl disulfide and dimethyl trisulfide
both in vivo and in vitro (41). Furthermore, the bacteria belonging
to the Thiobacillus group can transform sulfur compounds under
aerobic conditions and might therefore catalyze this reaction (19).
The high sensitivity of female C. vicina toward sulfur com-
pounds is important for tracing cadavers, which was demon-
strated in behavioral tests (21). However, it is unlikely that
sulfur compounds play a role in initial cadaver detection,
because the biochemical processes described here do not yield
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TABLE 3—Emission rates of the volatile compounds quantitated in the CLSA samples in ng/ul. The median displays the average concentration in all samples
per stage. The n value shows the number of samples analyzed in each stage of decay according to Table 4. Min and Max show the minimum and maximum
concentration of the volatile compounds in the samples. If no value is given for the minimum, the compound was absent in at least one sample. Less than one
indicates the presence of the compound below the threshold for quantitation in all samples.

Fresh, n = 12 Bloated, n = 3 Active, n = 8 Advanced, n = 6
Compound Median Min Max Median Min Max Median Min Max Median Min Max
Dimethyl trisulfide 0 - <1 <1 0 1 17 <1 104 <1 - 2
Dimethyl disulfide <1 - 1 1 <1 2 11 <1 60 2 <1 10
Nonanal 2 <1 52 2 2 2 2 <1 12 1 <1 3
Hexan-1-ol <1 - 1 <1 <1 1 <1 - 1 <1 <1 1
1-Octen-3-ol <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1
3-Methylbutan-1-ol <1 <1 1 1 <1 1 5 1 20 2 <1 3
Heptanal <1 — 1 <1 <1 <1 <1 — <1 <1 <1 <1
Octan-3-one <1 - 2 <1 - <1 <1 1 <1 0 <1
Indole <1 — <1 <1 - <1 <1 - 1 <1 - <1
Phenol <1 — <1 <1 <1 <1 2 <1 7 <1 <1 <1
Undecane 3 — 4 3 2 3 2 2 4 2 2 5

TABLE 4—Four stages of the decomposition process of the mice during the

sampling period.
Length
Stage of of Time
Mice Decay  (Days) Characteristics Pictures
Fresh 14 Rigor mortis; lowered Figure 2 shows
body temperature the fresh stage
of decay of
mouse one
(29 August 2011)
Bloated 1 Putrefaction inside Figure 3 shows
the mice causes the bloated stage
bloating; loss of of decay of
hair begins mouse two
(3 September 2011)
Active 1-3 Cadaver inflates and Figure 4 shows the
decay microbial degradation active stage of

of inner tissues
increases

decay of mouse one
(2 September
2011)

Advanced 1-3
decay

Most of the soft tissues

are assimilated by
microbial activity; only
hair, bones, cartilage,

Figure 5 shows the
advanced stage
of decay of
mouse one

and skin are left (5 September 2011)

sulfur compounds immediately after death. Different volatiles or
a combination of factors could be involved in initial cadaver
detection. The aldehydes nonanal and heptanal are electrophysio-
logically active at dilutions of 107> or 1074, Among the vola-
tiles in Table 3, nonanal is the only compound present in high
concentrations at the onset of decay. Therefore, nonanal could
be a cue for the detection of dead vertebrates shortly after death.
In general, aldehydes are important in the decay process of ver-
tebrates. Nonanal and heptanal have been identified by several
authors (8,9,12-14,17,18,42). Degradation of fat on the skin and
fur of the mice might lead to the formation of nonanal in the
beginning of the decaying process. It is possible that the same
processes that yield nonanal on the living skin (42) also contrib-
ute to its formation in the fresh stage of decay. As C. vicina is
reported to be abundant on cadavers within minutes after death,
flies may follow additional indications, for example, the immo-
bility of the cadaver or carbon dioxide concentration. After the
onset of decay, the degradation of depot fat or intracellular fat
might contribute to the formation of nonanal. Dekeirsschieter
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et al. (12) mentioned an increase in aldehyde formation during
the later stages of decay, and Vass et al. (13) identified alde-
hydes in high relative concentrations in bones. As fat is a com-
ponent of marrow that persists even in ancient bones (43-46),
the increasing amount of aldehydes in the volatile pattern of
decaying vertebrates could be derived from lipid oxidation in
bones (47). Unfortunately, there is a lack of detailed studies on
biogenic aldehyde formation arising from fatty acid degradation
(48,49). Although the beta-oxidation enzymes in prokaryotes,
fungi, and plants differ from each other (49,50), their catabolic
activity is comparable and yields acetyl-CoA or propionyl-CoA
(51). This indicates that aldehydes are not typically emitted from
cadavers, but from any source in which lipids are oxidized, and
that the emission of nonanal alone is too unspecific for tracing a
cadaver in any stage of decay. Therefore, volatile-based PMI
estimation or cadaver dog training should include more than one
volatile.

Trace analytical and electrophysiological results from the
experiment indicate that nonanal and the sulfur compounds are
core volatile candidates. The first and second requirements for
core volatiles are fulfilled, because both nonanal or the sulfur
compounds are present during the whole process of decay and
are emitted in high quantities (Table 3). To evaluate whether the
volatiles show a constant quantitative emission pattern, the rela-
tive quantities of the compounds were displayed. Temperature
variation, variation in the adsorption performance of the charcoal
tubes, and slightly different suction rates of the pumps can influ-
ence the quantity of the volatiles in the samples. Therefore,
within one sample, the sum of nonanal, dimethyl disulfide, and
dimethyl trisulfide was regarded as 100%. The absolute quanti-
ties of both nonanal and the sulfur compounds were expressed
as the percentage (0.0-1.0) of this sum. As an example, if
10 ng/ul nonanal, 20 ng/puL dimethyl disulfide, and 20 ng/pL
dimethyl trisulfide are found in one sample, the sum is 50 ng/pL.
In this case, the relative amount of nonanal in this sample is
10 ng/uL/50 ng/uL = 0.2, and the relative amount of the sulfur
compounds in this sample is (20 ng/pL + 20 ng/puL)/50 ng/
pL = 0.8. Assuming that temperature and suction rate influence
the emissions of the three compounds to the same extent, the rel-
ative quantities of all samples are compared in Fig. 1. There is a
constant relation between nonanal and the sulfur compounds dur-
ing the process of decay. In the early stages of decomposition,
nonanal dominates, whereas in the later stages, this relation
changes and the sulfur compounds are predominant.
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146 (130,146)%**
96 (28,148)***
36 (22,116)***
87 (74,249)%**
50 (46,227)%%*
52 (48,88)%**
164 (38,257)%**
40 (37,59)%+*
40 (25,122)*
32 (25,51)%+*
26 (17,49)

1073

132 (121,136)%**
83 (34,151 )%**
22 (12,76)%**
43 (36,160)***
17 (16,113)%%*
30 (23,51)**
79 /36,184)%**
23 (21,30)**
44 (23,107)*
28 (15,38)

19 (12,26)

107*

111 (102,120)%**
79 (26,93)%**
24 (12,68)%**
19 (14,75)%**
11 (10,67)%**
32 (15,36)**
50 (32,120)*
28 (10,31)

40 (20,97)

21 (11,28)

21 (10,30)

1073
100 (94,104)%**
56 (29,104)%**
8 (6,52)***
7 (6,64)%*
8 (6,54)*
29 (12,35)
35 (24,108)
25 (10,30)
36 (20,74)
24 (9,31)

18 (10,23)

10°°
86 (72,89)%**
26 (21,75)*

3 (3,34)

6 (4,51)

7 (5,49)
29 (13,31)
31 (25,82)
20 (9,21)
36 (14,84)
25 (8,35)
17 (8,29)

1077
59 (53,79)***
31 (25,101)**
4(3,34)
7 (4,37)
6 (5,33)
22 (12,25)
28 (21,86)
21 (11,25)
44 (13,96)
18 (8,33)
17 (10,17)

1078
41 (34,51)%**
26 (26,75)*

53,31

6 (4,38)

5 (5,39)
18 (16,27)
25 (13,100)
19 (13,24)
38 (14,68)
22 (15,25)
14 (13,17)

107°
31 (27,43)%**
29 (25,58)
4 (3,30)
4 (4,29)
23 (13,26)
23 (18,81)
20 (17,21)
28 (26,58)
22 (20,24)
20 (17,20)

C. vicina for each dilution and the paraffin oil control. The t-test or U-test showed significant differences between the dilution and the paraffin oil control.
6 (6,25)

Paraffin Oil
21 (17,28)
4 (2,28)
6 (4,35)
8 (5,18)
20 (14,23)
30 (20,65)
20 (14,23)
30 (20,65)
20 (14,23)
20 (14,23)

TABLE 5—Dose—response relationship of female Calliphora vicina antennae. All compounds were tested. Shown are medians and the upper and lower quartiles of the antennal response in mV; n = 3 female
24 (16,65)

3-Methylbutan-1-ol

Dimethyl disulfide
Heptanal

Dimethyl trisulfide
Nonanal

Hexan-1-ol
1-Octen-3-ol
Octan-3-one
Indole
Phenol
Undecane
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During the decay of mouse one and mouse three, this rela-
tion changed abruptly, whereas mouse two, four, and five show
a slower change in the relation. Abrupt temperature changes
did not occur (Table 4); therefore, different factors influenced
the relation between nonanal and the sulfur compounds. One
important factor could be the condition of the intestine during
the early stages of decay. An intact intestine will lead to an
accumulation of volatiles inside the cadaver. In this case, the
cadaver would bloat until the skin breaks and the volatiles
leave the body, changing the volatile profile abruptly. If there
are holes in the intestine because of insect feeding or physical
injury, the release of decompositional volatiles will occur ear-
lier and in slowly increasing quantities. The mosaic effect
might also influence the volatile emission in the early stages of
decay. Most probably, the process of bloating cannot be
regarded as the bloating of the intestine as a whole. While
gases accumulate in intact regions of the intestine, they might
leave through injuries in other parts. This could be important,
especially where larger vertebrates are concerned.

The emission pattern presented in Fig. 1 shows a constant
development of the relation between nonanal and the sulfur
compounds for each mouse. However, the changes in the vola-
tile pattern cannot be correlated accurately to the stages of
decay. In the fresh stage of the decay (Fig. 2), nonanal clearly
dominates the volatile profile. The only exception is the third
sample of mouse five, where nonanal and the sulfur compounds
are emitted in equal concentration. The volatile composition in
the bloated stage (Fig. 3) does not show such a consistency.
Mouse one and three show a high concentration of nonanal,
whereas mouse five shows a high concentration of the sulfur
compounds. Mouse four shows an almost equal concentration
of both. In the active stage, the sulfur compounds are predomi-
nant in the volatile profile. Exceptions are the first sample of
mouse two (ADD 20), where the concentration of nonanal is
high, and the second sample in the active stage (Fig. 4) of
mouse two where the concentrations of nonanal and the sulfur
compounds are equal. In the advanced stage (Fig. 5), the com-
pounds are either emitted in the same relative quantities (mouse
one, ADD 103; mouse two and mouse four, ADD 84), or the
sulfur compounds are emitted in relatively higher quantities
(mouse three and mouse four, ADD 90). In the sample with the
highest ADD, nonanal dominates (mouse one, ADD 124). An
increasing amount of aldehydes in the later stages of decay has
already been reported by Dekeirsschieter et al. (12) and might
be connected to lipid oxidation in bones (13,43—46).

The calculated ADD values do not sufficiently explain the
volatile emission. A nonlinear model might show a stronger
correlation. In this study, the dominance of the nonanal emis-
sion lasts to an ADD range between ADD 20 and ADD 53.
The ADD range in which the relation between nonanal and the
sulfur compounds changes begins at ADD 31 and ends at ADD
84, while the ADD values of the sulfur compound dominance
range between ADD 47 and ADD 90.

Neither the stages approach nor the linear temperature model
can explain the volatile emission in this experiment. New mod-
els have to be developed to describe the process of decay to
evaluate the hypothesis that the PMI can be estimated by
means of volatile analysis. Temperature-based models might
lack availability of data, as it has been found that temperature
data provided by weather stations are not always sufficient for
PMI estimation (52). More quantitative data on volatile emis-
sions must be collected. Additional core volatiles emitted by
larger vertebrates could increase the correlation of the volatile

*p < 0.05, **p < 0.01, ***p < 0.001.
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FIG. 6—Biphasic development of the dose—response reaction of female
Calliphora vicina antennae toward dimethyl trisulfide.

emission during the decaying process. Investigation into the
olfaction of other carrion visitors would be interesting, especially
those species that appear during the early stages of decay, and
may detect important core volatiles (31).

The higher fusel alcohol 3-methylbutan-1-ol is a candidate for
an additional core volatile in the model presented in Fig. 1.
Female blowflies can detect this compound at a dilution of 10~*
(Table 5), but in this experiment, the compound showed a high
quantitative variation between the samples. 3-Methylbutan-1-ol
is a byproduct of L-leucine degradation by the Ehrlich pathway
(53). It is also a byproduct of the anabolic biosynthetic pathways
in microbes (47,54,55). Dekeirsschieter et al. (12) identified the
compound in the headspace of decaying pig, and Ercolini et al.
(8) detected the compound in the headspace of tainted meat.
Moraxella phenylpyruvica, Staphylococcus xylosus, S. starnosus
transforme, Saccharomyces cerevisiae, and Candida utilis
degrade leucine to 3-methylbutan-1-ol (53,54,56). The experi-
ments performed in Gottingen showed that female blowflies
could detect hexan-1-ol and 1-octen-3-ol at dilutions of 107
(Table 5). Both compounds showed very low absolute and rela-
tive emission in this experiment (Table 3), which discriminates
them as core volatiles. However, human remains might emit the
compounds in higher quantities. The eight-carbon volatile com-
pound l-octen-3-ol is formed during lipid oxidation of com-
pounds such as linoleic acid (48) and arachidonic acid (57). The
compound is predominantly emitted by fungal activity (58-63) and
is used as the main fungal aroma compound in the food industry
(64). 1-Octen-3-ol forms during the degradation of muscle tissue
(8,17) human blood, bone, and fat (17); and the skin of fish
(57). Haze et al. (42) identified hexan-1-ol in the headspace of
living human bodies, while Hoffman et al. (17) identified this
compound in the headspace of decaying human blood, testicle,
muscle, fat, and bone. The compound is also emitted by tainted
meat (9) and human cadavers (16). Fungal metabolism (58-63)
and lipid oxidation in plants (65) also yield hexan-1-ol. The
detection of 1-octen-3-ol and hexan-1-ol by C. vicina antennae
(Table 5) could be useful for tracking the uptake of nutrition
from flowers (25) and fungi (58), but is not necessarily impor-
tant when tracing a cadaver.

Octan-3-one, indole, phenol, and undecane are, essentially,
insignificant compounds to female blowflies, and among these
volatiles, only undecane shows slightly higher concentrations in
the volatile samples of decaying mice (Table 3). This discrimi-
nates them as core volatiles, although this might be different for

larger vertebrates. Octan-3-one is the second eight-carbon vola-
tile identified in this experiment. It has been identified in the
headspace of tainted meat (8) and is prominent in the headspace
of fungi (58). Lipid oxidation in fungi yields octan-3-one (48).
Indole, a degradation product of the amino acid tryptophan (66),
is found to be emitted from decaying pig (12); human blood, tes-
ticles, and adipoceres (17); and decaying humans (16,34). The
volatile compound phenol was identified in the headspace of
decaying pig (12) and decaying human remains (13,15) and is
derived from the bacterial metabolism of tyrosine in organisms
such as the human intestine (67,68). Undecane was detected in
the headspace of human bones and at human burial sites (13,14).
Further information on postmortem volatiles of vertebrate tissue
can be found in Paczkowski and Schiitz (69).

Conclusions

The pattern of volatiles emitted from decaying vertebrates is
complex. The olfactory perception of C. vicina and other carrion
visiting invertebrates can help in the selection of core volatiles.
Among the detected substances, sulfur compounds are the most
important cues for tracing deceased vertebrates. Examination of
the relative amounts of sulfur compounds and nonanal facilitates
differentiation within the decaying process showed that the rela-
tive amounts are correlated neither to the stages of decay nor to
the calculated ADD. This information might be a step toward
establishing a volatile-based postmortem estimation method with
potential forensic application.
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Abstract

In this study, core volatiles of vertebrate decay were selected and evaluated for a volatile based
estimation of the post mortem interval. Such volatiles should (1%) be reliably emitted during
vertebrate decay, (2") be emitted in high quantities, and (3™) show a reproducible quantitative
dynamic during the decaying process. Four pigs (Sus scrofa domesticus L.) were placed in a deciduous
forest in Germany at different times in the year. Volatiles released during their decomposition were
sampled. Seventeen compounds were identified and quantified by GC-MS. Electrophysiological
experiments on the antenna of female Calliphora vicina were used as an evolutionary tuned
information filter to evaluate the 1* criterion. Dimethyl disulfide and dimethyl trisulfide fulfilled all
three criteria. The role of butan-1-ol, phenol, and aldehydes for PMI estimation is discussed, as well
as correlations between volatile emissions, ADDs and observed stages of decay.

Keywords: Forensic entomology, Forensic chemoecology, decompositional process, stages of decay,
core volatiles, volatile emission pattern, Calliphora vicina, electrophysiology, electroantennogram,
EAG, olfaction, VOC, electronic noses, semi-conductor gas sensors

Introduction

Vertebrates consist of many different tissues like bones, muscles, skin or the nervous system. After
death, these tissues are degraded by reactive oxygen species, autolysis, microorganisms or
scavengers (Paczkowski and Schiitz, 2011). The chemical degradation during autolysis or microbial
activity yields volatiles as by- or end products (Vass et al., 2008; Vass et al., 2004; Vass et al., 2002;
Statheropoulos et al., 2007; Statheropoulos et al., 2005; Hoffman et al., 2009; Dekeirsschieter et al.,
2009; Paczkowski and Schiitz, 2011; Paczkowski et al., 2012; DeGreef and Furton, 2011). These
volatile products are in the focus of recent research, because their emission might be correlated to
the post mortem interval (PMI). Most of the established methods for PMI estimation are useful in the
first week after death. However, the process of decay is influenced by temperature, moisture, or
other factors like clothing or drug consumption. Therefore, PMI estimation results in time spans
rather than time points.

The most important method for PMI estimation is the outward appearance of the cadaver. This
appearance is classified in stages. The fresh stage of decomposition is characterized by a lowering
body temperature, rigor mortis, and the formation of blue or black spots on the skin. During this
stage autolysis, reactive oxygen species and microbes start to decompose the cadaver. Volatile
products of this decomposition cause the bloating of the intestine at the onset of the bloated stage.
Increasing microbial activity, the feeding of insect larvae, or scavengers cause the breaking of the skin
and the outflow of the inner fluid. This is the beginning of the active stage. The weight loss in this
stage is the highest during the decaying process (Carter et al., 2007) and the rate of the weight loss is
probably influenced by the soil humidity (Matuszewski et al., 2010a). When most of the tissue is
digested by larvae, metabolized by microorganisms, or drained off, the cadaver is in the advanced
stage of decay. In this stage the cadaver is drier and insect activity is lower than in the active or
bloated stage. In the dry stage of decay only bones and hair are left. The limitations of the stages
approach is discussed by several authors (Carter et al., 2007; Matuszewski et al., 2010b), as the
optical impression is subjective and a cadaver can show characteristics of different stages of decay at
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the same time. The head can show a higher rate of decomposition than other parts of the cadaver.
While the bowel is still bloated, the cadaver could deflate at the anus.

Forensic entomology offers additional cues for PMI estimation (Amendt et al., 2004). Insect
colonization of dead vertebrates shows a time dependent succession pattern (Matuszewski et al.,
2010a). The development of insect larvae could allow PMI estimation in the time span of one month
after death (Amendt et al., 2004). The larval growth is influenced by the temperature and, therefore,
additional data of weather stations is required in order to estimate the rate of the larval
development. It has been shown that data of weather stations are not always sufficient for PMI
estimation (Dourel et al., 2010). A combination of methods can contribute to improved PMI
estimation. Volatile based PMI estimation is proposed to complement established methods
(Dekeirsschieter et al., 2009; Paczkowski and Schitz, 2011; Paczkowski et al., 2012; LeBlanc and
Logan, 2010; Statheropoulos et al., 2007; Statheropoulos et al., 2005; Vass et al., 2008; Vass et al.,
2004).

The complex chemical processes during the decay of a vertebrate can yield many different volatiles.
A volatile based PMI estimation should rely on volatiles, which are reliably present during the decay
of vertebrates. A first approach to find such core volatiles was done by Dekeirsschieter et al., 2009.
They analyzed the volatiles of decaying pig cadavers (Sus scrofa domesticus) in different habitats
(rural, forest, and urban) and identified tentative core volatiles of decay. As indicated by the authors,
many experiments are required in order to confirm these core volatiles, because different vertebrate
species may vyield different volatile pattern and environmental aspects can influence the volatile
emission. The olfaction of forensically important insects can be utilized for the identification of core
volatiles in order to avoid time consuming and costly experiments. These insects are adapted to
perceive volatiles of decay (Paczkowski et al., 2012; Kalinova et al., 2009; Hoermann et al., 2011,
LeBlanc and Logan, 2010). The females find dead vertebrates for oviposition by means of olfaction
and depend on reliably emitted volatiles (Huotari, 2000). Such volatiles can be useful for volatile
based PMI estimation.

The cadaveric volatiles perceived by the blowfly Calliphora vicina should fulfill three criteria: The first
criterion is the emission of the volatile by any kind of decaying vertebrate and, in consequence, by
any human corpse. This criterion is important for the reliability of the method, as vertebrate species
and environment can alter the volatile emission (Dekeirsschieter et al., 2009). Such environmental
influences could be microclimatic conditions during the decaying process that favor different
microbial species with different volatile by- or end products. Moreover, feeding of scavengers might
influence the rate of decomposition or could introduce different microbial species from the
scavengers mouth region (Paczkowski and Schiitz, 2011). Alterations in the volatile profile caused by
clothing or drug consumption are not considered in this study, because such environmental
influences were not part of the ecologically driven adaption of C. vicina. The second criterion requires
a high concentration of the volatile to enable the detection with GC sampling techniques or artificial
noses. The metabolic activity of microbes and the vapor pressure of volatiles depend on the
temperature in a non linear way (Goll et al., 1983; Thomson, 1946). Therefore, a volatile which is
emitted in low concentration at 15°C might drop below the detection threshold at 5°C. Moreover,
core volatiles meeting the first and the second criterion might be important for search operations
with trained canines or prospective artificial noses. The third criterion for volatiles enabling PMI
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estimation is the reproducible dynamic of their emission. The increase or decrease of core volatiles
should show the same correlation to the PMI for any decaying process of vertebrates. Calculating the
ADD can improve this correlation, because the ADD takes in account the temperature dependence of
the decaying process.

In this study, the volatile emission patterns of decaying pig carcasses (Sus scrofa domesticus L.) are
investigated in order to identify volatiles, which fulfill all of the three criteria. The olfaction of female
blowflies (C. vicina) is used as an evolutionary tuned filter for the improved selection of these
volatiles.

Materials and Methods

Collection of volatiles from decaying pigs

Four domestic pigs (Sus scrofa domesticus L.) (25-30 kg) were placed in a deciduous forest near Klein
Schneen, Lower Saxony, Germany, in the time period from 2008 to 2011. The pigs were ordered from
a pig farm and killed by penetrative captive bolt. Approval from the university’s Animal Ethics
Committee was obtained prior to killing the pigs. Domestic pigs were used, because they resemble a
human body according to the relative size of the inner organs and the chemical composition of the
tissues (8,11). The pig cadavers were placed in a metal fence casing, which was fastened to the
ground to protect the cadavers against scavengers. To collect the volatiles, TDS tubes filled with
TENAX® (TDS; Gerstel, Miihlheim, Germany) were connected to membrane pumps (Thomas Division,
Sheboygan, USA) and placed 2 cm above the cadavers. The position of the tubes was selected on the
basis of the optical impression of the decaying stage. The characteristics of these stages (fresh,
bloated, active, and advanced decay) were critically reviewed by Carter et al., 2007 (Carter et al.,
2007) and applied by Dekeirsschieter et al., 2009 (Dekeirsschieter et al., 2009) and Statheropoulos et
al., 2011 (11). In the fresh and bloated stage of decay the tubes were places above the head or the
swollen parts of the cadaver. In the active or advanced stage of decay the tubes were placed above
the stomach or the anal region. The 3™ and 4™ pig showed the mosaic-effect described by
Matuszewski et al., 2010 (Matuszewski et al., 2010b). While the head of these pigs was in a
progressed stage of decay, the torso was still bloated. In case of the 3™ pig, the tube was positioned
above the head and in case of the 4™ pig the tube was positioned above the swollen torso in order to
evaluate the influence of the sampling tubes™ position on the sampled volatile profile. The pumps
withdrew air through the TDS tubes for two hours with a rate of 70 L/h. During the whole period of
sample collection, the temperature was recorded with a HOBO®© data logger (Onset Computer
Corporation, Bourne, USA). The accumulative degree days (ADDs) were calculated by dividing the
sum of the minimum and maximum temperature (°C) per day by two and subtracting 5 (Michaud and
Moreau, 2011). Controls were placed 50 m away from the decaying pigs to collect the volatiles of the
sampling site.

Trace analysis with the TDS samples from decaying pigs

The TDS GC-MS trace analytic was performed according to a method described in Paczkowski et al.,
2012 (p.71). The identified compounds were quantified from the peak areas of selected single ions in
the sample. Dimethyl trisulfide was quantified on the basis of m/z = 126; dimethyl disulfide m/z = 94;
nonanal, m/z = 57; hexan-1-ol, m/z = 56; 1-octen-3-ol, m/z = 57; 3-methylbutan-1-ol, m/z = 55;
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heptanal, m/z = 70; octan-3-one, m/z = 43; acetophenone, m/z = 105; indole, butanoic acid m/z = 60;
m/z = 117; phenol, m/z = 94; 4-methylphenol, m/z = 107; 3-methyl-butanoic acid m/z = 60; acetic
acid, m/z = 43; butan-1-ol, m/z = 56; and undecane, m/z = 57. The samples were grouped by the
optical impression of the stages of decay: fresh, bloated, active decay, and advanced decay. The
correlation between the optical impression, the ADD; and the relative abundance of selected
compounds in the volatile profile was evaluated.

Collection and rearing of flies

In the summer of 2011, female C. vicina were caught from fresh ground meat (half pork, half beef) in
the city of Gottingen. The species C. vicina was chosen as it is one of the first to arrive on a dead
vertebrate, and is present during all stages of decay. This species is important for forensic
entomology (Amendt et al., 2004; Smith, 1986) and is a model organism for research on the olfaction
of blowflies (Kaib, 1974; Huotari and Mela, 1996; Stensmyr et al., 2002). After removing the
antennae for electrophysiological experiments, the development of the ovaries was assessed
(Stoffolano, 1974). This was used as an indicator of the predilection of the flies to oviposit and,
therefore, exhibit high electrophysiological performance. Only flies with developed ovaries were
selected for electrophysiological measurements.

Electroantennogram (EAG) with C. vicina

The EAG experiments were performed according to the method used in Paczkowski et al., 2012
(p.72).

Results

Decaying process

The temperature regime during the decay of the four pigs and the calculated ADD; for the onsets of
the decaying stages are shown in Figure 1. The average day temperature varied between 3 °C and
18 °C in autumn for the first pig, 7 °C and 30 °C in early summer for the second pig, 10 °C and 29 °Cin
late summer for the third pig, and 11 °C and 25 °C in spring for the fourth pig. The onset of the
bloated stage varied between 7 and 12 days, the onset of the active stage between 14 and 24 days,
and the onset of the advanced stage between 21 and 43 days. The calculated ADDs varied between
38 and 121 for the onset of the bloated stages, between 136 and 180 for the active stages, and
between 242 and 343 for the advanced stages.

Frequent rain kept the cadaver and the habitat moist during the decay of the first pig. Although in
the fresh stage few flies (Calliphoridae, Muscidae) were observed on the cadaver, eggs were found
on snout and anus of the pig. Larvae hatched few days before and in the bloated stage. In the active
stage of decay the cadaver was still swollen in the region of the intestine and many larvae were
present on the fluid besides head, back, and anus. In the advanced stage of decay very few flies
visited the still moist cadaver and fewer larvas were present on the remains.

Frequent rainfalls kept the second pig moist, as well. Fly activity was low and few eggs were laid on
the snout and the back of the pig. The moist weather led to a high activity of snails, which fed on the
eggs. Therefore, no larvae hatched on the snout and the back. Larvae of Silphidae hatched beneath
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the cadaver. In the bloated stage the cadaver swelled and the skin broke up at some places, which
were damaged by the feeding of the snails.

These places were attractive for Calliphoridae, Muscidae and Silphidae, but no eggs were found
there. All of these insect families were abundant in the mouth opening in the bloated stage, as well
and eggs were laid on the back and the snout of the cadaver. The swollen stomach got black and
broke up at the onset of the active decay and beetle larvae (Silphidae) came out from underneath
the cadaver. In the advanced stage of decay the whole cadaver was still moist. There was almost no
activity of flies and beetles and only few Silphidae larvae were left on the tissue.

There were no rainfalls during the fast decay of the third pig (Figure 1). Few flies (Calliphoridae)
visited the cadaver in the short period of the fresh stage (Figure 1), while many flies (Calliphoridae,
Muscidae) and beetles (Staphinilidae, Silphidae) visited the cadaver in the bloated stage of decay.
The head showed the characteristics of advanced decay, while most of the cadaver was still in the
bloated stage. Many larvae were found in the mouth opening and on the breast. In the active
decaying stage, the head was in the dry stage of decay and the larvae migrated to the fluid on top of
the stomach region. Many flies (Calliphoridae, Muscidae) visited the cadaver in this stage. Only few
larvae were visible on the cadaver in the advanced stage.
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Figure 1 shows the temperature regime, the stages of decay and the assigned ADD value (accumulated degree days) for
the four pigs.

The weather was dry during the fresh, bloated, and active stages of the fourth pig's decay.
Calliphoridae visited the cadaver in the fresh stage of decay. Eggs were laid on the head, the anus,
and in the mouth opening. More insects (Calliphoridae, Muscidae, Silphidae) were attracted in the
bloated stage and many larvae were present on the head, the back, and the anus. Eggs were found
on the legs. The anus region broke up at the onset of the active decay, the region of the intestine was
still swollen and the head showed characteristics of advanced decay. The tissue turned moist and
grey after a rainfall in the advanced stage of decay. Very few larvae or adult insects visited the
cadaver in this stage.

Trace analysis of the TDS samples from decaying pigs

Seventeen compounds were identified and quantified during the decay of the four pigs (Table 1).
Among these compounds there are four alcohols (24 %), three acids (18 %), two sulfur compounds
(12 %), two aldehydes (12 %), two aromatics (12 %), one ketone (6 %), and one aromatic heterocycle
(6 %). Table 2 shows the quantity of these compounds assigned to the stages of decay. No compound
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was reproducibly detected during the fresh stage of decay. However, the group of aldehydes
(heptanal and nonanal) is present at low absolute concentrations (0-85 ng) in most samples of the
fresh stage and only the first sample of the 2™ pig is an exception. Acetophenone and dimethyl
disulfide were reproducibly detectable in the bloated stage of decay. Acetophenone is emitted at low
concentration (5-43 ng) and dimethyl disulfide is emitted at increasing concentration (2-442 ng).
Seven compounds (dimethyl disulfide, dimethyl trisulfide, heptanal, phenol, undecane, butan-1-ol,
and acetophenone) were reproducibly detected in the active stage of decay. The sulfur
compounds,phenol, and butan-1-ol show strongly increasing concentrations (sulfur compounds: 58-
1748 ng; phenol: 6-2,448 ng, 193-5,198 ng) in this stage. Phenol, butan-1-ol, and acetophenone were
reproducibly detected in the advanced stage of decay. Butan-1-ol is emitted at varying
concentrations in most of the samples of this stage (9-3,035 ng) and phenol is emitted at high
concentrations in all of the samples of this stage (316-3,256 ng).

Electroantennogram (EAG) with C. vicina

The results of the electrophysiological experiments are listed in Table 3. Additional data is published
in Paczkowski et al., 2012 (p.76). Fourteen of the seventeen compounds were electrophysiological
active on the antennae of female C. vicina. Both sulfur compounds showed the highest antennal
responses and were significantly distinguishable from control stimuli down to dilutions of 10 g/g
(dimethyl disulfide) and 10° g/g (dimethyl trisulfide). Both aldehydes showed high antennal
responses, as well as the three alcohols hexan-1-ol, 1-octen-3-ol, and 3-methylbutan-1-ol. These
compounds were significantly distinguishable from control stimuli down to dilutions of 10 g/g and
10®° g/g. Octan-3-one, acetophenone, indole, butanoic acid, phenol, 4-methylphenol, and 3-
methylbutanoic acid were significantly distinguishable from control stimuli down to dilutions of 107
g/g and 10 g/g. However, acetic acid, butan-1-ol, and undecane elicited no significant

electrophysiological responses.

Discussion

The aim of this study was the identification of volatiles of the decaying process, which fulfill all of the
three criteria (1: reliably present; 2: high quantities; 3: reproducible dynamic). The volatiles that fulfil
these criteria can be detected by technical sensors, which are much less sensitive than insect
antennae. Seven compounds fulfill the first criterion in this study.
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Table 1 lists the compounds of pig decay (S. scrofa domesticus) identified by mass spectra and confirmed by standard compounds in the order of their linear retention index on a nonpolar
column. References are listed that identified the same compounds, respectively.

No.

10
11
12

13
14
15
16

17

Compound

Acetic acid
Butan-1-ol

Dimethyl disulfide

3-Methylbutan-1-ol
Butanoic acid
3-Methyl-butanoic
acid

Hexan-1-ol
Heptanal

Dimethyl trisulfide
1-Octen-3-ol
Octan-3-one
Phenol
Acetophenone
Undecane
4-Methylphenol

Nonanal

Indole

TDS (LRI)

755

759
806
861
884
906
976
985
992
1021
1089
1100
1103

1113

1331

Chemical
classes
Acid
Alcohol

Sulfur
compound

Alcohol
Acid

Acid
Alcohol
Aldehyde

Sulfur
compound

Alcohol
Ketone
Aromatic

Aromatic
Alkane

Aromatic
Aldehyde

Aromatic
heterocycle

Authentic standards
(company, purity,
CAS No.)

Fluka, 98%, 64-19-7
Fluka, 98%, 71-36-3

Merck, 98%, 624-92-0

Aldrich, 99,5%, 123-51-3
Aldrich, 98%, 107-92-6
SAFC, 98%, 503-74-2
Aldrich, 98%, 111-27-3
Acros, 95%, 111-71-7
SAFC, 98%, 3658-80-8
Merck, 98%, 3391-86-4
VWR, 96%, 106-68-3
Aldrich, 99%, 108-95-2
Aldrich, 99% 98-86-2
Acros, 99%, 1120-21-4
Aldrich, 99%, 106-44-5

Merck, 98%, 124-19-6

Fluka, 99%, 120-72-9

Literature

(Gottschalk, 1986; Dent et al., 2004; Boumba et al., 2008; Hoermann et al., 2011; DeGreef and Furton,
2011)

(Dekeirsschieter et al., 2009; Statheropoulos et al., 2005; O'Neal and Poklis, 1996; Gill-King, 1999;
Dent et al., 2004; Boumba et al., 2008)

(Stensmyr et al., 2002; Dent et al., 2004; Vass et al., 2008; Vass et al., 2004; Statheropoulos et al.,
2007; Statheropoulos et al., 2005; Hoffman et al., 2009; Dekeirsschieter et al., 2009; Stutz et al., 1991;
Stutz et al., 1991; Lorenzo et al., 2003; Podskalska et al., 2009)

(Dekeirsschieter et al., 2009; O'Neal and Poklis, 1996; Boumba et al., 2008; Derrick and Large, 1993;
Ercolini et al., 2009)

(Dekeirsschieter et al., 2009; Statheropoulos et al., 2005; Hoffman et al., 2009; Gill-King, 1999; Lorenzo
et al., 2003; Boumba et al., 2008; Dent et al., 2004; Hoermann et al., 2011)

(Hoermann et al., 2011)

(Kaib, 1974; Huotari, 2000; Statheropoulos et al., 2005; Hoffman et al., 2009; Stutz et al., 1991; Haze
etal., 2001)

(Hoffman et al., 2009; Dekeirsschieter et al., 2009; Stutz et al., 1991; Vass et al., 2008; Haze et al.,
2001; Lorenzo et al., 2003)

(Stensmyr et al., 2002; Dent et al., 2004; Vass et al., 2008; Vass et al., 2004; Statheropoulos et al.,
2007; Statheropoulos et al., 2005; Dekeirsschieter et al., 2009; Stutz et al., 1991; Podskalska et al.,
2009; DeGreef and Furton, 2011)

(Hoffman et al., 2009; Ercolini et al., 2009; Zhang et al., 1992; Combet et al., 2006)

(Statheropoulos et al., 2007; Dekeirsschieter et al., 2009; Vass et al., 2008; Hoffman et al., 2009;
Cummings et al., 1979; DeGreef and Furton, 2011)

(Dekeirsschieter et al., 2009; Statheropoulos et al., 2007)

(Vass et al., 2004; Vass et al., 2008; DeGreef and Furton, 2011)

(Dekeirsschieter et al., 2009; Statheropoulos et al., 2007; Geypens et al., 1997)

(Vass et al., 2008; Vass et al., 2004; Hoffman et al., 2009; Haze et al., 2001; Ercolini et al., 2009;
DeGreef and Furton, 2011)

(Dent et al., 2004; Hoffman et al., 2009; Dekeirsschieter et al., 2009; Vass et al., 2002; O'Neal and
Poklis, 1996; Statheropoulos et al., 2005; Lorenzo et al., 2003; Gill-King, 1999; Evans, 1963; O'Neal and
Poklis, 1996)
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Table 2: Emission quantity of volatiles. The table shows the quantity of the volatile compounds in the TDS samples in ng.
The order of the numbers is: median, lower quartile, upper quartile, minimum, maximum. The median displays the
average concentration in all samples of each stage. The N value shows the number of samples analyzed in each stage of
decay. A minimum of”0” shows that the compound was absent in at least one sample.

Compound Fresh (N=14) Bloated (N=9) Active (N=12) Advanced (N=19)
Dimethyl trisulfide - 1,0,5,0,849 256,39,545,10,1495 83,14,193,0,1686
Dimethyl disulfide - 5,3,51,2,442 133,61,389,47,441 86,20,441,0,2053
Nonanal 5,2,13,0,47 4,0,20,0,56 10,1,29,0,33 6,2,15,0,92
Hexan-1-ol 0,0,0,0,7 0,0,2,0,15 0,0,0,0,22 0,0,0,0,16
1-Octen-3-ol - - - -
3-Methylbutan-1-ol 0,0,0,0,2 3,0,12,0,23 99,4,125,0,423 19,3,57,0,330
Heptanal 6,5,10,0,38 6,1,8,0,94 11,7,37,3,112 6,1,44,0,263
Octan-3-one 0,0,2,0,33 0,0,2,0,5 0,0,0,0,4 0,0,0,0,6
Indole - - 1,0,4,0,15 5,0,22,0,695
Phenol 3,0,6,0,10 2,0,11,0,1594 146,21,1045,6,2448 709,426,2273,316,3256
Undecane 2,1,3,0,14 2,1,3,0,3 6,3,15,1,58 4,2,13,0,33
Butan-1-ol - 0,0,0,0,76 1403,275,2423,193,5198 632,61,1368,9,3035
3-Methyl-butanoic acid - 0,0,167,0,2140 98,0,1069,0,11578 365,0,2649,0,26063
Butanoic acid - 0,0,0,0,2 0,0,1,0,7 0,0,1,0,40
4-Methylphenol - 0,0,0,0,62 4,0,59,0,112 6,3,23,0,195
Acetophenone 19,12,28,0,56 28,9,40,5,43 24,13,46,8,54 18,8,36,6,60
Acetic acid 0,0,15,0,112 0,0,33,0,69 0,0,119,0,510 21,0,97,0,328

The volatile compounds dimethyl disulfide, dimethyl trisulfide, heptanal, phenol, undecane,
acetophenone, and butan-1-ol were reproducibly emitted during the bloated, active or advanced
stages of decay. This is indicated in Table 2 by a minimum higher than zero. The olfaction of female C.
vicina is used in order to confirm the reliability of these compounds as core volatiles for vertebrate
decay. Electrophysiological activity of a volatile does not necessarily implicate a sufficient
concentration for electronic sensor systems (2" criterion), because insect olfaction is much more
sensitive in comparison to technical systems (Weissbecker et al., 2004, O'Neal and Poklis 1996).
Furthermore, electrophysiological activity does not suggest a correlation with one or several stages
of decay or with the calculated ADDs values (3™ criterion), because the fly is a generalist and does not
necessarily differentiate between the bloated, active, and advanced stage of decay by means of
volatiles. The applicability and stage specificity of volatiles has to be evaluated by the 2" and the 3™
criterion.

Among the seven core volatile candidates, butan-1-ol and undecane are not electrophysiological
active. Although butan-1-ol has been detected during the decay of vertebrates several times (O'Neal
and Poklis, 1996; Gill-King, 1999; Dent et al., 2004; Statheropoulos et al., 2005; Dekeirsschieter et al.,
2009; Paczkowski et al., 2012) it is not perceived by the blowfly. C. vicina might not need to detect
volatiles, which are important for the differentiation between the bloated and the active stage. The
biology of this insect shows that the fly is a generalist among invertebrate carrion visitors. Adults can
visit carrions in the fresh stage of decay, but can be found in larger numbers in the bloated and active
stage of the decaying process (Smith, 1986; Matuszewski et al., 2010a). Larvae of C. vicina develop
successfully in both stages of decay. The fly does not have to differentiate between the bloated and
active stage of decay and, therefore, does not have to perceive butan-1-ol. In contrast, the male
necrophagous hide beetle Dermestes maculatus does differentiate between the bloated and the
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Table 3: EAG. The Table shows the dose-response relationship of female C. vicina antennae. The order of the numbers is:
Median (upper quartile, lower quartile). The antennal responses are given in mV (N=3). The T-test or U-test was used to
calculate significant differences between the dilution and the paraffin oil control. The p-level was: *<0.05; **<0.005;
*¥%<0.001. Most of the dose-response relationships have already been published in Paczkowski et al., (2012) (p.76).

Compound Paraffin

) 10° 10° 10™ 103 102
oil
* % * %k
Acetophenone 13(9,23) 14(11,28) 15(10,20)  16(12,22)  29(28,65)  57(56,123)
* *
Butanoic acid 13(9,23) 14(11,23) 17(12,26)  23(19,26)  25(21,46)  26(25,37)
*
4-Methylphenol 16(9,23) 12(10,30) 12(11,26)  16(1421)  20(1832)  25(22,64)
. *
ié?gemy"b”tam'c 17(16,27) 16(14,27) 16(14,21)  18(1522)  20(18,33)  21(19,35)
Acetic acid 17(14,27) 12(11,41) 16(14,25)  19(17,26)  19(18,33)  30(22,34)

active stage of decay by means of volatiles. The male beetle perceives benzyl butyrate, which is
regarded as a product of the butanoic acid fermentation of glucose by the obligate anaerobic
Clostridiaceae (Hoermann et al., 2011). Butanoic acid fermentation of Clostridiaceae can shift from
butanoic acid production to butan-1-ol production (Boumba et al., 2008).

All of this information suggests an important role of butan-1-ol for the volatile based differentiation
between the bloated and the active stage of decay and the compound’s emission is correlated to the
onset of the active stage in this study, as well (Figure 2). Undecane is neither known to be detected
by C. vicina (Table 3) or other necrophilic insects (Kalinova et al., 2009; Hoermann et al., 2011), nor
frequently identified in other trace analytical studies on vertebrate decay (Paczkowski and Schiitz,
2011). Therefore, this compound is excluded as a core volatile.

The second criterion (high concentration) is fulfilled by dimethyl disulfide, dimethyl trisulfide, phenoal,
and butan-1-ol. These compounds are the most prominent ones in the volatile pattern of the
decaying pigs (Table 2). The electrophysiological active aldehydes heptanal and nonanal are emitted
at low concentration in comparison to these compounds. However, it has already been shown in a
study on decaying mouse carcasses that aldehydes can enable a differentiation between the fresh
stage and other stages (Paczkowski et al., 2012). Only few compounds are emitted in this first stage
of decay and, therefore, aldehydes are emitted in high relative abundances (Figure 2). This enables a
selective measurement by semi-conductor gas sensor systems. The sensitivity of these gas sensors is
sufficient to detect compounds at low concentrations, if they are not mixed with other compounds of
higher concentration (Olafsdottir and Kristbergsson, 2006) and methods for further enhancement of
gas sensor performances are shown by Sauerwald et al., (Sauerwald et al., 2007) and Gramm et al.,
(Gramm and Schiitze, 2003). Therefore, the aldehydes heptanal and nonanal are further regarded as
vital for a volatile based PMI estimation, although they are emitted in low quantities and might drop
below the detection limit at low temperatures.
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The reliable quantitative dynamic during the decay is the third criterion evaluated for volatile based
PMI estimation. This criterion requires a dynamic emission, which is correlated to the process of
decay. Figure 2 displays the relative abundances of the two aldehydes, the two sulfur compounds,
butan-1-ol, and phenol. Although C. vicina perceives acetophenone (Table 3) this compound is
excluded, as its relative emission was found to resemble the aldehyde emission and did not
contribute to an improved understanding of the decaying process. Furthermore, it's absolute
concentration is low and it is considered to be an oxidation product of the TENAX® powder (DeGreef
and Furton, 2011).

The function of aldehydes for the determination of the PMI in the early phase of decay has already
been discussed. The sulfur compound emission reliably starts at the onset of the bloated stage. The
position of the sampling tubes (head or bloated torso) did not affect the sulfur compound detection,
although in case of the 3™ pig the tube was positioned above the head, which was in a progressed
stage of decay. The correlation of the sulfur compound emission with the onset of the bloated stage
corresponds to observations of Matuszewski et al, 2010 (Matuszewski et al., 2010a), who found an
increasing insect activity during the bloated stages of decaying domestic pigs (Sus scrofa domesticus).
This was observed in this study, as well. Aak et al (Aak et al., 2010) found that dimethyl trisulfide was
attractive for C. vicina in a wind tunnel behavior study and Paczkowski et al (Paczkowski et al., 2012)
found a very high sensitivity of C. vicina towards sulfur compounds. The sulfur compound emission
starts at an ADDs of 80 (1% pig), an ADDs of 94 (2™ pig), an ADDs of 85 (3™ pig), and an ADDs of 121
(4th pig). The higher ADDs value of the 4™ pig might be caused by the long time between the last
sample of the fresh stage and the first sample of the bloated stage (Figure 2). It is possible that the
bloating of the cadaver started earlier than observed. The absolute sulfur compound emission shows
a high variation. The 1* pig showed a strong increase of the absolute sulfur compound emission in
the middle of the active stage (ADDs 190), while the 2™ pig shows an increasing absolute
concentration at the end of the bloated stage (ADDs 117). As snails fed on the skin of this pig, the
resulting small injuries could have led to an effusion of volatiles from the intestine. This would also
explain the high numbers of carrion visiting insects on these injuries.
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Figure 2: Volatile dynamics. The Figure shows the relative abundance of the aldehydes heptanal and nonanal, the sulfur
compounds dimethyl disulfide and dimethyl trisulfide, butan-1-ol, and phenol for the four pigs. The onset and the
duration of each stage of decay are shown and the ADD; was calculated for each sample in order to evaluate the
correlation between optical impression, ADD;s and the relative abundance of the selected volatiles.

The skin breaks and the inner fluid gets in contact with oxygen at the onset of the active stage. This
induces a change in the microbial species constitution. Aerobic or facultative aerobic microbes
increase their growth rate, while obligate or facultative anaerobic microbes are restricted in their
growth. Butan-1-ol is emitted in large quantities, possibly because of a shift in the biochemical
pathways of facultative aerobic microbes (Boumba et al., 2008). The compound is detected at the
onset of the active stage at an ADDs of 151 (1% pig), an ADDs of 136 (2™ pig), an ADDs of 175 (3™ pig),
and an ADDs of 180 (4™ pig). The only exception is the bloated stage of the 1st pig (Table 2). The
correlation of butan-1-ol emission to the active stage of decay corresponds to results of
Statheropoulos et al., (Statheropoulos et al., 2005), who detected butan-1-ol in the headspace of a
corpse with progressed decay and not in the headspace of a corpse in an earlier stage of decay. In
the study presented here, the absolute butan-1-ol concentration decreased in the advanced stages of
the four pigs (Table 2).

The 1%, the 2" and the 4™ pig showed an increasing absolute emission of phenol in the active and
advanced stage of decay. Increasing phenol emission might indicate microbial competition for
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decreasing substrates in this late stage of decay (Paczkowski and Schiitz, 2011). The 1%, 2" and the
4" pig showed a decreasing relative concentration of phenol and an increasing aldehyde
concentration in the advanced stage of decay (Figure 2). Increasing aldehyde concentration during
the advanced stage of decay has already been suggested in a former study on decaying mouse
cadavers (Paczkowski et al., 2012) and by Dekeirsschieter et al., (2009) and could derive from
decomposing bones (Vass et al.,, 2008; Paczkowski and Schitz, 2011) or adipocere formation
(Paczkowski and Schiitz, 2011). The relative concentration of phenol and aldehydes might give
information about the PMI during the advanced stage of decay, although the visible characteristics of
the cadaver do not change in this stage. Long term studies have to be performed in order to assess
the value of phenol and aldehyde formation for PMI estimation in the later stages of decay.

Conclusion

C. vicina is a generalist with regard to vertebrate species and stage of decomposition. Its olfaction
hints at the aldehydes heptanal and nonanal, and the sulfur compounds dimethyl disulfide and
dimethyl trisulfide for a volatile based differentiation between the fresh and the bloated stage of
decay. The olfaction of D. maculatus, being a specialist with regard to stage of decomposition,
reveals additional compounds like butan-1-ol. This compound contributes to a better differentiation
between the bloated and the active stage of decay. Although acetophenone and the aldehydes
heptanal and nonanal were electrophysiological active on the antenna of C. vicina, their role for
volatile based PMI estimation was critically discussed. Results of other studies and the restrictions of
semi-conductor gas sensors led to the selection of the aldehydes despite their low concentration and
the rejection of acetophenone because of its questionable role in the decaying process. This shows
that compounds perceived by insects do not necessarily contribute to an improved PMI estimation.

Volatile based PMI estimation shows similar restrictions as established methods and might be of
additional value, if the stage of decay cannot be classified or the insect succession is influenced by a
high abundance of predators. The relative emission of phenol and aldehydes might give information
about the PMI during the advanced stage of decay. Moreover, canine training can be improved by
selecting volatile compositions typical for distinct stages of decay. A sensor based on-site method
might provide a fast first assessment of the PMI or might improve search operations after natural
disasters.
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Abstract

The European fire beetle Melanophila cuspidata oviposits on heated and superficially charred stems
to provide its xylophagous larvae with nutrition. We investigated, if the beetle smells marker volatiles
allowing an assessment of the heating stage of the wood beneath the bark. Such biologically
preselected marker volatiles will enable a reliable differentiation between fresh, heated, and burned
wood and will be useful for early fire warning systems. 25 compounds of heated pine wood chips
(Pinus sylvestris) were identified and quantified by GC-MS. Electrophysiological experiments (GC-
MS/EAD, EAG) and behavioral studies with M. cuspidata revealed eight electrophysiologically active
and behaviorally attractive compounds. From these compounds furfural was selected as a marker
volatile for heated wood from these compounds. A nanoporous semiconductor metal oxide gas
sensor was developed for the detection of furfural. This sensor detected furfural sensitively in a
burning chamber prior to the ignition of pine wood chips (P. sylvestris). The furfural emission in this
chamber was monitored simultaneously by an online mass-spectrometer. The utilization of M.
cuspidata for the selection of marker volatiles and the feasibility of the nanoporous sensor for early
fire warning systems in the wood processing industry is discussed.

Keywords: (Melanophila cuspidata, thermal oxidation, wood, furfural, nanoporous semiconductor
metal oxide gas sensor, biomimetik sensor)

Introduction

Wood is a complex tissue consisting of the structural polymers hemicelluloses, cellulose, lignin, and a
broad variety of accessory compounds. The relative amount of these constituents varies between
tree species, within tree species and even within one tree (Kollmann, 1982). Therefore, the
qualitative and quantitative volatile pattern emitted during the thermal oxidation of wood is also
complex. One or several reliably occurring combustion products of wood have to be selected in order
to develop an early fire warning system for wood. Such combustion products, further referred to as
marker volatiles, should have three characteristics. Firstly, marker volatiles should be emitted reliably
by any kind of heated wood and should occur reproducibly prior to ignition. This will ensure that an
early fire warning system will not fail to detect an increasing fire risk. Secondly, the marker volatiles
should be emitted at relatively high concentration. Semiconductor gas sensors are very sensitive, but
a volatile compound at low concentration might not be detectable in a volatile mixture, since such
gas sensors are not very selective. Thirdly, marker volatiles should be characteristic for the thermal
oxidation or the pyrolysis of wood and should not be emitted by other sources in order to reduce
false alarms. The selection of such marker volatiles will require many experiments, because the
variation among volatile combustion products of wood is very high.

Biomimetik approach

A more efficient option to select such marker volatiles is the utilization of the pyrophilic beetle
Melanophila cuspidata (Buprestidae; Klug, 1829). Its olfaction is optimized to perceive volatile
compounds emitted by forest fires (Schiitz et al., 1999). The beetles mate, and the female beetles
oviposit, on stems with heated but unburned wood tissue on recently burned areas. Such stems are
not able to defend themselves any more, but still provide nutrition for the larvae. The beetles have
to distinguish between intact, heated, and burned wood beneath the bark in order to find the ideal
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oviposition place. This cannot be done by the optical impression of the stems, because all stems are
charred after a fire. The infrared organ of the beetle (Schmitz et al., 1997; Kreiss et al., 2007) might
be able to differentiate between cold, warm, and hot stems to avoid the landing on hot patches;
however, this information does not allow the estimation of the physiological stage of the stem
beneath its charred bark. The physiological stage can be estimated by the absence or presence of
volatile compounds that form during the thermal oxidation of wood. Volatiles smelled by the beetles
can be reliable markers for the heating stages of wood, because the survival of their offspring
depends on a correct assessment of these stages. The perceived volatiles will have a high potential
for fulfilling the first criterion for the proposed marker volatiles. Therefore, the chemoecology of M.
cuspidata can preselect potential marker volatiles for a reliable semiconductor gas sensor system.

Requirements of biomimetik metal oxide gas sensors

Such a semiconductor gas sensor should exhibit a long life time, operate at low power conditions,
and should have the potential for mass production. The sensor should be sensitive enough to detect
marker volatiles at low concentration and selective enough to minimize the influence of other gases.
Semiconductor metal oxide gas sensors have most of these characteristics. They have the potential
for low power consumption applications (Gutmacher et al., 2011) and temperature cycles can
improve their selectivity (Semancik et al., 2001, Gramm and Schiitze, 2003). Nanoporous
semiconductor metal oxide gas sensors exhibit an improved sensitivity towards target volatiles in
comparison to bulk material sensors (Kakati et al.,, 2009, Paczkowski et al., 2011). An ordered
mesoporous tungsten oxide gas sensors made by nanocasting was used for the selective and
sensitive detection of furfural, which is a compound utilized by M. cuspidata, and run with a
temperature cycle. The performance of this biomimetic sensor in differentiating between stages of
heated pine wood (Pinus sylvestris, Coniferalis: Pinaceae; Linnaeus, 1753) was evaluated in a burning
chamber.

Material and Methods

Thermal oxidation of wood chips, cellulose and lignin

A modified GC oven (Fractovap Series 4160, Carlo Erba Strumentazione, Rodano, Italy) was used as a
heating chamber for the thermal oxidation experiments. A glass flask (250 ml Duran, Schott AG,
Mainz, Germany) was put into the oven. Synthetic air (20 % O, in N,, Alpha Gaz, Dusseldorf,
Germany) was lead into the flask with 1 bar pressure. The air was sucked out of the flask by a rotary
vane pump (1.2 I/min, Thomas Division, Sheboygan, USA) and was led through a charcoal trap (1.8
mg Charcoal, CLSA Filter, Daumazan sur Arize, France) for collecting volatiles. A control sample of 0.6
| air from a clean flask was taken at 250 °C. Afterwards, the xylem of a fresh branch (#=2.5-3 cm) of
P. sylvestris was drilled with a 5 mm diameter wood driller and 2 g of the chips were inserted into the
glass flask. After 10 min conditioning time at 25 °C the rotary vane pump sucked 0.6 L through the
charcoal filter tube. This procedure was repeated for the temperature steps 50 °C, 75 °C, 100 °C, 150
°C, 200 °C, 250 °C and 300 °C in order to collect the volatiles of fresh, heated, and burning wood
chips. Two gram of cellulose powder (DS-0, Sigma-Aldrich, St. Louis, USA) or lignin powder (Kraft-
Lignin, Sigma-Aldrich, St. Louis, USA) were filled into a 4 ml glass vial with a perforated aluminum cap
in order to evaluate the origin of the wood chips™ emissions. The vials were put into the glass flask
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and the volatile sampling was performed in the same way as described. The described sampling
procedures were repeated five times with the wood chips, the cellulose powder, and the lignin
powder.

Trace analysis of the volatile samples
The trace analysis was performed according to a method described in Paczkowski et al., 2012 (p.71).

Quantification of volatiles from thermally oxidized wood flakes

The standard solutions for the confirmation of the retention time were used for quantification. The
main ion of each compound was extracted and quantified using the Enhanced Chemstation Version
D00.00.38 software from Agilent Technologies (Santa Clara, USA). The peak area of the main ion in
the standard solution resembled ~100 ng. The quantity in the samples was calculated in ppmv and
each data set was tested for normal distribution with the Shapiro-Wilk Test. Most of the datasets
were not normally distributed, therefore, the data was described by the median, the lower and
upper quartiles, and minima and maxima (Table 2 and 3). A minimum of O indicates that the
compound is not present in all of the five replications.

Insect collection and rearing

Wood stems (P. sylvestris) containing larvae of Melanophila cuspidata were collected on a burned
woodland area in Sallent — Balsareny, Spain, in March 2010. They were transported to Germany and
incubated at 37 °C + 1 °C, 40 % + 10 % relative humidity and a 12 h / 12 h day/night cycle. The adult
beetles hatched 162 days later and were collected for electrophysiological and behavioral
experiments.

GC-MS/EAD with M. cuspidata

GC-MS/EAD studies were performed as described in Weissbecker et al., 2004. The volatile samples of
three selected thermal oxidation experiments of wood chips were used for the GC-MS/EAD studies.
Each sample was tested on three beetle antennae and only compounds repeatedly eliciting antennal
responses were selected for further EAG experiments.

EAG with M. cuspidata

The EAG was performed according to a method described in detail in Paczkowski et al., 2012 (p.72).
Furthermore, the vapor pressure of the 1% significant concentration of the beetles towards the
tested compounds was calculated with Henrie's law as the vapor pressure of the compound’s
dilution at which the beetles showed the first significant response.

Behavioral studies with M. cuspidata

All compounds which were selected for the EAG experiments were tested in paraffin oil dilutions of
102 and 10™ (g/g) in the behavioral studies. Additionally, a volatile mixture of 2-methoxyphenol and
5-methylfurfural (1:1) diluted to 10™ (g/g) in paraffin oil was tested. A custom built two arm
olfactometer (PTFE-block, 40x180x170 mm3) was used for these studies. The plate was heated to
30+2 °C by a heating plate beneath the olfactometer. Ten parallel walking chambers (20x8x150 mm?3)
were covered with an acryl glass lid. A comb with metal tubes confined the beetles in the middle of
the walking chambers. 100 ul filter pipette tips (Sarstedt AG&CO, Numbrecht, Germany) were
inserted from both sides of each walking chamber. Each filter contained two drops of either the odor
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dilution or pure paraffin oil or none of the compounds for the choice tests with pure air. Charcoal
filtered and humidified air (21 + 1 °C, 40 % relative humidity) was led through the walking chambers
at a constant flow of 0.65 L / min. The beetles were able to move for seven minutes after the comb
was removed. The walking chambers were scaled into 500 single positions. The movement of the
beetles was recorded by a camera (iSlim, Kye Systems Corp.) and captured by a picture converter
(VirtualDub 1.9.10, A. Lee, Freeware, 2 pictures / s). The position of each beetle in the olfactometer
was calculated with the program Imagel) 1.43u (National Institute of Health, USA) and the plugin
MTrack2 (National Institute of Health, USA) for every second. The attractivity index of each stimulus
was calculated, expressing the mean value of the beetle position as the percentage of the theoretical
maximum mean value. The attractivity index was 100 % in case of a maximum attraction, 50 % in
case of indifferent behavior and 0 % in case of a maximum repellence. Significant difference between
stimulus and paraffin oil was tested with the Mann-Whitney U-Test for skew distributed data sets. A
p-level of 5 % was the threshold for significance.

Sensor preparation and performance in a gas mixing equipment

The sensors were prepared by depositing a suspension of WO3; on a commercial alumina substrate
with an interdigitated platinum electrode (Umweltsensortechnik GmbH, Geschwenda, Germany).
Nanoporous material obtained by a nanocasting process was compared with bulk material (Fluka, St.
Gallen, Switzerland). The details of the WO; nanocasting process are described in ERinger et al., 2010
and based on a method of Rossinyol et al., (Rossinyol and Tian et al., 2005). The sensor temperature
was controlled by integrated platinum wires.

The gas sensing properties were measured by means of a gas-mixing equipment (Multi Gas
Controller 647B, MKS Instruments Deutschland GmbH, Miinchen, Germany). Standard mass-flow
controllers (1179A Mass-Flo Controller, MKS Instruments Deutschland GmbH, Miinchen, Germany)
were used to generate two well defined synthetic air flows. One gas flow was led through a custom
build dewar, which was filled with furfural. At a constant temperature of -5 °C, generated with a
Cryostat (RM 6, Messgerate-Werke Lauda Dr. R. Wobser GmbH & CO. KG, Lauda-Koénigshofen,
Germany), a constant vapor pressure and, therefore, a constant concentration of 140 ppmv above
the liquid furfural was generated. In combination with the second synthetic air flow arbitrary
concentrations between 0 und 140 ppmv of furfural were adjusted.

Changes in sensor conductance were measured at a constant voltage of 0.5 V. The sensor response is
defined as the relative change in conductance ((G - Go)/ Gg) where G is the sensor response towards
furfural and Gyis the sensor response towards pure synthetic air.

Fire experiments in a burning chamber

~20 g of dried OSB strands (Pinus sylvestris) were heated in a 50x50x60 cm?® burning chamber (150
L). An infrared-heater with an integrated thermocouple was used in order to adjust the required
temperature. The wood chips were placed on the surface of the IR-heater and were heated from 25
°C to 50 °C, 100 °C, 150 °C, 200 °C, 250 °C, 300 °C, 350 °C, and 400 °C. The temperature was kept
constant for 15 min at each step and the volatile emissions of the wood chips were detected by the
described nanoporous metal oxide semiconductor gas sensor. A temperature variation technique
was used in order to improve the sensors selectivity (Semancik et al., 2001, Gramm et al., 2003). The
surface temperature of the sensor was raised in a triangular shaped cycle with a duration of 20 s
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(minimum = 250 °C; maximum = 500 °C), while acquiring 200 equidistant data points for each cycle
(see inset Figure 3). Two features were defined for the discrimination of the temperature stages in
the fire experiment. An explorative data analysis was applied using the conductivity in point X and Y
in the temperature cycle (see inset Figure 3). Significant differences between the temperature steps
were evaluated with the sign test. A p-level of 5 % was the threshold for significance.

Volatile detection in a burning chamber by an online quadrupole mass

spectrometer

The gases from the burning chamber were sucked through the capillary inlet of an online quadrupole
mass spectrometer (Cirrus 300, MKS Instruments, Inc.) with a rate of 20 ml / min. The inlet was
heated to 150 °C in order to avoid the condensation of volatiles. The mass spectrometer was working
in the peak jJump mode with an electron energy of 70 eV and detected the amount of the mass m/z =
96 in parallel to the nanoporous metal oxide gas sensor. This is the most abundant mass in the
spectra of furfural ionized at 70 eV. The recording of this mass was used to monitor the emission of
furfural during the heating of the wood chips and, thereby, enable the evaluation of the sensor
performance.

Results

Trace analysis and quantification of the wood flake volatiles

Twenty-five compounds were identified in the volatile samples of the thermally oxidized wood flakes
(Table 1) and the quantitative dynamics of the compounds are shown in Table 2. N,N-
dimethylformamide is emitted at constant emission rates throughout the heating process, but never
in all five tested samples (minimum=0). All of the other compounds are emitted in specific
temperature ranges. The first group of compounds consists of the terpenes a-pinene, B-pinene and
3-carene; the alcohols 1-octen-3-ol, 1-octanol, and 1-pentanol; the aldehydes hexanal, heptanal,
nonanal, and decanal; and the furane 2-pentylfurane. The volatiles of this group are emitted in the
temperature range between 25 °C (fresh stage) and 250 °C (Prefiring stage). The second group of
compounds consists of the furanes furfural, 5-methylfurfural, 2-furanmethanol, and 5-
hydroxymethylfurfural; the ketone hydroxyacetone; the acid acetic acid; and the methoxyphenol 6-
formyl-2-methoxyphenol. These compounds are emitted in the temperature range from 200 °C
(Heating stage) to 300 °C (Post-ignition stage). The third group of volatiles is emitted in the
temperature range from 250 °C (Prefiring stage) to 300 °C (Post-ignition stage). This group comprises
the methoxyphenols 4-ethyl-2-methoxyphenol, 2-methoxyphenol, 2-methylphenol and 4-
methylphenol, and the furane 2(5)furanone. Most of the compounds are emitted at a median
concentration in the single digit ppmv range per 30 s. Acetic acid, hydroxyaceton, hexanal, N,N-
dimethylformamide, furfural, 2(5H)-furanone, and a-pinene are emitted at or above a median
concentration in the double digit ppmv range. Among this group, only hexanal, furfural, 2(5)H-
furanone, and a-pinene are emitted in all of the five samples of one or several temperature steps
(minimum>0). At 250 °C (Prefiring stage), furfural is reliably emitted and shows the highest minimum
of all compounds and all temperature steps.

The thermal oxidation of cellulose powder and lignin powder resulted in less volatile compounds
than the thermal oxidation of the wood chips (Table 3). All of the compounds quantified were
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reliably present (minimum>0), except 4-ethyl-2-methoxyphenol at 200 °C. Levoglucosenone showed
large peak areas in the samples at 250 °C and 300 °C during the thermal oxidation of cellulose, but
the compound was not quantified as it did not occur during the thermal oxidation of the wood flakes.
Four other compounds were not identified in the cellulose powder experiments and did not occur in
the wood chips experiments. Lignin powder emitted 2-methoxyphenol at and above 150 °C. The
chemical pretreatment of the powder (kraft pulping) could explain the presence of 2-methoxyphenol
at this early temperature step. Phenol (150 °C — 300 °C) and 4-propyl-2-methoxyphenol (250 °C — 300
°C) were emitted during the thermal oxidation of the lignin powder and not in the wood chips
experiments. Neither cellulose powder nor lignin powder did ignite in any of the repetitions.
Cellulose showed a brown color at 300 °C.

Table 1 lists the compounds identified in samples of heated wood flakes (Pinus sylvestris) in a temperature range from
25°C to 300°C.

lon for
HP-5MS | INNOWAX Chemical Purit uanti-
No. | Compound (LRI) (LRI) class CAS No. | Company [%]y fc:cation
[m/z]
1 Acetic acid <800 1364 Acid 64-19-7 Fluka 99 43
2 Hydroxyacetone <800 1195 Ketone 116-09-6 | Aldrich 98 43
3 1-Pentanol 810 1166 Alcohol 71-41-0 Aldrich 99 42
4 Hexanal 826 1100 Aldehyde 66-25-1 Aldrich 98 44
5 N,N-Dimethylformamide 827 1242 Aldehyde 68-12-2 Aldrich 98 73
6 Furfural 860 1357 Furane 98-01-1 Acros 99 96
7 2-Furanmethanol 877 1564 Furane 98-00-0 Merck 98 98
8 Heptanal 910 1145 Aldehyde 111-71-7 | Aldrich 95 44
9 2(5H)-Furanone 924 1602 Ketone 497-23-4 | Aldrich 98 55
10 a-Pinene 937 1035 Terpene 80-56-8 Merck 98 93
11 B-Pinene 980 1109 Terpene 127-91-3 Fluka 98 93
12 5-Methylfurfural 985 1499 Furane 620-02-0 | Across 98 110
13 1-Octen-3-ol 989 1379 Alcohol 3391-86- Merck 99 57
14 2-Pentylfurane 1002 1161 Furane 3777-69- ABCR 98 81
15 3-Carene 1013 1124 Terpene 498-15-7 Fluka 99 93
16 2-Methylphenol 1067 1921 Phenol 95-48-7 Aldrich 98 108
17 1-Octanol 1084 1490 Alcohol 111-87-5 | Aldrich 98 56
18 4-Methylphenol 1094 1999 Phenol 106-44-5 | Aldrich 99 107
19 2-Methoxyphenol 1105 1777 Methoxyphenol 90-05-1 Fluka 98 109
20 Nonanal 1118 1344 Aldehyde 124-19-6 Merck 98 57
21 4-Methyl-2-methoxyphenol 1202 1883 Methoxyphenol 93-51-6 Aldrich 98 138
22 Decanal 1219 1437 Aldehyde 112-31-2 Acros 95 43
23 5-Hydroxymethylfurfural 1245 2348 Furane 67-47-0 Aldrich 95 97
24 4-Ethyl-2-methoxyphenol 1296 1958 Methoxyphenol | 2785-89- SAFC 98 137
25 6-Formyl-2-methoxyphenol 1421 2397 Methoxyphenol | 148-53-8 | Aldrich 98 152
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Table 2: Emission of wood flakes. The table shows the temperature dependent emission rate (ppmv in 30 s) of the identified compounds in the volatile samples of 2 g heated wood flakes
(Pinus sylvestris). The values of the emission rate are displayed in the following order: median, lower quartile, upper quartile, minima, and maxima. N.d. means not detected. A minimum

above 0 ppmv in 30 s) shows a reliable emission of the compound at this temperature step.

Compound Emission rate [ppmv in 30s]

25°C 50 °C 75°C 100 °C 150 °C 200 °C 250°C 300 °C

Fresh stage Heating stage Prefiring stage Post-Ignition

Wood flakes (Pinus sylvestris)
Acetic acid n.d. n.d. n.d. n.d. n.d. 18,16,32,0,51 268,245,411,0,654 | 52,20,73,0,664
Hydroxyacetone n.d. n.d. n.d. n.d. n.d. 5,4,6,0,8 41,33,41,0,75 14,10,29,0,38
1-Pentanol n.d. n.d. n.d. n.d. 4,1,10,0,13 4,3,7,0,7 2,1,3,0,5 n.d.
Hexanal n.d. n.d. n.d. n.d. 14,4,29,3,69 18,9,20,8,25 10,7,11,5,13 n.d.
N,N-Dimethylformamide 18,17,22,0,42 5,5,5,0,8 13,12,16,0,24 13,12,19,0,26 | 15,12,15,0,32 15,14,20,0,23 21,17,22,0,26 15,9,17,0,37
Furfural n.d. n.d. n.d. n.d. n.d. 4,3,6,3,8 64,58,92,56,98 1,1,2,1,96
2-Furanmethanol n.d. n.d. n.d. n.d. n.d. 0,0,0,0,1 3,2,3,2,3 1,1,1,1,2
Heptanal n.d. n.d. n.d. n.d. 0.2,0,1,0,1 1,0.6,1,0.2,2 0.4,04,1,0.2,1 n.d.
2(5H)-Furanone n.d. n.d. n.d. n.d. n.d. 0,0,0,0,0.3 13,12,21,8,23 16,6,17,2,40
a-Pinene 16,11,21,3,166 2,1,3,1,5 2,1,5,0.5,7 1,0.2,1,0.2,4 0.2,0.2,0.2,0,3 0,0,0,0,0.8 n.d. n.d.
B-Pinene 0.3,0.3,12,0.2,62 0,0,0.2,0,9 0,0,0,0,18 0,0,0,0,9 0,0,0,0,8 0,0,0,0,2 n.d. n.d.
5-Methylfurfural n.d. n.d. n.d. n.d. n.d. 0,0,0.2,0,0.2 2,1,3,2,3 1,0.2,1,0,7
1-Octen-3-ol n.d. n.d. n.d. n.d. n.d. 0.4,0.2,0.7,0.2,1 n.d. n.d.
2-Pentylfuran n.d. n.d. n.d. n.d. 1,0.5,1,0.2,4 1,1,1,0.6,2 0.2,0.2,0.3,0.2,0.5 | n.d.
3-Carene 6,4,14,3,113 1,1,2,1,2 1,0.3,2,0.2,5 0.2,0,0.3,0,2 0,0,0.2,0,2 0,0,0,0,1 n.d. n.d.
2-Methylphenol n.d. n.d. n.d. n.d. n.d. n.d. 0,0,0,0,0.2 1,0.2,2,0.2,4
1-Octanol n.d. n.d. n.d. n.d. n.d. 0.4,0.2,1,0.2,1 n.d. n.d.
4-Methylphenol n.d. n.d. n.d. n.d. n.d. n.d. 0,0,0.2,0,0.2 0.4,0.4,1,0,2
2-Methoxyphenol n.d. n.d. n.d. n.d. n.d. n.d. 2,1,2,1,3 7,2,8,0.3,9
Nonanal n.d. n.d. n.d. n.d. 0.3,0.3,1,0.2,2 2,1,3,1,3 2,1,3,1,5 n.d.
4-Methyl-2-methoxyphenol n.d. n.d. n.d. n.d. n.d. n.d. 1,1,2,1,3 5,4,9,1,13
Decanal n.d. n.d. n.d. n.d. n.d. 0.2,0.2,0.3,0.2,0.3 | 0.6,0.3,0.6,0,1 n.d.
5-Hydroxymethylfurfural n.d. n.d. n.d. n.d. n.d. 2,2,3,2,3 5,3,7,2,12 5,2,47,1,99
4-Ethyl-2-methoxyphenol n.d. n.d. n.d. n.d. n.d. n.d. 0.2,0.2,0.3,0.2,0.3 | 0.8,0.6,1,0.3,1
6-Formyl-2-methoxyphenol n.d. n.d. n.d. n.d. n.d. 0.3,0.2,0.5,0,0.6 10,6,13,4,26 4,2,27,1,36
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Table 3: Emission of cellulose and lignin. The Table shows the temperature dependent emission rate (ppmv in 30 s) of the
identified compounds in the volatile samples of cellulose powder (2 g) and lignin powder (2 g). The values of the emission
rate are displayed in the following order: median, lower quartile, upper quartile, minima, and maxima. N.d. means not
detected. A minimum above 0 ppmv in 30 s shows a reliable emission of the compound at this temperature step.

Compound Emission rate [ppmv in 30s]

25°C ‘ 50 °C ‘ 75°C ‘1oo°c‘ 150 °C 200 °C 250°C 300 °C

Fresh stage Heating stage

Cellulose
Furfural n.d. n.d. n.d. n.d. n.d. n.d. 7,6,9,5,11 141, 140,180, 87,181
5-Methylfurfural n.d. n.d. n.d. n.d. n.d. n.d. n.d. 11,10,12,7,13
5-Hydroxy- n.d. n.d. n.d. n.d. n.d. n.d. n.d. 6,3,10,3,12
methylfurfural
Lignin
2-Methoxyphenol n.d. n.d. n.d. n.d. 4,3,5,3,6 7,6,9,6,11 16,12,20,4,20 76,63,90,50,92
4-Methyl-2- n.d. n.d. n.d. n.d. n.d. n.d. 2,1,3,0.5,3 11,6,14,6,21
methoxyphenol
4-Ethyl-2- n.d. n.d. n.d. n.d. n.d. 0.2,0.2,0.2,0,0.2 | 0.7,0.7,2,0.3,2 | 8,3,12,3,18
methoxyphenol

Electrophysiology with M. cuspidata

Twenty-three compounds showed a response on the eight individuals tested in the GC-MS/EAD

studies. Fourteen of these compounds were identified by means of their mass spectra and their

standard retention time. Characteristic GC-MS/EAD chromatograms for each temperature are shown

in Figure 1. 1-Pentanol, B-pinene, nonanal, hexanal, a-pinene, 2-methoxyphenol, and heptanal are

detected down to vapor pressures below 0.5 ppm in the EAG experiments (Table 4). Furfural is

detected below a vapor pressure of 2.9 ppm.
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Fig. 1: GC-MS EAD results. The Figure shows representative GC-MS/EAD results for Melanophila cuspidata tested on
samples of heated wood chips (Pinus sylvestris) in the temperature range of 25 °C to 300 °C. 1: a-pinene; 2: B-pinene; 3:
3-carene; 4: hexanal; 5: heptanal; 6: unidentified; 7: unidentified; 8: 1-pentanol; 9: 2-pentylfuran; 10: N,N-
dimethylformamide; 11: nonanal; 12: unidentified; 13: furfural; 14: unidentified; 15: hydroxyacetone; 16: unidentified;
17: acetic acid; 18: 5-methylfurfural; 19: unidentified; 20: 2-furanmethanol; 21: 2-methoxyphenol; 22: unidentified; 23: 4-
methyl-2-methoxyphenol.

Behavioral studies with M. cuspidata

The beetles were very active during the behavioral experiments and walked constantly from one side
to the other. Therefore, most of the tested compounds showed a median in the range of 48 % and
52 % (Table 4). Most of the upper and lower quartiles showed values between 25 % and 75 %.
1-Pentanol shows an upper quartile higher than 75 % (upper quartile = 77 %) at a dilution of
1072 (g/g). 3-Carene (p=0.001) was significantly attractive at a dilution of 10™* (g/g) and 2-
methoxyphenol (p=0.022) and 5-methylfurfural (p=0.009) were significantly attractive at a dilution of
10™ (g/g). All other compounds showed no significant attraction or repellence. The volatile mixture
containing 2-methoxyphenol and 5-methylfurfural (1:1) was attractive at a dilution of 10™ (g/g)
(p=0.032).
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Table 4: EAG and behavioral studies. The table shows the dose-response relation (EAG) and the behavioral response of
Melanophila cuspidata towards compounds from heated wood flakes (Pinus sylvestris). A low vapor pressure of the 1%
significant dilution indicates a perception at low concentration in the EAG. The p-level of the behavioral responses was
calculated by the t-Test or the U-test. Significant differences between the diluted compound and the paraffin oil control
are indicated by circles or by the number of stars ( °: p< 0.1, *: p< 0.05, **: p< 0.01, ***: p< 0.001).

Vapor pressure P-Ievgl of P-Ieve_l of
st . .o behavioral behavioral

Compound of1 5|gn|f|t?ant response at response at

concentration dilution of | dilution of 10

[ppm] 102

1-Pentanol 0.003 °0.054 0.784
B-Pinene 0.003 0.235 0.438
Nonanal 0.007 0.584 0.693
Hexanal 0.014 0.476 °0.094
a-Pinene 0.043 0.469 0.301
2-Methoxyphenol 0.234 0.281 *0.022
Heptanal 0.500 0.885 °0.096
2-Furanmethanol 1.323 °0.055 0.992
2-Pentylfurane 2.626 0.520 0.978
Furfural 2.899 °0.088 0.639
Hydroxyacetone 3.835 0.887 0.419
Acetic acid 5.499 0.595 0.533
5-Methylfurfural 8.372 0.898 **0.009
3-Carene 48.36 ***0.001 0.839
4-Methyl-2-methoxyphenol 0.859 0.853
N,N-Dimethylformamide 0.522 0.171
Mixed group (5-Methylfurfural / 2-Methoxyphenol 1:1) *0.032

Furfural (p=0.088) and 2-furanmethanol (p=0.055) had a low but insignificant p value.

Sensor performance in the gas mixing equipment

The nanoporous sensor responded towards furfural at a concentration of ~14 ppmv. Previous
experiments already showed an increased performance of the nanoporous sensor in detecting the
furfural peak (response of 1.05) in comparison to the performance of the bulk material, which
showed a response of 0.1 (ERinger et al., 2010). Therefore, the sensitive nanoporous sensor is used

for the fire experiments in the burning chamber.

Fire experiments in the burning chamber

The temperature cycle allowed an extraction of selected sensor signals for a precise correlation to
the volatile formation in the chamber. The quotient of the sensor signals Y and X is plotted against
the feature X (see inset Figure 2). That means that the relation of X to Y is correlated to the same X. X
and Y are relative values expressing the conductance (G) of the sensor. Monitoring X and Y allows to
see the volatile induced change in conductance on the sensor surface. The development of the
relation of the two features is shown in Figure 3. This relation does not allow a significant
discrimination of the temperature steps between 25 °C and 150 °C (p > 5 %). The temperature stages
of 200 °C and 250 °C (heating stage) show a relation of the features that differs significantly from the
fresh stage (p < 5 %). All of the following temperature steps can be discriminated from each other
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Fig. 2 shows the response (conductance, G) of a nanoporous WO3 sensor during the heating of wood strands in a burning
chamber and the applied temperature cycle. X and Y (inset) are the points in the cycle, which were used for the
discrimination between the fire phases.

significantly (heating stage-prefiring stage: p < 5 %; prefiring stage-ignition: p < 5 %). The wood chips
began to smolder during the prefiring stage at 300 °C and 350 °C. They began to burn in the ignition
stage at 400 °C. The door of the burning chamber was opened after the fire phase and the sensor
signal returned to the fresh stage situation.

MS analysis of furfural in the burning chamber

The mass m/z=96 was detected at 300 °C, 350 °C, and 400 °C (Figure 2). The abundance of ions with
the mass/charge ratio of m/z=96 rose with increasing temperature in the prefiring stage and reached
the highest level during inflammation at 400 °C (Figure 3).

Discussion

Evaluation of a biomimetic early fire warning concept

The monoterpenes a-pinene and B-pinene are perceived by M. cuspidata at ppb-concentrations

(Table 4) and are emitted at low concentrations (median < 20 ppmv in 30 s) in the fresh stage and the

heating stage of the wood chips (Table 2). a-Pinene is reliably emitted with a minimum above 0 at all

temperature steps of the fresh stage. The monoterpene 3-carene is perceived at higher

concentrations and the beetles show highly significant attraction towards a 10 source in the walking

assays. The compound is reliably emitted in the fresh stage, but not in the heating, prefiring or post-
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Fig. 3 shows the temperature dependent amplitude of the online mass-spectrometer detecting m/z = 96 during the
heating of wood strands in a burning chamber.

ignition stage (Table 2). It is typical for P. sylvestris (Granstrom 2002; Banerjee 2001; Englund et al.,
2000), probably being a host plant volatile for M. cuspidata. Thus, a-pinene and 3-carene could allow
the beetle to differentiate between the fresh stage and the stages of wood combustion.

1-Pentanol and hexanal are perceived at the low ppb range, but showed only slight and insignificant
attraction in the walking bioassays. Both compounds are emitted from 150 °C to 250 °C at low
concentrations (median < 20 ppmv / 30 s). This could explain the high sensitivity of the beetles
towards these compounds. The occurrence of 1-pentanol and hexanal could inform the beetle about
the beginning of the thermal oxidation of fatty acids (Risholm-Sudman et al., 1998; Svedberg et al.,
2004; Arshadi, 2005; Roffael, 2006; Snyder et al., 1988; Manninen et al., 2002; Frankel, 1983).
Especially hexanal is emitted reliably in all of the three stages. The beetles could differentiate
between wood at elevated temperatures (later fresh stage, heating stage, or prefiring stage) and
wood that is burned and not suitable for oviposition (post-ignition stage) by means of this
compound.

5-Methylfurfural is perceived at the lower ppm-range and is also attractive for the beetles (Table 4).
This compound is firstly discovered to play a role in the chemoecology of the genus Melanophila. 2-
Furanmethanol and furfural are perceived at the lower ppm-range, but showed only a slight and
insignificant attraction in the walking bioassays. 5-Methylfurfural, 2-furanmethanol and furfural are
products of hemicelluloses and cellulose degradation (Risholm-Sudman et al., 1998; Fengel and
Wegener, 1984; Oasmaa et al.,, 2003; Tjeerdsma et al., 1998; Chheda et al., 2006) and 5-
methylfurfural and furfural were emitted during the thermal oxidation of cellulose (Table 3). A high
furane emission might allow the beetle to differentiate between the post-ignition stage and the
other stages of wood beneath charred bark. Especially furfural exhibits the highest reliable emission
rate prior to ignition (Table 2 and 3).

2-Methoxyphenol is electrophysiologically active and behaviorally attractive down to the ppb-range.

This confirms the results of former studies on M. acuminata, which is a fire beetle of the same genus

(Schiutz et al., 1999). 2-Methoxyphenol is a combustion product of lignin and emitted in high
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amounts after ignition (Azeez et al., 2010; Branca et al., 2006; Ingram et al., 2008; Karagoz et al.,
2005). The results presented in Table 2 show low concentrations of 2-methoxyphenol at 250 °C and
300 °C, because the ignitions took place between 250 °C and 300 °C. The first combustion products of
lignin in the wood flakes were collected shortly before ignition (250 °C). The sampling at 300 °C
collected only traces of the smoke, which were still present after the burning of the wood chips. The
thermal oxidation of lignin resulted in higher emission rates of 2-methoxyphenol and proved its
formation from lignin (Table 3). The presence of 2-methoxyphenol in the air around a charred stem
can give no information about the physiological status of the wood beneath the bark. 2-
Methoxyphenol is most probably a far range volatile for the beetle and is used for a volatile based
orientation towards wood land fires.

Evaluation of the suitability of the biomimetic concept for the nanoporous WO; sensor

The chemoecological experiments with M. cuspidata resulted in a set of volatiles meeting the first
criteria for marker volatiles. These volatiles are a-pinene and 3-carene for the differentiation
between the fresh stage and the other stages, hexanal for the differentiation between the post-
ignition stage and the other stages, the furans for the differentiation between the prefiring stage and
the other stages, and 2-methoxyphenol for the detection of smoke during ignition. B-Pinene and 1-
pentanol are perceived by the beetle at low concentration but do not occur reliably in the trace
analytical experiments (Table 2). It is possible that the compound can be detected by the highly
sensitive antenna of the beetle (Table 4), but not by a GC-MS system. This shows the high sensitivity
and selectivity of the biochemical detection in insects (Tegoni et al., 2004), which can perceive even
single molecules with their antenna (Pelosi and Maida 1995). A transfer from the olfaction of insects
to technical sensors is restricted by the lower performances of the technical sensors.

The results of the GC-MS/SOMSA experiments with the nanoporous sensor suggested a high
sensitivity towards furfural. A concentration of ~140 ppmv / s led to a sensor response of 525 mV.
The sensitivity of the nanoporous sensor is confirmed by the results of the burning chamber
experiment, where furfural was detected in the prefiring stage. A strong increase of the furfural
emission between the heating stage and the prefiring stage (Figure 2) led to a strong change in the
sensor signal (Figure 3). The nanostructured sensor exhibits a good performance in early fire
detection in this experiment. However, the sensor signal already changed significantly after the fresh
stage, although the portable mass spectrometer did not detect the mass m/z= 96 in the heated
stage. The nanoporous sensor corresponded to other volatiles than furfural. This shows that the
nanoporous sensor allowed a sensitive detection of furfural, but could not completely eliminate
influences by other gases. Field studies have to be performed in order to evaluate the sensitivity and
selectivity of the proposed nanoporous sensor under complex conditions. Previous investigations on
nanoporous WO; sensors showed that the temperature variation technique is capable of
discriminating between furfural (as a fire indicator) and alpha-pinene (as a ubiquitous emission of
heated as well as of non-heated wood) (Paczkowski et al., 2011). This aspect will be important in field
tests, because an overlapping of terpene and furfural emissions can be expected in field tests.

The third requirement for marker volatiles was the sole emission by wood and not by other sources.
Although furfural is reported to form during cooking of meat (Meynier et al., 2000), this cannot be
regarded as a source leading to false alarms. The compound does not form during the decomposition
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of vertebrates (Paczkowski and Schiitz 2011). Therefore, a decaying mouse cadaver in a wood
storage would not irritate a sensor system, while it is possible that furfural emits from heated
carcasses during wood fires. Some species of cellulose degrading fungi might emit low
concentrations of furfural (Sunesson et al., 1996), but this compound is not frequently reported in
literature on wood and tree fungi (Thakeow et al., 2008). Furfural is known as a possible product of
biochemical reactions in soil and litter (Leff and Fierer 2008), which could irritate a sensor used for
wood storages on unsealed outdoor areas. This has to be considered for field studies on the
proposed nanoporous sensor.

Conclusions

The volatile emission during the thermal oxidation of wood chips or wood strands is correlated to the
temperature stage of the chips. The investigation of the chemoecology of M. cuspidata revealed
several marker volatile candidates for the differentiation between the proposed stages of thermal
oxidation. This indicates that M. cuspidata identifies appropriate oviposition places by means of
olfaction and that its selective olfaction can be used for early fire warning systems. Furfural is the
most promising compound to meet the three criteria for marker volatiles, because it is emitted
reliably at high rates prior to ignition. The olfaction of M. cuspidata suggests to include a-pinene,
hexanal, and 2-methoxyphenol in the sensor concept, but this will require highly sensitive and
selective gas sensors (Paczkowski et al., 2012). A self prepared semiconductor metal oxide sensor
tuned to the selective detection of furfural was able to differentiate between the fresh stage, the
heated stage, the prefiring stage, and the ignition stage of wood strands in a burning chamber. This
sensor has to be integrated into multisensor-systems and promises a large application range in the
wood processing industry or in wood storages. It was successfully tested as a part of a multi gas
sensor array in the atmosphere of a kiln drier in a facility of the Glunz AG (Nettgau, Germany).
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8.1 Abstract

Volatile based early fire warning systems for wood land fires could shorten the time between the
outbreak of a fire and the arrival of fire crews. This can prevent the development of crown fires,
which are harder to control than ground fires. In this study, the temperature dependent volatile
emission of tree biomass (Eucalyptus globulus wood and leaves) were analyzed by GC-MS and the 20
identified compounds were quantified and tested on the antennae of the fire beetle Merimna atrata
(EAG). a-Pinene, eucalyptol, furfural, and 2-furanmethanol are reliably emitted in distinct stages of
heated wood, show the highest emission rates and are electrophysiological active on the antenna of
the beetle. The role of these compounds for early fire warning systems in eucalypt forests is
discussed.

Additional Keywords: Early fire detection; fire management; volatiles; gas sensor

8.2 Introduction

Wood land fires are important for the Western Australian ecosystem, but especially fast spreading
crown fires can be a serious threat for the people living in this region. Therefore, fire management
plans, including prescribed burnings (Wilson et al., 2010), minimize the risk of fast spreading fires.
The early detection of emerging fires is an important part in fire management. While ground fires can
be controlled by fire crews, crown fires can spread fast and are much harder to control. Therefore,
the time between the ignition of a fire and the arrival of fire crews is important for the prevention of
large fires. In order to minimize that time, gas sensors can be used for the detection of smoke and
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wood combustion products emitted even prior to ignition (Browne, 1958; Greenberg et al., 2006;
ERinger et al., 2010; Paczkowski et al., 2011).

These combustion products can be used to assess increasing fire risk or even to predict fires before
they ignite. As combusting wood or leaves yield many different volatiles, reliable marker compounds
have to be selected, which fulfill the three following criteria. Firstly, a marker volatile should be
reliably emitted at a certain stage prior to ignition. Secondly, the selected combustion volatiles
should not be emitted by other sources than combusting wood or leaves in order to reduce false
alarms. These two criteria are fulfilled by compounds detected by M. atrata, because during millions
of years of evolution the beetles’ olfaction has been adapted to volatiles reliably emitted by heated
trees. Thirdly, an emission of large quantities of the selected volatiles during combustion will ensure
their detectebility by gas sensor systems (Kohl, 2003). Although gas sensors can detect isolated
volatiles at very low concentration, the same volatile might not be detectable in a volatile mixture,
since gas sensors are not very selective.

Because of the high diversity of tree combustion volatiles it would be very time consuming to identify
volatiles that fulfill all of the three criteria. In order to enable a fast selection, the olfaction of the fire
beetle M. atrata is utilized for the selection of marker volatiles. This beetle is reported to be
attracted by Australian wood land fires in large numbers. It selects stems for mating and oviposition
on the freshly burned area, which is a typical behavior for fire associated insects (Schiitz et al., 1999;
Paczkowski et al., 2011, Evans, 2010; Schmitz et al., 1997; Kreiss et al., 2007). The beetles select
stems with heated but unburned wood tissue. Such stems provide nutrients for the larval
development, but are damaged and cannot defend themselves against the feeding of the larvae. The
beetles have to distinguish between intact, heated, and burned stems in order to find the
appropriate oviposition place. The optical impression of the stems cannot be used for an assessment
of the physiological status, because all stems are charred after a fire. However, this information could
be gained by volatile compounds that form while wood or leaves are heated and it is highly probable
that pyrophilic insects are adapted to sense marker volatiles of this heating process. In this study, the
olfaction of M.atrata is used to select marker volatiles for early fire warning gas sensor systems.

8.3 Material and Methods

8.3.1 Thermal oxidation experiments with E. globulus tissues

Thermal oxidation experiments were performed with 2g wood chips, 2g leaves, and 1g wood and 1g
leaves of Eucalyptus globulus. In order to get five replications for each type, five E. globulus branches
with leaves were collected from trees in different botanical gardens in Germany (Bremen, Marburg,
Leipzig, Halle, Bochum). The preparation of the chips and the heating of the chips and the leaves was
done according to the method described in Paczkowski et al., 2013 (pp.100-101).

8.3.2 Trace analysis with the volatile samples from E. globulus tissues

The trace analysis was performed according to the method described in Paczkowski et al., 2012
(pp.71).
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8.3.3 Quantification of volatiles
The volatiles were quantified according to a method of Paczkowski et al., 2013 (pp.101).

8.3.4 Insect collection and rearing

Adult Merimna atrata were collected in eucalypt forests shortly after wildfires in the Dwellingup
State Forest, Western Australia, and in the Mundaring State Forest, Western Australia, in summer
2009 and 2010 and in eucalypt forest areas at Jurien Bay, Western Australia, in summer 2010 and
2011. The beetles were found on charred stems or brushes one to ten days after a fire. They were
kept in plastic containers with a 10% saccharose sugar water and water diet. After the transport to
Germany, they were kept at 25+1°C, 40% relative humidity and a 12/12 day/night period.

8.3.5 EAG with M. atrata
The electroantennogramm recordings were performed according to a method described in
Paczkowski et al., 2012 (p.72).

8.4 Results

8.4.1 Trace analysis with the samples from E. globulus tissues

20 compounds of the chemical groups of terpenes, furans, methoxyphenols, and benzenes were
detected in the trace analytical experiments (Table 1). The group of terpenes comprises nine
compounds (48%), the group of furans comprises five compounds (24%), the group of
methoxyphenols comprises five compounds (24%), and the group of benzenes one compound (4%).

Heated wood yields only few terpenes (Table 2). Furans and methoxyphenols are emitted because of
hemicelluloses, cellulose, and lignin combustion in the temperature range from 200°C to 300°C
(Azeez et al., 2010; Branca et al., 2006; Chedda et al., 2006; Ingram et al., 2008; Karagoz et al., 2005;
Malekina et al., 2009; Oasmaa et al., 2003; Paczkowski et al., 2010). Furfural is emitted at the highest
concentration of all compounds quantified with a maximum of 514 ng/L at 250°C. 2-Furanmethanol is
emitted at high emission rates (8-100 ng/L) from 200°C to 300°C. The methoxyphenols 2-
methoxyphenol and 4-methyl-2-methoxyphenol increase in concentration from 250°C to 300°C
during the ignition of the wood tissue.

Heated leaves yield most of the identified terpenes. Eucalyptol, a-pinene, B-pinene, limonene, and
aromadendrene are already emitted at room temperature, while camphene, B-myrcene, camphor
and epiglobulol are emitted at elevated temperatures (Chalchat et al., 2009; Malekina et al., 2009;
Paczkowski et al., 2011). Eucalyptol is the only compound that is emitted throughout the heating
process in the wood and leave samples and in the leave samples with an emission maximum at
200°C. Between 200°C and 300°C, 1-isopropyl-4-methylbenzene is emitted in increasing
concentration.  5-Methylfurfural,  5-hydroxymethylfurfural, = 2-methoxyphenol,  4-methyl-2-
methoxyphenol, 4-ethyl-2-methoxyphenol, and 2-methoxy-4-formylphenol are emitted at low
concentrations up to 300°C.

The volatile emissions of heated wood and leave comprise all of the listed volatiles besides the
terpene camphor. The wood and leaf samples and the leaf samples emitted comparable quantities of

terpenes.
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Table 1: Identified volatiles from E. globulus wood, leaves, and wood and leaves. The Table shows the identified volatile
combustion products of E. globulus leaves, wood or wood and leaves in the order of their retention index on a nonpolar
column. A high vapor pressure indicates a high volatility.

Vapor
TDS (LRI) Authentic standards (company, pressure

Compound HP-5MS purity, CAS No.) (SATP)

[hPa]
Terpenes
a-Pinene 937 Merck, 98%, 80-56-4 3.49
Camphene 952 SAFC, 95%, 79-92-5 3.38
B-Pinene 980 Fluka, 98%, 127-91-3 2.4
B-Myrcene 993 Fluka, 95%, 123-35-3 2.29
Limonene 1037 Merck, 98%, 138-86-3 1.54
Eucalyptol 1042 Aldrich, 98%, 470-82-6 1.9
Camphor 1162 SAFC, 97%, 21368-68-3 4
Aromadendrene 1450 Merck, 98%, 489-39-4 0.0226
Epiglobulol 1583 SAFC, 98%, 88728-58-9 0.03
Furanes
Furfural 860 Acros, 99%, 98-01-1 2.234
2-Furanmethanol 877 Merck, 98%, 98-00-0 1.009
5-Methyl-2(5)-Furanone 950 Merck, 98%, 591-11-7 0.197
5-Methylfurfural 975 Acros, 98%, 620-02-0 0.644
5-Hydroxymethylfurfural 1245 Aldrich, 95%, 67-47-0 0.001
Methoxyphenols
2-Methoxyphenol 1105 Fluka, 98%, 90-05-1 0.179
4-Methyl-2-methoxyphenol 1209 Aldrich, 98%, 93-51-6 0.0783
4-Ethyl-2-methoxyphenol 1296 SAFC, 98%, 2785-89-9 0.0173
2-Methoxy-4-(2)-propenylphenol 1375 Merck, 98%, 97-53-0 0.0104
2-Methoxy-4-formylphenol 1421 Merck, 99%, 121-33-5 0.00194
Benzenes
1-Isopropyl-4-methylbenzene 1031 Aldrich, 98%, 99-87-6 1.46
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Table 2: Quantification of volatiles from E. globulus wood, leaves, and wood and leaves. The table shows the emission rates of the volatile compounds quantified in the samples of E. globulus
wood and leaves, leaves, or wood in ng/L. For each temperature and compound three rows are listed. The first row shows the emission rates of the samples with wood and leaves, the second
row shows the emission rates of the samples with wood and the third row shows the emission rates of the samples with leaves. The order of the numbers is: median, minimum, maximum,
lower quartile, upper quartile. The median displays the average concentration in all samples per stage. If no value is given for the minimum the compound was absent in at least one sample.
Results on the thermal oxidation of cellulose and lignin are presented in Table 3, p.106 of this thesis.

25°C 50 °C 75 °C 100 °C 150 °C 200 °C 250 °C 300 °C
Compound — e
Fresh stage Heated stage Prefiring stage Post-Ignition
Terpenes
9,1,41,2,26 4,1,19,1,5 12,2,19,1,5 8,4,154,6,10 70,9,256,59,188 62,7,91,34,70 14,0,32,8,20 0,0,0,0,0
a-Pinene 7,0,33,1,2 4,0,20,0,1 2,0,7,0,1 2,0,7,0,1 2,0,7,0,2 4,0,18,0,0 0,0,0,0,0 0,0,0,0,0
12,2,33,9,30 18,9,30,12,27 12,4,137,12,17 29,22,211,28,62 94,75,324,83,101 107,55,220,101,134 30,19,107,28,44 0,0,0,0,0
0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 1,0,3,0,2 3,1,8,2,3 0,0,0,0,0
Camphene 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0
0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 4,0,7,3,5 11,3,22,8,20 13,0,24,7,16
0,0,1,0,1 0,0,1,0,0 0,0,5,0,1 1,0,4,0,1 1,1,4,1,2 2,1,3,1,2 0,0,2,0,0 0,0,0,0,0
B-Pinene 0,0,1,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,1,0,0 0,0,0,0,0 0,0,0,0,0
0,0,1,0,1 0,0,1,0,1 0,0,3,0,0 0,0,6,0,1 1,04,1,1 2,2,6,2,3 1,0,2,0,2 0,0,0,0,0
0,0,2,0,0 0,0,1,0,0 0,0,3,0,0 0,0,6,0,1 0,0,3,0,1 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0
B-Myrcene 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0
0,0,0,0,0 0,0,0,0,0 0,0,1,0,0 0,0,2,0,1 0,0,2,0,1 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0
0,0,13,0,0 1,0,6,0,1 1,0,26,0,2 1,0,12,0,2 9,0,55,3,10 10,3,46,4,40 44,17,46,19,45 0,0,0,0,0
Limonene 0,0,0,0,0 0,0,1,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 1,0,4,0,0 0,0,0,0,0 0,0,0,0,0
1,0,10,0,1 1,0,10,1,1 0,0,39,0,1 1,0,65,0,3 4,0,54,0,9 27,0,37,18,31 55,13,127,34,107 44,10,141,32,55
38,6,163,30,57 31,8,80,30,57 71,36,400,53,148 | 81,55,387,64,82 297,74,652,209,471 | 323,162,294,200,287 | 232,162,294,201,287 | 0,0,9,0,5
Eucalyptol 21,0,98,0,5 3,0,12,0,1 1,0,5,0,1 1,0,5,0,1 5,0,22,0,1 1,0,3,01 1,0,2,0,1 0,0,0,0,0
23,7,107,13,66 80,12,107,17,83 | 53,11,257,31,112 | 57,34,316,44,115 | 124,44,518,77,291 250,85,500,132,270 150,73,352,115,234 87,3,351,61,93
0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0
Camphor 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0
0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 1,0,1,0,1
0,0,4,0,2 2,0,11,1,4 4,1,26,2,15 5,4,21,5,18 17,12,47,15,38 16,8,36,16,18 7,4,18,6,9 0,0,1,0,0
Aromadendrene 3,0,14,0,0 3,0,15,0,0 1,0,7,0,0 1,0,4,0,0 1,0,2,0,0 1,0,4,0,0 0,0,1,0,0 0,0,0,0,0
3,0,8,0,3 5,1,10,1,7 4,1,43,3,7 14,5,75,6,19 17,15,116,16,54 50,14,79,25,51 12,5,19,9,17 9,0,32,3,10
0,0,0,0,0 0,0,0,0,0 0,0,5,0,3 1,1,9,1,2 4,2,5,2,4 2,1,2,1,2 0,0,1,0,0 0,0,0,0,0
Epiglobulol 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0
0,0,0,0,0 0,0,0,0,0 0,0,3,0,1 0,0,10,0,1 2,0,18,0,10 4,1,7,1,5 0,0,2,0,0 0,0,1,0,0
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25°C 50 °C 75 °C | 100 °C 150 °C 200 °C 250 °C 300 °C
Compound — o
Fresh stage Heated stage Prefiring stage Post-Ignition
Furanes
0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 51,11,3,8 89,25,312,68,110 4,2,7,3,7
Furfural 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 55,4,129,39,61 514,64,810,488,669 13,2,44,4,10
0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,2,0,0 35,9,42,31,35 68,14,162,58,77 36,6,56,20,38
Compound 25°C 50 °C 75 °C 100 °C 150 °C 200 °C 250 °C 300 °C
0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 5,1,12,3,8 89,25,312,68,111 4,2,7,3,7
2-Furanmethanol 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 8,0,16,4,14 100,3,263,18,133 41,0,101,4,70
0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0
0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 1,0,2,1,2 0,0,0,0,0
5-Methyl-2(5)-Furanone 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 2,0,7,0,4 1,0,3,0,0
0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0
0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 3,2,6,2,5 22,15,31,20,24 0,0,0,0,0
5-Methylfurfural 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 4,0,10,3,6 23,4,35,17,29 3,0,6,0,5
0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 5,1,6,4,6 8,3,15,8,8 5,1,10,2,7
0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 7,4,10,6,9 0,0,0,0,0 0,0,0,0,0
5-Hydroxymethylfurfural 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 30,0,56,12,44 0,0,0,0,0 10,0,39,0,11
0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,15,0,0 0,0,2,0,0 0,0,2,0,0
Methoxyphenols
0,0,0,0,0 0,0,0,0,0 0,0,6,0,1 0,0,6,0,0 0,0,12,0,7 5,1,14,4,8 9,5,12,5,9 0,0,2,0,1
2-Methoxyphenol 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 11,1,22,6,18 14,1,45,3,15
0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 2,1,3,1,2 5,1,16,4,5
4-Methyl-2- 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 4,3,5,3,4 2,0,3,1,3
methoxyphenol 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 4,1,6,3,6 4,0,11,1,6
0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 1,0,3,0,1
0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 1,0,3,0,1
4-Ethyl-2-methoxyphenol | 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 1,0,4,0,2
0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 1,04,1,1
0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 1,0,1,0,1 0,0,0,0,0
2-Methoxy-4-(2)-
propenylphenol 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 1,0,1,1,1 0,0,2,0,1
0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0
2-Methoxy-4- 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 7,5,11,6,10 1,0,2,1,1
formylphenol 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 1,0,3,0,1 10,0,20,8,13 9,0,20,0,16
0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,1,0,0 1,0,5,0,2
Benzenes
1-Isopropyl-4- 0,0,2,0,0 0,0,2,0,0 1,0,1,0,1 1,0,2,0,1 2,1,9,2,4 4,4,17,4,11 15,8,26,12,19 0,0,1,0,1
methylbenzene 0,0,0,0,0 0,0,1,0,0 0,0,0,0,0 0,0,1,0,0 0,0,2,0,0 0,0,2,0,0 0,0,1,0,0 0,0,0,0,0
0,0,1,0,1 0,0,1,0,0 0,0,2,0,0 0,0,1,0,0 0,0,3,0,0 4,0,22,0,13 18,3,64,11,24 31,17,55,22,52
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8.4.2 EAG with M. atrata

Thirteen of the 20 compounds tested on the antenna of M. atrata showed a significant response
(Table 3). Among them were eight terpenes (a-Pinene, camphene, B-pinene, B-myrcene, limonene,
eucalyptol, camphor, and epiglobulol), three furans (furfural, 2-furanmethanol, 5-methylfurfural),
one methoxyphenol (2-methoxyphenol) and one benzene (1-isopropyl-4-methylbenzene). The
calculated vapor pressure of the first significant concentration varied between 0.179x10™ for 2-
methoxyphenol and 146x10* for 1-Isopropyl-4-methylbenzene. 2-Methoxyphenol, a-pinene,
epiglobulol, B-myrcen, limonene, eucalyptol, furfural, and 2-furanmethanol show a vapor pressure of
the first significant response below three. Aromadendrene, 5-hydroxymethylfurfural, 4-methyl-2-
methoxyphenol, 4-ethylguaiacol, 2-methoxy-4-(2)-propenylphenol, and 2-methoxy-4-formylphenol
showed no significant response at a concentration of 10 g/g in paraffin oil in the EAG studies.

8.5 Discussion

8.5.1 Volatile emission from thermally oxidized E. globulus tissues

The emissions of the wood and the leaves of E. globulus show a pattern correlated to the
temperature. The general tendency is the succession of terpenes, furans, and finally
methoxyphenols. The emission of terpenes mainly derive from the leaves (Maleknia et al., 2009), as
the highest terpene emissions are found in the leave and in the wood and leave samples (Table 2).
While most terpenes are emitted at low concentrations, a-pinene and eucalyptol are emitted reliably
at high concentrations. a-Pinene is emitted from 25°C to 250°C with a maximum emission at 150°C
(fresh stage). Eucalyptol is emitted throughout the heating process with a maximum emission at
200°C (heated stage). Both compounds do not form from combustion processes, but are ingredients
of eucalypt leaves and, to a lower extent, of eucalypt wood. Camphene might form by secondary
chemical reactions, which are induced by high temperatures (Neuenschwander et al., 2010), because
it is emitted in the temperature range between 200°C and 300°C. Epiglobulol, which is an ingredient
of eucalypt leaves (Chalchat et al., 1995), is mainly emitted in an intermediate temperature range at
low concentrations because of its low vapor pressure. B-Pinene, B-myrcen, and camphor show very
low emission rates and, therefore, are irrelevant for an early fire warning sensor concept.

At 200°C the decomposition of hemicelluloses and cellulose lead to furan emissions (Risholm-
Sudman et al., 1998; Fengel and Wegener, 1984; Oasmaa et al., 2003; Tjeerdsma et al., 1998; Chheda
et al., 2006; Browne, 1958)(Table 3, this thesis p.101). The furans emitted with the highest quantity
are furfural and 2-furanmethanol, which start to form at 200°C (heated stage) and reach their
maximum emission at 250°C (preignition stage)(Table 2).

In the heated stage the combustion of the macromolecule lignin leads to an increasing formation of
methoxyphenols (Azeez et al., 2010; Branca et al., 2006; Ingram et al., 2008; Karagoz et al., 2005;
Greenberg et al., 2006) (Table 3, this thesis p.101). These volatile compounds predominantly form
from the combustion of the lignin-rich wood tissue, but can be found at lower concentrations in the
leave samples, which also contain lignin (Table 2).
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Table 3: EAG. The table shows the antennal responses of M. atrata towards the identified and quantified volatile combustion products identified in the thermal oxisation experiments with E.
globulus wood, leaves, and wood and leaves. The responses in mV were described in the following order by median, minimum, maximum, and upper and lower quartiles. Significant
differences between the paraffin oil controls and the compound dilutions is indicated by stars (p<0,05=*; p<0,01=**; p<0,001=***). A low vapor pressure of the 1% significant concentration

indicates a low detection threshold and a () shows that the compound was not detected.

Vapor pressure
; . . . . . of 1% significant
Compound Paraffin oil 107 10° 10° 10" 103 10? & K
concentration
[hPa x 10
Terpenes
* * %k * %k *
a-Pinene 0.349
30,9,62,11,45 19,14,74,16,48 | 32,22,113,22,50 | 62,39,147,53,79 | 75,42,237,71,105 | 87,44,290,83,132 | 110,43,361,91,156
* %k * % %k ok
Camphene 3.38
19,8,31,15,20 18,12,30,14,18 21,14,26,20,25 26,17,39,23,30 40,30,63,37,48 59,35,85,48,70 77,44,90,53,89
* %k % %k k k%
B-Pinene 24
25,15,30,23,29 | 26,22,30,22,29 26,21,32,24,29 30,27,42,29,35 45,37,54,38,48 64,46,85,52,70 79,47,119,76,79
* * %k %k %
B-Myrcene 2.29
9,4,17,7,15 14,7,18,9,17 15,9,17,9,16 16,10,23,11,16 17,14,26,15,24 25,21,40,23,33 45,37,60,42,48
* %k * %k ok * %k ok
Limonene 1.54
25,15,30,23,29 | 33,18,45,22,37 29,19,46,24,41 31,23,46,30,35 41,34,57,37,45 70,53,77,62,75 111,77,14092,117
* % %k k % %k k
Eucalyptol 1.9
16,9,21,15,18 17,12,61,17,4R 22,15,50,18,42 25,14,68,22,43 35,19,69,28,42 54,40,72,45,58 81,70,86,70,83
* %k %k k %k k
Camphor 4
9,4,17,7,15 8,6,16,8,15 9,8,19,8,16 18,9,23,14,20 27,21,39,25,31 36,29,48,35,41 48,44,63,46,51
Aromadendrene B
15,9,19,15,17 15,12,19,14,17 15,13,17,14,17 15,13,18,15,17 15,13,18,14,18 17,14,20,15,19 17,15,22,16,21
* k%
Epiglobulol 0.3
15,8,19,15,17 16,12,22,15,17 16,12,24,16,17 15,13,25,15,18 16,13,23,15,18 20,18,25,19,23 26,21,28,22,27
Furanes
* %k ok %k ok
Furfural 2.23
19,10,31,16,25 | 29,12,76,24,32 26,18,73,23,32 28,20,73,27,33 34,28,79,32,40 49,42,82,48,65 64,48,86,59,81
* %k * %k ok * %k ok
2-Furanmethanol 1.009
9,4,17,7,15 15,6,19,8,16 18,8,26,8,22 21,10,32,13,25 30,16,40,29,35 48,33,64,43,51 63,45,110,58,85
5-Methyl-2(5)-Furanone -
15,12,22,14,15 | 17,15,32,16,18 18,15,26,16,19 19,15,22,15,21 17,14,22,14,18 15,13,19,14,18 16,12,22,14,18
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Vapor pressure
of 1% significant

Compound Paraffin oil 10 10 10 10 10 10 K
concentration
[hPa x 10]
*

5-Methylfurfural 64.4
20,9,26,12,21 22,12,45,12,23 23,12,36,13,25 13,11,35,12,25 15,12,30,13,24 18,16,33,16,30 38,17,49,34,45

5-Hydroxymethylfurfural -
19,11,26,16,20 | 18,12,25,15,20 15,15,25,15,20 14,10,32,12,21 17,9,32,12,24 21,9,33,12,23 19,6,42,14,26

Methoxyphenols

* * %k k%

2-Methoxyphenol 0.179
19,16,61,18,21 | 30,14,87,23,66 | 44,18,86,23,73 40,18,73,26,72 38,24,77,26,74 42,34,113,34,78 85,50,176,67,111

4-Methyl-2-

methoxyphenol 16,9,31,12,26 19,6,28,12,19 18,8,30,12,25 14,7,31,14,23 13,9,29,13,24 17,9,34,15,27 34,18,52,26,39

4-Ethyl-2-methoxyphenol -
15,10,26,11,23 12,9,26,10,19 15,11,30,11,24 14,9,31,11,23 13,9,27,10,21 16,11,30,12,25 20,14,43,15,33

2-Methoxy-4-(2)-

propenylphenol 23,11,37,16,31 | 18,10,64,12,24 19,9,70,11,32 15,11,66,12,34 19,10,60,13,24 19,11,76,13,33 23,13,84,14,36

2-Methoxy-4-

formylphenol 18,9,21,10,20 17,11,29,13,22 20,12,23,14,21 19,12,25,13,24 20,12,27,12,25 14,11,25,13,20 12,9,26,10,25

Benzenes

1-Isopropyl-4- *k 146

methylbenzene 15,9,19,15,17 | 16,10,27,15,18 | 17,12,25,15,18 | 17,12,25,13,18 | 16,12,24,13,18 22,15,29,17,23 38,24,41,27,40
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8.5.2 Evaluation of marker volatiles for early fire warning

According to the hypothesis of marker volatiles for early fire warning, volatiles should be selected,
which fulfill the three requirements for marker volatiles (1: reliable emission prior to ignition; 2:
characteristic for heated wood; 3: high concentration). According to the vapor pressure of the first
significant electrophysiological active concentration, a-pinene, limonene, eucalyptol, furfural, 2-
furanmethanol, and 2-methoxyphenol are detected by M. atrata with high sensitivity (vapor pressure
of the first significant concentration below 3 hPa x 10%). These marker compound candidates can be
regarded as reliably associated with the thermal oxidation of eucalypt wood and leaves, because the
beetle adapted during millions of years of evolution to their perception due to the law of the survival
of the fittest (Darwin, 1859). All of these compounds are emitted in the fresh, heated, or preignition
stage and, therefore, they fulfill the first criteria of marker volatiles for the prediction of woodland
fires.

All of these compounds are emitted by different heated woods or heated leaves (Risholm-Sudman et
al., 1998; Fengel and Wegener, 1984; Oasmaa et al., 2003; Tjeerdsma et al., 1998; Chheda et al.,
2006; Browne, 1958; Maleknia et al., 2009; Neuenschwander et al., 2010). Only eucalyptol is a
compound emitted at higher quantities from eucalypt leaves than from other tree species.
Therefore, most of the compounds detected by M. atrata are general thermal oxidation products
and can be regarded as typical marker for most species of heated wood and leaves. In a forest
habitat, there are no natural sources that might emit these compounds in large quantities, which
would lead to false alarms. A rising ambient temperature might lead to an increasing eucalyptol
emission, although there is no early stage fire. Furfural forms during the cooking of meat (Meynier
and Mottram, 2000), but this will not lead to false alarms under field conditions and a decaying
vertebrate cadaver in a wood storage will not irritate a sensor system tuned to the detection of
furfural (Paczkowski and Schitz, 2011). Some fungi emit low concentrations of furfural (Sunesson et
al., 1996) and the compound can be emitted by soil and litter (Leff and Fierer, 2008), which might
irritate a sensor in a forest habitat. However, the concentrations emitted by heated wood are several
orders of magnitude higher. All of the compounds sensitively perceived by M.atrata fulfill the second
criterion of marker volatiles.

The third criterion is the emission of high quantities. Among the compounds that fulfill the first and
the second criterion, a-pinene, eucalyptol, furfural and furanmethanol are emitted at high
concentrations prior to ignition. The first sign of heating is an increasing emission of a-pinen and
eucalyptol from the leaves of E. globulus. In the temperature range from 25°C to 150°C the median of
the a-pinen emission from E. globulus leaves increases from 12 ng/L to 94 ng/L and the median of
eucalyptol increases from 23 ng/L to 250 ng/L. At 200°C, in the heated stage, furfural and 2-
furanmethanol are emitted from the cellulose and hemicellulose of the combusting wood samples
(Table 3, p.101). The median of their emission strongly increases from 55 to 514 ng/L (furfural) and
from 8 to 100 ng/L (2-furanmethanol) in the preignition stage.

According to these results, an increasing terpene emission is a reliable sign for heated wood and an
increasing furan emission is a reliable sign for a high fire risk. 2-Methoxyphenol can serve as a
compound for improved fire detection, but it is emitted at low quantities prior to ignition and cannot
serve as a marker for early fire warning. It should be remarked that the reason for the relatively low
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emissions of methoxyphenols is that the smoke itself was not sampled in this experiment. Semi
conductor gas sensors were already adapted to the detection of a-pinen and furfural for the heat
stage assessment of Pinus sylvestris wood flakes in wood flake dryers of the wood processing
industry (ERinger et al., 2010; Paczkowski et al., 2011). As gas sensors yet require AC mains power,
their application will be restricted to punctual monitoring of farm houses or village houses. However,
such systems can increase the fire safety, as they will be able to predict fires before they ignite.
Further enhancement of sensor selectivity and field test with an early fire warning gas sensor system
should show the practicability of this approach toward wood land fire safety.

8.5.3 Summary

The aim of this study was the utilization of the olfaction of M. atrata for the selection of marker
volatiles for gas sensor systems that can predict fires before ignition. Trace analytical results from
wood, leaves, and wood and leaves at increasing temperatures were compared with the sensitivity of
M. atrata towards the identified and quantified compounds. The emission of terpenes, furfural and
2-methoxyphenol are correlated to the heating stages of the tissue and are perceived by the beetles.
Therefore, these compound groups / compounds have the potential to enable sensor systems to
predict woodland fires.
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Abstract

A. nigricans is an Australian pyrophilic beetle approaching smoldering logs for mating and
oviposition. We investigated the behavior of the beetles towards combustion products of cellulose
(5-methylfurfural, hydroxacetone, and karrikinolide), lignin (4-methylguaiacol, 4-ethylguaiacol,
eugenol), and (Z)-3-hexen-1-ol in a custom built dynamic two arm olfactometer. The beetles were
attracted by 5-methylfurfural, 4-methylguaiacol, 4-ethylguaiacol, eugenol and hydroxyacetone in
different concentrations. Abundances of beetles caught in traps baited with a mixture of the most
attractive volatiles showed only a trend to higher numbers. These results are discussed with respect
to weather conditions, complementing infrared perception and spatio-temporal distribution of the
pyrophilic beetles.

! Dept. of Forest Zoology and Forest Conservation, Biisgen-Institute, Georg-August-University, Gottingen,
Germany

2 Dept. of Developmental Biology, Johann-Friedrich-Blumenbach-Institute of Zoology and Anthropology, Georg-
August-University, Gottingen, Germany

3 School of Biomedical, Biomolecular and Chemical Science, The University of Western Australia, Perth,
Australia

129


mailto:spaczko@gwdg.de

Introduction

Woodland fires are important for the Australian ecosystems and many plant species have adapted or
become reliant on these fires. There are specialized insect species which depend on frequent fires, as
well, for example the Australian “little ash beetle” Acanthocnemus nigricans (Hope, 1845)
(Coleoptera: Acanthocnemidae). This insect approaches woodland fires and can be found in the
ashes close to smoldering logs where they mate and oviposit (Kreiss et al., 2007). When colonizing a
place which is almost free from other animal species, the beetles avoid competition and predation.
Therefore, the detection of woodland fires is very important for these animals. Investigations
showed that A. nigricans uses a specialized infrared radiation (IR) sensory organ responding to
infrared frequencies emitted by forest fires (Kreiss et al., 2005; Schmitz et al., 2002; Kreiss et al.,
2007).

The ability of the olfactory sense of A. nigricans has not yet been investigated. In the order of insects
there are many examples of odor mediated behavior. Since the discovery of odorant binding proteins
(OBPs) (Vogt and Riddiford 1981) the biochemistry of olfaction in insects has been investigated
intensely (Tegoni et al., 2004; Hansson 1999). It was found that the detection of volatile odorant
molecules by insect antennae can be very precise. This is especially prevalent where pheromones are
concerned (Pelosi and Maida 1995; Wang et al., 2010), but also in combination with other senses, for
host detection (Heisswolf et al., 2007). The host detection of the pyrophilic palaearctic buprestid
beetle species Melanophila acuminata is mediated by a combination of IR radiation and different
methoxyphenols (Schitz et al,, 1999; Schmitz et al., 1997). Methoxyphenols are the products of
incomplete oxidative lignin combustion (Oasmaa 2003 et al.; Mehmetli et al., 2008).

In this study, we investigated the behavior of A.nigricans towards common products of the
incomplete thermal oxidation of wood tissue. We chose hydroxyacetone, 5-methylfurfural and
karrikinolide, as products of the thermal oxidation of cellulose (Piskorz et al., 1986; Zhang et al,,
2008; Oasmaa et al., 2003; Flematti et al., 2011) and 4-methylguaiacol, 4-ethylguaiacol and eugenol,
as common products of the thermal oxidation of lignin (Azeez 2010 et al.; Branca et al., 2006; Ingram
et al., 2008; Karagoz et al., 2005). (Z)-3-hexen-1-ol, as a green leaf volatile being a host plant
compound not related to fire, was also tested. For the behavioral studies we used a custom built
multiple two arm olfactometer. For the field test we used flight interception traps with a volatile
mixture (5-methylfurfural, 4-methylguaiacol, 4-ethylguaiacol, and eugenol).

Material and Methods

Animals (collection and rearing)

Adult A. nigricans were collected in two eucalypt forests shortly after wildfires in the Dwellingup
State Forest, Western Australia, and in the Mundaring State Forest, Western Australia, in summer
2009 and 2010. The beetles were found in the warm ashes close to smoldering logs and stumps one
to ten days after a fire. They were imported to Germany and kept in plastic containers with a 10%
saccharose sugar water and water diet at 25 + 1 °C, 40% relative humidity and a 12/12 day/night
period. The beetles were tested for two weeks in an olfactometer, each beetle was tested on each
stimulus and due to mortality the number of beetles decreased from 80 to 45 during this time.
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Selected stimuli for behavioral studies

In order to apply odor stimulation in a physiological concentration range, odorants were diluted in a
solvent (paraffin oil, Uvasol ®, Merck) which had been shown to evoke no behavioral response.
Dilution factors ranged from 107 to 10~ (mg/mg) depending on the compound. We tested the
methoxyphenols 4-methylguaiacol, 4-ethylguaiacol, and eugenol, which derive from the thermal
oxidation of lignin. All three compounds are medium volatile compounds (see vapor pressure in
Table 1). 5-Methylfurfural was tested as a typical product of the thermal oxidation of cellulose (Zhang
et al., 2008; Oasmaa et al., 2003). 5-Methylfurfural is a medium volatile compound (Table 1). We
further tested hydroxyacetone as a highly volatile breakdown product of cellulose (Piskorz et al.,
1986) and karrikinolide, a semi volatile breakdown product of cellulose known to facilitate sprouting
of plant seeds after a fire (Flematti et al., 2005, Flematti et al., 2011). The highly volatile green leaf
volatile (Z)-3-hexen-1-ol (Table 1) (Feussner et al., 1997) was also tested as a host plant volatile that
is not related to fire.

Table 1 lists the compounds used in this study with information about CAS nhumber, company from which the compound
was purchased, purity of the compound, vapor pressure in mm Hg and the dilution tested in the behavioral experiments.
The values of the vapor pressure were measured under SATP (Standard Ambient Temperature and Pressure) conditions
(25°C and 1013 hPa).

Compound CAS No. Company Purity Vapor Dilution tested
[%] pressure in experiment
in paraffin oil
[mm Hg] [mg/gm]
Lignin
4-Methylguaiacol 93-51-6 Aldrich 98 0,078 102, 10"
4-Ethylguaiacol 2785-89-9  SAFC 98 0,017 102, 10™
Eugenol 97-53-0 Merck 98 0,01 102, 10"
Cellulose
5-Methylfurfural 620-02-0  Across 98 0,644 102, 10"
Hydroxyacetone 116-09-6 Aldrich 98 2,95 107
Karrikinolide 16275-44-8  Technical synthesis (Flematti 99 Semivolatile 107
2005)
(2)-3-Hexen-1-ol 928-96-1  Aldrich 98 1,04 107
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Olfactometer setup

The olfactometer was described in the manuscript “The olfaction of a fire beetle leads to new
concepts for early fire warning systems”, Paczkowski et al., 2012 (p.101-102).

Olfactometer-Experiments

Experiment A

Prior to the choice tests the olfactometer was tested for possible positional bias with 50 beetles,
using filtered and humidified air, which was led through the walking chambers from both sides of the
olfactometer. As the beetles did not prefer any of the two olfactometer arms, all stimulus
compounds were tested against filtered and humidified air. In the first behavioral test the
compounds 5-methylfurfural, 4-methylguaiacol, 4-ethylguaiacol, eugenol and pure paraffin oil were
tested against pure air. The compounds were diluted in paraffin oil to a concentration of 102 mg/mg.
The position of the stimulus was changed after every run with ten beetles and the olfactometer was
turned by 180° after every second run with ten beetles.

Experiment B

In the second behavioral test the same compounds as in experiment A were tested in dilutions of 10™
mg/mg. Paraffin oil did not show any visible behavioral activity in experiment A. However, an
attractive trend in comparison to pure air could be calculated. Therefore, we tested the odor
stimulus against pure paraffin oil in this experiment. We used paraffin oil from both directions as the
control and pure air from both directions as a second control.

Experiment C
In the third set of behavioral tests, hydroxyacetone, (Z)-3-hexen-1-ol, and 3-methyl-2H-furo[2,3-
clpyran-2-one (karrikinolide) were tested in a dilution of 10 mg/mg against paraffin oil.

Walking tracks

The experimental setup used for these studies allows the recording of walking tracks, which display
in detail the behavior of each beetle. Selected walking tracks for eugenol and paraffin oil were
displayed to show typical attractive and typical random behavior. It should give a better impression
of the detailed behavior of the beetles and should underline the functionality of the custom build
olfactometer. The walking tracks for eugenol were among the most attractive in experiment A.

Field Test in Australia

Flight interception traps (type “Witaprall Ecco”; Witasek, Feldkirchen, Germany) made of black
plastic boards, a black funnel and a collection container were placed randomly in two fire damaged
eucalypt forest areas at Jurien Bay, Western Australia, in summer 2010 and 2011. Area one (Knights
track) was a 2 ha eucalypt forest on the top of a small hill surrounded by bush land, 1 ha of the forest
subject to a full fire at the north of the hill. Area two (Banovich Road) was situated at the margin of a
large burned eucalypt forest. On each area we placed five traps with a volatile mixture (5-
methylfurfural, 4-methylguaiacol, 4-ethylguaiacol, and eugenol in arbitrarily chosen equal amounts in
dilution of 10% mg/mg in paraffin oil) and five traps with pure paraffin oil. This combination and
concentration of compounds was chosen as these compounds were highly attractive in the
olfactometer experiment A (Paczkowski et al., 2013). The minimal distance between the traps was
5m and they covered an area of approximately one hectare.
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The mass release rate of the traps with volatile mixture matches the estimated release rate of a log
of ca. 0.5 kg smoldering during 5 days in order of magnitude (Koppmann et al.,, 2005; Oros and
Simoneit 2001; Akagi et al., 2011). Beetles had been observed previously to take directed flight
towards such small sources of smoke on burnt forest sites.

Five additional traps with the volatile mixture were placed randomly in an unburned eucalypt forest
at a distance of 30m from area one and five were placed randomly in a patch of unburned eucalypt
trees surrounded by unburned grassland at a distance of 500m from area two. Between each trap
there was a minimum distance of 10m. The traps in the burned eucalypt forests were placed on an
area of approximately one hectare. All of the traps were placed 3 to 10 cm above the ground in order
to catch low flying insects. Such a behavior was previously observed with flying A. nigricans
approaching a smoldering log. The traps were controlled daily in the afternoon, from the first to the
fifth day after the fire. In this period, a weather station at Jurien Bay recorded 25 + 7 °C, 16 = 1 km/h
wind speed and 52 8% relative humidity.

Statistical Analysis

Olfactometer experiments

The program Statistica 7.1 (StatSoft Inc., USA) was used for statistical analysis. The behavior of each
beetle was expressed by an individual attractivity index, which was the mean value of the recorded
positions. The attractivity index was calculated, expressing the mean value of the beetle position as
the percentage of the theoretical maximum value, which would be 500 in case of direct orientation
towards the stimulus. In this case, the individual attractivity index would be 100%. In case of a
maximum repellent behavior the individual attractivity index would be 0%. The overall attractivity
index for each stimulus was calculated as the median of all individual attractivity indices, because the
individual attractivity indices were not normally distributed (Shapiro Wilks Test; p=0,05). The
differences between the orientation towards the tested compounds and paraffin oil were tested with
the Mann-Whitney U-Test or the sign test. For experiment A we used the Mann-Whitney U-Test test,
because the orientation towards a volatile compound and towards paraffin oil was tested in separate
behavior tests. For the analysis of the test with humidified air from both sides of the olfactometer we
used the sign test for paired samples. For experiments B and C we always used the sign test for
paired samples, because each beetle was tested against the internal paraffin oil control. For each
test, we used the positions of the beetles outside the neutral zone (Paczkowski et al., 2011), which
eliminated weak beetles that did not or almost not move. For both tests significance was rejected
when the p-Level was higher than 5%. P-Levels below 5% were indicated by one star, below 0.5% by
two stars and below 0.1% by three stars.

Field test
Abundances of beetles caught on the four different sites by volatile baited traps and control traps
were evaluated statistically by a y” test.

Results

Choice tests

The control test with air resulted in a median of 49% for the overall attractivity index (Figure 1). The
paraffin oil control showed a median of 54%, not significantly different from the air control. In
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experiment A, all of the tested compounds showed an attractivity index higher than 70% being
significantly different to the paraffin oil control. However, the upper quartile of paraffin oil was
higher than expected for a behavior without preferences (Figure 1). This led to the decision to test
the same compounds in a higher dilution directly against paraffin oil to evaluate the results of
experiment A. In experiment B and C the choice test with paraffin oil from both directions showed no
significance, as well (Figure 2). 5-Methylfurfural, 4-ethylguaiacol, and 4-methylguaiacol were still
significantly attractive for A. nigricans in a dilution of 10 mg/mg. All compounds had an attractivity
index of 72 or 73%. Eugenol was not significantly attractive with an attractivity index of 56% (Figure
2). The attractivity index of hydroxyacetone (72%) is in the same range as that of 5-methylfurfural, 4-
methylguaiacol or 4-ethylguaiacol in concentrations of 10* mg/mg. (Z)-3-hexen-1-ol and 3-methyl-
2H-furo[2,3-c]pyran-2-one do not appeal to A. nigricans (Figure 3).
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Figure 1 shows the attractivity indexes for experiment A. Bars and whiskers display the median, upper and lower
quartiles and maxima and minima. All compounds were tested in a concentration of 107 mg/mg against humidified air.
The n-value shows the number of insects used for each choice test. The Mann Whittney U-test was used to calculate
significant differences between the responses to the paraffin oil control and the stimuli (n.s.= not significant; *, p<0.05;
** p<0.005; ***, p<0.001).
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Figure 2 shows the attractivetly indexes for experiment B. Bars and whiskers display the median, upper and lower
quartiles and maxima and minima. All compounds were tested in a concentration of 10™ mg/mg against paraffin oil. The
n-value shows the number of insects used for each choice test. The sign-test was used to calculate significant differences
between the responses to the internal paraffin oil control and the stimulus (n.s.= not significant; *= p<0.05; **= p<0.005;
**%= n<0.001).
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Figure 3 shows the attractivity indexes for experiment C. Bars and whiskers display the median, upper and lower
quartiles and maxima and minima. All compounds were tested in a concentration of 10-2 mg/mg against paraffin oil. The
n-value shows the number of insects used for each choice test. The sign-test was used to calculate significant differences
between the responses to the internal paraffin oil control and the stimulus (n.s.= not significant; *= p<0.05; **= p<0.005;
*x%2 n<0.001).
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Walking tracks

In Figure 4, the walking tracks of ten selected beetles for eugenol in a concentration of 102 mg/mg
(experiment A) and paraffin oil (experiment A) are displayed (Figure 4). On the y-axis the position 0 is
the side of the olfactometer without stimulus compound and the posititon 500 is the side with the
stimulus compound. The x-axis begins with second one, as it took one second to remove the comb
and release the beetles. The recorded starting point of the beetles is not 250, because the first choice
of the beetles is shown in the first second. AlImost all of the beetles were quite active and most of the
beetles directly oriented towards eugenol (Figure 4). The beetles which chose the other arm changed
their direction and went to the stimulus. When exposed to paraffin oil, the beetles did not show the
same first choice behavior. Some beetles walked through the olfactometer without showing
preference and others remained on the side of their first choice. However, paraffin oil is slightly
attractive (Figure 1).
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Figure 4 shows the tracks of ten beetles in the time period of two minutes for (a) eugenol in dilution of 10-2 mg/mg in
paraffin oil against air and (b) pure paraffin oil against air in experiment A. The walking tracks of the beetles when
exposed to eugenol in concentration of 10-2 mg/mg in paraffin oil are an example for the behavior towards a strongly
attractive compound. The walking tracks when exposed to paraffin oil are an example for the behavior towards an
unattractive compound.

Field test in Australia

During the field test, 35 A. nigricans were caught in the flight interception traps. 20 beetles (57%)
were caught in the traps with the volatile mixture and 15 beetles (43%) were caught in the traps with
paraffin oil. On the first area, eleven beetles (61%) were caught in the traps with the volatile mixture
and seven (39%) in the traps with paraffin oil. On the second area, nine beetles (53%) were caught in
the traps with the volatile mixture and eight (47%) were caught in the traps with paraffin oil. The
abundance of beetles caught in volatile baited traps and control traps did not show significant

differences. On the unburned forest areas no beetles were caught (Figure 5). The abundance of
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Figure 5 shows the number of beetles caught during the field test for both areas on each day. The sum shows the overall
number of A. nigricans caught in the traps. On both unburned areas no beetles were caught.

beetles caught on burned sites compared to those caught on unburned sites did show highly
significant differences (2 test, P< 0.001).

Discussion

According to Martel and Boivin (Martel and Boivin, 2011), our first experiment A tests the apparent
choice of the beetles. An apparent choice experiment tests a perceived stimulus against a stimulus
that is not perceived. This does not prove the orientation towards the stimulus in a choice situation,
because the insects might orientate to any stimulus because it is the only one. In this experiment (A)
the stimulus was tested against pure air, which is not a perceived odor. Therefore, the third
requirement introduced by Martel and Boivin, which requires the test against a perceived stimulus, is
not fulfilled. Of course that shows that the beetles are able to detect this source, but the results of
experiment A do not show that the beetles prefer the tested combustion products of cellulose and
lignin in a choice situation. Therefore, experiment A does not prove that the beetles would orientate
towards smoldering logs in a natural environment. However, the high attractivity index of
combustion products in comparison to the slight attraction of paraffin oil in experiment A indicates a
higher importance of the combustion products. This tendency is shown in experiment B, as well,
where the apparent choice is tested, because it is not known if the beetles perceive paraffin oil.
However, the results of experiment B indicate a high importance of 5-methylfurfural, 4-
methylguaiacol and 4-ethylguaiacol for A. nigricans (Figure 2), because these compounds are
attractive even in a higher dilution. Although the attractivity index of eugenol was the highest in
experiment A and most of the beetles walked directly towards the compound and stayed there
(Figure 4), it is much lower at a concentration of 10 mg/mg. It is possible that eugenol is a close
range volatile (Walter et al.,, 2010), which is used by the beetles to identify and select places for

137



oviposition when they arrive on a freshly burned area. They may respond to the volatile compound in
high concentration because this resembles the concentration of smoldering logs. In experiment C the
attractivity index of hydroxyacetone is in the same range as that of 5-methylfurfural, 4-
methylguaiacol and 4-ethylguaiacol. However, it is not possible to compare the behavior of the
beetles towards these three compounds directly, as they have different vapor pressures (Table 1).
This results in different concentrations of the tested compounds in the airflow. Hydroxyacetone is
more attractive than (Z)-3-hexen-1-ol, which has a comparable vapor pressure (Table 1). Karrikinolide
(3-methyl-2H-furo[2,3-c]pyran-2-one) is a compound with a very low vapour pressure and might be a
short range volatile compound, which could be detectable for the beetles when they are close to
smoldering logs (Walter et al., 2010).

The traps baited with the volatile mixture showed only slightly increased numbers of beetle catches
in comparison to traps with paraffin oil on both areas. Moreover, the overall number of beetles
caught was very low. However, it blew a steady wind with a speed of about 16 km/h (4.4 m/s) during
the whole experiment. Air velocities of that magnitude compromise the ability of oriented upwind
flight by these small beetles as indicated by the high number of catches in control (paraffin oil only)
traps because of physical flight interception. Thus, the higher numbers of beetles observed in traps
baited with the volatile mixture might be regarded as some support of the olfactometer-results
which were obtained under more favorable conditions (linear air velocity: 0.01 m/s). Beetles were
caught in the traps with the volatile mixture neither on the unburned area near to the burned area,
nor on the unburned area in larger distance to the burned area. Probably the high wind speed diluted
the volatiles released from the trap making oriented upwind flight towards such a small source even
more difficult for the beetles. Moreover, adult A. nigricans were depleted from the unburned areas
because they had been attracted to the burned area still providing some bigger smoldering logs.
Considering that the tested compounds are emitted by smoldering logs (Azeez et al., 2010; Branca et
al., 2006; Ingram et al., 2008; Karagoz et al., 2005; Zhang et al., 2008; Oasmaa et al., 2003), the
beetle is known to be attracted by smoldering logs in its natural environment (Kreiss et al., 2007),
and the compounds were attractive in olfactometer-tests, it seems likely that another stimulus
besides the olfactory stimulus like infrared radiation is needed by the beetle to complete the
behavioral program of approaching its mating and oviposition site (Heisswolf et al., 2007; Kreiss et
al., 2005; Schmitz et al., 2002; Kreiss et al., 2007).

An alternative interpretation of the strong concentration of beetles to the burnt site could be that
the combination of heat from flames and the presence of combustion volatiles might induce the
hatching of the beetles, in analogy to the mechanisms found in plants or fungi (Wilson et al., 2010,
Flematti et al., 2004) and that olfactory and infrared stimuli only serve in short range orientation
keeping the beetles on the burned site (Evans 2010). This would need the existence of a prolonged
diapause to survive the time between two fire events. Such prolonged diapauses usually exist for
insect species living in habitats that are unpredictable, such as deserts or the arctic, but they can also
occur in ordinary environments (Danks 2006). Fires in Australia could be such an unpredictability, and
the estimated duration of the diapause might be in the range of 3-5 years according to the discussion
on aboriginal burnings (Burrows 2008) and 10 to 15 years according to the average time an area
burned in the Gnangara Groundwater System from 1970 to 2009 (Wilson et al., 2010). The existence
of such a diapause would explain the immediate presence of the beetles after a fire, although their
ability in flying is restricted and not comparable to other pyrophilic species like M. atrata or
Melanophila species (Evans 2010).
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Conclusion

Our results show that A. nigricans is attracted by volatile combustion products of cellulose and lignin
in a dynamic two-arm olfactometer. The field studies indicate that the olfactory sense of the beetle
might complement its IR perception and that its capability to reach forest fire sites might depend on
weather conditions.

Further research should concentrate on measurements of release rates and distance-dependent
concentrations of the stimulus compounds from forest fires and artificial volatile sources and on
combined experiments using improved volatile baited traps, infrared-sources and a combination of
both. Moreover, the assessment of fire frequencies (Wilson et al., 2010, Wittkuhn et al., 2011) and
the assessment of beetle densities as affected by fire history of the sites will be required. This can
lead to more realistic distance estimations for fire detection in pyrophilic insects (Evans 2010) and
can contribute to an increased understanding of spatio-temporal distribution pattern of pyrophilic
insects.
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Abstract

The sensitivity and selectivity of insect antennae are evolutionary tuned to specific needs of the
insect. The Australian pyrophilic beetle Merimna atrata needs freshly heated wood to bring up its
offspring and, consequently, shows a very high sensitivity to volatiles specific for wood-fires and
heated wood. Volatile organic compounds released by wood particles heated at different
temperatures were collected. Parallel trace analytical examination and antennal responses of the
pyrophilic beetles to volatiles released by the wood reveal a highly differentiated detection system of
these insects for early and late products of wood fires. This enabled a selection of marker
compounds used by insects since several million years for the discrimination of different stages of
wood fires. In the industrial production of engineered wood such as particle boards, wooden
particles are dried in large-scale high temperature dryers. Air temperatures between 150-600°C are
essential for the required material flow in the particle board production. Despite the resulting
energy-efficiency of high temperature drying, high temperatures are avoided because of the
increased risk of spontaneous combustion. Losses in productivity caused by fire have a strong impact
on the whole production system. In order to raise the drying temperature without risking a fire, it is
important to develop a monitoring system that will reliably detect early fire stages by their
characteristic volatile pattern. Thus, perception filters and evaluation algorithms of pyrophilic insects
can provide blue prints for biomimetic gas sensors for large-scale drying of wood particles. Especially
tungsten oxide sensor elements exhibit a high sensitivity to some of the key substances. Their high
sensitivity and selectivity to terpenes and aldehydes in combination with high sensitivity and
selectivity of tin oxide sensor elements to hydroxylated and phenolic compounds, both showing low
cross-reactivity with water and carbon monoxide, mimic highly efficient biological fire detection
systems.

Keywords: Insect, olfaction, pyrophilic, wood fire, particle board, tungsten oxide, nanocasting

Introduction

Pyrophilic beetles

Already in the beginning of the 20" century firemen reported the presence of black beetles that flew
in masses towards burning forests, disturbing the fire extinguishing and even attacked the firemen.
In the reports about the unusual pyrophilic behavior of the black jewel beetle Melanophila
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acuminata speculations arose that the beetle might be able to orientate towards a forest fire by
means of its olfaction.

These fire loving (pyrophilous) beetles depend on forest fires for their reproduction. Such insects
approach ongoing fires and invade the burnt area immediately after fire. For long-range orientation
toward a fire as well as for the short-range orientation on a freshly burnt area these insects have
special sensors for smoke (Schiitz et al.,, 1999a) and infrared radiation (Schmitz et al 1997). Whereas
the olfactory receptors for smoke are located on the antennae, the infrared receptors are housed in
extra-antennal sensory organs, which can be found on the thorax or on the abdomen. Two genera of
jewel beetles (Buprestidae) can be classified as pyrophilous: More than ten species of the genus
Melanophila, which are distributed nearly all over the northern hemisphere, and the buprestid
beetle Merimna atrata, which is endemic to Australia (Schmitz and Schmitz 2002).

Despite the fact that Melanophila and Merimna show nearly the same behaviour and belong to the
same family of jewel beetles, their infrared receptors are totally different from each other,
suggesting that this specialization to fire developed independently in both genera from the northern
hemisphere and from Australia.

Once on the freshly burnt area, the males of both genera often stay close to burning or smoldering
wood looking for conspecific females. After mating, the females deposit eggs under the burnt bark of
the trees. Only there, the wood-boring larvae of Melanophila and Merimna can develop by feeding in
the weakened and pre-heated wood of fire damaged trees (Apel 1989). Consequently fire detection
is the compulsory precondition for the survival of all these pyrophilous insect species. They should be
able to detect fires from distances as large as possible. Moreover, they have to be able to
discriminate trees that are charred to the core from trees that still contain pre-heated, but un-
charred wood as substrate for their larvae.

Progressing research on Melanophila acuminata revealed, that its antenna detects smoke
components such as guajacol compounds very sensitively (Schiitz et al., 1999a). These compounds
originate from the thermal oxidation of lignin, one of the basic constituents of wood. As the beetles
breed in burned wood, they are adapted to the detection of wood fires like forest fires. Combustion
of fossil wood (i.e., coal) can be detected by the beetles, too, as it also contains lignin.

Combustion products of diesel fuel or gasoline do not elicit comparable signals. This enables the
design of a biosensor based on the antenna of Melanophila acuminata to differentiate between
frequently occurring background compounds, e.g. originating in traffic activity, and wood fire. Thus,
false alarms caused by engine exhausts can be avoided and a reliable fire early warning can be based
on the performance of the biosensor. Field experiments revealed that a fire comprising only several
trees (five m® wood) can be detected by a biosensor based on the antenna of Melanophila acuminata
in two km distance and can be traced by the concentration gradient of smoke components and wind
direction through a dense forest stand. Combining the high sensitivity and selectivity for marker
compounds of fires with the identification of the kind of fire and the traceability of the source, a
biosensor based on the antenna of Melanophila acuminata could be a strong tool for the first link in
the chain of firefighting.

Once reaching the freshly burned area the female beetles lay their eggs on stems that were not
completely destroyed by the fire. The hatching larvae feed on the cambium and later on the pre-
heated wood tissue. To be able to find an appropriate place for their eggs, the beetle has to be able
to distinguish between different stages of heated or burned wood tissue. This ability can result in a
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marker compound pattern that significantly correlates the emission of compounds during wood
heating with the temperature of the wood.

Large-scale drying of wood particles

In the industrial production of engineered wood such as particle boards, wooden particles are dried
in large-scale high temperature dryers operated at air temperatures between 150-600°C. These high
temperatures are essential for the required material flow in the particle board production, because
higher temperatures accelerate the process of wood drying significantly. Despite the resulting
energy-efficiency of high temperature drying, high temperatures are avoided because of the
increased risk of spontaneous combustion of wood particles. Losses in productivity caused by fire
have a strong impact on the production process and decrease the profit margin. Therefore, in order
to raise the drying temperature without risking a fire, it is important to increase the reliability of early
fire warning.

During the drying process, the heated wood particles reach average temperatures of about 150°C. In
this temperature range self-ignition of wood is possible. Heated wood emits a broad range of volatile
organic compounds (VOCs). Early fire warning is possible by detection of these volatiles. However,
marker volatiles have to be selected, which enable reliable identification of different stages of wood
prior to and after ignition, like open fire, smoldering fire or heated wood. This is a challenging task
because of the multitude and high variability of the volatile compounds released by heated or
burning wood. The selection of reliable marker volatiles might be simplified by using the olfactory
profile of a pyrophilic beetle. These beetles have survived on these marker compounds for several
million years.

Biomimetic sensors

Analyzing odors emitted due to the metabolic activity of organisms adapted to an ecological context
usually results in a high qualitative and quantitative variation of the odor constituting compounds.
Despite this high variation insects are able to orientate towards the aimed source of the scents by
means of their olfaction. Taking in account the recent knowledge of the biochemical chain of odor
compound detection this implies that insects selectively detect marker compounds from the whole
scent emitted from the desired source, despite variation factors, like environmental conditions (e.g.,
temperature) or metabolic activity of other organisms (e.g., microorganisms). Such marker
compounds can represent distinct conditions of dynamic ecological processes.

Although nature delivers the approach towards the solution in such cases, e.g. early fire detection
utilizing the odor processing of Melanophila acuminata, an adaptation to the requirements of
technical processes has to be performed.

Considering the performance of biosensors on the basis of insect antennae it is not possible yet to
mimic its high sensitivity and selectivity in detecting single compounds by an artificial solely technical
device. Anyway, the progress in gas sensor applications provides devices with certain advantages in
comparison to biosensors. The major drawback of biosensors is the short life-time of the antenna
that restricts its efficient usage. Although the requirements of running a biosensor are not high,
personnel for the systems operation has to be preoccupied. Thus, biosensors are more useful for on-
site screening or tracking purposes than for long term monitoring purposes. In contrast, solid state
sensors like semiconductor gas sensors have a lifetime of approximately one year. That makes them
good candidates for low-cost monitoring applications in industrial processes. As they do not possess
the selectivity and sensitivity of biosensors, their applicability is restricted concerning the
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concentration of the compounds to be traced and the level of their identity, which are rather
compound groups, like aldehydes or amines than single compounds. Applications of semiconductor
gas sensors are, for instance, monitoring the shelf-life of fish (Xavier 2003) of wheat for fungal
contamination (Presicce 2006), detecting different mold species in buildings (Kuske 2006) and
smoldering fires in coal storage units (Schiitz et al., 1999a). To combine this technique with the
concept of marker compounds is challenging, as the sensor has to be modified to respond sensitively
and to gate out other reactions to interfering compounds. This can be achieved by semiconductor
gas sensor arrays where the combined reactions of all sensors in the array lead to a compound
specific pattern. In the present paper we focus on the identification of marker compounds
appropriate to assess the transition from heated wood to beginning smoldering, and the
characterization of solid-state sensors for the selective detection of these marker compounds in an
array.

Material and Methods

Sampling

Samples of volatiles released by heated, smoldering and burning wood were obtained from different
biomass fuels from German forest (beech, scots pine, grass) and Australian woodland (Eucalyptus-,
Banksia-, and Melaleuca- species) carried out in laboratory, and by sampling smoke of forest fire in
different stages in Germany and Australia. For scots pine, laboratory experiments were performed to
investigate the differences of the volatile pattern from room temperature to burning. Two grams of
pine flakes were put in a heating chamber and volatiles were sampled for 30sec at 25°C, 50°C, 75°C,
100°C, 150°C, 200°C, 250°C and 300°C. During the experiment, synthetic air was provided into the
heating chamber in order to implement oxidative conditions. After each sampling step the
temperature was raised to the next level and the flakes were conditioned for 7min at the new
temperature. The experiment was repeated five times. Pyrophilic beetles were caught at the forest
fires in Germany and Australia and were reared in the laboratory until electrophysiological
experiments were performed.

Trace analysis and electroantennography

Insect antennae were excised and mounted in a special antenna holder providing contact to a pair of
Ag/AgCl-electrodes via an electrolyte solution adapted to the insect hemolymph (Schitz et al,
1999b). The antenna holder provides a stable support for the antenna in which its surface is freely
accessible to the air flow from the gas-chromatograph with parallel mass-spectrometric and
electroantennographic detection (GC-MS/EAG).

Calibration of antennae is obtained by puffs from a glass syringe containing an oil-dilution of the
stimulus compound on filter paper in a PTFE cartouche (Schiitz et al., 1999b). Standard solutions
used for calibration of the GC-MS/EAG system are listed in Table 1. One microliter (equivalent to 10
ng) of each prepared volatile sample was injected splitless into a GC/MS system (Agilent GC 6890N,
5973N quadrupole mass spectrometer) coupled to an adapted electroantennographic chamber.
System and settings are described in (WeiRbecker et al., 2004). Helium was used as carrier gas at a
flow rate of 1 ml min™’. The effluent flow was split between a quadrupole mass spectrometer and the
electroantennographic detector in proportion of 1 to 1. The interface was kept at a temperature of
230 °C and was equipped with an additional inlet for humidified synthetic air (90% R. H., 300 ml min’
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) in order to modify effluent condition for compatibility with electroantennographic detection.
Electrophysiological responses were measured by a high impedance amplifier. Details have been
described in (WeiRbecker et al., 2004). All measurements were made using at least five insect
antennae.

Solid-state sensor preparation and evaluation

Tungsten oxide sensor films were prepared by applying a suspension of WO; on an alumina substrate
with interdigital platinum electrode. Prior to use the sensors were heated in a temperature-profile up
to 450 °C. We used special nanostructured WO; powder as well as commercial WO; powder (Sigma
Aldrich). Nanostructured WO3 was synthesized by casting in nanoporous silica template as described
by (Rossinyol et al., 2005). Silica templates of KIT-6 mesostructure were synthesized according to
(Kleitz et al., 2003). Subsequently, 0.6g of KIT-6 was dissolved in ethanol 1.2g phosphotungstic acid
(PTA) was added as a WOs-precursor. Upon drying and calcination as described in (Rossinyol et al.,
2005), which includes another 0.6g of PTA, the silica template was removed by etching with
hydrofluoric acid (HF). Physisorption measurements revealed a specific surface area of 66 m?/g.
Scanning electron micrographs (SEM) of the sensor surface show nanostructured WO; at different
magnifications. The film consists of an irregular spread of nanostructured grains (left). The grains
have a size of approximately 2-5 um. The nanostructure is shown at the right of figure 1.

A high resolution gas-chromatograph with parallel mass-spectrometric and solid state sensor
detection (High resolution gas chromatography/selective odorant measurement by multisensor
array, HRGC-SOMMSA) was used to evaluate responses of the sensors to volatile mixtures released
by heated wood. The system is described in detail in (Kohl et al., 1998). We injected 0.5 microliter of
the standard solution with a split ratio of 1 : 4 into a GC-MS system (Varian Saturn 2000) coupled to
an adapted sensor chamber. The standard solution contains 1 % of each marker volatile in ethanol.
Helium was used as carrier gas at a flow rate of 5 ml min™. The effluent flow was split between an ion
trap mass spectrometer and a sensor box in proportion of 1 : 4. The sensor chamber (inner volume 2
ml) was at room temperature. Changes in sensor conductance were measured at a constant voltage
of 0.5 V. All measurements were made using at least two sensor elements of each type.

Figure 1: Nano-structured WO; sensor films (SEM picture)
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Results

Marker volatiles

Despite separated development and different ecosystems, both beetles from Australia and from
Europe show similar pattern of olfactory perception of forest fire volatiles. Both beetles show high
electrophysiological responses to guaiacol and its derivatives, intermediate responses to syringol and
its derivatives and least responses to coniferyl derivatives and benzenediols. Ortho- and para-
substituted methoxyphenoles show higher responses than meta- substituted methoxyphenoles. Host
plant terpenoids are the second group of compounds detected with remarkable sensitivity. Whereas
phenolic compounds are released at high temperatures due to the oxidative thermal degradation of
lignin after ignition, terpenes are released at low to moderate temperature of the wood before
ignition. Aldehydes from the thermal oxidation of fatty acids in the wood parenchyma are released as
the first breakdown products of the wood composite structure. A fourth class of compounds released
at increased heating temperatures but well before an ignition of a wood fire are decomposition
products of celluloses and hemicelluloses, mainly comprising furane derivatives like furfural and
furane breakdown products like hydroxyacetone. Using markers from these four groups allows a
reliable assessment of the heating status of the trees and, therefore, can guide the beetles to an
appropriately charred tree with enough heated wood left for bringing up their offspring.
Electrophysiologcal and trace analytical data is presented in the manuscript “The olfaction of a fire
beetle leads to new concepts for early fire warning systems”, pp.103.

Biomimetic solid-state sensor array

We used nanostructured WO; to achieve highly sensitive sensors (Figure 1). The comparison of
nanostructured WO; with bulk material reveals an increased sensitivity to the proposed marker
substances. The sensitivity to hexanal, furfural and a-pinene is shown in figure 2. Bulk WO; sensor
shows a response (AG/G-1) of 0.1 for furfural and a-pinene respectively. The nanostructured sensor
shows a response of 1.05 for furfural and 0.85 for a-pinene. Figure 3 shows that sensitivity can be
successfully increased by new nanostructuring methods. For the successful detection of smoldering
wood fires especially for the detection of early stages a selective detection of several markers is
required. This can be achieved with a sensor array in different ways. The most facile way is the usage
of different semiconductor materials. A comparison of the sensitivity of the nanoporous WO sensors
with the sensitivity reported by Eberheim (Eberheim 2003) for SnO, sensors shows (Table 1) that a
two sensor system should be feasible for the discrimination between early and late stages of wood
fires. Previous research shows that selectivity can further be increased by various techniques, such as
temperature (Eicker et al., 1981; Lalauze 1984; Gramm et al., 2002) or voltage (Sauerwald et al.,
2007) cycled operation of the sensors. Preliminary results for nanostructured WO3 sensors show that
a temperature between 350 °C and 550°C is sufficient for the discrimination between furfural and a-
pinene (Figure 3).
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hexanal furfural a—pinene

Figure 2: response of a nanostructured WO; sensor and "bulk" WO; sensor for three marker volatiles of heated wood.
The marker volatiles are applied by GC-MS/SOMMSA method with 0.8 nl of each volatile. Both sensors are heated to 500
°C.

Table 1 Comparison of sensitivity of WO3; nanoporous sensors with the results for SnO, sensors by Eberheim, 2003.
Measurements were repeated twice (minimum). Signal intensity is classified as ++ strong, + medium, X weak or not
significant. Signals of both sensor elements are reproducible in all measurements.

Substance BG/G SnO, WO, Substance BG/G__SnO, WO,
Guaiacol ++ X Hexanal -¥) ++
Furfural X ++ a-Pinene X ++

*) no response to any aliphatic aldehydes was detectable
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Figure 3: Conductance measurement of nanoporous WO; sensor during a symmetric temperature cycle between 350 °C
(att=0and t=30resp.) and 550 °C (at t = 15).

Conclusions

Phenolic compounds in wood smoke seem to play a predominant role in fire detection and
discrimination of the examined pyrophilous beetles. These phenolic compounds are products of the
oxidative thermal degradation of the biopolymer lignin; furans, aldehydes and ketones are
degradation products of celluloses and fatty acids; and terpenoids are released by evaporation or
degradation of secondary plant products like essential oils (Schiitz et al., 1999c; Eberheim 2003). In
different kinds of plants, lignin constitutes a bigger (trees) or smaller (grass, herbs) share of biomass
and, moreover, differs in the structure of monomers contributing to the biopolymer. Whereas
guaiacol is the major monomer contributing to lignin of coniferous wood, the wood of deciduous
trees contains more syringol than guaiacol (Schitz et al., 1999a). Non-woody plants like grasses
contain mainly lignin polymerized from coniferyl alcohols and benzenediols (Eberheim 2002). Upon
thermal oxidation, lignin is broken down to fragments containing parts of these monomers. Thus, the
constitution of biomass smoke reflects the constitution of the degrading lignin, enabling the
pyrophilic insects to assess whether the fuel is a coniferous tree, a deciduous tree or only grassland.
Differentiating guaiacol and syringol from para-substituted alkyl- or acyl derivatives enables the
insect to assess the fire temperature, as with increasing temperature the breakdown products of
lignin tend to become smaller. Detecting host plant terpenoids enables the insects to assess the
suitability of the burning plant species as substrate for their offspring. Moreover, the ratio of
phenolic compounds and terpenoids provides information if primarily wood or leaves of the
respective plant species are burning, as burning fresh leaves or needles release higher quantities of
terpenoids. Both, pyrophilic insects the European Melanophila acuminata and the Australian
Merimna atrata, use a similar strategy for olfactory detection and classification of forest fires. Both
of them detect guaiacol- derivatives and host plant terpenoids quite sensitively for long range
orientation towards burning trees. Moreover, both of them do not only detect several guaiacol- and
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syringol-derivatives, but additional degradation products of cellulose and hemicelluloses like furane
derivatives and hydroxyacetone which mark heated wood prior to ignition. Thus, a selection of a
dozen of compounds from more than 200 detected volatile compounds in the forest fire samples is
used by the beetles to extract vital information from highly diluted wood smoke.

These perception filters and evaluation algorithms can provide blue prints for biomimetic fire
detection and fire early warning systems. Driven by these results, we focussed sensor development
to the detection of specific groups of organic trace gases. Especially tin oxide and tungsten oxide
sensor elements showed favourable characteristics. Their high sensitivity and selectivity to
hydroxylated and phenolic compounds, and terpenes and furanes, respectively, in combination to
low cross-reactivity with water and carbon monoxide mimics highly efficient biological fire detection
systems. For sensor evaluation the HRGC/SOMMSA approach has proven to be very useful, as
response time and sensitivity of the sensors are sufficient to use them as detectors for capillary gas-
chromatographic systems. A first practical application of these biomimetic sensors is already working
as sensors for early warning systems in brown coal storage units (ERinger et al, 2010) and is
extended to wood chip storage units and wood chip driers of the wood processing industry.

Acknowledgements

Funding by the federal ministry of research and technology (BMBF) is gratefully acknowledged. The
work of Sebastian Paczkowski is funded by the Cusanuswerk, Bischofliche Studienstiftung, Germany.

References

Apel,K.-H. (1989) Zur Lebensweise des schwarzen Kiefernprachtkiafer Melanophila acuminata,
Entomologische Nachrichten Berlin 33, 278-280.

Eberheim A. (2003) Qualifizierung von Halbleiter-Gassensoren fiir die Detektion spezifischer
organischer Rauchgaskomponenten, Inauguraldissertation Inst. f. Angewandte Physik JLU Giel3en.

Eicker,H., Kartenberg,H.)., Jacob,H. (1981) Untersuchung neuer Messverfahren mit
Metalloxidhalbleitern zur Uberwachung von Kohlenoxid-Konzentrationen, Technisches Messen 48,
421-430.

ERinger,T.M., Becker,B., Sauerwald,T., Kohl,C.D., Paczkowski,S., Schiitz,S. (2010) Volatile gas
sensors for large-scale drying of wood. Proceedings Sensoren und Messsysteme 1, 780-783.

Gramm,A., Schiitze,A., Riihl,T. (2002) Identification of organic solvents by a virtual multisensor
system with hierarchical classification, Proceedings of the IEEE Sensors, 1, 382-387.

Kleitz,F., Choi,S.H., Ryoo,R. (2003) Cubic la3d large mesoporous silica: synthesis and replication to
platinum nanowires, carbon nanorods and carbon nanotubes, Chemical Communications 17, 2136-

2137.

Kohl,D., Schieberle,P. et al., (1998) High Resolution Gas Chromatography - Selective Odorant
Measurement by Multi Sensor Array, Flavour Analysis, Chap. 29, American Chemical Society.

Kohl,D., Koczan,D. (1999) Application and perspective of biosensors based on insect olfaction,
Proceedings Sensor 11, 105-110.

150



Kuske,M. (2006) Detection of diverse mould species growing on building materials by gas sensor
arrays and pattern recognition, Sensors & Actuators B 119, 33-40

Lalauze,P. (1984) A new approach to selective detection of gas by a SnO, solid-state sensor, Sensors
and Actuators 5, 55 — 63.

Presicce,D.S. (2006) Response evaluation of an E-nose towards contaminated wheat by Fusarium
poae fungi, Sensors & Actuators B 118, 433-438.

Rossinyol,E., Tian,B., et al., (2005) Nanostructured metal oxides synthesized by hard template
method for gas sensing applications, Sensors and Actuators B 109, 57-63.

Sauerwald,T., Skiera,D., Kohl,C.D. (2007) Selectivity enhancement of gas sensors using non-
equilibrium polarisation effects in metal oxide films, Applied Physics A 87, 3.

Schmitz,H., Schmitz,A. (2002) Australian fire beetles, Landscope 1, 36-41.
Schmitz,H., Miirtz,M., Bleckmann H. (2002) Infrared detection in a beetle Nature 386, 773-774.

Schiitz,S., WeiBbecker,B., Hummel,H.E., Apel,K.-H., Schmitz,H., Bleckmann,H. (1999a) Insect
antennae as a smoke detector. Nature 398, 298-299.

Schiitz S., Hummel H.E., Schéning M.J., Schroth P., Kordos P., Liith H., Zimmermann S., Schwarz A.
(1999b) Application and perspective of biosensors based on insect olfaction, Proceedings Sensor 11,
105-110.

Schiitz,S., WeiBbecker,B., Koch,U.T., Hummel,H.E., (1999c) Detection of volatiles released by
diseased potato tubers using a biosensor on the basis of intact insect antennae, Biosensors &
Bioelectronics 14, 221-228.

WeiBbecker,B., Holighaus,G., Schiitz,S. (2004) Gas chromatography with mass spectrometric and
electroantennographic detection: —analysis of wood odour by direct coupling of insect olfaction and

mass spectrometry, Journal of Chromatography A 1056, 209-216.

Xavier,N. (2003) Odors in the food industry, Springer Verlag, Heidelberg, London & New York, 61-122.

151



Calliphora vicina (Rob.-Desv.) as an
information filter for volatile-based meat
spoilage detection

Authors names and affiliations

Corresponding author: Sebastian Paczkowski, Dept. of Forest Zoology and Forest Conservation,
Bisgeninstitut, Georg-August-University, Blisgenweg 3, 37077 Gottingen, Germany.

Sara Nicke, Dept. of Forest Zoology and Forest Conservation, Biisgeninstitut, Georg-August-
University, Blisgenweg 3, 37077 Gottingen, Germany. email: snicke@gwdg.de

Prof. Dr. Stefan Schiitz, Dept. of Forest Zoology and Forest Conservation, Blisgeninstitut, Georg-
August-University, Blsgenweg 3, 37077 Gottingen, Germany. email: stefan.schuetz@forst.uni-
goettingen.de

Abstract

The olfaction of the female blowfly was used to select volatiles that are reliably emitted by pork meat
samples stored under warm/dry, warm/wet, cold/dry, and cold/wet conditions for meat quality
assessment. The volatiles emitted by the samples were collected eight days with charcoal filters. 2,3-
Butanediol, hexanal, heptanal, dimethyl trisulfide, phenol, undecane, nonanal, and indole were
identified and quantified by GC-MS. The volatiles were tested on the antenna of female C. vicina,
which resulted in dimethyl trisulfide, nonanal, and indole as electrophysiological active marker
compounds for meat spoilage. These compounds can be used for the identification of meat spoilage
during meat maturation or as a sign for an interruption of the cooling chain.

Keywords: VOC, nonanal, pork meat spoilage, bacterial growth, blowfly, Electroantennography (EAG),
gas sensor

Introduction

Meat quality is an important aspect in the supply chain from producer to customer. Although quality
factors can be subjective, the microbial spoilage of meat is an objective health hazard. There are
many different treatments that decrease bacterial growth on meat. Among them are packaging
under anaerobic conditions, irradiation, washing, or treatment with inhibitors of bacterial growth
(Reid et al., 1993; Cheng et al., 2011; Giri et al., 2011). The most wide spread method to prevent
spoilage is cooling. Meat is usually stored at 5 °C, as low temperature decreases enzymatic activity
(Goll et al., 1983), which consequently suppresses bacterial metabolism. However, storage time is
always limited and there are many studies concerning volatile based quality assessment of stored
meat (Ercolini et al., 2009; Stutz et al., 1991; Mayr et al., 2003; Lindinger et al., 1998b; Lindinger et
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al., 1998a). Volatiles are good indicators for bacterial growth on meat, but the high variation of the
volatile emissions impedes the transfer of the results from laboratory conditions to practical
solutions (Winquist et al., 1993; Olafsdottir and Kristbergsson, 2006; Rajamaki et al., 2006;
Paczkowski and Schiitz, 2011). Different conditions might favor the growth of different bacterial
communities, which emit different volatiles. Therefore, the identification of reliably emitted volatiles
allowing an estimation of bacterial growth on meat will exceed the limits of conventional trace
analytical studies. In this study, the biological optimization process of nature is used to identify
volatiles that are reliably emitted during storage. The olfaction of the female blowfly Calliphora
vicina, which is attracted by spoiled meat, was used to confirm the reliability of the detected volatile
compounds. The evolution of the fly's olfaction led to an adaption to reliably emitted volatiles, as the
female fly needs to find its nutrition and oviposition source by means of olfaction (Paczkowski and
Schiitz, 2011; Paczkowski et al., 2012). Four treatments were evaluated by this biological information
filter. These treatments resembled the conditions of natural decomposition, meat maturation, and
dry or wet storage in a refrigerator. The four different treatments allow a comparison of the
investigated concept of spoilage detection between the control (natural decomposition) and the
three artificial treatments (maturation and both cool storage conditions). This comparison assesses
the feasibility of the fly’s olfaction, which has been adapted to the natural conditions of vertebrate
decay (Paczkowski and Schitz, 2011), for the artificial conditions during meat storage.

Material and Methods

Collection of volatiles from decaying meat

Four Longissimus dorsi of pork were purchased from a local butcher 2-4 hours after slaughtering. The
pieces from the 11" thoracic vertebra to the 2™ lumbar vertebra were used for the experiments,
because they show the lowest variation in the intramuscular fat content (Branscheid et al., 2007).
Five 25 g samples of each L. dorsi were used for each treatment.

Two sets were stored at 25 °C and 20% rel.hum., one under dry conditions (warm/dry) and one set
was sprinkled with 10 ml water every day (warm/wet). Volatile samples were taken daily for eight
days.

Two sets were stored at 5 °C and 35% rel.hum.. One set was kept under dry conditions (cold/dry) and
the other set was sprinkled with 10 ml water after each volatile sampling (cold/wet). From these two
sets, volatile samples were taken nine times in one month.

For volatile sampling of one set, each of the five samples were put separately in a closed glass
container with 0.5 L volume at 24 + 1 °C. The containers had two openings, one entrance for filtered
air and one exit for the air containing the volatiles from the sample. A membrane pump (Thomas
Division, Sheboygan, USA) sucked 40 L in 30 min through the exit and through a charcoal filter tube
(1.8 mg Charcoal, CLSA Filter, Daumazan sur Arize, France).
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Trace analysis of the CLSA samples

The trace analytical experiments were performed according to a method described in Paczkowski et
al.,, 2012 (p.71).

Quantification of volatiles from decaying meat

The quantification was performed according to a method of Paczkowski et al., 2012 (p.71).

Collection and rearing of flies

In the summer of 2011, female C. vicina were caught from fresh ground meat (half pork, half beef) in
the city of Gottingen. The species C. vicina was chosen as it is one of the first to arrive on a dead
vertebrate, and is present during all stages of decay. This species is important for forensic
entomology (Smith, 1986; Amendt et al., 2004) and is a model organism for research on the olfaction
of blowflies (Kaib, 1974; Huotari and Mela, 1996; Stensmyr et al., 2002). After removing the
antennae for electrophysiological experiments, the development of the ovaries was assessed
(Stoffolano, 1974). This was used as an indicator of the predilection of the flies to oviposit and,
therefore, exhibit high electrophysiological performance. Only flies with developed ovaries were
selected for electrophysiological measurements.

EAG with C. vicina

Most compounds identified in the CLSA samples were tested in paraffin oil (Uvasol quality,
Merck/VWR, Darmstadt, Germany) dilutions from 10° g/g to 10 g/g. 2,3-butanediol and hexanal
were tested in paraffin oil dilutions from 107 to 102 The EAG experiments were performed
according to the method described in Paczkowski et al., 2012 (p.72).

Results

Trace analysis and quantification of volatile samples from decaying meat

The compounds emitted from the four different L. dorsi sets and detedcted in the trace analytical
experiments are listed in Table 1 in the order of their retention index. Among the eight compounds
identified and quantified there are one alkane (undecane), three aldehydes (hexanal, heptanal,
nonanal), one alcohol (2,3-butanediol), one sulfur compound (dimethyl trisulfide), one
homoaromatic compound (phenol), and one heteroaromatic compound (indole).

All of the four treatments showed a different odor profile (Table 2). The samples stored under warm
conditions emitted more volatiles at higher concentrations than the samples stored under cold
conditions, because both the vapor pressure of compounds and their biochemical formation
processes depend on the temperature. The warm/dry treatment resulted in the maturation of the
meat with the typical odor of dried ham (Toldra, 1998). These samples emitted nonanal at relatively
high rates and hexanal, heptanal, and undecane at low rates. The warm/wet samples developed a
pungent smell, showed a greenish surface and deliquesced during the nine days of sampling. They
exclusively emitted phenol and indole at high concentration and dimethyl trisulfide at low
concentration and hexanal, nonanal, undecane, and 2,3-butanediol. The cold/dry samples dried out
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Table 1: Identified volatiles. The table shows the compounds of the L. dorsi samples detected in the trace analytical
studies in the order of their retention index and assigned to their chemical classes. Information on the CAS number, the
company from which the compound was purchased and its purity, the vapor pressure in ppm and the ion that was used
for quantification of the compound is listed.

lon for
HP- . . Vapor .
No. | Compound 5MS Chemical CAS No. Company Purity pressure c.|uar.1t|-
(LRI) class [%] [hPa]* fication
[m/z]
1 2,3-Butanediol <800 | Alcohol 19132-06-0 Aldrich 98 0.22 45
2 Hexanal 826 | Aldehyde 66-25-1 Aldrich 98 12 44
3 | Heptanal 910 | Aldehyde 111-71-7 Arcos 95 3 44
4 | Dimethyl trisulfide 979 | Sulfur compound 3658-80-8 SAFC 98 0.35 126
5 |Phenol gg5 | Homoaromatic 108-95-2 Aldrich 99 0.2 94
compound
Undecane 1101 | Alkane 1120-21-4 Arcos 99 0.6 57
Nonanal 1118 | Aldehyde 124-19-6 Merck 98 0.5 57
8 | Indole 1217 | Heteroaromatic 119-36-8 Fluka 99 0.001 120
compound

* measured at 20°C and 1013 hPa

slowly and were completely hardened at the end of the sampling period. The samples emitted only
2,3-butanediol at high rates and nonanal at low rates. The cold/wet samples emitted 2,3-butanediol
and nonanal at rates comparable to the cold/dry samples. Although the samples were very moist
they did not deliquesced during the sampling period.

The consistency of the volatile profiles between the samples is restricted to nonanal and 2,3
butanediol, which are present in all meat samples. This shows the strong influence of the treatments
on the identified volatile profile and indicates the restriction of the transfer from warm conditions to
which C. vicina is adapted, to the cooler conditions during meat storage.
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Table 2: Quantification. The table shows the emission rates (ng/L) of the compounds identified and quantified in the different treatments of the meat samples (N=5 for each treatment). They
are listed in the following order: median, minimum, maximum, lower quartile, and upper quartile. A minimum of 0 indicates the absence of the compound in at least one sample. The total
emission is the sum of the medians.

Day | 1 2 3 a 5 6 7 8

L. dorsi (warm/dry)

2,3-Butanediol - - - - - 0,0,1,0,0 0,0,1,0,0 0,0,3,0,0
Hexanal 0,0,1,0,0 - 0,0,1,0,1 1,0,1,1,1 1,0,1,0,1 1,1,2,1,2 1,1,1,1,1 2,1,2,1,2
Heptanal - 0,0,1,0,0 - 0,0,1,0,1 - 0,0,1,0,0 0,0,1,0,0 1,1,2,1,1
Dimethyl trisulfide 1,0,1,1,1 - - - - - 0,0,1,0,0 -
Undecane 1,0,1,0,1 1,0,3,1,1 - - 0,0,1,0,1 1,0,1,0,1 1,0,1,0,1 1,0,1,1,1
Nonanal 47,26,71,43,55 32,11,58,31,36 52,35,56,45,56 55,26,61,35,59 26,16,26,25,26 26,23,31,25,29 17,16,24,17,21 41,33,50,36,42
Total emission 49 33 52 56 27 28 19 45

L. dorsi (warm/wet)

2,3-Butanediol - - 1,0,4,0,2 104,2,304,2,255 158,15,216,27,181 191,32,289,54,243 261,40,735,69,305 95,26,531,40,531
Hexanal 1,1,2,1,2 1,0,1,0,1 0,0,1,0,1 - - - - -
Dimethyl trisulfide - - - - 1,1,5,1,2 1,0,1,1,1 0,0,1,0,1 1,1,1,1,1
Phenol - - - 3,2,257,2,130 146,82,292,85,172 296,254,437,274,302 287,183,298,231,290 190,132,333,187,198
Undecane 1,1,2,1,2 - - - 1,0,1,1,1 0,0,1,0,1 0,0,1,0,0 0,0,1,0,0
Nonanal 3,2,3,2,3 2,1,3,2,2 2,1,41,3 1,0,1,0,1 1,0,1,0,1 - - -

Indole - - - 4,0,45,0,27 9,0,34,3,17 48,11,76,48,67 41,7,66,28,46 38,6,72,31,47
Total emission 3 3 112 306 536 589 324

Day 11 16 18 23 25

L. dorsi (cold/dry)

2,3-Butanediol - - 4,0,12,0,5 28,0,57,0,44 28,20,85,21,50 34,23,83,26,76 34,26,61,32,44 34,20,54,25,40
Nonanal 1,0,2,0,1 3,0,6,2,3 2,1,2,1,2 3,2,4,2,3 0,0,1,0,0 0,0,1,0,1 1,0,2,1,1 1,1,1,1,1
Total emission 1 3 6 31 28 34 35 35

Day 1 3 8 10 15 17 22 24

L. dorsi (cold/ wet)

2,3-Butanediol - - 0,0,1,0,1 4,0,58,1,58 23,8,131,23,125 55,24,139,28,99 21,9,65,16,40 25,16,73,17,31
Nonanal 5,3,7,5,5 5,3,6,5,5 10,7,14,7,12 5,1,16,3,8 6,1,12,6,8 1,1,2,1,1 3,2,7,2,6 2,1,3,1,3
Total emission 5 5 10 9 29 56 24 27
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EAG with C. vicina

The results of the EAG experiment have been published in Paczkowski et al., 2012 (p.71). Additional
data is presented in Table 3.

Table 3: EAG. The table shows the electrophysiological response of C. vicina females towards hexanal and 2,3-butanediol.
The vapor pressure of the first significant dilution is calculated in order to compare both compounds. A low vapor
pressure indicates a strong response of the insect. Further electrophysiological data has been published in Paczkowski et
al., 2012.

_ Vapor pressure of
Paraffin 10°® 10° 10 107 102 1% significant
il
ol dilution [ppm]

* *kk kK

Hexanal 11(9,13) 12(11,14) 13(13,18) 20(19,28) 33(31,57) 78(73,124) 14
2,3-Butanediol 10(9,12) 11(9,14) 10(9,13) 10(9,11) 11(10,12) 18(13,18) 90
Discussion

The samples stored under warm conditions did emit more volatiles than the samples stored under
cold conditions, because low temperatures inhibited the bacterial growth (Goll et al., 1983) and
decreased the volatility of the compounds (Thomson, 1946). The differences in the volatile emission
pattern between the wet and the dry treatments can be explained by the moisture that increases
bacterial growth (Gottschalk, 1986) and thereby increases the volatile formation.

Nonanal is the only compound that is reliably present in all four treatments and it is perceived by the
fly at a low vapor pressure of the first significant concentration (Paczkowski et al., 2012). Nonanal is
emitted at high rates during the warm/dry treatment (Table 2), which resembled meat maturation by
autolysis (Toldra, 1998). This shows that an exclusive emission of nonanal and other aldehydes are a
reliable sign for the correct maturation of meat by autolytic processes. As the emission of 2,3-
butanediol is linked to the growth of Pseudomonas (Mayr et al., 2003, Ercolini et al., 2009), the
compound could, together with nonanal, be a reliable marker for an inappropriate maturation of the
meat or of spoilage under cool conditions (Table 2). The emission of nonanal decreases under the
increase of 2,3-butanediol emission, which indicates an inhibition of autolytic processes by bacterial
growth. Microorganisms will most probably utilize carbohydrates as the first and most feasible
source of energy, which yields 2,3-butanediol or other products of carbohydrate fermentation
(Paczkowski and Schiitz, 2011). However, C. vicina does not perceive 2,3 butanediol, as the fly is
optimized for the detection of cadavers in the vegetation period and does not perceive volatiles
emitted under cold conditions as they are in hibernation at these temperatures (Matuszewski et al.,
2013).

Several compounds are uniquely detected for meat stored under warm and wet conditions. Dimethyl
trisulfide forms from methanethiol (Frederick et al., 1957), which is a product of cysteine and
methionine (Paczkowski and Schiitz, 2011), and is a sign for advanced deterioration of meat (Table
2). The formation of sulfur compounds can be linked to anaerobic and aerobic bacterial species
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(Dainty et al., 1989; Ercolini et al., 2009). The antiseptic compound phenol is a compound associated
with advanced deterioration, as well. It could be emitted by phenol-resistant bacteria who
metabolize tyrosine (Paczkowski and Schiitz, 2011) in order to compete against non-resistant species
(Gu et al., 2007). The meat pieces were small and a fast growth of different bacterial species would
lead to bacterial competition. Indole forms from tryptophan and is a reliable marker for bacterial
growth (Smith and Macfarlane, 1996). Despite its low vapor pressure (Table 1) it is detected at high
rates. As dimethyl trisulfide and indole are perceived by female C. vicina at low vapor pressure
(Paczkowski et al., 2012), both compounds are regarded as marker compounds for meat spoilage
under natural conditions. Therefore, the additional emission of dimethyl trisulfide and indole
together with 2,3-butanediol and nonanal can be a sign for a discontinuous cold chain that led to
increasing growth of mesophilic bacteria. Metal oxide gas sensors will have to be tuned to the
selective detection of these four volatiles. Temperature cycles (Gramm and Schiitze, 2003;
Paczkowski et al., 2011; Semancik et al., 2001), nanostructured thin layer sensors (Kakati et al., 2009)
or uGCs (Kim et al., 2012) can improve the selectivity and sensitivity of these gas sensors, however, it
has to be taken in account that the olfaction of the fly even exceeds the detection treshhold of a GC-
MS system. Although the sensitivity of gas sensors are in the same order of magnitude as GC-MS
systems, their selectivity is much lower. This results in a challenging task to adapt gas sensors to
compounds perceived by C. vicina.

Conclusion

The volatile emission patterns analyzed in this study are correlated to the treatment of the meat
samples. Nonanal is detected by C. vicina and can be used together with dimethyl trisulfide, indole
and 2,3 butanediol for a reliable differentiation between maturation and deterioration of meat. As C.
vicina is adapted to perceive a dead vertebrate during the warmer growth season, the olfaction of
the fly is restricted to the detection of spoilage under warm conditions. However, the emission of
volatiles detected by the fly can indicate a disruption of the cooling chain, which can be of
importance for the meat trading sector. This study further indicates that 2,3-butanediol is a good
candidate for spoilage detection under cold conditions.
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General Discussion

This discussion is devoted to the general discussion of the methods used for this thesis and to the
evaluation of the hypothesis, which was that insect olfaction can be used as an information filter for
analytical applications. In detail the three hypothesesis, which should be verified in this thesis, were:

e Feasibility of the olfaction of Calliphora vicina for post mortem interval (PMI) estimation
e Feasibility of the olfaction of different fire beetles for early fire warning
e Feasibility of C. vicina for meat spoilage detection

Considering both aspects (method and hypothesis) is the basis of scientific work. Any method has its
limitations, which defines the informative value of the results and this has to be considered when
interpreting the results. This can be of high importance for the evaluation of a hypothesis. It is
possible that experiments yield repeatable results, but these results cannot be related to natural
conditions, because the method used does not resemble these natural conditions.

For instance, sampling volatiles at a constant temperature in a laboratory experiment enables a
rather precise determination of the emission rate, but this rate is of little use for an estimation of the
emission rate under natural conditions (DeGreef and Furton, 2011). Sampling the same volatiles
under natural temperature variation restricts the exact prediction of emission rates (Statheropoulos
et al., 2005; Paczkowski et al., 2012a), because the rate of volatile formation and its emission depend
on the temperature in a non linear way (Goll et al., 1983; Giancoli, 2010). The combination of lab
results and field studies can improve the limitations of both approaches. In general, it is necessary to
design more than one experiment in order to verify scientific information by getting different “points
of view” on this information (personal communication, Prof. Dr. Angeli, 2008). When all points of
view (= all experiments) lead to the same result, this result can be regarded as confirmed.
Chemoecology offers three points of view. The first is the trace analytical analysis. The second step is
the identification of electrophysiological active compounds and the third step is the behavioral study
in the lab or in the field (Schitz, 2009).

Discussion of the Methods

Table 1 shows the projects of this thesis and the methodical steps applied for the projects. Only
those experiments are listed in the table, which were considered for publication. Unsuccessful
experiments with methodological problems or unexplanatory results were excluded.

None of the chemoecological projects in this thesis comprise all methodological steps. In general,
one has to conclude that all these missing methods should be performed in order to verify the
project’s hypothesis.
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Table 1 shows the experimental steps successfully performed for the chemoecological projects of this thesis. Gas sensor

experiments, which were performed by colleagues at the Institute of Applied Physics in GieBen are not listed.

Project Trace analysis Electrophysiology Behavioral study Field experiment
C. vicina - meat X X

C. vicina - cadaver X X

M. cuspidata - fire X X X

M. atrata — fire X X

A. nigricans - fire X X

However, it is not always possible to acquire all of the data necessary for a complete
chemoecological study. Behavioral studies with C. vicina led to no satisfactory results, because no
wind tunnel was available (Aak et al., 2010) and the experiments were performed in a custom build
Y-olfactometer where the flies had to walk and could not fly. Time consuming field tests on
Melanophila cuspidata could be a topic for another doctoral thesis. Comprehensive behavioral
studies with Merimna atrata could not be performed because of the lack of time and resources in
Australia and the weakness of the beetles after the transport to Germany. The field tests with M.
atrata showed only a slight tendency of a higher attractivity of odor baited traps in comparison to
the paraffin control. Trace analysis for Acanthocnemus nigricans was not performed, as the results
from both the trace analysis for M. cuspidata and M. atrata already suggested key volatiles emitted
by smoldering logs, which were successfully tested in behavioral studies on A. nigricans.
Comprehensive electrophysiological experiments with A. nigricans failed because of low antennal
responses with low reproducibility in the EAG. Although there are good reasons for not having
performed all of the chemoecological steps, this causes restrictions for the interpretation of the data.
This is considered in the discussions of the manuscripts written for this doctoral thesis.

Trace analysis

Compound identification

The identity of a volatile compound was confirmed by two GC-MS methods in this doctoral thesis.
The first method is the confirmation by the retention time in a GC-MS analysis and the second is the
comparison of the mass spectra with a database (Hibschmann, 2001). In order to apply the first
method, a compound is purchased and analyzed with the same GC-MS parameters as the sample. For
the second method, databases can be purchased (Watson et al., 2004). If the retention time of this
standard compound is the same as the retention time in the sample, the vapor pressure is the same
for both compounds. However, it is still possible that there exist two or more compounds with the
same vapor pressure or that the combination of vapor pressure and column properties result in the
same retention time for two compounds. For instance, on a polar column a compound with a low
vapor pressure and low polarity might reach the detector at the same time as a compound with
higher vapor pressure and higher polarity. This leads to a mixed mass spectrum, which disables
precise identification by MS. In such cases, a variation of the analytical parameters, e.g. the choice of
column or the temperature program, can improve compound separation (McNair and Miller, 1997).
Modern approaches already combine methods during one analytic procedure, like combined
columns (GCxGC, two dimensional gas chromatography) (Kalinova et al.,, 2009) or combined
quadrupole mass spectrometer (MS/MS, tandem mass spectrometry) (Miller et al., 2002) or by
combining both (GCxGC-MS/MS) (Poliak et al., 2008) to enhance the analytical performance. TOF

163



(time of flight) mass spectrometers (Kim and Kim, 2012) or triple quadrupole mass spectrometer
(Yoon et al., 2012) are among the latest inventions for increased precision.

Another important point to consider when interpreting a GC-MS chromatogram is the artifact
formation. In this context the term “artifact” is used for any compounds or ions that form during the
whole analysis from sampling (Adams et al., 2012; Lestremau et al., 2004) to the detector plate of the
MS (Jones and Chalmers, 2000; Andersen et al., 2012). Of course, most artifact formations do not
influence the chromatogram to a high extent, but they have to be considered in order to assess the
limits of the method. The first source of artifacts is the volatile sampling on an adsorbent. All kinds of
chemical groups can occur as volatiles and it is probable that these groups react with each other on
the adsorbent, which leads to the formation of different chemical compounds (Adams et al., 2012). A
long interval between sampling and injection of the sample contributes to this kind of artifact
formation. Especially the sunlight with the resulting raise of the temperature and UV induced radical
formation during direct exposition causes chemical reactions on the adsorbents. The usage of passive
volatile traps, which are deposited for a long period in the field, can lead to such an artifact
formation (Dekeirsschieter et al., 2009). Furthermore, the adsorbents itself can degrade and cause
artifact formation (Clausen and Wolkoff, 1997).

The second source of fragments is the analysis by GC-MS. During this process the volatiles in the
sample are exhibited to highly artificial conditions, including high temperature, high concentrated
solvents, reaction inducing surfaces, or ionization. For instance, it has been observed that furfural
solved in ethanol turns to a different compound, possibly a ketone, with a higher retention time. The
guantitative relation of both compounds change during storage (Personal communication, Dr.
Gottschald, 2009). Furthermore, liquid injection or thermo desorption are usually performed at high
temperatures (see Introduction, ldentification of VOCs, Injector). These temperatures favor the
reaction between compounds in the sample (Atkins and Beran, 2006), which has been shown by a
study on artifact formation during SPME-GC-MS analysis with relatively unstable sulfur compounds.
The study demonstrates that the sulfur compounds sampled on SPME and desorbed in a high
temperature injection port change their structure (Lestremau et al., 2004). Own studies on dimethyl
trisulfide showed three peaks for this compound in one chromatogram at time intervals of 0.5 and 2
minutes (Paczkowski, 2008). This result, which is a contradiction to the principle of
gaschromatography, gave rise to the interpretation that a formation of dimethyl trisulfide from other
sulfur containing compounds took place. As all compounds are located at the beginning of the
column prior to separation, the rising temperature can induce chemical reactions on unstable
compounds, like methanethiol, which would react to more stable compounds, like methylated
sulfides. It has already been shown, that sulfides are more stable than other sulfur compounds
(Lestremau et al., 2004; Paczkowski and Schiitz, 2011) and it is most probable that the second and
the third peak of dimethyl trisulfide are products of a chemical reaction induced by the temperature
program of the GC oven during analysis (Paczkowski, 2008). Even octaatomic sulfur, which is the
most stable compound among the sulfur compounds, was detected. These results support the
hypotheses that the column in the GC oven can be regarded as a small reaction chamber. Another
source of artifacts is the ionization of the compounds in the mass spectrometer. lonized fragments
can form different structures by reacting with each other. If two compounds are overlapping in a
chromatogram, this effect will influence the mixed spectrum and might disable an interpretation of
the two mass-spectra (Maire and Lange, 2010).
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Compound quantification

After the identification of a volatile compound it can be quantified. Quantification can be performed
in different grades of exactness. The lowest grade of exactness is reached by using the quantity of
the standard compound as a single reference. For exacter quantification, the standard compound can
be diluted at different concentrations in order to calculate a calibration curve based on the different
peak areas (Steffen and Pawliszyn, 1996). It has to be considered that quantification should be
compound specific. Quantifying the MS peak areas of two different compounds by using the same
standard compound will distort the results, because the fragmentation is compound specific. Even in
the single ion mode every compound has to be quantified with its own standard compound. The FID
offers the possibility to use one standard compound peak area for the quantification of all carbon
compounds. However, it has to be considered that the same concentration of two compounds with
different mol weight can result in different peak areas. Empirically determined response factors can
be used to compare the peak areas of different compounds with each other (Tong and Karasek,
1984).

Despite the discussed limitations of the analytical devices, it should always be considered that the
quality of quantification highly depends on the bias of the sampling method and the sample
preparation. While analytical devices and correct data processing allow a quite exact determination
of a compound’s quantity in a sample, the sampling method can show a low quantitative
reproducibility (Paczkowski and Schiitz, 2011). The reliability of the sampling method can be
increased by a repetitive sampling, the use of an internal standard, and the calibration of the
adsorbent (Tholl et al., 2006). High repetition and internal standard can only increase the exactness
of the quantitative analysis, but the calibration of the adsorbents enables the calculation of emission
rates. An adsorbent tube has to be exposed to a headspace that contains a standard compound,
which emits from a prepared solution. The adsorbed amount depends on the emission rate of the
compound and of the adsorbents properties of the tube. This amount can be compared with a
detected amount in a sample and can be used for the estimation of the emission rate. Another
possibility to calculate the emission rate is the injection of a defined amount of a standard compound
into the adsorbents tube. Airflow transports the compound through the tube and part of it is
adsorbed, while the other part leaves the tube. The resulting peak area takes in account the loss of
molecules which had not been adsorbed in the tube and can be used to estimate the compound
specific recovery rate of the adsorbents tube.

Despite the discussed limitations of quantitative trace analysis, peak areas can give a sufficient
impression of the quantitative relations within one and between different samples. This can be used
to understand the formation processes of volatiles (Paczkowski and Schiitz, 2011; Kundel et al., 2012)
and to assess the practical use of these emissions (Paczkowski et al., 2011a; Paczkowski et al.,
2012b).

Electrophysiology

Odor recognition in insects can be highly compound specific (Vogt and Riddiford, 1981) and can be
based on a pattern recognition, as well (Hallem and Carlson, 2006; Bohbot and Dickens, 2012). As the
insect’s brain or different olfactory receptors were not analyzed in this thesis, no information about
pattern recognition was evaluated. However, the information gained by sum potentials of the
antenna is sufficient to differentiate between compounds that are detectable or undetectable for
insects (Weissbecker et al., 2002; Schiitz et al., 1999a; Schiitz et al., 1999b; Paczkowski et al., 2012a).
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The fact that insects can perceive a broad variety of compounds suggests that they select the
important compounds among the detected compounds by neuronal pattern recognition in higher
brain centers. Therefore, the exact role of a volatile, which is electrophysiological active in the GC-
MS/EAD setup, remains unknown. Additional behavioral studies are necessary to estimate the
ecological role of detected volatiles (von Arx et al., 2011; Riolo et al., 2012).

It has further to be considered that the trace analytical method selectively adsorbs volatiles and does
not display the complete mixture of VOCs in the natural environment of the insect (Tholl et al., 2006,
Paczkowski and Schitz, 2011). Therefore, the GC-MS/EAD method shows only a subset of the
complete odor horizon of an insect (Weissbecker et al., 2002). In case of the studies presented here,
the subset included the sampled VOCs in a vapor pressure range from ~1 ppmv (5-
hydroxymethylfurfural) to ~14,500 ppmv (hexanal) at SATP conditions (Standard Ambient
Temperature and Pressure; 25°C and 1013 hPa). Very high vapor pressure compounds like CO,,
formaldehyde, or ammonia were not sampled or could not be identified with sufficient quality. It is
known that insects can perceive such highly volatile gases for host finding (Garcia et al., 1989).
Additional studies, especially on the very high vapor pressure compounds could be performed in
order to complete the picture of the odor horizons of the insects investigated in this study.

Both discussed methodical restrictions lead to the conclusion that the GC-MS/EAD results presented
in this doctoral thesis are valuable, because they show part of the odor horizon of the investigated
insects. These results do not display the relative importance of the odor for the insect and the
selectivity of their perception. It is probable that an odor that is perceived by the antenna of the
female blowfly is not used by the insect to detect a decaying vertebrate and the information of its
presence is eliminated in the higher brain centers (Hannson, 1999; Martel and Boivin, 2011). It is also
probable that the insect does not differentiate between dimethyl disulfide, dimethyl trisulfide, and
dimethyl tetrasulfide for its orientation towards a cadaver (Hallem and Carlsson, 2006; Stensmyr et
al., 2002) or that it perceives CO, gradients (Garcia et al., 1989) or methanethiol (Lindiger et al.,
1998).

The EAG method offers the possibility to evaluate marker compounds (Weissbecker et al., 2004),
because this method is used to confirm the electrophysiological response of a compound.
Furthermore, the dose-response relation between antenna and compound can be investigated in
order to assess the sensitivity of the insect (Paczkowski et al., 2012a). An advanced EAG method even
allows the analysis of compound interactions, which further improves the understanding of the odor
horizon of insects (Kosanke-Schiitz, 2012).

Behavioral studies

Behavioral studies are a strong tool to confirm electrophysiological results (Aak et al., 2010; von Arx
et al., 2011; Martel and Boivin, 2011; Riolo et al., 2012). For each insect investigated in this doctoral
thesis, behavioral studies were performed in the laboratory and for M. atrata and A. nigricans in the
field, as well. Table 1 shows that only three experiments were successful. This indicates that
performing a behavioral experiment is not trivial (Martel and Boivin, 2011). An advantage of the
electrophysiological studies is the simplification of the natural process of odor recognition. This
complex process is reduced to a neuronal response of a receptor population and interpretable as
discussed in the section “Electrophysiology”. Behavioral experiments do not only evaluate the
pattern recognition of the higher brain centers but also the physiology of the complete organism
(Peric-Mataruga et al., 2001). The interaction of physiological factors, like nutrition, individual fitness,
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influence of other sensory impressions, influence of hormones, day/night cycles, temperature, and
humidity far exceeds our knowledge about insects. The observer of a behavioral study has to keep in
mind that a positive reaction towards a perceived stimulus is not necessarily expectable. On the
other hand, a repetitive orientation of an insect towards or away from a perceived stimulus in a well
designed experimental setup strongly underlines the importance of this stimulus for the insect
(Hérmann et al., 2011). However, the design of behavioral studies is challenging, because many
factors can distract insects. The position of the light is a very important factor in behavioral
experiments, especially for flying species that use the position of the sun for orientation. Many flying
insects have an optical sense with a high time resolution, which enables them to see light frequencies
not detectable by humans (Agee, 1971). Blowflies are able to perceive the flickering of fluorescent
lamps and such lights are usually not suitable for behavioral studies with flying insects. Light emitting
diodes are a good alternative to fluorescent lamps, because they do not flicker (Paczkowski et al.,
2012c). On the other hand, if the stimulus is extremely interesting for the individual tested, it will
orientate towards it despite external irritations (Takasaki et al.,, 2012). Despite this possibility,
behavioral studies require a species specific setup and a large N number in order to avoid a high
standard error or false interpretation (Kohler et al., 2002). The control experiments play an
important role for the testing of the setup (Martel and Boivin, 2011). One or several controls (pure
solvent, control volatile which is not electrophysiological active or no stimulus) should exhibit no
significant orientation. If insects orientate towards one side of a stimulus-free olfactometer with high
significance, this could mean that an unknown factors is responsible for this orientation. Behavioral
study planning and result interpretation is reviewed and discussed in a paper of Martel and Boivin
(Martel and Boivin, 2011). Discussions with the authors led to the interpretation of the behavioral
data for A. nigricans and M. cuspidata presented in this doctoral thesis.

Statistics

Besides the principle of using different methodical approaches to verify an information, scientists
have another tool for result interpretation, which is statistics. Although statistic consists of different
mere mathematical models, which are generally not able to describe complex biological interactions,
this tool implies requirements that are valuable for experimental planning and result interpretation.
The first statistical requirement is the number of repetitions (Michaud et al., 2012; Kohler et al.,
2003). One has to consider that a low number of repetition decreases the exactness of the results by
increasing the standard error. A high number of repetitions should be used in order to decrease the
influence of chance. On the other hand, a high number of repetitions might have negative
implications like time and money consumption and an increasing complexity of the experimental
setup that could be harder to interpret than a simple experiment. Therefore, a compromise between
a high repetition number and the requirements of the experimental procedure has to be found for
each experiment and the results of this experiment have to be interpreted considering this limitation.

Secondly, pseudo-replications have to be avoided (Michaud et al., 2012). If one insect is tested
several times, this will increase the repetition number for this insect, not for the species. On the
other hand, standardized responses of one insect could be grouped with standardized responses of
other insects of the same species in order to analyze both the inner- and inter-individual variation.
However, this approach does not increase the number of repetitions on individuals. It is a feasible
option when a high number of compounds have to be evaluated on the antennae of insects
(screening), but it has to be kept in mind that this decreases the quality of the results and the data
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should be interpreted in that way. One example for this approach is the statistical analysis of the EAG
responses of C. vicina (Paczkowski et al., 2012a).

Thirdly, an experiment should not test two different characteristics (Michaud et al.,, 2012). If
pyrophilic beetles meet on a charred tree for mating and pheromones are not involved, this will
indicate the same olfactory mechanisms for both sexes. Both males and females are attracted by the
same compounds and perceive these compounds in the same way (Paczkowski et al., 2012b). In this
case, males and females can be grouped for electrophysiological data analysis. In case of the blow
flies, almost exclusively females are found on cadavers or meat during field observations and the
electrophysiological data for both sexes cannot be grouped, because it is probable that males and
females have different olfactory mechanisms (Aak et al., 2010; Paczkowski et al., 2012a). If two
characteristics are tested in one experiment and the N number is large enough, the fitted normal
distribution of the data will be bimodal (Kéhler et al., 2003).

Discussion of the hypothesis

The general hypothesis evaluated in this thesis is the utilization of insect olfaction as an information
filter. This should decrease the experimental time for trace analytical studies, because the insect’s
olfaction is adapted to evolutionary selected marker volatiles valuable for applications. This
hypothesis was evaluated for the three examples fire detection, post mortem interval estimation,
and meat quality control.

The three described methods in chemoecology (trace analysis, electrophysiology and behavioral
studies) show the evaluation process of chemoecological data in general and in this thesis. The trace
analysis resulted in a set of volatile compounds, which are a selected part of the chemical
environment of the insect. Potential marker volatile candidates are selected out of this part by
means of electrophysiology and further evaluated by behavioral studies. The applicability of the
resulting marker compounds was the most important factor for the verification and this applicability
is discussed in the following subchapters.

Fire detection

All over the world, fire is one of the most important perils and various branches of science contribute
to improved fire management. As fires occur in ecosystems since long, the investigation of animals,
which are adapted to fires, can be of benefit for fire management. Pyrophilic beetles can detect fires
over long distances (Evans, 2010). Their olfaction allows these beetles to smell guajacol derivates
(Schitz et al., 1999), which are among the most abundant volatiles in the smoke of a wood fire
(Paczkowski et al., 2011). These results suggest that olfaction plays an important role in the
orientation of pyrophilic beetles towards forest fires (Evans, 2010).

The aim of the studies on pyrophilic beetles performed during this doctoral thesis was the evaluation
of the feasibility of their olfaction for fire warning. Guaiacol is one of the most prominent VOCs in
smoke and allows the beetles to detect fires from large distances (Schitz et al., 1999). A more
differentiated mechanism has to be used by the beetles for the identification of oviposition places on
recently burned areas (Paczkowski et al., 2012b). During the field trips to Australia it has been
observed that female and male M. atrata accumulated and mated on charred trees with a diameter
of a few centimeters (Schmitz, 2011; Personal communication with Prof. Dr. Schiitz 2009; Personal
observations during field studies in Perth 2010). These trees were usually, but not necessarily,
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positioned close to smoldering logs, which still emitted smoke. The trees had a charred bark;
however, they had an intact but heat-damaged cambium. This could be regarded as an optimal place
for oviposition. The trees were damaged, but still a source of nutrition. Such trees are usually
preferred by bark beetles or wood boring beetles for oviposition (Gilbert et al., 2005). The
identification of heated trees on a recently burned area can only be done by volatiles. There is no
possibility for the beetle to identify such a tree by means of infrared radiation or by the radiation of
the visible spectrum. Only volatiles can show the physiological state of the wood and cambium
beneath the charred bark.

The trace analytical results confirm this hypothesis, as there are volatiles typically emitted in an
intermediate heating stage between room temperature and ignition. This intermediate stage can be
divided into an early intermediate stage, where aldehydes are emitted and a later stage prior to
ignition, where furans are emitted. Electrophysiological studies on M. cuspidata and M. atrata
performed in this thesis show that the beetles perceive compounds from these groups. The
behavioral studies with M. cuspidata show a low significant attraction to hexanal and furfural
(Paczkowski et al., 2012b). These three experiments allow the conclusion, that hexanal and furfural
play a role in the oviposition place finding of M. cuspidata and M. atrata. On the other hand, both
compounds are emitted from other sources, as well (Paczkowski and Schiitz, 2011), which seems to
be a general inconsistence in the odor perception of insects (Bohbot and Dickens, 2012; Holighaus
2012).

Field studies should be performed in order to prove the attractiveness of hexanal and furfural in a
natural environment. The usefulness of these volatiles for applications should be verified by further
research. It has not been investigated yet, if a sensor that corresponds to hexanal and furfural will be
able to predict a fire in a wood storage. In a BMBF-project the applicability of this bionic sensor
concept was evaluated for a wood flake dryer. As the complex air streams in this wood flake dryer
led to a mixing of volatiles from heated wood and volatiles from burned bark in the whole system it
was only possible to confirm the general feasibility of the concept in a burning chamber experiment
(Paczkowski et al., 2012b).

Post mortem interval estimation

C. vicina is among the most prominent carrion visitors and distributed all over the world. Since it is
known that necrophagous insects are present on cadavers in time intervals this can be used for post
mortem time estimation in forensic science (Smith, 1986; Amendt et al., 2004). As these insects use
their olfaction to find cadavers (Kalinova et al., 2009; LeBlanc and Logan, 2010; Paczkowski et al.,
2012a) it is most probable that they use their olfaction for a identification of their time interval in the
decaying process (Hoermann et al., 2011; Paczkowski et al., 2012). The aim of the investigation of the
olfaction of C. vicina was the selection of marker compounds to assess reliably the stage of
decomposition. These marker volatiles can serve to narrow the post mortem interval estimation in
forensic science, as well.

The results in this study show that C. vicina perceives several volatiles emitted by decaying
vertebrates. These volatiles show a quantitative dynamic during decomposition of decaying mice
(Myodes glareolus) and pig (Sus scrofa domesticus). However, the temperature seems to influence
these emissions and, therefore, the onsets of the selected marker compounds’ emissions are
correlated to a time range rather than to a time point (Michaud and Moreau, 2011, Paczkowski et al.,
2012a). This restriction is important for any post mortem interval estimation method. The additional
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value of the volatile based method is the relatively long time range in comparison to established
methods (Amendt et al., 2004) and that it is not based on the optical impression of the cadaver.

The identified marker compounds have a strong potential for application, but this potential has to be
evaluated further in field studies (Dekeirsschieter et al., 2009; LeBlanc and Logan, 2010; Vass et al.,
2002; Statheropoulos and Karma, 2007; Paczkowski et al., 2011; Paczkowski et al., 2012a). The sulfur
compounds dimethyl disulfide and dimethyl trisulfide are detected by C. vicina at astonishing low
concentrations and are emitted in a repeatable and time dependent quantitative dynamic
(Paczkowski et al., 2012a). These compounds should be the core of a biomimetik sensor concept for
PMI estimation. Aldehydes, phenol, and 1-butanol can give additional information, although the
aldehydes show a low emission rate. The most important objection towards this volatile based
sensor concept is that C. vicina is adapted to the natural process of decay. A volatile pattern
influenced by clothing or drug consumption might show an unnatural volatile emission (Boumba,
2008). Furthermore, the studies performed allow a first estimation of the quantitative volatile
dynamic of compounds associated with vertebrate decay in deciduous forests in central Europe. It
has to be evaluated if the findings are repeatable in this and other ecosystems.

Meat spoilage detection

In the chain of custody the spoilage of meat cannot always be prevented because of a lack of
transparency in the storage conditions (Simons, 2000). The odor perception of C. vicina was used to
identify marker volatiles of early decay that enable an early detection of meat spoilage and allow an
estimation of the potential storage time under given conditions.

The results of the trace analytical experiments show dynamics correlated to storage conditions and
storage time. The volatile pattern seems to be dependent on temperature, humidity, and storage
time. C. vicina perceives volatiles that can be used for spoilage estimation (Kaib, 1974; Huotari and
Mela, 1996; Paczkowski et al., 2012a). However, the fly’s odor horizon is adapted to decaying
cadavers in a natural environment and not to spoiled meat pieces stored under artificial conditions.
These conditions can be radiation, washing, mincing, vacuum storing, or many other treatments to
prevent bacterial growth (Reid et al., 1993; Cheng et al., 2011; Giri et al., 2011). These treatments
influence the bacterial growth and in consequence the volatile emission (Paczkowski and Schiitz,
2011). Therefore, compounds like 2,3-butanediol are emitted by meat stored under artificial
conditions and are not perceived by the fly. In such cases, the information gained by the
chemoecological experiments can only be part of the sensor concept. This concept has to be tested
in a meat processing facility in order to adapt it to the specific requirements of this facility. First
negotiations with Ténnies Fleischwerk GmbH & Co. KG, Rheda-Wiedenbriick, resulted in discussions
on the evaluation of a sensor solution for spoilage detection of freshly butchered pork parts or
ground meat, for processed pork meat prior to packaging, or for the assessment of the maturation
stage of imported Argentinean beef parts.

General conclusion

The established methods of Chemoecology applied for this thesis are strong tools for the
investigation of insect olfaction. Although the biochemical mechanisms of this olfaction are not
completely understood (Hallem and Carlsson, 2006; Bohbot and Dickens, 2012), the functionality of
the method is undoubted. However, it has to be considered that the methods have restrictions and

these restrictions influence the interpretation of the results. In case of the investigated organisms in
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this study, the ambitious hypotheses of marker compounds serving for industrial applications cannot
be completely confirmed. The work performed in this thesis resulted in several very promising
marker compound candidates, but the methods used do not allow a complete evaluation of the
hypothesis, especially because of the lack of field studies with semi conductor metal oxide sensors.

It remains unknown, if M. cuspidata really assesses the heating stage of a stem by temperature
dependent volatile emission. Of course, the data in the literature and the own results show a
repeatable dynamic in the volatile pattern and these volatiles are perceived by the beetle, but this
does not allow a confirmation of the hypotheses. For this confirmation, stems on recently burned
areas, which are preferred by M. cuspidata, have to be sampled and field behavioral tests have to be
performed with odor mixtures resembling the proposed odor profile. The performed sensor tests
showed that a sensor shaped for the detection of volatiles emitted prior to inflammation can predict
a fire in a burning chamber, which is a first promising step to application.

As C. vicina is a generalist among carrion visitors, it is probable that it does not differentiate between
all of the stages of decay. However, the marker volatiles perceived by the fly are valuable for PMI
estimation. An assessment of habitat induced variation and chemoecological investigations on
further necrophagous specialists, as proposed by Matuszewski et al., (Matuszewski et al., 2010) and
performed by Hérmann et al., (Hérmann et al.,, 2011) and Kalinova et al., (Kalinova et al., 2009), will
most probably lead to valuable information resulting in a concept that can be evaluated together
with forensic staff members of police forces.

The studies on decaying meat gave a further insight into the processes of decay and identified
volatiles connected to meat spoilage. This information should be regarded as complementary to
other publications on the complicated field of meat spoilage volatiles. The results show that, in case
of C. vicina, it is not possible to transfer the information gained by chemoecological methods directly
to a sensor concept that detects meat spoilage.

The chemoecological studies performed during this doctoral thesis led to results on three selected
scientific fields: fire detection, PMI estimation, and meat spoilage detection. Although the benefit of
these studies for sensor solutions still has to be evaluated in detail, some results suggest a strong
potential for applications. From the point of view of basic science the results are very valuable.
Especially the studies on early wood fire detection and PMI estimation in forensic science gave
valuable new insights in these fields of science. Therefore, this doctoral thesis is an example for the
high potential of the interdisciplinary approach of chemical ecology for both basic science and
applied science.
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