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Introduction

Most of us are well aware of the many odours surrounding us in nature and enjoy the pleasant
smell of flowers or culinary herbs. In evolutionary context the sense of smell is considered as
the oldest of our senses and is involved in the search for and intake of food, in reproductive
and socia behaviour, interspecific communication etc. Most people may not be aware of the
important role of olfaction in animals like the insects. Whereas the perception of a flower
fragrance in humans may be limited to “the plant smells good”, herbivore insects are able to
smell not only the species but also the physiological state of the plant, being indispensable for
their survival. In contrast to visual and audio stimuli that are defined by one feature, the
wavelength, olfactory stimuli are characterized by several interactive features of the molecule.
Thus, screening volatiles on sensory cells in order to find the most effective odorant among
the enormous number in nature does not seem to be a promising approach. One of the
challenges in mechanistic olfactory research is to identify the biologicaly relevant odorants
detected by the receptor neurons (RNS) in the various model organisms. Even though the
gross anatomy of the olfactory system in vertebrates and insects appear very different, like the
vertebrate noses and insect senslla, striking similarities exists as concerns some basic
structures and functional principles. For instance, the sensory cells of the olfactory epithelium
in the vertebrate nose are hipolar neurons with cilia embedded in mucus and an axon
projecting in one of the glomeruli of the olfactory bulb, the primary olfactory centre in the
brain. This corresponds to the bipolar RNs in insect olfactory sensilla, having dendrite
branches embedded in the receptor lymph and an axon projecting in glomeruli of the antennal
lobe, the insect primary olfactory centre. Because the insect olfactory system, including the
RNs on the antennae as well as the brain, is relatively easly accessible for
electrophysiological studies, insects are suitable model organisms for studying olfactory

mechanisms underlying behavioural responses.



Plant odorants

Plants release numerous volatiles that are important in interactions with other organisms, like
herbivorous vertebrates and insects, predators and parasites of insects, microorganims and
even neighbouring plants. These volatiles are products of biosynthetic pathways, constituting
the secondary metabolism of the plants, which is considered to be maintained for defence or
advantageous interspecific interactions. The primary metabolism is essential for plant growth
and development and the products are termed “primary metabolites’ (Hartmann, 1996). Some
compounds may act both as a primary and a secondary metabolite. The secondary compounds
were first described as by-products of the plant primary metabolism (Sachs, 1873) and
considered as metabolic wastes and de-toxification products (Haslam, 1986; Luckner, 1990).
Fraenkel (1959) suggested a defensive role of these secondary compounds against herbivory.
Later, Ehrlich and Raven (1964) proposed that the plant produced secondary compounds were
evolved in a co-evolutionary arms race of plant-defences and herbivore responses. Today,
plant produced secondary compounds are considered to be an essentia part of the plant’s
biochemical equipment to cope with factors such as herbivore and pathogen attack (Paré and
Tumlinson, 1999; Gouinguené and Turlings, 2002).

Plants are known to emit more than 1000 different volatile compounds (Dudareva et
al., 2004). Some of them may act directly on the attacking organisms, for instance deterring
oviposition by lepidopteran herbivores (De Moraes et al., 2001; Kessler and Baldwin, 2001).
Others may act indirectly, by attracting natural enemies of the herbivores (Turlings et al.,
1990). Plant defence can be either “constitutive” or “induced”; constitutive defences meaning
that the compounds are continuously produced, stored in specialized structures, and released
upon attack. Induced defences on the other hand is triggered by herbivore or pathogen attack
(Paré and Tumlinson, 1999; Gouinguené and Turlings, 2002). The advantage of induced

defence is a low physiological cogt, i.e. production of volatiles occurring only during the



attack (Gershenzon, 1994). Absence of an attacking organism does not necessarily mean that
the compounds are not produced, but rather that the production is low and then increases upon
attack.

At least four biosynthetic pathways have been implicated in the production of insect-
induced plant volatiles (Paré and Tumlinson, 1999). Isopropenoid precursors, such as
isopentenyl pyrophosphate (IPP), are derived from the mevalonate and dternative IPP
pathways. These precursors serve as substrates for sesquiterpenes, monoterpenes and derived
homo-terpenes. “Green leaf volatiles’ are derived from the fatty acid/lipoxygenase pathway,
mediated by oxidation of membrane-derived fatty acids. Aromatic compounds, for example
indole and methyl salicylate (MeS), are products of the shikimic acid/tryptophan pathway
(Dudareva et al., 2004; De Moraes et al., 2004). Interestingly, recent studies have
demonstrated that plants can emit specific volatile blends that differ depending on the
attacking species, even closely related herbivore species (De Moraes et al., 1998; Arimura et
al., 2004). Diurna changes of emitted volatiles have aso been shown in tobacco plants
(Nicotiana tabacum), releasing some compounds exclusively at night, which repels nocturnal
female moths (Heliothis virescens) (De Moraes et al., 2001). Induction and release of volatile
compounds can also be triggered by abiotic factors, such as UV radiation, ozone and
temperature (Johnson et al., 1999; Pichersky and Gershenzon, 2002; De Moraes et al., 2004).
Altogether, the vast amounts of relevant and non-relevant volatile components released by
plants constitute a magjor challenge for insect species in their search for a suitable host plant.

The challenge is met by the use of an extremely sensitive and specialised olfactory system.



Anatomy of the insect olfactory system

Olfactory sensilla

The olfactory organs (sensilla) of insects are usually located on the antennae. Many sensilla
have an outer hair formed cuticular structure and contain one or more RNs surrounded by
three accessory cells (Schneider, 1964; Schneider and Steinbrecht, 1968). Inside the hair is a
lumen filled with receptor lymph that surrounds the dendrites of the olfactory RNs. Numerous
pores perforating the hair wall allow air-borne molecules to enter the hair lumen of the
sensilla and interact with the membrane receptor proteins of the dendrites (Steinbrecht, 1999).
According to externa as well as internal anatomy, the olfactory senslla are classified into
different types, like sensilla trichodea and sensilla basiconica (Ernst, 1969; Keil, 1984;
Steinbrecht, 1992; Keil et al., 2001). Typical differences between these two sensilla types are
relatively long hairs and thick cuticular wall with fever pores and dendrite branches of s.
trichodea as compared to the short hairs and extensively perforated thin walls of s. basiconica
with large numbers of dendrite branches in the lumen. In lepidoteran species, single sensilla
of the two types contain 1-5 RNs.

In lepidoptera, sexualy dimorphic antennae appear in many species, like in the silk
moths where the males have featherlike antennae with sex specific s. trichodea (Steinbrecht,
1999). In heliothine moths, the male specific s. trichodea type | mediates pheromone
information whereas s. trichodea type Il and s. basiconica are present in both sexes mediating
plant odour information (Almaas and Mustaparta, 1990; Almaas and Mustaparta, 1991; Koh
et al., 1995; Fagavaag, 1999). In addition, s. trichodea type Il is involved in pheromone
detection in the males (Almaas and Mustaparta, 1991). Like in heliothine moths, the antenna
of M. brassicae is filiform, segmented and tapered. The 10 mm long antenna consists of 72
segments, each showing similar organisation by the dorsal side containing two rows of scales,

and the ventral side covered with olfactory sensillae. Renou and Lucas (1994) describe two



groups of s. trichodea, the lateral and the medial. The lateral sensilla, only present in males,
have relatively long hairs (60-193 um) that are hooked and settled in four to five parallel rows
on each segment. The media hairs (35-55 pum) present in both femaes and males are
distributed on the whole surface (Figure 1). The total number of olfactory hairs is estimated
to approximately 10 000 on each antenna, about 82 % located on the proxima 42 segments
(Renou and Lucas, 1994). In genera, the terminology of olfactory senslla has been
inconsistent among different species of lepidoptera. For instance the latera hairs are in
Mamestra configurata termed as s. trichodea type 111, whereas the medial hairs are termed s.
trichodea type | and Il (Liu and Liu, 1984). In the study of M. brassicae by Renou and Lucas
(1994), the focus has been on the pheromone senditive trichoid sensilla in males whereas

sensilla responsible for plant odours reception have not been studied.
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Figure 1. Olfactory sensory hairs|located on the antennae of female M. brassicae.

Central olfactory pathways
The axons of the primary RNs form the antenna nerve that project directly in the antennal
lobe, the primary olfactory centre of the insect brain (Homberg et al., 1989; Berg et al., 1998).

The bilateral deutocerebrum is divided into two distinct regions; the antennal lobe (AL) and



the antennal mechanosensory and motor centre (AMMC) in lepidoptera Whereas the AL
receives input from the olfactory RNs, the AMMC receive information from the antennal
mechanosensory neurons. In the AL, the olfactory information is transmitted from the RNs to
the central neurons in synapses that are condensed in particular neuropil areas, the glomeruli
(Boeckh and Tolbert, 1993). Two magor morphological types of AL neurons, the local
interneurons and the projection neurons, innervating the glomeruli, receive and process the
olfactory information. The local interneurons, with extensive branches in aimost all glomeruli,
are important for interglomerular inhibition, enhancing the contrast between activated and
non-activated glomeruli (Sachse and Galizia, 2002). They may also play an important role in
creating synchronisation of firing of the projection neurons, as shown particularly in Locusta
migratoria (Laurent and Naraghi, 1994). The projection neurons innervating single or severa
glomeruli, have axons that follow one of three mgor tracts to higher olfactory neuropil areas
of protocerebrum (Homberg et al., 1988; Flanagan and Mercer, 1989; Christensen et al.,
1993; Ra et al., 2007). These tracts, named the inner-, outer- and the middle-antenno cerebral
tract in lepidoptera, have been recognised in all insect species studied (Homberg et al., 1988;
Ra et al., 2007; Schachtner et al., 2005) The two magjor olfactory protocerebral areas are the
mushroom bodies and the lateral horn. Whereas the mushrom bodies are attributed an
important role in olfactory memory and learning, the latera horn is a premotoric area
considered important for a fast but coarse odour analysis (Menzel, 2001; Heisenberg, 2003;
Strausfeld, 1976). Mushroom body output neurons make connections to the latera
protocerebrum (Rybak and Menzel, 1998; Mauelshagen, 1993). The lateral protocerebrum
and accessory lobes are considered as the prominent output areas of the brain, from which
descending fibres projects to motor neurons in the suboesophagea ganglia (SOG) and the

thoracic ganglia.
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Peripheral events

The odorants entering the hair lumen through the pores are lipophilic and must pass through
the aguatic sensillum lymph before interacting with the receptor proteins. The mechanism
behind the “transport” of the odorants are not fully understood and a matter of an ongoing
discussion. Small proteins, the odorant binding proteins (OBPs), are believed to have the
function of transporting olfactory molecules through the receptor lymph (Vogt and Riddiford,
1981; Prestwich et al., 1995; Steinbrecht, 1998). The presence of these proteins is
demonstrated in severa insect species (Vogt et al., 1999; Nagnan-Le-Melllour et al., 2004). A
vide variety of hypotheses have suggested other functions of the OBPs (Rutzler and Zwiebel,
2005; Leal, 2001; Kaisdling, 1998; Led et al., 2005). These hypotheses include remova and
inactivation of the odorants, concentration of odorants in the receptor lymph by acting as
filters to screen out subsets of odorants, and finally transportation of the odorants through the
lymph to the olfactory receptors, possibly acting as co-initiators of the signal transduction
process or releasing the odorants at the charged membrane. A recent study has shown that the
pheromone binding protein in heliothine moths sharpen the tuning of the RN to the primary
odorant (pheromone component) (Grole-Wilde et al., 2007). Activation of the receptor
proteins by binding of the ligand (odorant molecule) leads to an intracellular G-protein
mediated cascade reaction, which produces the second messenger inositol 1,4,5-triphosphate
(IP3) or adenosine 3', 5’ -monophosphate(cCAMP) (Breer et al., 1990; Paysan and Breer, 2001,
Krieger and Breer, 1999). In insects, the I1P; pathway is considered as the main excitatory
pathway. The release of the second messengers opens ion channels, which in turn trigger the
action potential that is mediated to the insect brain.

The recognition of an odorant is based on the interactions with specific receptor
proteins. A breakthrough in olfactory research was the identification of the large family of

genes coding for olfactory receptorsin rat (Buck and Axel, 1991), the work granted with the
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Nobel price in 2004. These G-protein coupled receptors are characterised by seven
transmembrane domains showing sequence conservation as well as sequence diversity at
specific domains, and are exclusively expressed in the olfactory tissue. Afterwards, many
studies have revealed putative genes encoding olfactory receptor proteins in vertebrates and
invertebrates (Mombaerts, 1999; Mombaerts, 2004a; Keller and Vosshall, 2003; Breer, 2003;
RUtzler and Zwiebel, 2005; Clyne et al., 1999). In arecent study of Drosophila melanogaster,
functiona evidence for 62 odorant receptor genes were demonstrated (Hallem et al., 2004).
An important principle shown in vertebrates as well as in insects by molecular biological
studies is that each RN expresses only one type of receptor proteins (Ressler et al., 1993;
Vassar et al., 1993; Vosshdl et al., 1999; Hallem et al., 2004; Clyne et al., 1999). This
implies in genera that each organism has subsets of olfactory RNs, each subset with one type
of receptor proteins. One exception from this principle is later shown in a study of D.
melanogaster, where the presence of two receptor protein types in the same RN of the
maxillar palp was found (Goldman et al., 2005). Another interesting principle demonstrated in
vertebrates as well as insects, is that all RNs of one type converge into one or two specific
glomeruli of the primary olfactory centres (Ressler et al., 1994; Strotmann et al., 1994; Gao et
al., 2000; Vosshall et al., 2000; Treolar et al., 2002; Mombaerts, 2004b). This principle has

been termed “the molecular logic of smell” (Axel, 1995).

Electrophysiological recordings

Since the earliest electrophysiological recordings of olfactory responses from insect antennae
(Schneider, 1955; Schneider, 1957), two in principal different methods have been employed
to study sendtivity to different odorants in various species. Recordings of
electroantennograms (EAGS), being a summated receptor potential, has been extensively used

by many research groups in searching for relevant odorants, pheromones and plant volatiles
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that are detected by the various species. Recordings from single RNs were first performed
with glass-capillary (Schneider, 1957) and then with tungsten microelectrodes (Boeckh, 1962)
placed into the base of the sensllum, the latter being the common technique used in
recordings from sensilla with short hairs. Refinement of the technique has resulted in stable
recordings that can last over severa days, as exemplified in the present studies. Tip-
recordings from cut olfactory sensilla is another technique to obtain activity of single RNSs,
particularly suitable for sensilla with long hairs (Kaisding, 1974), and have extensively been
used in studies of pheromone detection. Obvioudly, the importance of recording from single
units was to resolve how odour information is received by single olfactory RNs, e.g. whether
each RN is specidised for single odorants or respond to a broad range of compounds.
However, these studies faced two major problems. All naturally produced odorants exist in
complex blends of volatiles and commercially available compounds are rarely 100% pure.
Therefore, screening such compounds may be misleading, i.e. the response might be to the
impurity of compounds of unknown identity. In addition, stimulation with high concentrations
of non-relevant odorants may elicit unspecific responses of an olfactory RN. The method of
linking gas chromatography with electrophysiological recordings from single cells (GC-SCR)
resolves these problems. The GC-separated volatiles in a naturally produced blend are directly
tested on single neurons, showing which odorants that influence the activity and which ones
have no effect. This method was first carried out in studies of pheromone detection
(Wadhams, 1982), and was later introduced for studying plant odour detection (Temmeras
and Mustaparta, 1989; Blight et al., 1995; Wibe and Mustaparta, 1996; Wibe et al., 1996;
Wibe et al., 1997). An important refinement of the method was introduced by Restelien et al.
(2000), installing two GC-columns in parallel. Because of the different separation properties
of the two columns, the identification of the active GC-peak became more reliable. Another

important refinement was the introduction of one chiral column to test the effect of pure
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enantiomers (Stranden et al., 2003a; Bichdo et al., 2005b; Ulland et al., 2006). Because
commercially optically pure compounds hardly exist, chiral GC-separation is the only way to
test the effect of optically pure enantiomers.

In the early studies on insect olfaction, the RNs were classified into two principal
different classes. “Odour specialists’ were RNs specialised for one compound being a
pheromone, in contrast to “odour generalists’ responding to many different odorants, being
plant odours (Lacher, 1967; Schneider, 1992). Another important feature was whether
different RNs showed “overlapping reaction spectra’ (now termed molecular receptive
ranges, MRRS) (Vareschi, 1971). For a long time the different tuning of pheromone RNs as
specialists and plant odour RNs as generalists was the common view, as discussed by Masson
and Mustaparta (1990). Studies, particularly carried out during the past decade have shown
RNs that are narrowly tuned and very sensitive to a single plant odorant, i.e. smilar to the
pheromone “odour specialists’. These studies include both the use of direct stimulation
(Hansson et al., 1999; Larsson et al., 2001; Jonsson and Anderson, 1999; Shields and
Hildebrand, 2001) and GC-SCR (Wibe and Mustaparta, 1996; Stranden et al., 2003b;
Rostelien et al., 2000b; Rastelien et al., 2005; Stensmyr et al., 2001; Stensmyr et al., 2003;
Barata et al., 2002; Bich&o et al., 2003; Bichdo et al., 20054). Particularly the latter studies
using the GC-SCR method gives precise information about the RN specificity by ruling out
the numerous non-active compounds present in blends produced by the plants (headspace
volatiles and essentia oils).

The view on RNs as specialists and generalists implied two principles on how the
olfactory information is mediated from the periphery to the CNS. The “labelled-line system”
means that the information about one odorant is mediated by one type of RN (*odour
specialist”), in contrast to the “across-fibre pattern” mechanism implying that many RN types

(“odour generalists’ with overlapping MRRs) mediate the information about one compound.
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Whether the olfactory information is mediated via labelled lines or across-fibre patterns is ill

amatter of debate or interpretations.

Mamestra brassicae L. (Lepidoptera: Noctuidae)

In the studies of the present thesis, we have used the cabbage moth Mamestra brassicae L. to
study how plant odour information is encoded in the RNs. This moth is highly polyphageous
with larvae that can survive on more than 70 plant species from 22 plant families. The species
overwinters as prepupae in the soil close to its host plant. From mid-June to August the adults
emerge and start searching for a host. The female moth oviposit up to severa hundred eggs
under the leafs of the plant. Although being a polyphageous species, M. brassicae caterpillars
prefer a host plant of the genus Brassica (CAB International, 2005; Skou, 1991). Feeding by
the caterpillars causes severe damage on the plants, mostly due to chewing and fouling rather
than the amount of plant tissue eaten (CAB International, 2005). In Norway, M. brassicae
produces one brood each year, while in warmer climates they may produce two-three broods
in the same period. This species can be a notorious pest on monocultures, and pesticides have
traditionally been used in pest control. The undesirable side-effects of pesticides have led to
the current focus in research on other methods of protecting plants from insect pests. Whereas
studies of microbial control agents against M. brassicae larvae have demonstrated higher
mortality rate at the presence of pathogenic fungi (Klingen and Meadow, 2002), other studies
have focused on behaviourally modifying olfactory cues (Rojas, 1999; Renou, 1991; Renou
and Lucas, 1994). The latter includes insect produced compounds, pheromones and
interspecific signals, the effect of which has been studied by recordings from single RNs.
Previous to the studies carried out in the present thesis, stimulatory effect of plant odorants
had only been recorded as EAGs in M. brassicae. In the present studies, the method of GC-

SCR has been employed to precisely identify biologicaly relevant plant odorants detected by
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M. brassicae and determine the specificity of the RNs that are involved in detecting host as
well as non-host plants. Based on this information the behavioural significance of the

odorants can be carried out, which is performed for one odorant in this thesis.
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Aims of the thesis

The aims of the thesiswere:

1. To identify naturally produced plant volatiles that are detected by RNs in the moth M.

brassicae by the use GC-SCR.

2. To characterise and classify plant odour RNs into functional types based on their responses

to different odorants, i.e. their MRRs, including primary and secondary odorants.

3. To determine the sensitivity and specificity of the characterised plant odorant RNs.

4. To use a behaviourdly bioassay for showing the biological relevance of one primary

odorant in M. brassicae.
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Survey of the individual papers

Paper |

The am of the study described in paper | was to employ two column GC-SCR followed by
GC-MS and retesting authentic compounds, in order to identify biologically relevant plant
odorants in M. brassicae and functionally characterise the responsive RNs. The latter includes
classification of the RNs according to their MRRS, as well as primary and secondary odorants.
Volatiles from host and non-host plants were collected using a headspace technique. This
means aeration of plants and plant materials from which volatiles were trapped in adsorbents,
and then washed out by a solvent. Samples of these mixtures of volatiles from various host
plants, as well as of essentia oils and of commercially available compounds were screened by
the use of GC-SCR. This in order to identify which compounds that influenced the activity of
single RNs as well as compounds with no effect. Stable recordings were obtained from 53
RNs that were classified into 21 RN types. These RN types responded to compounds of the
following chemical groups. terpenoids, aromatics, aliphatics and thiocyanates. All RNs
showed a narrow tuning and responded selectively to one or a few structuraly related
volatiles (e.g. E,E-o-farnesene, TMTT, citronelol, o-methylanisole, p-methylanisole).
Between the different RN types no or minimum overlap of the MRRs appeared. Only three
pairs of the RN types showed overlap of a single compound; racemic linalool €iciting
responses in two RN types (8 and 10), (32)-hexenylacetate in two others (RN type 11 and 13),
and p-methylanisole in another pair (RN type 15 and 16). Whereas the tuning of some RNs
had not been shown before, others had the same primary odorant as RNs identified in other
insects, heliothine moths and weevil species. For instance, three RN types, co-located within a
sensillum, showed the same response characteristics and tuning as three co-located RNs
described in two polyphagous and an oligophagous species of heliothine moths living on

different host plants than M. brassicae. The presence of similar RN types across different
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insect species implies a conservation or reappearance of the RN types, which in this case
included independence of the evolution of oligophagy and polyphagy. The 21 RN types so far
identified in M. brassicae represent only a part of the olfactory RN types present in this
species. Considering the number of glomeruli (67+1) in the antenna lobe of M. brassicae
(Rospars, 1983) and the fact that RNs of each type project in only one or two specific
glomeruli, we expect a number in the range of 30-60 RN types in this species.

All compounds identified as odorants of the M. brassicae RNs in these studies are
known constituents of plant species. Whereas a few of the odorants, such as the thiocyanates,
are specific for plants of the genus Brassica, others are common in many plant families.
Severa of the activating compounds are known as induced volatiles being important in the
defence mechanism of plants against herbivores. The results suggest that the moths of M.
brassicae uses a combination of compounds that are plant specific as well as generally present

in many plants, for locating a suitable host for nectar feeding and oviposition.

Paper Il

In paper Il, the RN type tuned to (R)-(-)-linalool were characterised based on the same
methods as in paper |, using GC-SCR, but here employing a chiral GC-column for separating
enantiomers, in parallel with a polar column. Among the recorded RNs in M. brassicae, the
linalool responsive RNs appearing in 12 experiments, constitute the most abundant RN type.
Responses by these RNs to linalool were obtained by testing samples of both host and non-
host plants as well as synthetic racemic linalool. Optimal separation of racemic linalool in the
chiral column demonstrated the enantioselectivity of these RNs, responding strongest to (R)-(-
)-lindlool being ten times more effective as (S-(+)-linalool. This was verified by paralel

dose-response curves obtained by direct stimulation with enantiomeric samples, showing a
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shift of the (R)-(-)-linalool curve one log unit to the left of the (S)-(+)-linalool curve. The 10-
fold difference in response strength to the enantiomers showed that the chiral centre at carbon
3 in the linalool molecule is important for the odorant-receptor interaction. Complete overlap
of the tempora response pattern elicited by the two enantiomers, (S)-(+)-linalool at 10-fold
higher concentration than (R)-(-)-linalool, suggested that the two enantiomers are perceived
by M. brassicae as the same odour quality but with different intensity. The narrow tuning of
the linAlool RNs was further demonstrated by their weak responses to a few structurally
related compounds, the enantiomers of tetrahydrolinalool and dihydrolinaool, and no

responses to the other numerous plant released volatiles.

Paper Il

In this study employing GC-SCR, a particular type of specifically responding RNs appeared.
Screening the separated headspace volatiles from Arabidopsis thaliana, €elicited response to a
single compound, identified as MeS. Confirmation of the response to this compound was
shown by testing a standard containing several compounds including MeS and methyl
benzoate (MB) in about the same concentration. The marked strong response to MeS
confirmed the identification and showed its role as primary odorant in these RNs. The weak
response to the structurally similar MB and two unidentified compounds was the only other
responses obtained in these RNs. The two aromatic compounds MeS and MB, methylated by
the same enzyme from salicylic acid and benzoic acid, occur together in several plant species.
The responses by the same RN type to the two compounds indicate that they are perceived as
the same odour quality but with different intensity in M. brassicae. In two, recordings the
MeS neuron was co-located with another RN type responding to six green leaf volatiles: 1-
hexanol, (32)-hexen-1-ol, (2E)-hexen-1-ol, (32)-hexenyl acetate, (2Z)-hexen-1-ol and an

unidentified compound. The two neurons showed marked different sensitivity, the latter being
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much less sensitive. Whereas the specific RNs detected minor amounts of MeS present in
some intact plants, the compound was not found by gas chromatography linked to mass
spectrometry in any of the intact plants investigated. However, in an induction experiment,
MeS was shown to be emitted after herbivore attack. The behavioura significance of MeS
was studied in outdoor test arenas with Brassica napus and artificial plants. These behavioural
experiments indicated that mated M. brassicae females avoid plants carrying dispensers
emitting MeS. Thus, MeS may mediate a message to M. brassicae females that a potential

host plant is aready occupied by herbivore larvae of own or of a sympatric species.
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Discussion

The receptor neurons

The results included in this thesis (paper 1-111) contribute to the growing data on how
plant odour information is handled by the RNs in herbivorous insects in general, as well asin
M. brassicae in particular. The narrow tuning of the presented RNs of M. brassicae, including
classification into distinct functional types according to one primary odorant and a few
secondary odorants of related structures, is in agreement with results obtained in heliothine
moths as well as weevil species investigated in the same lab, by the use of the same test
protocols (Restelien et al., 2000a; Rastelien et al., 2000b; Stranden et al., 2003b; Rastelien et
al., 2005; Stranden et al., 2002; Stranden et al., 2003a; Mustaparta and Stranden, 2005;
Bichéo et al., 2003; Bich&o et al., 2005a; Bichdo et al., 2005b). Also other studies using GC-
SCR have resulted in narrowly tuned plant odour RNs in herbivorous insects (Stensmyr et al.,
2001; Stensmyr et al., 2003; Barata et al., 2002). These data are in contrast to the broadly
tuning found for vertebrate olfactory RNs (Buck, 2000). Possbly this difference is related to
the evolution of odour detecting RNs in organisms using the odour information in different
contexts. The intimate relationships between herbivorous insects and host plants may require
a high degree of speciaisation and discrimination ability of plant odours mediating different
messages. |n the search for a suitable host plant, we can imagine that the odour cues act over a
relatively long distance in these insect species. Thus, RNs of high sensitivity and specificity
may alow these insect species over some distances to sharply discriminate between plant
species as well as between plant individuals of different conditions.

The attention to olfactory RN tuning is obvioudy important for understanding the
mechanisms of odour discrimination. Thus, from the earliest studies of single olfactory RNs
In insects, screening of numerous volatiles was performed in order to determine their MRRs.

As compared with the specific responses of pheromone RNs (“odour specidists’), RN
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responding to plant odours (“odour generaists’) showed unspecific and weak responses to
many compounds. However, whereas the pheromone compounds were known, the relevant
plant odorants were not. This means that most of the studies might have suffered from lacking
the biologically relevant plant odorants among the test compounds, as well as impurities
present in the commercidly available compounds that were tested. Testing high
concentrations of irrelevant compounds, may elicit weak responses as well as responses to
impurities of unknown identity, giving a false impression of the RN tuning. Therefore,
employing GC-SCR for studying the functional properties of olfactory RNs in insects have
been valuable and have resulted in a different picture, showing narrowly tuned plant odour
RNs in herbivorous moths,weevils and other insect species (Rastelien et al., 2000a; Rastelien
et al., 2000b; Stranden et al., 2003b; Restelien et al., 2005; Stranden et al., 2002; Stranden et
al., 2003a; Mustaparta and Stranden, 2005; Bich&o et al., 2003; Bichdo et al., 2005a; Bich&o
et al., 2005b; Stensmyr et al., 2001; Stensmyr et al., 2003; Barata et al., 2002; Wibe et al.,
1997), including M. brassicae (papers I-111). The results from these studies, have also
demonstrated a high senstivity of plant odour RNSs, detecting concentrations down to
picograms. In fact, as shown in paper 11 some RNs have shown high responses to elution of
the primary odorant at a concentration level below the detection limit of the FID detector.
Recognition of chiral odorants is another topic of RN tuning that has a long-standing
interest in olfaction as well as in other research areas where chiral recognition by receptor
proteins and enzymes has been well documented. Humans can percelve some enantiomers as
different qualities and/or having different intensity (Friedman and Miller, 1971; Ohloff, 1994;
Brenna et al., 2003). The importance of chiral recognition has been well documented in insect
pheromone communication, where optical configurations of pheromone components are
critical and contribute to population differences within species as well as to isolation between

species (Tumlinson et al., 1977; Birch et al., 1980; Lanier et al., 1980). Enantioselective RNs
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responsible for the detection of pheromone enantiomers were first described in bark beetles
(Mustaparta et al., 1980) and for a lepidopteran species, Lymantria dispar (Hansen et al.,
1983), and later for other species (Wojtasek et al., 1998; Plettner et al., 2000; Nikonov and
Leal, 2002) by testing synthetic samples of enantiomers. These samples contained a small
amount of the opposite enantiomer, and the question whether the opposite enantiomer might
have caused the weak responses, remained to be answered. This question was later resolved
for plant odorants by employing chiral GC-SCR in studying enantioselectivity of plant odour
RNs in heliothine moths (Stranden et al., 2002). Separation of the enantiomers of the plant
produced volatile germacrene D, showed 10 times higher effect of the (-) — than of the (+)-
configuration. The second type of RNs tested for enantioselectivity via a chiral GC-column
was RNs tuned to linalool, recorded in M. brassicae (paper I1) and in the strawberry weevil
(Bich&o et al., 2005a). Whereas the strawberry weevil had two types of RNs, one tuned to (9)-
(+)-linalool and the other to (R)-(-)-linalool, the linalool RN in M. brassicae showed the same
tuning to (R)-(-)-linalool. Like for the germacrene D neurons, al linalool RNs, both in the
weevil and the moth, responded to both enantiomers, one configuration being 10 times more
effective than the other. As shown in paper |l for the RNs of M. brassicae, ten times higher
concentration of (S-(+)-linalool €licited the same response as (R)-(-)-linalool, and showed
identical temporal response patterns. This implies that M. brassicae would not discriminate
well between the odour quality of the two enantiomers, but perceive (R)-(-)-linalool with
higher intensity unless the secondary response to linalool by RN type 8 play a significant role
in the perception of linalool. It is interesting that this is smilar to the perception of linaool
enantiomers in humans, percelving them as the same quality, but (R)-(-)-linalool as more
intensive than (S§)-(+)-linalool.

The tuning of olfactory RNs implies how the information about an odorant is mediated

to the brain, e.g. whether it follows the “labelled-line” principle or the “across-fiber pattern
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mechanisms’. Each of the 21 RN types described in paper 1-3 showed a narrow tuning and
minimal overlap of the MRR. Only three pairs of RN types showed overlap of the MRR by
sharing one compound: racemic linalool (RNs 8 and 10), (32)-hexenylacetate (RNs 11 and
13) and p-methylanisole (RNs 15 and 16). This means that the information about at least these
three odorants is mediated at high concentrations by an “across-fiber pattern mechanisms’ in
this species. Since all the other RN types showed no overlap of their MRR, it seems that the
information about most of the identified odorants is mediated via the principle of labelled-
lines in M. brassicae. However, the 21 RN types described in the present studies do not
represent all populations of RNs in M. brassicae. Future experiments will show whether a
similar picture appear for the remaining RN types to be identified. In generdl, it is likely that
both principles are used by the olfactory system in an organisms, e.g. that odorants of
particular importance are mediated via labelled lines. Whereas the studies of the moth species
in our lab have in general shown minimal overlap of MRR between different RN types, more
overlap is shown in the species of weevils, but only between RN types tuned to odorants of
the same chemical groups (Wibe et al., 1998; Bichdo et al., 2003; Bichdo et al., 2005z;
Mustaparta and Stranden, 2005). This is logical, since related molecules have a higher chance
to interact with the binding sites of the same receptor protein. Tuning of olfactory RNs and
MRR has been discussed in studies of the fruit fly D. melanogaster as well as in vertebrates,
where broadly tuning and overlapping receptive ranges seems to be the general principle (De
Bruyne et al., 2001; Buck, 2000). However, in al these studies the tests are performed with
pre-selected compounds, which possibly may be the reason for the impression of broadly
tuning. As aso expressed by De Bruyne et al. (2001), some of the RNs in the fruit fly might
appear with higher sensitivity and narrower tuning when tested with other odorants. It remains
to be seen whether the tuning of the RNs in these organisms give a different impression when

tested for other odorants that might be the most relevant. Another question is whether broadly
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tuning of some RNs is due to expression of more than one type of receptor proteins, since co-
expression of two types in one RN has recently been shown in the D. melanogaster (Goldman
et al., 2005).

Comparison of olfactory RN specificity between closely and distantly related species
IS interesting in an evolutionary context, i.e. whether the specificity is conserved or changed
during the speciation of the insects. In our laboratory, the use of the same test protocols
alows us to compare RN types across species of moths and weevils. The presence of RN
types tuned to the same primary odorant has been shown in closely as well as in distantly
related species living on different host plants. However, the specificity of RNs tuned to the
same primary odorant, may have different secondary odorants. Interestingly, closely related
species of heliothine moths appear to have RNs of the same type, i.e. with the same primary
and secondary odorants, suggesting a functional conservation of the receptor proteins. In
contrast, RNs tuned to the same primary odorant in distantly related species may show
secondary responses to different odorants, suggesting that they have either arised
independently or arised from the same receptor protein and then adapted different through
evolution. For instance, the primary odorants of RN type 1 (E,E-a-farnesene), 3 (E-f-
ocimene), 4 (TMTT), 8 ((+)-E-verbenol) and 13 (GLV) in M. brassicae are aso primary
odorants of RN types identified in heliothine moths. Other interesting examples are the RNs
of M. brassicae tuned to the sesquiterpenes E,E-a-farnesene (RN type 1), E-B-ocimene (RN
type 3) and TMTT (RN type 4), RN types that has also been identified in three heliothine
species (Heliothis virescens, Helicoverpa armigera and H. assulta). These RN types show in
addition similarities between the species as concerns the relative response strengths to the
different isomers (E,E-a-, E-p- and Z,E-a-) by RN type 1, secondary responses to 3-myrcene
by the E,-p-ocimene RN and no response to other compounds by the TMTT RN. Further, the

primary odorants of RN type 10 ((R)-(-)-lindool), 11 ((32)-hexenylacetate), 15 (p-
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methylanisole) and 19 (MeS) are the same as the primary odorants of RNs identified in A.
rubi (Bichdo et al., 2005b). In addition, a RN tuned to the terpenoid fenchone (RN type 9) is
also described in the weevil Pissodes notatus (Bich&o et al., 2003). The presence of similar
RN types across different insect species implies a strong conservation or reapperance of the
RN types, independent of the evolution of oligophagy and polyphagy. On the other hand,
primary odorants of some RNs in a species may function as secondary odorants of RNs in
other species. For instance, the primary odorants of RN type 6 (eucalyptol), 12 ((2E)-
hexenal), 14 (3-octanone) and 16 (o-methylanisole) of M. brassicae (Paper I) are in
Anthonomous rubi described as secondary odorants of RNs tuned to plant odorants (Bichéo et
al., 2005a).

Consistency of co-localization of particular RN types in a sensillum, as shown in M.
brassicae (paper 1-111) has aso been reported in other species including heliothine moths and
the weevil A. rubi (Rastelien et al., 2005; Bich&o et al., 2005b). The co-located RNs, often
belonging to different chemical groups, show no overlap of the MMR. One example in M.
brassicae is the co-located RNs tuned to MeS (aromatic) neuron and the green leaf volatiles
(aliphatic). Another interesting example of co-localization is the RN types tuned to E,E-a-
farnesene, E-B-ocimene and TMTT in M .brassicae and heliothine moths as they consistently
appeared in the same recording. The fourth co-located RN in these recordings was different in
M. brassicae and the heliothine moths; in M. brassicae tuned to E,E-a-farnesol (RN type 2)
and to geraniol in the three heliothine moths. Co-localization of RNs have not only been
shown in heliothine moths and M. brassicae (Rastelien et al., 2000a; Rastelien et al., 2000b;
Stranden et al., 2003a; Stranden et al., 2003b), but also in severa other insect species such as
the cabbage seed weevil, the fruit chafer and the fruit fly (Blight et al., 1995; De Bruyne et
al., 2001; Stensmyr et al., 2001; Stensmyr et al., 2003). The functional significance of co-

located RNs is not known. A possible role is that co-located RNs enables high-resolution
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spatio-temporal information to be agquired by the CNS as discussed by (Bruce et al., 2005)). It
Is argued that if a system should be able to determine whether there is complete spatial and
temporal coincidence in the arrival of two odorants, the integrating system must sample the
air at the same point in space and time. In fact, it has been reported that males of Helicoverpa
zea can distinguish pulses of a pheromone from those of a behavioura antagonist when the
sources were separated by 1mm (thus arriving the antennae with approximately 0.001 s time
difference) (Baker et al., 1998). In male moths of lepidoptera, co-localization of RNs tuned to
a pheromone component with a RN tuned to an antagonist is common (Baker et al., 1998;
Berg et al.,, 2005), supporting the idea that co-localization of RNs play a role for

simultaneously detection of two important signals, mediating opposite behavioural effects.

Chemical ecology

Interestingly, some of the compounds detected by olfactory RNs of M. brassicae are known to
be induced in many plants. If a plant emits one or several volatiles as a response to herbivore
attack or other stress factors, it could mediate important messages to the insect approaching
the plant. Evidence for host plant avoidance as a result of induced compounds by herbivory,
have been demonstrated for the moth H. virescens (De Moraes et al., 2001). Some studies
have reported parasitoid attraction (Cardiochiles nigriceps, Phytoseiulus persimili and
Cotesia rubecula) as well as herbivore attraction (Maladera matrida, Propillia japonica and
Oreina cacaliae) towards volatiles induced by both conspecifics and heterospecifics (De
Moraes et al., 1998; Shimoda and Dicke, 2000; Shimoda and Dicke, 2000; van Poecke et al.,
2003; Harari et al., 1994; Loughrin et al., 1996; Kalberer et al., 2001). In paper 1Il, we
showed that M. brassicae femades avoided plants carrying dispensers emitting MeS.
Furthermore, an experiment showed that a host plant of M. brassicae, B. oleracea var.

capitata, emit MeS upon herbivory by Pieris napi caterpillars. We would also expect these
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plants to emit MeS when damaged by M. brassicae larvae. According to some studies, the
volatile blends emitted by brussel sprouts as a response to herbivory by different insect
species shows only minor qualitatively differences (Blaakmeer et al., 1994; Geervliet et al.,
1997). Emission of MeS may in fact give the following important message to M. brassicae
females when searching for a host plant: the plant is occupied by another insect and are thus
less suitable as a food source for the offspring.

Another interesting aspect of olfactory RNs and plant chemistry is how the MRRs
correlate with the products of the biosynthetic pathways in host plants. One example is the
RNSs tuned primarily to MeS and also responding to MB in M. brassicae (paper 111) and A.
rubi (Bichdo et al., 2005b). The synthesis of both MeS and the MB is catalyzed by
methyltransferases, whereby a methyl group is transferred from the donor molecule S
adenosine-L-methionine to the carboxyl group of salicylic acid (SA) or benzoic acid (BA),
respectively (Chen et al., 2003). In a study of snapdragon, it was shown that a
methyltranferase catalyzes the production of MeS along with a small amount of MB (Negre et
al., 2002). Obvioudy, compounds co-produced in the biosynthesis and co-released by the
plant may give the same message to the insects. Thus, it is remarkable that RNs evolved for
the magor constituent like MeS in the biosynthetic pathway respond secondarily to the co-
produced compounds like MB, since the insect does not need to discriminate between them.

In general, areceptor protein does not need to be more specific than necessary.

Behavioural significance of the plant odorants

Whereas considerable knowledge has recently been acquired about encoding of plant
odour information in insect RNs, including for which odorants they have evolved, the
behavioural significance of the identified odorants is largely unknown. Relevant questions

concerns the importance of single odorants or odour blends in host plant recognition, which
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has led to proposal of two maor hypotheses. One hypothesize that odour recognition of a host
plant relies on specific volatiles in that particular host, termed “token stimuli”, which are not
present in unrelated plant species (Fraenkel, 1959). This implies that an insect species, like the
moth M. brassicae might use one or a few RN types to detect the host specific odours of
Brassica plants. The other hypothesis proposes that host recognition is based on detecting
blends of volatiles generally produced in many plant species, implying that the ratio of
concentrations of the many volatiles constitutes the odour cue of a host. Most studies give
evidence for the latter hypothesis, expressing that the use of ubiquitous plant volatiles should
be seen as the most prevalent mechanism mediating host-plant recognition (Bruce et al.,
2005). Considering the primary odorants identified for the 21 RN types in the present studies,
most of them belong to volatiles present in species of many different plant families, except for
the isothiocyanates that are typical for the cabbage plants. Thus, it seems that M. brassicae is
equipped with RNs mainly detecting odorants produced by many plant species, suggesting
that recognition of host plants is mainly based on the odour blend or ratio of the volatiles
released by a plant.

In principle, there are two approaches to study and identify important plant volatiles
used by herbivore insects. a top-down approach and a bottom-up approach. The former means
to start with behavioura responses to the full boquet of volatiles released by a plant, and then
narrow down the blend by separating fractions that contain the important compound. Thisis a
logical way to proceed in identifying the relevant plant odour, and has been used in studies of
attractants to parasitiods of herbivore insects (D'Alessandro and Turlings, 2005). However,
the results of these studies showed that the important compounds were present in minor
amounts and could not be identified by GC-MS. The present study using GC-SCR can be
considered as the bottom-up approach starting with detection of the plant volatiles, leaving the

behavioural studies to the final stage. The studies included in this thesis, have primarily paid
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attention to the identification of relevant plant odorants and classification of RN types,
whereas the behavioural effect has only been evaluated for one primary odorant, MeS.
Previous studies of M. brassicae females (Rojas, 1999) have shown behavioural responses to
some of the odorants described in paper I-111. For instance, (2E)-hexanal, (32)-hexenyl acetate
and 1.8 cineol (= eucayptol in paper I) induced upwind flight and landing. In contrast,
linalool and MeS did not induce upwind flight and landing. The fact that only five compounds
has been evaluated for the behavioura effect, underline the need for further experiments
focusing on the behavioura relevance of the 16 remaining compounds known to activate the
RNs of M. brassicae. Behavioura experiments should focus on not only evaluation of single
compounds, but aso the effect of odorant blends. In fact, behavioura studies of insects have
shown that blends of volatiles are important for oviposition behaviour and attraction, as
shown for the moths Papilio polyxenes and M. brassicae (Baur et al., 1993; Rojas, 1999). On
the other hand, some single compounds may be important for some decisions, such as MeS
(paper 111) and isothiocyanates (paper |), whereas volatile blends govern other behavioural
responses. Based on the results in the present thesis, we may assume that both the principle of
“token stimuli” and odorant blends could play a role in host plant recognition by M.
brassicae.

The top-down approaches and the bottom-up approaches has specific advantages. Both
approaches have underlined the importance of minor constituents of the plant-released blend
of volatiles. Since minor compounds can be identified usng GC-SCR, by testing other
mixtures that contain larger quantities of the compounds, it might be interesting in future

experiments to combine the two approaches.
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Concluding remarks and future prospects

The work of this thesis has contributed to the understanding of olfactory mechanisms
involved in the interaction between insects and plants. The results obtained show that M.
brassica detect plant volatiles by narrowly tuned RNs. The 21 RN types identified, respond to
one or a few structurally similar odorants, and enantioselectivity has been demonstrated for
one RN type. Many of the compounds detected by the RNs of M. brassicae are known to be
induced in several plant species, here shown in B. oleracea. The induced compounds are
thought to play an important role in the plants defence system against herbivores. The
behavioural tests in outdoor arenas demonstrated that one of the primary odorants, MeS,
repelled or inhibited oviposition by M. brassicae females. Further experiments should be
carried out in order to find out whether MeS can be used in applied pest management against
M. brassicae. The other primary odorants detected by the RNs form a test panel of odorants
that should be tested in future behavioural experiments.

It would be interesting to compare the olfactory RNs of M. brassicae with RNs of
other insects surviving on Brassica species. A good candidate for such studies is the
diamondback moth, Plutella xylostella, which cause extensive damage on crucifer crops.
Comparison of olfactory RN specificity may point out whether herbivore insect species using
Brassica have evolved RNs for detecting the same odorants, particularly odorants specifically

produced in Brassica species.
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Abstract

Herbivore insects are suitable model organisms for studying how plant odour information is
encoded in olfactory receptor neurons. By the use of gas chromatography linked to
electrophysiological recordings form single receptor neurons, screening for sensitivity to
naturally produced plant odorants is possible in order to determine the molecular receptive
ranges of the neurons. Using this method, we have in this study of the cabbage moth,
Mamestra brassicae, classified 21 types of olfactory receptor neurons according to their
responses to odorants present in the host plant Brassicae, in the related species Arabidopsis as
well asin essential oils of other plants like Ylang-ylang. Most of the receptor neurons were
tuned to one or afew structurally similar compounds, showing minimal overlap of their
molecular receptive ranges. Whereas some receptor neurons showed a novel tuning, others
were tuned to the same compounds as neurons in other species. Three receptor neurons

located within the same sensilla, showed the same response characteristics and tuning as three



co-located receptor neurons described in other species of moths, the heliothines living on
different host plants. The presence of smilar RN types across different insect speciesimplies

a strong conservation or reapperance of the RN types, independent of the evolution of

oligophagy and polyphagy.



I ntroduction

In the search by an insect for a proper mate or a suitable host plant, their olfactory system
meets the challenge of recognizing relevant information about volatiles released by
conspecifics or sympatric species as well as by plants. Whereas much knowledge has been
acquired concerning pheromone detection in many insect species, much less data about
relevant plant odorants has appeared. In recent years, the use of gas chromatography linked to
electrophysiological recordings from single receptor neurons (GC-SCR) has resulted in
reliable information about relevant plant odorants in some species of moths, weevils and other
beetles (Bichdo et al., 2005a; Rastelien et al., 2005; Stranden et al., 2003; Larsson et al.,
2001). Plants are known to emit more than 1000 volatile compounds (Dudareva et al., 2004),
and the insects must be able to discriminate among these volatiles in order to chose a suitable
host. The important objective in this context is to identify the relevant odorants utilized by the
Insects in their orientation toward a host. A fruitful approach in resolving the problem seems
to be identification of the odorants among the numerous volatiles that are detected by single

receptor neurons (RNs) and then test the behavioural significance of these odorants.

Another aspect of the results from studies using GC-SCR is the data on the specificity of
olfactory RNsfor relevant odorants, knowledge of interest in olfaction in general. Since each
olfactory RN typically expresses only one type of receptor proteins as shown in insects and
vertebrates (Krieger et al., 2002; Mombaerts, 2004; Stértkuhl and Kettler, 2001; Wetzel et al.,
2001; Keller and Vosshall, 2003; Hallem and Carlson, 2004; Clyne et al., 1999), we can
assume that the specificity of a RN reflect the specificity of the particular receptor protein
type expressed in the neuron. By screening viathe GC all volatiles present in the blends of
various plants on single neurons, the molecular receptive ranges of olfactory RNs have been

identified in several herbivorous species. According to this, the neurons have appeared as



distinct functional types like in heliothine moths. In general, each type seems to be specified
for one odorant, called primary odorant, and respond weaker to afew structuraly similar
odorants. Thus, the molecular receptive range (MRR) of each type is narrow, and in heliothine
moths, a minimal overlap is found between the neuron types. Comparison of the functional
types of olfactory RNs within closely and distantly related species may shed light upon the
evolution of the specificity of olfactory receptor proteins. This study allowed comparison of
the olfactory RNs with another polyphagous species (Mamestra brassicae) preferring

different hosts than the heliothines living on plants of sunflower, cotton, corn etc.

M. brassicae is a polyphagous insect species that survives on many species of plants.
However, thisinsect is often choosing host plants of the genus Brassica (CAB International,
2005; McKinlay, 1992). The female moths with a large numbers of antennal sensillae for

plant odorants, uses odour cues to locate the host plants where she may lay clusters of 50-300
eggs under the leaves. Feeding by the caterpillars causes severe damage on the plantsin
monocultures, and the species is an economically important pest in agriculture. Research
aiming at identifying behaviourally modifying odorants and understanding the olfactory
mechanisms involved in host plant location in this species may contribute to integrated pest
management. Previous studies of olfaction in this species concern pheromone detection,
whereas studies have just started on how plant odour information is encoded in the receptor

neurons.

In the present study of olfaction in M. brassicae, we have used GC-SCR to identify relevant
plant odorants detected by single receptor neurons. Volatiles from the host plants Brassica
napus L. and B. oleracea (Italica), as well as ecotypes of the related species Arabidopsis

thaliana have been collected and tested. Additionally, volatiles of other plants used in studies



of heliothine moths have been tested. We here present 53 olfactory RNs classified into 21 RN

types. The RNs showed a narrow tuning and minimal overlap in the MRR’s.



Material and method

| nsect material

M. brassicae pupae were supplied by The Norwegian Crop Research Ingtitute, As, Norway.
The sexed pupae were stored in separate containers placed in climate chambers (22 °C, 14L.:
10 D photoperiod, onset of dark cycle at 10 am.). After eclosion, the adult insects were kept
in cylindrical containers with access to water containing sucrose (5%). The age of adult
insects used in the experiments ranged from 2-14 days (showing no differences in responses

depending on age). Both sexes were used in the experiments.

Chemicals and headspace samples

Volatiles were collected from several plant species by the use of a headspace technique
(Byrneet al., 1975; Pham-Delegue et al., 1989; Rastelien et al., 2000). The plants were
placed in a closed oven bag (Look®) through which purified air was sucked (less than 40
mi\min) and led into glass tubes containing the adsorbents (Tenax TA and Porapak Q, 1:1).
The air was purified in afilter of activated charcoal before the intake to the bag, and airation
was carried out for 24 or 48 hours. The trapped volatiles were eluted by filling the glass tube
with the solvent (hexane and ethyl acetate, ratio 1:1) and leading it drop by drop into different
vialsthat were stored in afreezer. The collected volatiles of the plant materials, essential oils
and synthetic compounds were used to stimulate the RNs of the insects. Table 1 gives an
overview of the materials used for stimulations. The concentrations of all synthetic

compounds tested alone as well as those constituting the standards were 1 pg/pl.

Direct stimulation via cartridges

Direct stimulation via glass cartridges was used for screening the receptor neuron sensitivity



to the various samples of headspace and other mixtures, before the tests were performed via
the GC. Five pl of each test sample was applied to afilter paper placed inside a cartridge
letting the solvent evaporate before use. The RN was exposed for the test sample by puffing
air (4 ml/0.5s) through the cartridge and over the insect antenna. Direct stimulation via glass
cartridges was aso used for determining dose-response curves. In these tests, 100 ul of atest
sample (decadic steps) was applied to afilter paper and kept above aflow of N, gas for
evaporating the solvent. After the evaporation, the filter paper was inserted into the cartridge.
The tests were performed from concentrations below the detection limit of the RNs and
successively with increased concentrations. Between the stimulations, the antenna was
exposed to a continuous flow (500 ml/min) of purified air. The interstimulus interval varied

from one minute at low concentrationsto 7 minutes at high concentrations.

Gas-chromatogr aphy linked to single cell recordings, GC-SCR

The insects were mounted in a Plexiglas holder and the head and antennae were stabilized
with tape and wax as described by Rastelien et al. 2000. Electrophysiological recordings from
single RNs were made by the use of electrolytically sharpened tungsten micro electrodes. The
recording electrode was placed into the base of an olfactory sensillum and the reference
electrode into the base of the antenna. When activity was obtained, the neurons were initially
screened for sensitivity for various test mixtures. When responding to a sample, 0.5-1 pl of
the solution was injected into the column of the gas chromatograph (GC). The column was
equipped with a splitter at the end, leading half of the effluent to the flame ionization detector
(FID) and the other half into a constant airflow (500 ml/min) blowing over the insect antenna.
This made it possible, together with the simultaneously single cell recording, to determine
which compounds in the mixture elicited the responses. The electrophysiological recording

and gas chromatogram was recorded in the software EAD (Syntech, Netherlands). Separation



in the polar column was performed with two different programs, the first and most frequently
used program started at the initial temperature 80°C with an increase rate of 6°C/min to
180°C, and a further increase rate of 15°C/min to 220°C. The second program was used to
achieve better separation of the compounds in some of the samples: performed from the initial
temperature 50°C isothermal for 2 min followed by a 3°C/min increase to 180°C, and a final
increase of 15°C/min to 220°C. The FID temperature was set to 230°C for all programs. The

GC was equipped with a cold on column injector.

Spike analysis and cell classification

Electrophysiological recordings from RNs were stored and analyzed in the software program
Spike 2 (Cambridge Electronic Design Limited, Cambridge, Great Britain). Separations of the
cell types in one recording were based on differences in spike amplitudes and waveforms. The
RNs were classified according to which odorant elicited the strongest response (primary

odorant) as well those having weaker effects (secondary odorants).



Results

The results presented in this paper are based on recordings from 53 olfactory RNsin M.
brassicae females and males, responding to plant odours. No differences were noticed
between RNs obtained in females and males. Most RNs (n=51) were investigated using GC-
SCR. The recordings lasted from 30-40 minutes up to 3 days, allowing stimulation of each
olfactory RN 1-52 times via the GC. This included tests with numerous plant volatiles present
in the headspace samples of plants, essential oils and synthetic standards. Thus, the long-
lasting cell contacts enabled repeated tests also of the same samples to verify which
compounds €elicited responses. All responses were recorded as increased firing rate that
followed the concentration profile of the GC peak. The 53 RNs were classified into 21 distinct
types (Table 2) according to the compound that elicited the responses, termed the molecular
receptive ranges (MRR). In genera, there was little overlap between the MRR of the 21 cell
types. Only three pairs of the RN types showed overlap of a single compound; racemic
linalool (RNs 8 and 10), (32)-hexenylacetate (RNs 11 and 13 and p-methylanisole (RNs 15
and 16). Below the RN are presented according to the group of compounds to which they

responded.

Terpenoides

RN type 1: E,E-a-Farnesene

Screening by cartridges with the essential oil of ylang-ylang and standard 8 elicited responses
in four RNs, classified as type one. Figure 1A shows a chromatogram of a synthesized
mixture of synthetic farnesenes (standard 8) and the simultaneously recorded responses of the
RNs. One marked strong response was dlicited by E,E-a-farnesene, whereas the two
structurally smilar compounds E-B-farnesene and Z,E-a-farnesene elicited only weak

responses. Spike analysis of the responses to the three compounds confirmed that they



originated from the same RN. Three of the four RNs were recorded together with another RN
type displaying different spike amplitude and waveforms. These neurons classified as RN

type 2, 3 and 4 respectively, are presented below.

RN type 2: E,E-Farnesol

One RN, recorded together with RN type 1 responded to aterpenoid eluted later than E,E-a-
farnesene when stimulated with ylang-ylang oil. GC-MS analyses indicated the active
compound to be E,E-farnesol. However, the RN was not retested with synthetic E,E-farnesol,
and further verification with authentic sample need to be carried out. This RN was classified
astype 2. Spike analysis of the recording showed that the responses to E,E-a-farnesene and

E,E-farnesol originated from two neurons with different spike amplitudes and waveforms.

RN type 3: E-#-Ocimene

Two RNs were classified as type 3. Both RNs were recorded together with RN type 1, also
including type 2 in one recording. They responded strongest to the terpenoid E-f-ocimene and
weaker by the structurally similar compound -myrcene. Both compounds were present in
the headspace sample of induced cotton. Recordings of RN type 3 were obtained from two

neurons.

RN type 4: 4,8,12-trimethyl-1,3,7,11-tridecatetraene (TMTT)

Two experiments showed a RN that responded when stimulated with the cartridge containing
the headspace sample of induced cotton. These RNs classified as type 4 appeared together
with RN type 1, 2 and 3 and responded during elution of the terpenoid TMTT when
stimulated with induced cotton viathe GC. Responses to other compounds were not obtained.

Figure 1B shows the responses of RN type 1 and RN type 4 to the GC-eluted compounds,
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E,E-a-farnesene and TMTT, respectively. Analysis of spike waveforms and amplitudes
showed that the responsesto TMTT and E,E-o-farnesene originated from two different RNs.
In spite of the structural similarity of these compounds, they did not show a secondary effect

on the other RNs.

RN type 5: Citronellol

A RN type was activated when stimulated with cartridges containing the essential oils of
clove bud, clove and cinnamon. Injection of these essential oilsin the GC showed that a
compound with the retentiontime of citronellol (Figure 2A) activated the RN. Furthermore,
injection of synthetic citronellol verified that this RN type responded to citronellol.
Altogether, three RNs responded to the terpenoid citronellol and these RNs were classified as
RN type 5. Responses to citronellol were demonstrated eight times when stimulating via the
GC-SCR when stimulating with essential oils and synthetic compounds. No responses were
obtained to the other plant compounds present in the material tested viathe GC (Table 2).

Unfortunately, headspace samples were not tested on this RN type.

RN type 6: Eucalyptol

One RN responded to the essential oils of peppermint, ylang-ylang and cinnamon during
direct stimulations with cartridges. Injection of peppermint essential oil in the GC followed by
GC-MS analysis showed that the RN was activated by eucalyptol. Further tests by injection of
ylang-ylang and cinnamon essential oils confirmed the response to eucalyptol. High
concentration of eucalyptol in peppermint oil elicited a long lasting response, as compared to

the weak responses to the low concentration present in the essential oils of cinnamon and

ylang-ylang.
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RN type 7: y-Terpinene

One RN was excited when stimulated with cartridges containing the essential oil of
peppermint and cinnamon. Injection of peppermint essential oil in the GC-column elicited
three responses, the strongest to y-terpinene and weaker responses to 3-myrcene and [3-
phellandrene. In addition, this RN responded weakly to a-phellandrene when stimulated with

cinnamon essential oil and standard 1.

RN type 8: (+)-trans-Verbenol

One RN responded when stimulated with a cartridge containing the standard 1. Stimulation
viathe GC showed that the response was to (+)-trans-verbenol. In addition, weak responses
were obtained to racemic linalool, methylbenzoate and an unknown compound (trace amount)
present in the standard 1. This RN was located together with a RN tuned to linalool (type 11).
Separation of activity originating from the two cell types was based on analysis of spike

waveform and amplitude.

RN type 9: Fenchone

The RN classified astype 9, responded to stimulation with a cartridge containing the essential
oil of fennel. Screening with the other essential oils, headspace samples and synthetic
standards did not activate this RN type. Stimulation viathe GC showed that the RN responded
to the eluent of a compound present in high amounts in the fennel oil (Figure 2B). This peak
was later identified as fenchone using GC-MS. This RN type appeared in two recordings, both
showing weak responses to the high concentrations of fenchone in the fennel oil suggesting

that fenchone is not the primary odorant for this RN type.
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Aliphatics

RN type 11: (32)-Hexenyl acetate

Responses were obtained when stimulating a RN type with cartridges containing the essential
oil of ylang-ylang. In addition, the RN responded to the stimulation with standard 2. Injection
of ylang-ylang oil and standard 2 in the GC resulted in responses to the compound identified
as (32)-hexenyl acetate. Two RNs responded best to the aiphatic (32)-hexenyl acetate and
were classified as RN type 11. This RN type was stimulated fifteen times via the GC, showing
secondary responses to hexyl propanoate and (2E)-hexenyl acetate present in standard 6 and 7
(Table 1), respectively. RN type 11 showed a narrow tuning by responding only to three
compounds out of more than 40 structurally smilar odorants (aliphatics) that were tested,
present in standards 2, 5, 6 and 7 (Table 1). Figure 3 shows responses of one RN when tested

for three standards that contained the three compounds.

RN type 12: (2E)-Hexenal

A RN responded when stimulated with cartridges containing headspace sample of A. thaliana
CV, standard 2 and standard 7. Injection of the standards in the GC showed that the RN type
responded to (2E)-hexenal, while a second compound (trace amount) present in the headspace
sample of A. thaliana also activated the RN. The RN was stimulated eight times via the GC,
showing a narrow tuning by exclusively responding to two of the numerous odorants present
in the test mixtures (headspace sample of A. thaliana, standard 2, 5, 6 and 7). The second
compound activating the RN type was present in a headspace sample of A. thaliana, but only
In trace amount that did not allow identification by GC-MS. Figure 4 shows response by the
RN to (2E)-hexena when stimulated with standard 2 viathe GC. The response frequency

increased with increasing concentration of the GC-peak, then rapidly decayed and stopped
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firing for 10 s after the GC-peak (Figure 4A). This unusually long lasting silence was

repeatedly obtained in this RN after stimulation with (2E)-hexena viathe GC.

RN type 14: 3-Octanone

Two RNs classified as type 6 were activated by the aliphatic 3-octanone (Figure 4B). These
RNs appeared in the same recordings as another RN type responding to linalool (type 10),
previously presented in Ulland and others 2006. The RN showed no responses to the
numerous other compounds present in the headspace samples, standards or to the synthetic
test compounds (Table 2). Separation of the spikes originating from RN type 14 and the

linalool type was based on analysis of spike waveforms and amplitudes.

Aromatics

RN type 15: p-Methylanisole

A RN type co-located with RN type 10 responded to stimulation with cartridges containing
essentia oil of ylang-ylang. Stimulation via the GC showed that the RN type responded to the
aromatic p-methylanisole present in the ylang-ylang oil. Later, the responses to p-
methylanisole were verified by stimulation with synthetic p-methylanisole. Stimulation with
the isomers o-, and m-methylanisole viathe GC did not activate the RN. These RNs were
detected two times and was classified as RN type 15. The RNs responded relatively weak,
only showing a response of 20 spikes/s when stimulated with approximately 0.5 pg of the

compound viathe GC.

RN type 16: o-Methylanisol

Stimulation with cartridges containing essential oil of ylang-ylang and a blend of synthetic o-,

p- and m-methylanisole activated two RNs. One of these RNs was activated by o-
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methylanisole and p-methylanisole, while the other RN was only activated by o-
methylanisole. In al cases, the RNs responded with a weak response (10-20 spikes/s) to 0.05-
0.5 pg of the activating compound when stimulated via the GC. Based on the recordings
obtained so far, we classify these RN as type 16. Due to the few recordings obtained in this
RN type, it is difficult to determine which of the two compounds that activate this RN type

strongest.

RN type 17: Anethole

Two RNs responded when stimulated with cartridges containing essential oils of clove bud,
cinnamon and peppermint. Injection of the essential oils of fennel and clove bud in the GC
showed that the neurons were activated by the aromatics anethole (Figure 5A) and eugenol
(Figure 5B), with the strongest response to anethole. However, the responses were elicited by
high concentrations of both compounds, somewhat stronger response to anethole present in

largest amounts.

RN type 18: Indole

In three experiments, a RN responded to the aromatic indole when tested by direct stimulation
(stimulusload 0.1 pg).When injecting standard 4 containing indole in the GC-column,
responses to indole were only obtained for one neuron. The RN showed no responses to the

other compounds present in standard 4. This RN type was classified as type 18.

Iso- and thiocyanates
RN type 20: Butyl Thiocyanate
A single neuron was recorded that responded to the compound butyl thiocyanate and this

neuron was classified as RN type 20. However, only aweak response was obtained to the
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relative high amount of the GC-eluted compound. This RN type did not show responses to

other compounds tested present in standard 10.

RN type 21: Phenyl Isothiocyanate

When screening a cartridge containing standard 10, a response of a RN was recorded.
Injection of the standard in the GC showed that the RN responded to the compound phenyl
isothiocyanate. This RN type was classified as RN type 21. The response was reproduced
three times by injection of this standard in the GC. The specificity of the neuron was
demonstrated by no responses to the other six compounds present in standard 10 or to other

compounds present in the test material.

RN type 10: (R)-(-)-Linalool, RN type 13: GLV, RN type 19: Methylsalicylate.
These three RN types have previoudy been described in detail by (Ulland et al., 2006) (RN
type 10) and Ulland et al. (man. in prep.) (RN type 13 and 19). These RNs are included in

Table 2, in order to give an overview of the RN types detected in M. brassicae.
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Discussion

Together with two previously described RN types, the present results, functionally describing
19 types of olfactory RNsin M. brassicae, give information about which plant odorants are
biologically relevant and how narrowly the 21 types of RNs are tuned to these odorants. By
repeated responses of a RN to the same odorant when stimulating via the GC with headspace
samples, essentia oils and synthetic compounds, the high reproducibility of the results was
demonstrated. Thus, the responses of RNs only appearing once (RN type 1, 7-10, 13, 20 and
21) can be considered reliable and indicate that these RNs belong to a particular type. Their
rarely appearance may reflect a small number of this population of RNs on the antennae.
Other RNs, appearing up to 12 times and showing the same molecular receptive ranges as
well as ranking of the odorants according to stimulatory effects, have been classified as one
type. The consistency of the MRR within one type is in accordance with the findings in
molecular biological studies in vertebrates and insects, that one type of receptor proteinis
expressed in each olfactory RN (Krieger et al., 2002; Mombaerts, 2004; Stértkuhl and Kettler,
2001; Wetzel et al., 2001; Keller and Vosshall, 2003; Hallem and Carlson, 2004; Clyne et al.,

1999).

By testing via the GC headspace samples of host plants like B. napus and B. oleracea, as well
as of non-host plants, the aim was to identify among hundreds of plant produced compounds
as many as possible of the relevant odorants and RN typesin M. brassicae. However, the
number of 21 RN types so far found is much less than might be expected. Considering the
number of glomeruli (67+1) in the antennal lobe of this species (Rospars, 1983) and the fact
that RNs of each type project in only one or two specific glomeruli, one might assume a
number in the range of 30-60 RN typesin this species. Thus, in future experiments we may

find more plant odour RN types along this line. The question is why the number yet obtained
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was so low. In addition to alimited number of recordings, the plant samples may have been
lacking relevant odorants. We have recorded more than 70 RNs on the antennae of M.
brassicae that did not show responses to any of the odorants in the plant material tested.
Either the lack of responses by these neurons might be due to the low concentrations of the
various volatiles in the headspace samples from Brassica spp. and A. thaliana ecotypes, or
that the relevant odorants are not present in intact or mechanical cut materials of these host
plants. For instance, comparison of whole plants and macerated tissue has shown that many
compounds found in whole plants are missing in macerated tissue, and vice versa (Tollsten
and Bergstrom, 1988). In retrospect, we see that it would have been important to test samples
from plants with feeding larvae and flowers for obtaining induced compounds, a topic for
future experiments. Nevertheless, 21 RN types have been obtained, 19 typesin this study. The
RNs showed a narrow tuning to the activating odorants, by responding strongly to one
primary odorant (RN type 1-21) and weaker to alimited number of secondary odorants (RN
type 1, 3, 7-8, 10-11, 13, 16-17 and 19). These results on narrow tuning to one primary
odorant are similar to results obtained in heliothine moths and some weevils investigated with
the same method of GC-SCR as used in the present study (Restelien et al., 2005; Bichéo et
al., 2005b; Wibe et al., 1997). Some of the RNs described in the present study showed a low
sensitivity to the odorant identified from essential oils and synthetic compounds. Although we
have tested the RNs for numerous odorants present in the headspace samples, essential oils
and synthetic standards, it is possible that the primary odorants for these neurons were

lacking, meaning that the response was to a secondary odorant.

Among the 21 RN types classified in M. brassicae, some showed similar specificity as RNs

previously obtained in other species. Other RNs were unique by not being previously

characterized by GC-SCR. Particularly interesting are the latter RN types tuned to odorants
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that are typical for the host plant genus Brassica, like thiocyanates. Surprisingly, only two
RNs (classified as type 20 and 21) responded to butyl thiocyanate and phenyl isothiocyanate,
respectively. They may belong to a small population of plant odour RNs on the antennae. In
an earlier study, Rojas et al. (1999a) showed relative weak EAG responses to isothiocyanates
in M. brassicae, either indicating responses of a small population of RNs or that these
compounds might not be the relevant isothiocyanate. The role of a small population of RNs
may not be unimportant, but rather give a significant message about the specific host plant,
decisive for oviposition. Other RN types obtained for the first time in this study by the use of
GC-SCR include RN tuned to compounds that are more common in many plant species, like
E,E-farnesol (RN type 2), eucayptol (RN type 6), y-terpinene (RN type 7) and 3-octanone

(RN type 14).

In our laboratory, the use of the same test protocols alows us to compare RN types across
species of moths and weevils. Not only can we compare the cell types based on their primary
odorant, but also on basis of their secondary odorants. For instance, eucalyptol (RN type 6),
both (E2)-hexanal(RN type 12) and 3-octanone (RN type 14), and finally o-methylanisole
(RN type 16) are in Anthonomous rubi described as secondary odorants of RNs tuned to o-
pinene, (3Z)-hexenylacetate and (2E)-hexenylacetate, and p-methylanisole, respectively
(Bich&o et al., 2005a). The primary odorants of RN type 1, 3, 4, 8 and 13 also function as
primary odorants of RNs identified in heliothine moths. Further, the primary odorants of RN
type 10, 11, 15 and 19 are the same as the primary odorants of RNs identified in A. rubi. In
addition, a RN tuned to the terpenoid fenchone (RN type 9) is aso described in the weevil
Pissodes notatus F. (Biché&o et al., 2003). Interestingly, RNs tuned to the sesquiterpene E,E-a-
farnesene, E-B-ocimene and TMTT are found in three heliothine species (Heliothis virescens,

Helicoverpa armigera and H. assulta) and M. brassicae. Also the same response strength to

19



the different isomers (E,E-a-, E-B- and Z,E-a-) of farnesene were similar in the heliothine
moths as well asin M. brassicae. Weak responses to -myrcene by the E,-p-ocimene RN was
also similar in the three heliothine moths and M. brassicae, whereas TMTT did not show
responses to other compounds. Another interesting aspect of these RN types in the four moth
species was the colocalization in the same sensillum as they appeared in the same recording.
The fourth colocated RN E,E-a-farnesol was different in M. brassicae and the three heliothine
moth species having a fourth neuron tuned to geraniol responding weaker to citronellol
(primary odorant for RN type 5). The presence of similar RN types across different insect
species implies a strong conservation or reappearance of the RN types, independent of the
evolution of oligophagy and polyphagy. The three specific RN types within the same sensilla
in both M. brassicae and three heliothine moths give support to the hypothesisthat RNs are a

result of a conservation.

In addition to provide knowledge about the peripheral olfactory mechanisms, the present
results also indicate which odorants might be behaviourally important in M. brassicae. In
principle al primary odorants should be tested on the behaviour, which is a challenging task
consdering possible attractive or repulsive effects as well as ratio specificity. As abeginning,
single primary odorants might first be tested for attractive, repulsive or synergistic effects,
which has been made for methyl salicylate (Ulland et al., under revision Chemical Senses).
The responses of these field experiments showed that methyl salicylate inhibited oviposition
of mated M. brassicae females when added to dispensers on natural as well as artificial plants.
Thus, methyl salicylate should not be added to mixtures with other compounds for testing
attracting effects. Other behavioural studies of M. brassicae have been carried out in wind
tunnel experiments (Rojas, 1999a). Here compounds that elicited EAG-responses as well as

host plants (undamaged and damaged) were tested for attraction (Rojas et al., 2000; Rojas,
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1999b). Interestingly, mated M. brassicae females oriented toward (32)-hexenylacetate, o-
terpinene, 1,8-cineole (named eucalyptus in the present paper), chrysanthenone, camphor and
(2E)-hexanal, which include three primary odorants (RN type 6, 11 and 12) identified in the
present paper. Altogether, these behavioural studies are a good beginning for future tests with
blends of the primary odorants. In principle, the am is to identify the mixtures of odorants

that have the best attractive effects as well as repellents that inhibit oviposition.
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Figure 1 Gas chromatogram of a sample (upper trace) and the smultaneously recording of a
RN (trace below) A Injection of a mixture of farnesenes and the RN of type 1 responding to
three compounds. E-B-farnesene (secondary odorant), Z,E-a-farnesene (secondary odorant)
and E,E,-a-farnesene (primary odorant). The structural smilarity of the farnesene isomersis
shown to theright. B Injection of a headspace sample of induced cotton (G. herbaceumL.)
and the RN of type 4 responding to the compound TMTT. The co-located RN of type 1
responded weakly to E,E-a-farnesene present in the sample (trace amount). (inset) Separation

of RN types by analysis of spike amplitude and waveform.

Figure 2 Gas chromatograms (upper trace) and simultaneously recorded activity of a RN
(trace below). A Injection of essential oil of cinnamon and the response of a RN type 5 at the
retentiontime of citronellol. B Injection of an essential oil of fennel and the response of a RN

of type 9 to the eluent of fenchone.

Figure 3 Gas chromatograms of synthetic standard 2, 6 and 7 (upper trace) and
simultaneously recording of activity from a single RN (trace below) of type 12. The RN
responded at the retentiontimes of three different compounds: (32)-hexenyl acetate (primary
odorant), (2E)-hexenylacetate and hexyl propanoate (secondary odorants). The structurally

properties of the three compounds is shown (right, below).

Figure 4 Gas chromatogram of a sample (upper trace) and the simultaneously recording of a
RN (trace below) A Injection of standard 2 and the response of RN type 12 to (E2)-hexenal.
The RN showed a increased firing rate after stimulation with (E2)-hexenal and a rapid decay

at stimulus (GC-peak) offset followed by a silent period. (right) A trace of the recorded

24



activity showing the response characteristics of the RN. B The RN of type 14 responded to

the stimulation with 3-octanone.

Figure 5 Gas chromatograms of essential oils (upper trace) and simultaneously recorded
activity of aRN (trace below) of type 17. A The RN responded to the eluent of anethole
(primary odorant) present in the essential oil of fennel. B Injection of clove bud essential oil

and the response of the RN type 17 to the eluent of eugenol (secondary odorant).
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Figure 1
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Figure 2
A

RN type 5, Citronellol
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Figure 3

RN type 11, (3Z)-Hexenylacetate
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Figure 4
A

RN type 12, (2E)-Hexenal
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Figure 5

RN type 17, Anethole
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Abstract

Plants emit complex blends of volatiles, including chiral compounds that might be detected by vertebrates and invertebrates.
Insects are ideal model organisms for studying the underlying receptor neuron mechanisms involved in olfactory discrimination of
enantiomers. In the present study, we have employed two-column gas chromatography linked to recordings from single olfactory
receptor neurons of Mamestra brassicae, in which separation of volatiles in a polar and a chiral column was performed. We here
present the response properties of olfactory receptor neurons tuned to linalool. The narrow tuning of these receptor neurons was
demonstrated by their strong responses to (R)-(—)-linalool, the weaker responses to the (+)-enantiomer as well as a few struc-
turally related compounds, and no responses to the other numerous plant released volatiles. The enantioselectivity was verified
by parallel dose-response curves, that of (R)-(—)-linalool shifted 1 log unit to the left of the (S)-(+)-linalool curve. A complete
overlap of the temporal response pattern was found when comparing the responses of the same strength. Analysis of the spike
amplitude and waveform indicated that the responses to the two enantiomers originated from the same neuron.

Key words: enantiomeric discrimination, GC-SCR, Mamestra brassicae, olfactory receptor neurons, (R)-(—)-linalool

Introduction

Chiral recognition by receptors and enzymes is well demon-
strated in biochemical, pharmaceutical, and chemosensory
research. Many chiral odorants are perceived by humans
as different qualities and/or having different intensities
(Friedman and Miller, 1971; Leitereg et al, 1971; Pike
et al., 1988; Ohloff, 1994; Brenna et al, 2003), like
(R)-(—)-linalool which smells slightly different from (S)-
(+)-linalool, and has a much stronger intensity (Christoph
and Drawert, 1985). In contrast, the odor of other enan-
tiomers may not be distinguished by humans (Ohloff,
1994). The importance of enantiomers in olfaction is well
demonstrated in insects where optical configurations of
pheromone components may be critical and contribute to
population differences within species as well as to isolation
between species (Tumlinson et al., 1977; Birch et al., 1980;
Lanier et al., 1980; Hagaman and Carde, 1984; Wallner
et al, 1984). The presence of different olfactory receptor
neurons (RNs) for these enantiomers have been demon-
strated by extracellular recordings in several insect species
(Mustaparta et al, 1980; Hansen er al, 1983; Wojtasek
et al., 1998; Plettner et al., 2000; Nikonov and Leal, 2002).

Studies of herbivorous insects have also provided inter-
esting data on RN detection of chiral compounds emitted
by plants. Most interesting are the results obtained by the
use of gas chromatography (GC), employing chiral columns
linked to electrophysiological recordings from single olfac-
tory RNs [gas chromatography-single cell recording (GC—
SCR)] (Stranden et al., 2002, 2003a,b; Bichao et al., 2005b).
This is because chiral GC is a means of providing optically
pure compounds, which is a challenge when testing the effects
of enantiomers. In three related heliothine moths, the sesqui-
terpene germacrene D, consisting of two enantiomers, acti-
vates a major group of RNs (Restelien ez al., 2000a; Stranden
et al., 2003a). Stimulation with compounds eluting from a
chiral column have shown that all the RNs responding to this
compound in heliothine moths were tuned to (—)-germacrene
D that has a 10-fold stronger effect than the (+)-enantiomer.
A few other compounds of related structures had a weak ef-
fect. In the strawberry blossom weevil Anthonomus rubi, RNs
tuned to germacrene D were found to have a similar enan-
tioselectivity but differed in respect to other secondary odor-
ants (Bichdo ef al., 2005a). RNs tuned to linalool have been

© The Author 2006. Published by Oxford University Press. All rights reserved.
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found or indicated in several insect species, where linalool
may act as a host plant attractant or repellent (Hori, 1998)
or as a pheromone, or synergist to the pheromone (Ochieng
etal.,2002; Borg-Karlson et al., 2003). In addition, other RN
types tuned to plant odorants with a chiral center have been
reported in various insect species. However, these RNs have
not been tested with 100% pure enantiomers separated via
chiral GC columns. We here present results obtained using
GC-SCR with two different columns installed in parallel
to stimulate enantioselective RNs tuned to linalool in the
herbivorous moth species, Mamestra brassicae.

Materials and methods

Insects

Mamestra brassicae pupae were supplied by The Norwegian
Crop Research Institute, As, Norway. The sexed pupae were
stored in separate containers placed in climate chambers
(22°C, 14:10h light:dark photoperiod, onset of dark cycle
at 10:00 AM.). After eclosion, the adult insects were kept in
cylindrical containers with access to water containing sucrose
(5%). The age of adult insects used in the experiments ranged
from 2 to 14 days. Both sexes were used in the experiments.

Chemicals and headspace samples

Volatiles were collected from several plant species by using
a headspace technique (Byrne et al., 1975; Pham-Delegue
et al., 1989; Wibe and Mustaparta, 1996; Restelien et al.,
2000b). The plants were placed in a closed oven bag through
which purified air was sucked and led into glass tubes con-
taining the adsorbents (Tenax TA and Porapak Q, 1:1). The
air was purified by a filter of activated charcoal before the
intake to the bag, and the collection was carried out for
24 or 48 h. The trapped volatiles were eluted with hexane
and ethyl acetate (1:1) and stored in vials kept in a freezer.
The plant materials used for collecting volatiles were Brassica
oleracea, Brassica napus, and four ecotypes of Arabidopsis
thaliana. Table 1 gives an overview of the headspace sam-
ples, essential oils, standard mixtures, and single compounds
used to stimulate the RNs via the GC.

Direct stimulation via cartridges

Direct stimulation via glass cartridges was used for screen-
ing of RN sensitivity to the various samples of headspace
and other mixtures. Five microliters of each test sample
was applied to a filter paper placed inside the cartridge letting
the solvent evaporate before use. The RN was exposed for
the test sample by puffing air (8 ml/s) through the cartridge
and over the antenna. Direct stimulation via glass cartridges
was also used for determining dose-response curves. In these
tests, 100 pl of each dilution of linalool enantiomers (decadic
steps) was applied to a filter paper, and the solvent was evap-
orated by N, flow before inserting the filter paper into the
glass cartridge. This resulted in test tubes containing the

following amounts of linalool: 0.01 ng, 0.1 ng, 1 ng, 0.01 pg,
0.1 pg, and 1 pg. In dose-response experiments, using direct
stimulation, the tests started with concentrations below
the detection limit of the RN and continued toward higher
concentrations. Between the stimulations, the antenna was
exposed to a continuous flow (500 ml/min) of purified air.
The interstimulus interval varied from 30 s at low concentra-
tions to 3 min at high concentrations.

GC linked to single-cell recordings, GC-SCR

The insects were mounted in a Plexiglas holder, and the head
and antennae were stabilized with tape and wax as described
by Restelien et al. (2000b). Electrophysiological recordings
from single RNs were made by the use of electrolytically
sharpened tungsten microelectrodes; the recording electrode
placed into the base of a sensillum and the reference electrode
into the base of the antenna. The neurons were initially
screened for responses to mixtures of plant odors and single
compounds via cartridges. When responding, 0.5-1 pl of the
solution was injected into the column of the GC. The column
was equipped with a splitter at the end, leading half of the
effluent to the flame ionization detector (FID) and the other
half into a constant airflow (500 ml/min) blowing over the
insect antenna (Rostelien et al., 2000b). This made it possi-
ble, together with the simultaneous single-cell recording, to
determine which compounds in the mixture elicited the
responses. The spike rate and the gas chromatogram were
recorded using EAD software (Syntech, Netherlands), while
the spikes were recorded and stored using Spike2 software
(Cambridge Electronic Design Limited, Cambridge, Great
Britain). The GC was equipped with two columns of differ-
ent separation properties, installed in parallel (Stranden
et al., 2002). In the present experiments, we used a DBwax
[25 m, inner diameter (i.d.) 0.25 mm, film thickness 0.25 pum,
J&W Scientific, Agilent Technologies, Palo Alto, CA] and
a chiral column [25 m, i.d. 0.25 mm, octakis (6-O-methyl-
2,3-di-O-pentyl)-y-cyclodextrin (80% in OV 1701), Konig
et al., 1990]. Separation in the polar column was performed
with two different programs, the first and most frequently
used program starting at the initial temperature 80°C with
an increase rate of 6°C/min to 180°C and a further increase
rate of 15°C/min to 220°C. The second program was used to
achieve better separation of the compounds in some of the
headspace samples: performed from the initial temperature
50°C isothermal for 2 min followed by a 3°C/min increase to
180°C and a final increase of 15°C/min to 220°C. In the chiral
column, enantiomeric separation of linalool, dihydrolinalool,
and tetrahydrolinalool was optimal at the isothermal tempera-
ture 80°C. The FID temperature was set to 230°C for all pro-
grams. The GC was equipped with a cold on—column injector.

Spike analysis and cell classification

The spikes from RNs were analyzed using the Spike2 soft-
ware. Separation of the cell types in one recording was based
on differences in spike amplitudes and waveforms. The RNs



Table 1 Overview of the samples tested on each linalool RN via the two-GC columns

Enantioselective Linalool Receptor Neurons
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RN
no. |

RN

no.

RN
no. il

RN
no. IV

RN

no.

\

RN

no.

\

RN

no.

Vil

RN
no

VI

RN

no.

RN

no.

RN

no.

Xl

RN

no.

Xl

Test samples
Racemic linalool®
(S)-(+)-linalool®
Headspace/essential oils
Arabidopsis thaliana Cvi®
Arabidopsis thaliana Col®
Arabidopsis thaliana L
Arabidopsis thaliana Was®
Brassica napus©
Brassica oleracea“
Cinnamon essential oil®
Lemon essential oil®
Ylang ylang essential oil®
Synthetic compounds
Camphor®
Racemic citronellol
Racemic dihydrolinalool®
Linalyl acetate®
3-Octanone®
Racemic 1-octen-3-ol®
p-, m-, o—l\/Ie‘[hyIanisoIf
Racemic tetrahydrolinalool®
Standard 1
3,7-Dimethyl-1-Octanol
3,7-Dimethyl-1,6-Octanol
2,6-Dimethyl-2,7-Octadiene
Racemic citronellol
Dihydromyrcene
Myrcenol
Dihydromyrcenol
Geraniol
Myrcene
(2- and (E)-B-ocimene (1:1)
Standard 2

(2)- and (E)-p-ocimene (70 %)/

Limonene (25%)?
Camphor

Racemic linalool®
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Table 1 Continued

RN RN RN RN RN RN RN RN RN RN RN RN
no. | no. Il no. Il no. V. no.V no. Vi no. VIi no. VIl no.IX no.X no. Xl no. Xl
Methyl benzoate?
Isoborneol®
(+)-(F)-Verbenol®
Methyl salicylate9
Standard 3 1 — — — — — — — — — — —

(+)-3-Carene
Citral [Geranial and Neral (1:1)]
Benzylalcohol
Benzylcyanide

Indole

Numbers indicate how many times the stimulation was performed on the individual RNs.

Fluka, Buchs, Switzerland.
bBorg-Karlson, Royal Institute of Technology RIT, Stockholm, Sweden.

“Ulland, Norwegian University of Science and Technology, Trondheim, Norway.

9Norsk Medisinal Depot (NMD), Oslo, Norway.
€Aldrich, Steinheim, Germany.

fLancaster, Lancashire, UK.

9Merck, Darmstadt, Germany.

were classified according to which odorant elicited the stron-
gest response (primary odorant) as well as those having
weaker effects (secondary odorants).

Results
General response characteristics

Excitation and temporal response pattern

Out of 43 olfactory RNs recorded in M. brassicae females
and males, 12 neurons responded best to the plant volatile
linalool. The 12 RNs were obtained in six females and six
males. Altogether, the RNs were tested 89 times via the
GC (GC = 89), out of which 49 tests were performed on the
same neuron (Table 1, RN no. I). In 30 out of the 49 tests,
this neuron responded strongly to linalool present in the
various headspace samples of host and nonhost plants as
well as to synthetic linalool. In addition, the other RNs tested
repeatedly with samples containing linalool demonstrated
reproducibility of the responses, which appeared as increased
firing rate upon stimulation with linalool (Figure 1A). Three
other compounds elicited weaker responses in the most sen-
sitive neurons. No inhibition was observed. When stimulat-
ing via the GC, the firing rate of the RNs followed the
concentration profile of the active GC peak, regaining the
spontaneous activity within half a minute or a few minutes.
Responses to high concentrations elicited responses that
far outlasted the GC peak. Most of the 12 RNs showed
responses also to the solvents hexane and ethyl acetate.

Stimulation directly with linalool via cartridges, giving a fast
onset and more constant concentration profile, showed
a phasic-tonic response pattern. After stimulation with high
concentrations of linalool, the RNs showed adaptation
which might last for several minutes. Most recordings pre-
sented from the GC-SCR indicated activity of two or three
RNs responding to different compounds. The responses of
the RNs were distinguished based on spike analysis in the
Spike2 software. Similar amplitudes and waveforms of the
spikes were ascribed to the same RN.

Concentration dependency

Ten out of the twelve RNs responded to linalool at low con-
centrations. The threshold concentration for the most sensi-
tive neurons was approximately 0.5 ng of racemic linalool
when tested via the polar GC column. Dose-dependent ex-
citation was shown by stimulation with decadic increase of
concentrations over 5 log units. As shown in Figure 1B, the
most sensitive linalool RN displayed an approximately linear
increase of the firing frequency over the three highest concen-
trations (5 ng—0.5 ng), reaching a maximum firing rate of
more than 200 spikes/s. The temporal response pattern of
the same RN when stimulated with the three highest concen-
trations is shown in Figure 1C. The firing rate of the neuron
increased from the onset of the stimulus, that is, when the
GC peak appeared, reaching a maximum after 300-400 ms
at the peak of the concentration profile. During the high fir-
ing frequency of the strongest response, the spike amplitude
decreased below the noise level making spike counting
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Figure 1 Response characteristics of a single RN to stimulations with racemic linalool via the polar GC column. (A) Gas chromatogram of standard 1 (GC trace
above) and simultaneously recorded activity of the RN (trace below), showing response to linalool eluted at the retention time 11.29 min (left). Traces (10 s) of
the spontaneous activity and the response (right). Arrow indicates the start of the stimulation. (B) Dose-response curve indicating threshold concentration at
0.5 ng and an approximately linear increase up to 0.5 pg. (C) Temporal patterns of the responses to decadic increase of the concentration (0.5 ng—0.05 pg). The
stimulus period and relative concentrations of the GC peak is indicated above. Maximum firing rate appeared at about the same time after onset of the stimulus.
The decay of the strongest response was particularly prolonged. The sudden drop appearing at the maximum firing rate was caused by the decrease of spike
amplitudes, disabling spike counting in the Spike2 software. The dashed line indicates the real decay of the response.

difficult. This was the cause of the apparently rapid drop in
spike frequency in Figure 1C. Nevertheless, recovery of spike
amplitude showed that the actual spike frequency recovered
fairly quickly toward baseline levels, that is, to about 50% of
maximum within 5 s.

The molecular receptive range and enantioselectivity

Stimulation with compounds eluting from the polar column

The molecular receptive range was described by stimulat-
ing the neurons with headspace samples, essential oils, and

synthetic compounds via the polar GC column. Figure 2A
shows the gas chromatogram of the headspace sample of
the host plant B. oleracea var. italica and the simultaneously
recorded activity of a single RN. The response appeared at
the retention time of linalool (11.29 min), present in trace
amount below the detection limit of the FID. In addition,
weak responses to two other compounds appeared at the re-
tention times 12.47 and 14.07 min. The trace amount did not
allow identification of these two compounds by GC—mass
spectrometry. Responses during the elution of the large
amounts of the solvents (hexane and ethyl acetate) were
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Figure 2 Gas chromatograms of headspace samples of the host Brassica oleracea (A) and the nonhost Arabidopsis thaliana Cvi (B) separated in the polar
GC column (GC trace above). Below, simultaneously recorded activity of a single RN stimulated with the separated components, showing responses at the
retention time (RT) 11.29 min of linalool (trace amount). Two unidentified compounds present in B. oleracea elicited weak responses (retention times 12.47
and 14.07 min). Responses to the high concentrations of the solvents (hexane and ethyl acetate) also appeared. (C) Responses of the same RN (traces below) to
stimulation via the polar GC column (GC trace above) with synthetic material of racemic linalool, racemic tetrahydrolinalool, and racemic 1-octen-3-ol.

also obtained in this type of neuron of high sensitivity.
When stimulating with the headspace sample of 4. thaliana,
the most sensitive neurons responded during the elution
of the two solvents and at the retention time (11.29 min)
of linalool (Figure 2B). Also in this sample, the amount of
linalool was below the detection limit of the FID. Altogether,
six headspace samples of Brassica spp. and A. thaliana and
two essential oils were tested on this neuron, all eliciting
responses at the retention time of linalool. Racemic linal-
ool injected in the polar column elicited one strong response
to the linalool peak. Also, a weaker response to dihydrolina-
lool appeared before the elution of linalool. In addition,
weak responses were obtained to two structurally related
compounds, tetrahydrolinalool and 1-octen-3-ol (Figure
2C). The selectivity for linalool was further demonstrated
by no responses to the numerous other compounds present
in the standards and headspace samples tested.

Stimulation with compounds eluting from the chiral column

Eight of the twelve RNs (RN no. I, I, V, VIII-XII) were
tested with compounds eluted from the chiral column. All
of them showed enantioselectivity by responding stronger
to (R)-(—)-linalool than to (S)-(+)-linalool. Approximately
a 10-fold stronger effect of the (—)-enantiomer than of
(S)-(+)-linalool was found for all eight neurons. This is illus-
trated for RN no. I in Figure 3A where the concentrations
0.05 pg of (R)-(—)-linalool and 0.5 pg of (S)-(+)-linalool
elicited the same firing frequencies. Analysis of the spikes
of the two responses showed similar amplitudes and wave-
forms, indicating that they originated from the same neu-
ron. The 10-fold difference in stimulatory effect was also
shown by the dose-response curves obtained by direct stimu-
lation, the (R)-(—)-linalool curve shifted 1 log unit to the left
of the (S)-(+)-linalool curve (Figure 3B). Enantioselectivity
was also found for the responses to dihydrolinalool and
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Figure 3 (A) Responses of a single RN (traces below) to enantiomers of linalool during elution from a chiral GC column (GC traces above) (left). The responses
elicited by solutions with different enantiomeric ratios show about 10 times higher effect of (R)-(—)-linalool than (S)-(+)-linalool. Traces of the spontaneous
activity and the responses to the enantiomers (right). Arrows indicates the start of the stimulations. Overlapping spike waveforms and amplitudes indicated that
the responses originated from the same RN. (B) Dose-response curves for linalool enantiomers obtained by direct stimulation with two samples, one containing
96% (S)~(+)-linalool and the other 97% (R)-(—)-linalool, verified a 10-fold stronger effect of (R)-(—)-linalool. (C) Responses of the RN (traces below) to synthetic
racemic dihydrolinalool and racemic tetrahydrolinalool eluted from the chiral GC column (GC trace above) shows a marked stronger response to one of the
enantiomers (the sequences of the enantiomers are unknown). (D) A complete overlap of the temporal patterns of the responses to 0.05 ug (R)-(—)-linalool and

to 0.5 pg (S)-(+)-linalool is shown.
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tetrahydrolinalool by two RNs (RN no. I and XII) stimu-
lated with the compounds eluted from the chiral GC column
(Figure 3C). However, the elution sequence of these enan-
tiomers in the chiral column is not known. Comparison of
the responses to 0.05 pg (R)-(—)-linalool and to 0.5 pg
(S)-(+)-linalool showed complete overlap of the temporal
response pattern (Figure 3D).

Discussion

Discrimination between odors is based on the presence of
a large number of olfactory receptor protein types, each ex-
pressed in subsets of sensory neurons, as shown in various
vertebrates and insects (Buck and Axel, 1991; Clyne et al.,
1999; Krieger and Breer, 1999; Mombaerts, 1999; Vosshall,
2001). The convergence of axons belonging to one subtype in
one or two specific glomeruli in the primary olfactory center,
the olfactory bulb in vertebrates, and antennal lobe in insects
further elucidate the principle called “the molecular logic of
smell” (Axel, 1995). Depending on the tuning of the recep-
tors, the information about one compound may be mediated
by one or several types of RNs resulting in activation of one
or more glomeruli. Among the olfactory RN types recorded
in M. brassicae, the neurons tuned to linalool constituted the
largest group. They all showed similar functional character-
istics, indicating that M. brassicae detect linalool by one type
of RNs that has a narrow tuning to (R)-(—)-linalool. This
RN type is 10 times more sensitive to (R)-(—)-linalool than
to (S)-(+)-linalool and show the same temporal response
pattern to the two enantiomers. It suggests that M. brassicae
perceive the odors of these enantiomers as similar quality but
with different intensity. Although RNs tuned to (S)-(+)-
linalool have not been found in this species, we can not ex-
clude the possibility that they might be present among the
large number of olfactory RNs responding to plant odors,
for example, indicated by the numerous ordinary glomeruli
(67 = 1) in the antennal lobe of this species (Rospars, 1983).
It is also possible that the two enantiomers of linalool have
differential effects on RNs tuned to other compounds, re-
sulting in different across-glomerular stimulation patterns
and behavioral discrimination. In another insect species,
the strawberry blossom weevil A. rubi, two types of linalool
RNs have been described, one tuned to the (S)-(+)-linalool
and the other to the (R)-(—)-linalool, both showing consid-
erably lower sensitivity to the opposite enantiomer (Bichao
et al.,2005b). So far, the results obtained in these two species
indicate that the strawberry blossom weevil may easily dis-
criminate between the two enantiomers, whereas M. brassi-
cae may perceive these odors as being of the same or similar
quality. How the information about the two enantiomers
is represented by specific glomerular activation is not
known in these species. However, in another species of moths
Manduca sexta, two specific glomeruli have been identified
that receive enantioselective information about linalool
(Reisenman et al., 2004). According to these results, M. sexta

certainly possesses at least two populations of RNs that
discriminate linalool enantiomers. In fact, another study
of linalool responding RNs of M. sexta showed individ-
ual variations of the molecular receptive ranges when
directly stimulated with numerous selected compounds
(Shields and Hildebrand, 2001). It would be interesting
to test these neurons by GC-SCR and with the same pro-
tocol as in M. brassicae, for comparison of specificity and
enantioselectivity.

Linalool is a typical floral constituent produced in a wide
range of plants. It is synthesized via a condensation of di-
methyl allyl pyrophosphate and isopenthyl pyrophosphate
to geranyl diphosphate (GPP) and converted to linalool in
a reaction catalyzed by linalool synthase, which is enantio-
selective (Dudareva et al., 1996; Cseke et al., 1998). Both
enantiomers of linalool are present in many plant species,
but in a few species only one of them is present (Borg-
Karlson et al., 1996; Casabianca et al., 1998). Each inflo-
rescence can produce its own specific composition of the
enantiomers (A.-K. Borg-Karlson, unpublished data). It is
not known whether M. brassicae moths uses a narrow or
a broad range of flowering plants for nectar feeding, but
their larvae are particularly associated with plants of the
genus Brassica (Skou, 1991). The enantiomeric ratio of lin-
alool released by these host plants has previously not been
reported and was not investigated in the present study
by separating headspace samples in the chiral column.
However, in A. thaliana (Columbia ecotype) of the same
family, Brassicaceae, a larger amount of (R)-(—)-linalool
than (S)-(+)-linalool is emitted (ratio 2:1) (Chen et al,
2003). Furthermore, a gene coding for a protein involved
in catalyzing GPP to pure (S)-(+)-linalool has been identi-
fied, which implies that there is also a particular gene coding
for the (—)-enantiomer. Emission of linalool in A. thaliana
(Columbia ecotype) is shown exclusively from the flowering
parts, and the release is continuous with no indications
of induction by stress (J. Gershenzon, personal communi-
cation). If Brassicaceae plants have a similar distribution
of linalool enantiomers, we may assume that M. brassicae
uses (R)-(—)-linalool as a cue in the nectar feeding and
not in the oviposition. In fact, in wind tunnel experiments,
mated M. brassicae females did not show upwind flight to
stimulation with linalool (Rojas, 1999).

Important in demonstrating enantioselectivity of RNs
is to obtain an optimal separation in the chiral GC column.
This is in order to make the sensory neurone able to recover
enough from adaptation to the first eluted enantiomer be-
fore stimulated with the second one, which was the case in
the present study. The RN responded to (S)-(+)-linalool
although it eluted after the stronger response to (R)-(—)-
linalool. The 10-fold difference of the stimulatory effect of
the (—)- and (+)-enantiomers also demonstrated by direct
stimulation corresponds to what is found in other enantio-
selective plant odor RNs in insects when stimulated via the
chiral GC column (Stranden et al., 2002, 2003a; Bichao et al.,



2005a). The molecular properties of enantiomers are inter-
esting in considering odor-receptor interactions. The present
results show that the chiral center at carbon 3 in the linalool
molecule is important in the interaction with the receptor of
M. brassicae. The molecule with hydroxyl group in R con-
figuration at carbon 3 in combination with the allylic double
bond elicits the highest response, followed by the S config-
uration. A similar ratio of the stimulatory effect can be as-
sumed for the corresponding configurations of the weaker
stimulants dihydrolinalool and tetrahydrolinalool, for which
the sequence of elution is not known. When stimulating
with the smaller molecule, 1-octen-3-ol, lacking both of the
methyl groups at carbon 3 and 7, the response is even more
reduced. Speculations about the binding between the recep-
tor protein and the linalool enantiomers are difficult without
knowing the amino acid sequence of the binding area of
the receptor protein.

Because the linalool enantiomers are common in many
plant species, it would be interesting to know the enantio-
selectivity of the receptors in insects of different genera and
families as well as in vertebrates. Based on this, it might be
possible to figure out why the receptors for detecting these
enantiomers have evolved similar or different specificities
across species and why some species have one and others
have two types of enantioselective linalool receptors.
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Abstract

The cabbage moth, Mamestra brassicae L. (Lepidoptera, Noctuidae), is a polyphageous
species that is often choosing plants of Brassica as hosts for oviposition. In the search for
biologically relevant odorants used by these moths, gas chromatography linked to
electrophysiological recordings from single receptor neurons has been employed, resulting in
classification of distinct types of neurons. This study presents specific olfactory receptor
neurons responding to methyl salicylate as primary odorant, and showing a weak response to
methyl benzoate; the two aromatic compounds occurring together in several plant species. In
two cases the neuron was co-located with another receptor neuron type responding to six
green-leaf volatiles: 1-hexanol, (3Z)-hexen-1-ol, (2E)-hexen-1-ol, (3Z)-hexenyl acetate, (2Z)-
hexen-1-ol and an unidentified compound. Whereas the specific receptor neurons detected the
minor amounts of methyl salicylate in some plants, the compound was not found by gas
chromatography linked to mass spectrometry in intact plants, but it was found after herbivore
attack. The behavioural effect of methyl salicylate was studied in outdoor test arenas with
Brassica napus and artificial plants. These behavioural experiments indicated that mated
Mamestra brassicae females avoid plants with dispensers emitting methyl salicylate. As it is
induced by caterpillar feeding, this compound may mediate a message to mated Mamestra

brassicae females that the plant is already occupied.



Introduction

Olfactory receptor neurons (RNs) in herbivore organisms may have evolved to detect volatiles
that are specifically produced by certain species of host plants or that are widely present in
many families of plants. In several species of moths, weevils and beetles, distinct types of
olfactory RNs have been found using gas chromatography linked to electrophysiological
recordings from single RNs (Rgstelien et al., 2000; Stranden et al., 2003a; Stranden et al.,
2003b; Rgstelien et al., 2005; Bichio er al., 2005a; Bichao et al., 2005b; Ulland et al., 2006).
The results have demonstrated RNs of polyphagous as well as oligophagous insects, which
respond to compounds present in a wide range of plant species. However, each of the neuron
types has appeared with a relatively narrow molecular receptive range, by strongly responding
to one primary odorant and weaker to a few structurally similar compounds, termed secondary
odorants (Rgstelien et al., 2000). In the related heliothine moths, the same functional types of
RNs have been found in the polyphagous moths, using a broad range of plants in
monocultures (cotton, corn, tomato, maize, etc.) and in oligophagous species, preferring a
more narrow range of host plant within the family Solanaceae. In this context, one may ask
whether other moth species, like Mamestra brassicae, preferring different plant species as
hosts, may have evolved olfactory RNs detecting different odorants used in their orientation
toward suitable host plants.

Plant defence can be either “constitutive” or “induced”; constitutive defences meaning
that the compounds are continuously produced, stored in specialized structures, and released
upon attack. Induced defences on the other hand can be triggered by herbivore or pathogen
attack (Paré and Tumlinson, 1999; Gouinguené and Turlings, 2002). Induction and release of
volatile compounds can also be triggered by abiotic factors, such as UV radiation, ozone and
temperature (Johnson et al., 1999; Pichersky and Gershenzon, 2002; De Moraes et al., 2004).
An example of a well known compound to be induced is the aromatic compound

methylsalicylate (MeS), which is shown to be induced upon attack by herbivores in several



plant species (Van den Boom et al., 2004; Chen et al., 2003; van Poecke et al., 2001; Bichdao
et al., 2005b). It is also shown that plants can emit specific blends of volatiles that differ
depending on the attacking species, even closely related species as shown for Heliothis
virescens and Helicoverpa armigera (De Moraes et al., 1998). Altogether, insects in search
for a suitable host plant needs to unravel the vast amount of non-relevant and relevant
components released by plants. The challenge is met by the use of a highly sensitive and
specialised olfactory system.

The cabbage moth, M. brassicae, is widespread around the world, and is common in
the southern parts of Norway. The species overwinters as prepupae in the soil close to its host
plant. From mid-June to August the adults emerge and after mating the females start searching
for a host plant. M. brassicae is polyphagous and survives on many species of plants, and the
caterpillars are often associated with host plants of the genus Brassica (CAB International,
2005; Skou, 1991). Feeding by the caterpillars causes severe damage on the plants, mostly
due to chewing and fouling rather than the amount of plant tissue eaten (CAB International,
2005). Plant production in agriculture has been dependent on insecticides for over half a
century. The undesirable side effects of many of these insecticides have led to the current
focus on research on other methods of protecting plants from insect pests. Thus, identification
of biologically relevant odorants provides key compounds to be included in integrated control
of herbivorous pest insects. As with other herbivorous moths, the important olfactory cues
used by M. brassicae include pheromones and plant odours. Whereas the limited number of
compounds produced by female moths makes the pheromone blend relatively simple to
resolve, it is much more complicated to identify the broad range of numerous plant-produced
volatiles that are detected by the olfactory RNs. In M. brassicae, specific tuning of single RNs
to the female-produced sex pheromones are well described (Renou and Lucas, 1994). Studies
on the specificity of the plant odour RNs, including tuning to induced compounds, have just

started by using gas chromatography linked to single cell recordings (GC-SCR). In a previous



study, we presented one RN type in M. brassicae tuned to linalool (Ulland et al., 2006). In the
present study we ask whether M. brassicae has other RN types specifically tuned to plant
odorants, systemically produced or induced by herbivory. We here present two types of plant
odour RNs, one tuned to methylsalicylate (MeS) and the other to green leaf volatiles (GLV).
The behavioural effect of MeS was tested in a field bioassay. The results indicated that MeS

has an inhibitory effect on the oviposition of mated M. brassicae females.



Materials and methods

Electrophysiological experiments

Insect material
M. brassicae pupae were from our cultures at The Norwegian Institute for Agricultural and
Environmental Research, As, Norway. The sexed pupae were stored in separate containers

placed in climate chambers (22 C, 14:10 light:dark regime, onset of dark cycle at 10 a.m.).

After eclosion, the adult insects were kept in cylindrical containers (approximately 1350 cm’)
with access to water containing sucrose (5%). The age of adult insects used in the experiments

ranged from 3-15 days. Both sexes were used in the experiments.

Headspace samples and synthetic compounds

Volatiles were collected from several plant species using a headspace technique (Byrne et al.,
1975; Pham-Delegue et al., 1989; Rgstelien et al., 2000). The plants were placed in a closed
oven bag (Look”) through which purified air (flow below 40 ml/min) was passed into glass
tubes containing the adsorbents Tenax TA and Porapak Q (1:1). The air was purified by a
filter of activated charcoal before the intake to the bag, and the collection was carried out for
24 or 48 hours. The trapped volatiles were eluted by filling the glass tube with the solvent
(hexane and ethyl acetate, ratio 1:1) and leading it drop by drop into different vials that were
stored in a freezer. The plant materials used for collecting volatiles were Brassica oleracea
(L.), Brassica napus (L.) as well as the related species Arabidopsis thaliana, a potential host
of M. brassicae. With the known genom and pathways of biosynthesis, A. thaliana was
considered as an interesting species as concerns relevant volatiles. Synthetic material of MeS
(99%) and other compounds was also used to stimulate the RNs. Table I gives an overview of

the plant material from which volatiles were collected as well as the tested synthetic



compounds, standards and essential oils. The concentrations of all synthetic compounds tested

alone as well as those constituting the standards were 1 pg/ul.

Direct stimulation via cartridges

Direct stimulation via glass cartridges was used for screening the RNs for sensitivity to the
various headspace samples of plants, essential oils and synthetic mixtures. A five-ul dilution
of each sample (1 pug/ul) was applied to a filter paper placed inside the cartridge, letting the
solvent evaporate before use. The RN was exposed for the test sample by puffing air (8 ml/s)
through the cartridge and over the antenna. Direct stimulation via glass cartridges was also
used for determining dose-response curves. In these tests, 100 ul of each MeS solution diluted
in decadic steps was applied to a filter paper. The solvent was evaporated by N, flow before
inserting the filter paper into the glass cartridge. In dose-response experiments, the tests were
performed from low to high concentrations (range 0.12 ng to 1.2 pg on each filter paper).
Between stimulations, the antenna was exposed to a continuous flow (500 ml/min) of purified
air. The inter-stimulus interval varied from one minute at low concentrations to seven minutes

at high concentrations.

Gas chromatography linked to single cell recordings, GC-SCR

The insects were mounted in a Plexiglas holder and the head and antennae were stabilized
with tape and wax as described by Rgstelien et al. 2000. Electrophysiological recordings from
single RNs were made by the use of electrolytically sharpened tungsten microelectrodes; the
recording electrode placed into the base of an olfactory sensillum and the reference electrode
into the base of the antenna. The neurons were initially screened for responses to the mixtures
of plant odours and single compounds via cartridges. Each sample consisted of 0.5-1 ul of the
solution, which was injected into the column of the gas chromatograph (GC). The column was

equipped with a splitter at the end, leading half of the effluent to the flame ionization detector



(FID) and the other half into a constant airflow (500 ml/min) blowing over the insect antenna
(Rgstelien et al., 2000). This made it possible, together with the simultaneous single cell
recording, to determine which compounds in the mixture elicited the responses. The spike rate
and the gas chromatogram were recorded using EAD software (Syntech, Netherlands), while
the spikes were recorded and stored using Spike2 software (Cambridge Electronic Design
Limited, Cambridge, Great Britain). The GC was installed with a polar column [DBwax, 25
m, inner diameter (i.d.) 0.25 mm, film thickness 0.25 um, J&W Scientific]. Separation in the
polar column was performed with two different programs, the first and most frequently used
program started at an initial temperature of 80°C with an increase in rate of 6°C/min to
180°C, and a further increase in rate of 15°C/min to 220°C. The second program, used to
achieve better separation of the compounds in some of the samples, was performed from the
initial temperature of 50°C isothermal for 2 min followed by a 3°C/min increase to 180°C,
and a final increase of 15°C/min to 220°C. The FID temperature was set to 230°C for all

programs. The GC was equipped with a cold on-column injector.

Spike analysis and cell classification

The spikes from RNs were analysed using the software Spike2. Separation of the cell types in
one recording was based on differences in spike amplitudes and waveforms. The RNs were
classified according to which odorant elicited the strongest response (primary odorant) as well

as those having weaker effects (secondary odorants).

Identification of MeS in headspace of cabbage plants.

The Solid Phase Micro Extraction (SPME) technique (Pawliszyn, 1997) was used to collect
volatiles released from individual potted cabbage plants (B. oleracea var. capitata L.), bearing
6 — 7 leaves. The collection lasted for 24 hours and it was carried out under laboratory

conditions at 20:4 h light:dark regime. Two 400W metal halide lamps (Philips HPI-T Plus)



were used as the light source. The temperature was kept at 26 + 2 °C during the photophase
and 24 =+ 2 °C during the scotophase. The aboveground part of the plant was placed into a
glass jar. At the bottom, the jar was closed by folding-plates covered with aluminium foil to
prevent soil odours from entering the jar. Before the collection periods, the routine
conditioning of the SPME fibre (100 mm polydimethylsiloxane) was done at 225 °C for about
10 min in a GC injector. The tip of the syringe with the cleaned fibre was then placed in the
jar through the inlet hole, which was covered by aluminium foil. Volatiles were collected
from five individual healthy plants and five caterpillar-wounded plants (B. oleracea var.
capitata L.). Three Pieris napi (L.) caterpillars of about 8 mm body length were allowed to
feed on each plant for 48 hours, and afterwards they were removed from the plant just before
sampling. Volatiles were analyzed by means of a Varian 3400 gas chromatograph (GC),
connected to a Finnigan SSQ 7000 mass spectrometer (MS). A SPB-1 and DB-Wax silica
capillary column (30 m, i.d. 0.25 mm, film thickness 0.25 pm, J & W Scientific) was used
with a temperature program of 40°C (1 min), increased by 4 °C/min to 200°C, then by 10
°C/min up to 230°C and thereafter held isothermally at 230 °C for 6 min. The split/splitless
injector temperature was 225 °C and the splitless period lasted for 60 s. Helium was used as
the carrier gas, with an inlet pressure of 70 kPa. Electron ionization mass spectra were
determined at 70 eV with an ion source at 150 °C. MeS was identified by comparison of mass
spectral data and GC-retention times of volatiles with the corresponding data of a synthetic

standard.

Behavioural experiments

The behavioural experiments were carried out during three separate periods (June 2004,
August 2004 and June 2005) at As, Akershus, in southern Norway. All experiments took
place in outdoor test arenas, consisting of aluminium-framed cages (2x2x2m) covered with

plastic mesh (Figure 1). Experiments were performed in three arenas simultaneously. Real



plants of B. napus var. napobrassica (L.) Wilhelmsburger and artificial plants were used
separately. The artificial plants, made from paper (four leaves) were placed over a black pot.
The test odorants, diluted in hexane (0.15 mg/ul), were applied on a small piece of towel
inserted into a 6 mm piece of rubber tube [outer diameter (0.d.) 0.75 mm, 1.d. 0.30 mm]. To
each of these “test dispensers”, 3 ul of the odour solution was added and the hexane was
allowed to evaporate before starting the experiment. The release rate of the test odorants (50-
100 ng/hour) was measured by collecting a headspace sample of the “test dispenser” by the
use of SPME. In all experiments, we used eight plants in each arena. Four of the plants were
supplied with a test dispenser while the remaining four served as control plants with empty
dispensers. The eight plants were placed in a circle on the floor of the arena in a randomized
order; e.g. in one arena, every second plant was a control and in the second and third arena
two test and two control plants were placed side by side. Prior to the main experiment we
carried out pilot experiments testing four different compounds, including MeS, in each arena.
Individual plants were supplied with a test dispenser containing one of the compounds. In the
main experiments, we only used test dispensers containing MeS. Before, as well as during the
experiments, female and male M. brassicae were allowed to mate and drink sucrose water.
We used up to 20 insects in each arena, more than half of them being females. Each

experiment started shortly before dusk and ended the following morning.

Data analysis
The number of eggs was counted at the end of each experiment. Only eggs oviposited on the
plants were included in the data analysis. The number of eggs on the test plants and the

control plants was analysed using the Wilcoxon matched pair test.
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Results

Electrophysiology

RN responding to MeS

Out of the 43 olfactory RN classified according to the compounds influencing their activity,
six responded to the aromatic MeS. These neurons were tested in total 13 times via the GC
(GC = 13) with various headspace samples of plants (Figure 2A) as well as synthetic MeS
present in standard 1 (Figure 2B). No differences were noticed between RNs obtained in
females and males. The recordings demonstrated high reproducibility of the responses, which
appeared as increased firing rate. We did not observe any indications of inhibition, by reduced
firing rate or stop of firing as responses to an eluted compound. The selectivity of the RNs
appeared by a strong response to MeS (primary odorant) in headspace samples as well as in
the standard and a weak response to the aromatic methyl benzoate (MB) (secondary odorant)
in the standard. The amounts of MeS and MB in all headspace samples were below the
detection limit by the FID. Two other, unidentified compounds (retention times 10.51 min and
15.01 min) present in A. thaliana, one of them also present in B. oleracea (retention time
15.01 min), activated the RN presented in Figure 2A. However, they had a lower effect than
MeS that elicited a response of 25 spikes/s at the trace amount, below the FID detection limit.
In comparison the larger amounts of the unidentified compounds appearing in the gas
chromatogram elicited a weaker response of ~20 spikes/s, suggesting a role as secondary
odorants. Another MeS RN tested for the headspace sample of A. thaliana did not show
responses to these compounds, probably because of a general lower sensitivity of this RN.
Like the other MeS RN, this RN also responded to the larger amount of MB present in the
standard. Although the two other secondary odorants present in A. thaliana and B. oleracea
could be detected by the FID, the amounts were too small to identify their mass spectra. The

increased firing rate as a response to the GC eluted MeS followed the concentration profile of
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the GC peak, regaining the spontaneous activity within one or a few minutes after the peak.
Spike analysis of the responses to MeS and MB showed similar amplitudes and waveforms
(Figure 2B), indicating that they originated from the same RN. Dose-dependency was shown
by direct stimulation with decadic increase of MeS concentrations over 6 log units (Figure

2C). The threshold concentration for the most sensitive RN was in the range of 1.2 ng-12 ng.

Responses originating from co-located RNs

In recordings from two of the six MeS RNs, an additional RN with large spike amplitudes
responded to green leaf volatiles (GLV) present in standard 2 (Figure 3A). Three of the
activating compounds, 1-hexanol, (3Z)-hexen-1-ol and (2E)-hexen-1-ol, elicited relative
strong responses in this neuron, whereas three others, (32)-hexenyl acetate, (22)-hexen-1-ol
and an unidentified compound were less potent. Co-injection of standard 1 and standard 2
containing nearly equal amounts of MeS, MB and the GLV (Figure 3B), showed a much
stronger response by the MeS RN (100 spikes/s) than the GLV RN (30 spikes/s). A clear
difference between the spike amplitudes and waveforms of the two RNs appeared as shown
by the spike analysis in Figure 3B. Thus, the response to the GLVs originated from a different

RN, co-located with the MeS RN.

Induction of Methyl salicylate in cabbage plants.

The SPME analyses of headspace samples from intact B. oleracea showed no detectable
amount of MeS in the GC-MS. Because caterpillars of M. brassicae were not available at the
time of these experiments, the sympatric P. napi was used. After the feeding by P. napi
caterpillars on the plants for 48 h, MeS could be identified in samples of all five test plants.

The amount produced was found to be 0.9 + 0.4 ng/day (Figure 4).
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Behavioural experiments.

Out of 44 behavioural experiments, 14 resulted in oviposition and are included in the results.
In the initial six “pilot experiments” using real plants, we never observed oviposition on the
plants having dispensers with MeS, only on the control plants and the plants having
dispensers with other odorants. In the experiments designed for the present study, testing
plants with MeS dispensers contra control plants, eggs were laid in nine of 38 experiments.
One of the nine experiments was terminated because of heavy rain and low temperature.

Thus, the presented results are based on eight experiments, five with real plants and three with
artificial plants (Figure SA). We never observed differences in oviposition preference between
experiments with real and artificial plants. In six experiments, four with real plants and two
with artificial plants, oviposition was exclusively on the control plants. The total number of
eggs deposited in each of these experiments was in the range of 52 to 300. In only two of the
experiments, a few eggs were deposited on the plants with MeS dispensers; in one of the two
experiments, four eggs were placed on these plants, as compared to 150 eggs on the control
plants. Statistical analysis of the number of eggs deposited on the control plants versus the test
plants showed a preference for the control plants (Wilcoxon matched pair test, P < 0.02). The
overall percentage of eggs deposited on the test plants contra the control plants are shown in

Figure 5B.
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Discussion

In principle, there are two approaches to study and identify important plant volatiles
used by herbivorous insects: a top down and a bottom up approach. The former starts with the
behavioral responses to the full bouquet of volatiles released by a plant, and then narrow
down the blend by separating fractions containing the effective compounds (D'Alessandro and
Turlings, 2005). The present study can be considered a bottom-up approach, starting with
identifying the plant-released volatiles that are detected by the RNs and leaving behavioral
studies to the final stage. The two approaches have particular advantages and challenges; the
former giving direct behavioral information, but having difficulties in identifying the minor
components in the effective fractions. The advantage of the latter approach, using GC-SCR, is
that relevant odorants present in minor amounts, even below the detection limit of the GC, can
be identified because of the very sensitive RNs. This is indeed shown in the present study for
the MeS RN that responded to the odorant in the headspace samples of the host plants at
amounts below the detection limit of the FID (Figure 2A). By testing the synthetic standard,
the RN showed a strong response to the MeS peak having the same retention time as the
effective component of the headspace sample (Figure 2B). Similarly, the structurally related
MB, present as a minor component or absent in some headspace samples, was identified as a
second compound eliciting a weak response in this neuron type. The two other compounds
present in A. thaliana and B. oleracea, eliciting marked weaker responses than MeS, could
not be identified. They were present in too small amounts for GC-MS identification and they
were not among available compounds present in the standards. A way to identify these
compounds would be to test the RNs for headspace samples containing a larger quantity of
them, e.g. samples of other plant species (Rgstelien et al 2000).

The results of the present study add to the growing data on narrowly tuned RNs
responding to plant odorants in herbivorous insects. Each RN, tested for hundreds of volatiles

naturally produced by a plant, responds to only one or to a few compounds of related
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chemical structures. In the latter case, one compound has a marked strongest effect, and is
termed primary odorant, whereas those of weaker effects are termed secondary odorants. This
is typically exemplified by the MeS RN type. The marked higher effect of MeS qualified for
the term primary odorant, whereas MB and the two unknown compounds were termed
secondary odorants. The other RN type, appearing co-located with the MeS RN in two
recordings, responded to six structurally related compounds; three of them, 1-hexanol, (32)-
hexen-1-ol, (3Z)-hexenyl acetate, having a marked best effect. These rarely appearing GLV
RNs need to be further tested for dose-response properties, in order to precisely determine the
specificity. A relevant question is whether one of the compounds has a marked best effect as
primary odorant or if all of the three flexible molecules fit into the same receptor pocket with
similar receptor affinity. Although responding to six odorants, these RNs are also quite
narrowly tuned, considering the numerous compounds in the various mixtures that had no
effect. On the basis of the primary odorant and the molecular receptive ranges, the plant odour
RNs in M. brassicae as well as in all species studied by GC-SCR fall into distinct functional
types (Rgstelien et al., 2000; Stranden et al., 2003a; Stranden et al., 2003b; Rgstelien et al.,
2005; Bichao et al., 2005a; Bichao et al., 2005b; Blight et al., 1995; Stensmyr et al., 2001;
Barata et al., 2002; Wibe et al., 1997). This correlates well with the general principle that
subsets of olfactory RNs express only one type of receptor proteins in insects (Stortkuhl and
Kettler, 2001; Wetzel et al., 2001; Keller and Vosshall, 2003; Hallem and Carlson, 2004;
Clyne et al., 1999). Thus, the recorded responses from each RN reflect the specificity of one
expressed receptor protein type, e.g. specified for MeS.

The results on the narrow tuning of the plant odour RN types M. brassicae is in
accordance with results obtained in other species using the method of GC-SCR. In the studies
of heliothine moths and herbivorous weevils, carried out in the same lab using similar test
protocols, has made it possible to compare the RN specificity across the species (Rgstelien et

al., 2000; Stranden et al., 2003b; Rgstelien et al., 2005; Bichdo et al., 2005a; Bichao et al.,
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2005b). For instance, in the strawberry blossom weevil Anthonomus rubi one type of RN
responding to MeS has been functionally characterized (Bichao et al., 2005b). Like in M.
brassicae, they showed a weak response to MB. However, the RNs in A. rubi in addition
responded weakly to ethyl benzoate, in contrast to the MeS RNs of M. brassicae. Thus, in the
adaptation to different host plants these two distantly related insect species have evolved RNs
for MeS with slightly different molecular receptive ranges. Olfactory RNs responding to MeS
have also been shown in two other species, the cabbage seed weevil, Ceutorhynchus assimilis
(Blight et al., 1995) and the fruit chafer, Pachnoda marginata (Stensmyr et al., 2001), by the
use of GC-SCR. However, because of different test protocols, comparison of the RN
specificity cannot be done between these species and M. brassicae and A. rubi. Sensitivity to
MeS and some of the GLVs presented in this study have previously been shown in M.
brassicae by the use of GC-EAGs (Rojas, 1999a). Whereas the tool of EAG recordings is
suitable for screening the antennae for general sensitivity to various volatiles, the techniques
of GC-SCR give precise information about the specificity of single RNs. Large groupings of
RNs responding weakly to secondary odorants may result in relatively strong EAG responses,
whereas small groups of RNs specifically responding to a primary odorant may elicit small
EAGs. Thus, the contribution of the present results is that M. brassicae has evolved specific
RN for detecting MeS as well as GLVs.

Another interesting aspect of olfactory RNs is how the molecular receptive ranges
correlate with the products of the biosynthetic pathways in host plants. In recent studies the
biosynthesis of MeS and MB have been resolved in several plant species (Dudareva et al.,
1998; Chen et al., 2003; Dudareva et al., 2004). Both the MeS and the MB synthesis are
catalysed by methyltransferases, whereby a methyl group is transferred from the donor
molecule S-adenosine-L-methionine to the carboxyl group of salicylic acid (SA) or benzoic
acid (BA), respectively (Chen et al., 2003). Like in many species, including the snapdragon,

Antirrhinum majus, it has been shown that a methyltranferase catalyses the production of MeS
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along with a small amount of MB (Negre et al., 2002). The large number of plant species
emitting MeS with a smaller amount of MB suggests that MeS is the important compound,
whereas MB apparently does not play a significant role in insects using these plants as hosts.
In fact, no MB was detected by the RNs in our headspace samples. The two compounds MeS
and MB, activating the same RN, may be perceived by M. brassicae as the same odour quality
but with different intensity. In contrast, humans clearly discriminate the two floral compounds
that are perceived as two distinctly different odour qualities; MeS containing the hydroxyl
group is experienced as a sweet odour, whereas MB is not as pleasant.

The second part of this study concerns the behavioural effect of MeS. The present
finding that M. brassicae in general avoids ovipositing on plants with MeS dispensers is in
accordance with results obtained in a previous behavioural study of M. brassicae. By the use
of wind-tunnel experiments, Rojas (1999a) found that M. brassicae did not show upwind
flight to a cotton wool wick loaded with MeS. In our study, we only found a few eggs on
plants with MeS dispensers in two of the experiments. In comparison, most experiments
showed 50-300 eggs oviposited on the control plants, indicating that the females reject plants
with MeS that they are able to detect by the very sensitive and narrowly tuned olfactory RNs
on the antennae. MeS is shown to be induced in several plant species during herbivore attack
(Van den Boom et al., 2004; Chen et al., 2003; Bichao et al., 2005b). For instance, herbivory
by Pieris rapae larvae has previously been shown to induce emission of MeS in A. thaliana
(van Poecke et al., 2001), a potential host plant of M. brassicae. In this study, MeS was
shown to be induced in the host plant B. oleracea. We used caterpillars of P. napi but assume
a similar induction of MeS caused by M. brassicae caterpillars. In any case, it might be
important for mated M. brassicae females to detect which host individuals that are already
occupied. These findings seems contradictory to those of wind tunnels experiments presented
by Rojas (1999b). He found that M. brassicae females are attracted to and oviposit more eggs

on plants (cabbage and tomato) damaged by female locusts (Schistocerca gregaria), and
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orient more often to cabbage plants damaged by conspecific caterpillars than to undamaged
plants. Several reasons may underline the different results. Obviously numerous plant-
released volatiles are involved in host plant attraction and avoidance, and damaged plant
release larger quantities of volatiles than undamaged plants. Whereas our results were based
on comparison of the behavioural effect of only MeS added to artificial or to intact plants, the
results of Rojas involves the whole bouquet of systemically or induced plant released
volatiles. Thus other induced compounds with strong attractive effect may have been involved
in the experiments by Rojas.

In the only experiment terminated because of heavy rain, eggs were found on test
plants with MeS dispensers. The reason for terminating this experiment was that the release of
volatiles would be low in the cold weather and the motivation of the moths might be to search
for shelter under such conditions rather than a suitable oviposition site. In a few other
experiments carried out during cold weather and heavy rain resulting in no oviposition, the
moths flew to the closest plant apparently for finding shelter. However, the possibility exists
that one female actually chose the plant emitting MeS. The existence of individuals, with a
different preference (e.g. for plants with MeS), may reflect a built-in flexibility that enables
species to cope with changing conditions in the environment as discussed by Schoonhoven et
al. (2005). In the case of a very polyphagous species like M. brassicae, this possibility should
not be ignored.

The present study has elucidated the sensory significance and indicated a behavioural
effect of MeS showing its specific effect as primary odorant on one RN type, which mediates
avoidance or inhibition of oviposition on artificial and intact plants to which MeS is added.
Future experiments should follow up concentration dependency with additional behavioural
studies. This should include tests with MeS added to undamaged as well as damaged plants.
Also, the behavioural significance of the GLV, activating the other RN type in this study,

should be tested. One might expect that these compounds have the opposite effect of MeS,
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since one of them, (3Z)-hexenyl acetate, has previously been shown to induce upwind flight
of mated M. brassicae females in wind tunnel experiments (Rojas, 1999a). Obviously, many
more odorants are involved in host plant localization and selection, and the challenge in future
experiments are to find out the behavioural relevance of all plant odorants and their mixtures.
For practical application of the results, supplemental studies should be done to determine
whether mechanical damage in the absence of insect feeding would induce MeS production. If

this is the case, well-timed mechanical damage could help prevent attack by M. brassicae.
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Figure 1 Scheme of the arena used in the behavioural experiments. The plants were placed on
the ground, randomly distributed in a circle. The insects were released from the middle of the

cage (i) prior to scotophase.

Figure 2 A-B Gas chromatogram (upper trace) of samples injected in the polar GC-column
and simultaneously recorded activity (lower trace) of a RN. (A) The RN responded to two
compounds in the sample of B. oleracea, one unidentified (15.01 min) and MeS (16.12 min).
The trace amount of MeS in both headspace samples was below the detection limit of the FID
but still detected by the RNs (left). The RN responded to three compounds in the headspace
sample of A. thaliana sp., two unidentified (10.51 min and 15.01 min) and MeS (16.12 min)
(right). (B) The RN responded to MB (13.13 min) and MeS (16.12 min) present in the
synthetic standard 1 (left). Spike traces of spontaneous activity and responses to MB and MeS
(right). Spike analysis of the two responses showed overlap of spike shape and amplitude. (C)
Dose response curve based on stimulation via cartridges containing MeS in decadic
concentration steps from (0.12 ng-1.2 pg). Threshold concentration of the RN was in the

range of 1.2 ng — 12 ng.

Figure 3 Gas chromatogram (upper trace) of sample injected in the polar GC-column and
simultaneously recorded activity (lower trace) of the RNs. (A) The RN responded to the
eluents of: (3Z)-hexenyl acetate, 1-hexanol, (3Z)-hexen-1-ol, (2E)-hexen-1-ol and (2Z)-hexen-
1-ol. (B) Co-injection of synthetic standard 1 and 2 and the responses of the RNs to the
eluents of: 1-hexanol, (3Z2)-hexen-1-ol, (2E)-hexen-1-ol, MB and MeS (right). Spike analysis
showed that the first three responses originated from a different RN than the two last

responses (left).
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Figure 4 Total ion chromatogram records of volatiles obtained from B. oleracea plants. (A)
Intact plant before introduction of caterpillars. (B) Plant wounded by three P. napi
caterpillars. Total ion chromatogram in the range m/z 30 - 400; SPB-1 fused silica capillary

column; peak size represents about 1 ng of MeS.

Figure 5 (A) Histogram of eggs oviposited on plants with MeS and control plants, which

resulted from 8 experiments carried out at night. Experiment 1-5, natural plants. Experiment
6-8, artificial plants. (B) Percentage of eggs oviposited on the control plants as compared to
plants with MeS dispensers, showing a significantly higher number of eggs deposited on the

control plants (99.6%, Wilcoxon matched pair test, P < 0.02).
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Zoology  and their effects on the material utilization in a
freshwater lake.

1980 Helge Reinertsen Dr. philos The effect of lake fertilization on the dynamics and
Botany stability of a limnetic ecosystem with special reference to
the phytoplankton
1982 Gunn Mari Olsen Dr. scient  Gravitropism in roots of Pisum sativum and Arabidopsis
Botany thaliana
1982 Dag Dolmen Dr. philos. Life aspects of two sympartic species of newts (Triturus,
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ecological niche segregation.

1984 Eivin Rgskaft Dr. philos. Sociobiological studies of the rook Corvus frugilegus.
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Zoology  reproductive traits of some vertebrates: A comparative
approach.
1986 Torleif Holthe Dr. philos. Evolution, systematics, nomenclature, and zoogeography

Zoology in the polychaete orders Oweniimorpha and
Terebellomorpha, with special reference to the Arctic
and Scandinavian fauna.

1987 Helene Lampe Dr. scient. The function of bird song in mate attraction and
Zoology territorial defence, and the importance of song
repertoires.
1987 Olav Hogstad Dr. philos. Winter survival strategies of the Willow tit Parus

Zoology  montanus.
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