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Abstract - The sorghum chafePachnoda interrupt®livier (Coleoptera:
Scarabaeidae: Cetoniinae), is a key pest on sorgharghum bicoloL.) Moench
(Poaceae), in Ethiopia. At present there is a tdakficient control methods.
Trapping shows promise for reduction of the pegiytetion, but would benefit from
the development of attractive lures. To find ataats that could be used for control
of P. interrupta either by mass trapping or by monitoring as paitegrated pest
management, we screened headspace collectionsgbiuso and the highly attractive
weedAbutilon figarianumWebb (Malvaceae) for antennal activity using gas
chromatograph-coupled electroantennographic dete¢@C-EAD). Compounds
active in GC-EAD were identified by combined gasothatography and mass
spectrometry (GC-MS). Field trapping suggested dlttaaiction is governed by a few
influential compounds, rather than specific odanlls. Synthetic sorghum and
abutilon odor blends were attractive, but neitHent outperformed the previously
tested attractants eugenol and methyl salicyldtehah the latter was also part of
the abutilon blend. The strong influence of sirgdenpounds led us to search for
novel attractive compounds, and to investigateates of individual olfactory
receptor neurons (ORNS) in the perception of kates. We screened the response
characteristics of ORNs to 82 putative kairomomesingle sensillum recordings
(SSR), and found a number of key ligand candidiatespecific classes of ORNs. Out
of these key ligand candidates, six previously stet compounds were selected for
field trapping trials: anethole, benzaldehyde, maice2,3-butanediol, isoamylalcohol,
methyl benzoate and methyl octanoate. The compowads selected on the basis
that they activated different classes of ORNSs, #ilewving us to test potential
kairomones activating large non-overlapping popaitest of the peripheral olfactory
system, while avoiding redundant multiple activas®f the same ORN type. Field
trapping results revealed that racemic 2,3-butamésia powerful novel attractant for
P. interrupta
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INTRODUCTION
The adult sorghum chafdPachnoda interruptas a polyphagous herbivore that feeds
on fruits and flowers of several plant species, leagpanaNlusaspp.), mango
(Mangiferaspp.), acacia/caciaspp.), orangeditrus sinensisand papayaGarica
papaya (Clark and Crowe, 1978; Hiwot, 2000). Fermentajooducts, e.g. residue
(dregs) from tella, an Ethiopian beer-like beverage highly attractive to the beetles
(Ministry of Agriculture and Ethiopian Agricultur&esearch Organization, 1999).
Tella is a spontaneously fermented beer (no ysaadded) which is brewed using
water, flour of sorghum or other cereals, maltafiéy or wheat, with crushed leaves
of shiny-leaf buckthornRhamnus prinoideEschsch. (Rhamnaceae), instead of hops.
P. interruptaadults also feed on the herbaceous weed abufilmutjlon figarianum
and food crops such as pearl millRennisetum glaucumind sorghum$Sorghum
bicolor (Schmutterer, 1969; Grunshaw, 1992; Jago, 199%a®asand Lale, 2000).
During the early 1990s, the sorghum chafer emeageal key pest on sorghum in
Ethiopia (Hiwot, 2000). Mean percent loss of sorghyield due tdP. interrupta
infestation can be as high as 70% (Yitbarek andatji&000). Efficient control
methods for this pest insect are lacking, but tiragppsing fruit (mainlyMusaspp.) as
bait shows promise for decreasing the pest populgMinistry of Agriculture and
Ethiopian Agricultural Research Organization, 199%e efficiency of trapping
could be improved by using better traps and syithetndardized attractants
(Wolde-Hawariat et al., 2007). Previous field expents indicate that compounds
commonly found in the odor profile of flowers amdifs have potential as attractants
for P. interrupta with high levels of attraction especially to mdtkalicylate and
eugenol (Wolde-Hawariat et al., 2007). Single coomuts are efficient lures for many
scarab species feeding on fruits and flowers (Dis@al et al., 1990), and studies have
shown a high degree of overlap between active comgim identified from different
food sources (Stensmyr et al., 2001). Continueatisfin field testing of novel
synthetic attractants for the Japanese bdedpillia japonica has led to the
development of lures far outperforming initial vierss (Potter and Held, 2002).

In search of attractants for pest insects, varappoaches have been employed.
Trial-and-error field screening of compounds hakttethe identification of powerful
attractants, e.g. fd?. japonica(Potter and Held, 2002), even if the compound®tes
have not had clear relation to the ecology of ffecies in question. A commonly
employed method in search of field attractantsas ghromatography with
electroantennographic detection (GC-EAD; Arn etE.75), which allows the
identification of antennally active compounds ie tlolatile blends emitted by hosts.
GC-EAD has led to the identification of several goiul kairomonal field attractants
(see e.g. Linn et al., 2005). Few studies have elvew employed single sensillum
recordings (SSR) to identify behaviorally activengounds (Stensmyr et al., 2001;
Larsson et al., 2002; Larsson et al., 2003; Ullandl., 2008), even though SSR may
be a highly sensitive tool in detecting physiol@dii active components in the
volatile profiles of host plants (Wibe, 2004), inding compounds that do not elicit
detectable GC-EAD responses (Blight et al., 1996;at/al., 1995; Barata et al.,
2002). SSR has usually been employed as a meatesofibing and understanding



the sense of olfaction, specifically the olfactoegeptor populations of antennae and
palps (see e.g. Larsson et al., 2001; Mustapadtf)2

We employed GC-EAD on volatile collections fromgimum and abutilon to identify
compounds responsible for attractiorPointerruptato these plants in the field. We
also screened olfactory receptor neurons (ORNs$h@isorghum chafer antenna with
potential kairomones using SSR. The behavioravi#gf several compounds active
in GC-EAD and SSR was tested in field trials, iarsé of potent attractants. Such
attractants could be used in future control effaither in mass trapping or in
monitoring, as part of integrated pest management.

METHODS AND MATERIALS
Insects for Electrophysiological Experimentale and female sorghum chafers were
collected at Rasa (09°55'N, 40°05'E), located 285bkrtheast of Addis Ababa,
Ethiopia. Adult beetles were sexed based on theepe of a ventral, abdominal
groove in males (Rigout, 1989), and kept separafdter transport to Alnarp,
Sweden, adults were kept in clear plastic boxe(BR x 22 cm, Cofa Plastics AB,
Stockholm, Sweden) with a 1:1:1 mixture of plantswgl (Yrkesplantjord, Weibull
Tradgard AB, Hammenhog, Sweden), peat (Véxa tréatdgdnv, Econova Garden AB,
Ase, Sweden) and composted cow dung (Simontorps\Baibull Tradgérd AB).
Boxes were kept at 25°C, 70% relative humidity, aridl6:D8 cycle. The beetles
were fed with apples and banarakslibitum

Headspace Plant Volatile Collectiowolatiles were collected from the
developmental stage of the plant most attractivbedeetles, during the time of day
when the beetles feed intensively, i.e. 10 ampm4 For abutilon, the top 20 cm of a
single abutilon plant, including flowers, seed padsd leaves, was enclosed for each
collection. For sorghum, volatiles were collectezhi a single panicle at the soft
dough stage (also known as the milky stage). Pelgde bags (35 x 43 cm; Toppits
Scandinavia AB, Sweden) were used, which were deeilh steel wire around the
stem of the plant. Next to the stem an activatedaal filter was placed in order to
filter incoming air. Volatiles were collected oragbk tube columns (3.5 mm i.d. x 50
mm) packed with 25 mg SupefQmesh 80/100 (Alltech, Deerfield, IL, USA) with
glass wool and Teflon stoppers at both ends (Bssgar and Bergstrom, 1989). The
filter was placed in the polyacetate bag and cateaklsy PVC tubing to a small
battery operated pump (PAS-500 Personal Air Sam8lgoelco, Bellefonte, PA,
USA). The flow of the pump was 200 ml/min, and eotlons were made in the field
for two hours. Immediately after collection, thdwuns were rinsed with 200 pl of
redistilled hexane into 1.1 ml tapered glass (&l STVG, Chromacol Ltd.,
Welwyn Garden City, UK). Vials with extracts weregt in an icebox for
transportation to the laboratory and thereaftet kép18°C until analysis.

Gas Chromatograph-Coupled Electroantennographicebeon (GC-EAD)The
response oP. interruptaantennae to volatiles was studied by GC-EAD uaimg
Agilent Technologies gas chromatograph (GC), mé88D, equipped with a fused
silica capillary column (30 m x 0.2 mm) coated witimowax (df=0.25 pm) (Agilent
Technologies Inc., Santa Clara, CA, USA). For each 2 pl of sample was injected
in splitless mode for 30 sec. Hydrogen was usedasle phase at a linear velocity
(Q) of 45 cm/sec. The oven temperature was progeeshinom 40°C (5 min hold) to
230°C at 5°C/min. Compounds eluting from the columare split 1:1 in a four-way



splitter, with nitrogen as make up gas (20 ml/mamy delivered to the FID and to the
antenna. Compounds were carried to the antennaghra glass tube by a charcoal-
filtered and humidified air stream at 0.5 m/secteimae were mounted according to
Leal et al (1992) and Wolde-Hawariat et al. (2007). The améewas excised with

fine forceps and placed in an antennal holder I§Hill 2001; JOAC, Lund, Sweden)
and the signal was amplified (JOAC) and analyzetl ®iC-EAD software (Syntech,
Hilversum, The Netherlands). EAD responses to FéBks were defined as
repeatable deflections of the baseline. Each exivas tested on five different
antennae per sex, for a total of ten antennaexperoe.

Chemical IdentificationSamples of plant volatile collections were anatyby
combined gas chromatography and mass spectron@&@yMS) Hewlett Packard
6890 GC and 5973 MS (Agilent Technologies Inc.)tr&ots were injected with a HP
7683 auto injector in splitless mode for 30 see® TC was fitted with a fused silica
capillary column (30 m x 0.25 mm) coated with Inrow(df=0.25 pum). Helium was
used as mobile phase at Q=35 cm/sec. The tempeaigram was the same as that
used for the GC-EAD analyses. Peaks were matchagbre GC-EAD and GC-MS
by retention index. Identifications of compoundseveonfirmed by comparison of
mass spectra in commercial mass spectral datafdk&E, 1998; Wiley, 1998), and
with those of authentic GC standards, except fahgi@nthranilate, which was not
available at the time when GC-MS analysis was done.

Synthetic CompoundSynthetic standards for all experiments were pusetidrom
Sigma-Aldrich (for purity and CAS number, see Tab)eA total of 82 compounds
were used in single sensillum recordings (Tabl&hg¢ compounds include volatiles
commonly found in flowers (Knudsen et al., 200@)latiles from tropical fruit

(Macku and Jennings, 1987; Ibafies et al., 1998dBooua et al., 2003; Carasek and
Pawliszyn, 2006; Clara et al., 2007; Pandit et28lQ9), and volatiles related to
microbial degradation and fermentation (Chatonhet.e1992; Fischer et al., 2000;
Xiao and Ping, 2007). Approximately half of the quounds used have previously
been found to elicit behavioral or electrophysiatag activity in the sorghum chafer
or related scarab beetles (Stensmyr et al., 20&Esbn et al., 2003; Wolde-Hawariat
et al., 2007).

Single Sensillum Recordings (SS&hgle synthetic compounds were diluted to 1
po/ul in acetone or hexane, depending on polarity (@4l Highly volatile
compounds were diluted topb/ul in paraffin oil. Blends of 2-10 compounds, with
each component at the same concentration as sirtgke compound dilutions, were
also prepared for screening purposes (see beldvle TA. Stimuli were prepared by
applying 10ul of 1 pg/ul solution to a 1.5 x 1 cm piece of Whatman filbaper (No.
3, Whatman, Maidstone, United Kingdom) that was@thin a disposable Pasteur
pipette (150 mm soda lime glass, VWR InternatioB&bckholm, Sweden). For
compounds diluted in hexane or acetone, solventallawed to evaporate before
stimuli were used in experiments. After evaporatbsolvent, 1 ml pipette tips were
put on the wide end of the Pasteur pipettes, toaedny further evaporation of the
test compound(s). Between trials, stimulus pipettese kept at —18°C, to avoid
evaporation. For comparison, stimulus pipettesaiairtg only solvent as well as
empty pipettes were prepared. To ensure that sismipettes were not exhausted,
new ones were prepared once per week (after hiagag used a maximum of ten
times), except for screening pipettes, where neggavere prepared each day.



Insects were restrained with Parafilm (PM-992, Reely plastic packaging,
Menasha, WI, USA) and fixed on microscope slides {6 x 26 mm, Menzel-Glaser,
Braunschweig, Germany) using dental wax (Surgigeniphery wax, Heraeus Kulzer
GmbH, Hanau, Germany), with the lamellae held apea wax surface using 2-3
mm long pieces of thin tungsten wire. A silver grding electrode was inserted in the
abdomen. Sensilla were contacted with a tungstirede (diameter 0.12 mm,
Harvard Apparatus Ltd, Edenbridge, United Kingd@iextrolytically sharpened in a
saturated KN@solution (Hubel, 1957), using a DC-3K Rechts PMpigro
micromanipulator (Marzhauser Wetzler GmbH, Wetzaermany). The signal from
the ORNs was registered and amplified 10 times wigiiobe (INR-02, Syntech),
amplified 200 times with a Syntech UN-06 AC/DC aifigt, and transferred to a
computer through an IDAC-4-USB (Syntech), whensas visualized and analyzed
with the software Autospike v. 2.2 (Syntech).

A constant flow of 0.5 m/sec of charcoal-filteresldhumidified air was delivered
through a glass tube with its outlet approximafigdymm from the antenna. Stimuli
were presented to the insect by inserting the $tisnpipette through a hole in the
glass tube, and blowing an air puff of 2.5 ml dgrin5 sec through the pipette into
the air stream, using a stimulus controller (Synt8&C-1/b). Control stimuli were
delivered first, followed by screening stimuli caiming multiple compounds
(screening blends listed in Table 1). For all soieg stimuli that elicited a positive
response of approximateid0 Hz, the pipettes loaded with all compounds & th
blend(s) were brought from the freezer and testdividually after thawing at room
temperature for 5 min.

The net response to a stimulus was obtained byticguaction potentials (spikes)
during 0.5 sec starting from the time after thematation period at which the earliest
response for the neuron was found, and deductsmguimber of action potentials
during 0.5 sec immediately prior to the responsehEneuron was also subjected to
blank stimuli (i.e., only solvent), and the netpesse to the blank was deducted from
the response to the test compounds. The resuléilg was doubled to obtain a value
corresponding to spikes/sec (Hz). The time betwkerstart of the stimulation period
and the onset of a response, i.e., increased nuphlaetion potentials, sometimes
varied between different recording sessions, dgidgbt variations in the air flow.

For each neuron, counting of action potentials staged from the time at which the
earliest response in that neuron occurred.

Field Experiments Related to GC-EABeld experiments with the sorghum and
abutilon compounds were carried out at Rasa, Eitigee above). A complete
randomized block design with N=10 was used. Th&adce between traps was 10 m,
and blocks were separated by at least 50 m. Dsgpsnvere placed in cardboard
holders (78 x 37 mm, Silvandersson AB, Knared, Saa¢ditted into a slot in the
vanes of Japanese beetle traps (Trécé, Palo AMtpUSA), which were suspended
approximately 3 m above ground from wooden polé ffaps were emptied daily,
and lures were replaced in the morning before tisebof activity for adulP.
interrupta Unbaited traps were used as a negative control.

Experiments were performed during two periods: Qily16 and October 7-13, 2006.
The latter tests were done during the croppingeseashen the sorghum had seeds in



the milky stage. The July experiments were camedin a grazing area characterized
by scattered\caciatrees. In October, traps were placed along thedvsrof five
sorghum fields located approximately 500 m fromlbly test sites. Compounds
were applied to dental cotton rolls (No. 3, Q-dé&#rmany). The individual sorghum
compounds,4)-3-hexen-1-ol, tridecane, 1-octen-3-ol and 1-octawere applied at a
dose of 100 mg. In addition to the sorghum compeuadgenol and methyl salicylate
were also tested. Two of the sorghum-related blerets tested both in July and in
October: a blend of the four sorghum compounds thighsame total dose (100 mg)
as for the individual compounds and in a ratio nekinig what was found in the
sorghum headspace, i.e. 10 ray8-hexen-1-ol + 30 mg tridecane + 30 mg 1-octen-
3-ol + 30 mg 1-octanol, and the same sorghum bhgtidthe addition of 30 mg
methyl salicylate. In addition to these, three muaends were tested in October: the
sorghum blend with the addition of 30 mg euger, 2orghum blend with the
addition of 30 mg eugenol and 30 mg methyl saligyland a blend of 50 mg eugenol
and 50 mg methyl salicylate.

The individual abutilon compounds were also testieal dose of 100 mgZ)-3-hexen-
1-ol (the same traps as in the sorghum experimexitadecane, methyl anthranilate,
and methyl salicylate. Methyl anthranilate was delsted individually in October. An
abutilonblend at a total dose of 100 mg and with ratios icking the headspace
collections was also tested as follows: 20 @Ag3-hexen-1-ol + 20 mg tetradecane +
5 mg methyl anthranilate + 55 mg methyl salicyl&teaddition, a blend without
methyl salicylate was tested. Furthermore, in Cet@bblend consisting of the
abutilonblend with the addition of 30 mg eugenol was addeitie experiment.

Field Experiments Related to SSRe materials and methods used in SSR-related
field experiments were the same as those usedetdrdxperiments related to GC-
EAD. The protocol was changed on two points, howeveatments were moved one
step within blocks each day, to minimize any impzqtossible position effects, and
N=5 was used. Some previously untested compounds also applied to new
dispenser types (see below).

Six novel compounds selected by SSR were testddlgrt-9 2008, in unused
farmland with sparse vegetation near the villagembuay Bad in Ethiopia (09°48'N,
40°00'E), 1206 m above sea level, 265 km northefastdis Ababa, Ethiopia. Five

of the novel compounds tested (anethole, benzathehgcemic 2,3-butanediol,
isoamylalcohol and methyl octanoate) were seleatethe basis that they elicited
strong SSR response in separate ORN classes thabtdiespond to compounds
previously tested in the field. For comparison,als® included eugenol and methyl
salicylate. Methyl benzoate was tested for differeasons than the other compounds
- it was included since it activated the same OfRi¢ tas methyl salicylate, which had
previously been shown to be highly attractive. Ciléay receptor neurons responding
to eugenol did not respond to other compounds d&dun the screening process. If
they had responded to other compounds, these vatadchave been prime candidates
for field testing. The set of compounds testedisaxhaustive — practical limitations
forced us to forego testing of some compoundsaastnot possible to acquire
necessary quantities in suitable purity. Other coumpls were not included since they
are more commonly associated with foliage thart ruflowers. We judged that
compounds associated with fruits and flowers wdaddnore likely to be attractive to
P. interrupta in view of its diet.



A dose of 100 mg of pure compound (for purity arSchumber, see Table 1) was
loaded onto a dispenser that was matched to tlailitgl (as indicated by boiling
point) of the compound. This rough estimation wssdito obtain comparable
evaporation rates. Cotton rolls (no. 2 dental cottwl, Demedis GmbH, Langen,
Germany) were used as dispensers for anetholeneligeethyl benzoate, methyl
octanoate, and methyl salicylate. For dispensimgzéleehyde and 2,3-butanediol,
cotton rolls were pushed into 4 ml vials (45 x 1éhih, clear, Skandinaviska GeneTec
AB, Vastra Froélunda, Sweden) until the cotton wagl with the rim of the opening
of the vial. Compound was applied to the cottohatier it had been placed in the
vial. For isoamylalcohol, a dispenser was made @/aerotton roll was put inside a
vial closed with a cap (black, closed top, 13 mkar#linaviska GeneTec AB). A
hole of approximately 2 mm diameter was made ircte and the packing was
removed. The cotton roll was placed so that it iwadirect contact with the cap when
the cap was screwed tight to the vial. The chemi@a not applied to the cotton roll
directly beneath the hole in the cap, but insteadtds the edge of the vial, before
screwing on the cap.

Statistical Analysid-or field experiments, data for total catch (curtiuover the
field testing period) per trap &. interruptawas square root-transformedX+1)).
Data was analyzed with@eneral Linear Mode(GLM), with treatment (type of lure)
as a fixed effect, and block as a random effechifdb 14 for Windows). Significant
GLMs were followed byfukey’s bpost hodest. The significance level used in all
tests wa$i=0.05. Trap catch data is presented in graphs taansfiormed means with
error bars denoting standard error of the mean.

RESULTS
GC-EAD Analyses and Identification of Host Plantatites. Several compounds in
both the abutilon (Fig. 1a) and the sorghum (Fn).Headspace collections elicited
consistent responsesi interruptaantennae. The EAD-active compounds collected
from abutilon headspace extracts were identifie(Za8-hexen-1-ol, tetradecane,
methyl salicylate, and methyl anthranilate (Fig), Bad in sorghum tridecan&){3-
hexen-1-ol, 1-octen-3-ol, and 1-octanol (Fig. Bijnilar antennal responses were
recorded from female antennae (not shown). In bilsutieadspace extracts, methyl
salicylate was found to be a major constituent,ingakip approximately 14.4% of the
extract. In sorghum extract, however, it was omspnt at low concentrations and
did not elicit any antennal responses. Despitevecloncentration of methyl
anthranilate in the abutilon extract, it elicitedteong antennal response.

Field Experiments Related to GC-EADuring July and October, there were no
significant differences in trap catches betweerstirghum blend (which caught an
average of 12 beetles per trap over the experirhpetad in July and 11 beetles in
October, blend 8, Fig. 2), and the individual sorghcompounds. In July, traps baited
with methyl salicylate (catching 21 beetles/trapyght significantly more beetles
than tridecane o&Zjj-3-hexen-1-ol. Eugenol baited traps caught sigaiftly more
beetles (40 beetles/trap) than all other treatmemntept the sorghum blend with the
addition of methyl salicylate (40 beetles/trapnol®, Fig. 2a). In October, the
sorghum blend with eugenol (82 beetles/trap, blE)dand the sorghum blend with
eugenol and methyl salicylate (70 beetles/trapaeted by far the highest numbers of
beetles, followed by the sorghum blend with metalicylate and the two-component
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Fig. 1. Simultaneous response of flame ionization detector (FID) and male P. interrupta
antennae (EAD) to volatile compounds collected from A) abutilon and B) sorghum. The upper
traces in each figure represent the signal from the FID and the lower traces represent the
signal from the EAD. The compounds collected from abutilon headspace extracts were
identified as (2)-3-hexen-1-ol (1), tetradecane (2), methyl salicylate (3), and methyl
anthranilate (4), and in sorghum tridecane (5), (2)-3-hexen-1-ol (1), 1-octen-3-ol (6), and 1-
octanol (7).

eugenol-methyl salicylate blend and eugenol alomboth July and October, the
four-component abutilon blend (22 beetles/trapuiy &nd 17 in October, blend 7,
Fig. 3) caught significantly more beetles thandimgle compound<Z}-3-hexen-1-ol
and tetradecane. While there were no significaférdinces in trap catches between
traps baited with the abutilon blend and the bieitiout methyl salicylate (15
beetles/trap) in July, the complete blend caughterbeetles in October. In both
seasons, there were no significant differencesajm ¢atch between the abutilon blend
and methyl salicylate presented as a single congpoueugenol as a single
compound. When methyl anthranilate was added asgkeompound in October, it
was as attractive as the abutilon blend and eugambmethyl salicylate (20
beetles/trap, Fig. 3b). The other treatment that added, the four-component
abutilon blend combined with eugenol (42 beetlap/tblend code 9, Fig. 3b), was
equally attractive as the binary mixture of metsglicylate and eugenol (37
beetles/trap), and more attractive than any otieatrment. During both seasons, all
treatments caught significantly more beetles thanunbaited control traps. All
beetles caught were sexed, and male and femaledédtowed the same pattern of
attraction, with no clear differences between #wes in what baits were most
attractive (data not shown).
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Tridecane 100 30 30 30 30
(+)-1-Octen-3-ol 100 30 30 30 30
1-Octanol 100 30 30 30 30
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Fig. 2. Number of P. interrupta captured in traps baited with synthetic sorghum compounds in
A) July, 2006 and B) October, 2006. Unbaited traps caught no insects and were not included
in the comparison. GLM: July, (N=10, F=78.1, df=7, 63, p<0.001); October, (N=10, F=114.1,
df=10, 90, p<0.001). Error bars show the standard error of the mean. Subgroups denoted by
different letters are significantly different at a=0.05 (N=10, Tukey’s b). NT indicates that the
treatment was not tested.
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Methyl anthranilate 100 5 5 5
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Methyl salicylate 100 50 55 55

Fig. 3. Number of P. interrupta captured in traps baited with synthetic abutilon compounds in
A) July, 2006 and B) October, 2006. Unbaited traps caught no insects and were not included
in the comparison. GLM: July 2006, (N=10, F=12.7, df=5, 45, p<0.001); October 2006, (N=10,
F=42.1, df=8, 72, p<0.001). Error bars show the standard error of the mean. Subgroups
denoted by different letters are significantly different at a=0.05 (N=10, Tukey’s b). NT
indicates that the treatment was not tested.
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Single Sensillum RecordingBhe antennal morphology &f interruptais similar to

that of the closely related sca@bmarginata as described by Stensmyr et al. (2001).
P. interruptahas a typical scarab antenna, where sensilla asepron the inner
surfaces of the three lamellae at the tip of therara. Most sensilla are of the
placodea morphological type, with a small minoatysmooth peg and coeloconic
sensilla. Our SSR recordings stem from sensillaquaa, as we only managed to get
intermittent contacts with ORNs of the other morplcal types.

Contacted sensilla typically contained two ORNsicliin most cases could be
separated by differences in spike amplitude (Figlisensilla containing two
neurons, both neurons sometimes fired simultangoregulting in double spikes with
amplitudes greater than that of either neurongslfitWhen subjected to synthetic
stimuli, ORNSs usually responded strongly with antraf action potentials (spikes) to
a few compounds. Recordings were obtained fronted & 156 sensilla in males and
females. Data for the sexes were pooled, as ne yp©RNs were numerous enough
for a meaningful comparison between the sexesoOilie 156 sensilla, 50 sensilla
contained no ORNSs responding to the stimulus spectested. ORN response to
stimulation with control stimuli (blank) was norrhabelow 10 Hz (data not shown),
but 3 ORNs gave a blank response of 50 Hz or abodewvere excluded from
analysis, since we deemed that there was a riskheaells had either been injured
and were not responding properly, or that somearnimation had been present in the
odor stimulation system. We also excluded 8 ORNsviich no compound elicited a
net response of 40 Hz or above, as these weaknmespavere unlikely to indicate key
stimuli suited for evaluation in field trials. Themaining 97 neurons responded with
a net response of 40 Hz or above to at least amelst. Of the 82 test compounds 57
elicited spike responses over 80 Hz at least ofiablé¢ 1). Not all responses could be
assigned to a specific class, but 94 responding &NId tentatively be grouped

into 26 classes (Table 2). In most cases, ORN®neigal to a single compound or a

Control

1 D

A
APPSR L O SO AR ¥ U ﬁ i
LU B R L

Linalool oxides
.|

Methyl salicylate

Stimulation (0.5 seconds)

Fig. 4. The two ORNSs present in this sensillum are distinguished by the amplitudes of their
action potentials. The ORN responding to linalool oxide (denoted “A” above) has a higher
amplitude than the ORN responding to methyl salicylate (B). There are also double spikes,
where both neurons fire simultaneously (D), that have a greater amplitude than either neuron
by itself.
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group of functionally or structurally similar comyreds with one eliciting a stronger
response than the rest. For some neurons, sewenplocinds elicited strong
responses, with no clear ranking between the 2s8dmmpounds. A few ORNs had
wide response spectra, with 5-10 compounds elgcginong responses. For ORN
classes, the average response to ligands is showm t 40 Hz (Table 2).

Several of the ORN classes responded to stimulatitncompounds that commonly
occur in the volatile profiles of fruit and flowefEable 2). There were also classes
that responded to stimulation with compounds assediwith foliage, i.e. green leaf
volatiles (GLVs). No ORN response was found to etihsacetone, acetic acid and
propionic acid, and only one response to ethylaaeetHHowever, ORNs responded to
isovaleric acid, acetoin, racemic 2,3-butanediedtiylphenol, and 4-methylphenol.

Field Experiments Related to SSRaps baited with racemic 2,3-butanediol caught
significantly more beetles over the experimentaiqoethan traps baited with other
compounds (an average of 205 beetles/trap, FIGL® on root-transformed trap
catch data, N=10;=80.56,p<0.0005, followed byrukey’s post hocest ata=0.05),
catching three times more beetles than the secestdait, eugenol (which caught 69
beetles/trap), and six times more than the thigd, leethyl salicylate (36
beetles/trap). Apart from 2,3-butanediol, trapgdzhivith previously untested
compounds did not catch significantly méteinterruptathan the unbaited control
traps. We sexed all beetles caught, and this shdwvetdnale and female follow the
same pattern of attraction: there were no cledemihces between the sexes in what
baits were most attractive (data not shown).

a

200 —

150 <

100 —

Mean trap catch + SE

50 —

jousbng
sjoyleuy
Jjou0D

ajelhales |JAyla N
|joyooejAweos|
ajeozuaq Ay
apAysplezuag
8]eoue}oo Ayl

olpaueing-g‘g olwaoel

Fig. 5. Average trap catch of P. interrupta in July 2008. The type of bait had a significant
effect on catch (GLM, N=10, F=80.56, df=8, 72, p<0.001). Error bars show the standard error
of the mean. Subgroups denoted by different letters are significantly different at a=0.05
(N=10, Tukey’s b).
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DISCUSSION
Some insect species require specific blends ofrakeempounds to be attracted to
their host (Bruce et al., 2005), e.g. the applegoady, Rhagoletis pomonelléLinn
et al., 2005), the grapevine motlobesia botrangTasin et al., 2006; Tasin et al.,
2007), and the fruit flyDrosophila melanogastgZhu et al., 2003; Ruebenbauer et
al., 2008). For many fruit- and flower visiting sabs, individual compounds
constitute efficient attractants, however (Donafdsbal., 1990). Relying on key
compounds rather than specific blends could bdfaeat general host detection
strategy for a polyphagous herbivore sucPkasterrupta Such a strategy could be
enhanced by the presence of stereotyped honesisigom plants that attract
animals for pollination or fruit (seed) disperg@lr results from field experiments
with blends mimicking the hosts abutilon and sorghindicated thaP. interruptais
attracted to a few key components in the volatitdifes of these plants, rather than
ratio-specific blends (Fig. 2 and 3), and we tragibed our search for attractants on
single compounds. As we also noted that the murstcéive compounds were
associated with fruits and flowers (e.g. eugendl methyl salicylate), rather than
foliage (e.g. Z)-3-hexen-1-ol), we primarily tested floral- andifrrelated
kairomones in the single sensillum screening. Amihvegkairomones selected for
screening, many have been found in several hoftsioferrupta e.g. banana
(Macku and Jennings, 1987; Ibéfies et al., 1998dBooua et al., 2003) guava
(Carasek and Pawliszyn, 2006), mango (Clara e2@D7; Pandit et al., 2009), and
various flowers (Knudsen et al., 2006). We alsduded fermentation volatiles
(Chatonnet et al., 1992; Fischer et al., 2000; X&ad Ping, 2007), since the sorghum
chafer has been reported to be attracted to refidoethe fermentation of tella beer.
The use of single sensillum recordings (SSR) fogesting of potential kairomones
enabled us to select compounds for field testiag dctivate separate olfactory
receptor neuron (ORN) classes. Regardless of hfmsnmation from the olfactory
system is interpreted at higher levels of the nes\@ystem, activating additional
components of the ORN array should increase tleditikod of releasing a behavior,
compared to redundant activation of the same ORBkels with several different
compounds. Behavioral redundancy between compaartdsating the same ORN
class has been observed in the bark béesléypographuswhere compounds
detected by the same ORN do not cause any synengiptllent effects when
combined in field trapping experiments (Anderssbal ¢ 2009). Broad response
spectra for ORNs could be an efficient solutiondetecting several compounds that
relay essentially the same information (Baker £t1#198; Cosse et al., 1998;
Wojtasek et al., 1998; Larsson et al., 2002).

The best field attractants in our study (Fig 2,8 &hand in a previous study (Wolde-
Hawariat et al., 2007) were all detected by sil@RN classes — no response to these
ligands were found in other ORN classes (Tabl&Ris, activation of a single ORN
class seems to be sufficient for the release maibn behavior. Results from
typographusalso indicate that several compounds may causeisat activation of a
single ORN class to release behavior (Anderssah,£2009). Methyl benzoate was
thus included in the field experiment as it wageosdary ligand of methyl salicylate
ORNSs (Table 2). Methyl salicylate was highly attrae to P. interruptain the field
(Wolde-Hawariat et al., 2007), andRo marginatain a two-choice bioassay (Larsson
et al., 2003), even if it was detected by one efldast commonly found ORNs fh
marginata(Stensmyr et al., 2001). Methyl salicylate is piignary odorant for a
particular ORN in the motMamestra brassicaend like inP. interruptathis neuron
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also has a weaker secondary response to methybdieniJlland et al., 2008). M.
brassicae egg-laying was inhibited by the presence of miethiicylate on dispensers
near the host plant, cabbage, while methyl benasatenot tested (ibid.). In our field
experiments, catches Bf interruptain traps baited with methyl benzoate were not
significantly higher than that of control trapsdFb). Testing of other compounds
eliciting secondary responses in ORN classes respgro attractive compounds
could shed light on their role in insect behavidespite the fact tha&. interruptais
strongly attracted to fermentation products suctebe beer residue (Ministry of
Agriculture and Ethiopian Agricultural Research @mgation, 1999), ORNs
responding to primary fermentation products sucethanol, acetic acid, propionic
acid or acetone, appear to be absent or very ratiee®. interruptaantenna. Some of
these compounds are attractive to other insectdéebd on fermenting substrates (e.g.
fruit), such ad. melanogastermwhich are attracted to acetic acid, acetone @mahel
in lab trapping bioassayZhu et al., 2003; Ruebenbauer et al., 2008). Wie di
however, find ORNs . interruptathat responded to other substances related to
fermentation and microbial degradation, such asméc 2,3-butanediol, acetoin, 4-
ethylphenol, 4-methylphenol and ethyl acetate fwgron). The ORN class i
interruptaresponding to 2,3-butanediol also responded twatdh the closely
relatedP. marginata acetoin was significantly more attractive thasliank control in

a two-choice bioassay, while racemic 2,3-butanedasd not (Larsson et al., 2003).
This is interesting as both ligands are detectethéysame ORN, and none of the
other ORN classes found in the study respond beedompound (Stensmyr et al.,
2001). Acetoin and 2,3-butanediol are active ireotieetle species as well, where
certain isomers or mixtures of isomers are oftezded to elicit activity. Meso-2,3-
butanediol, (R 3R)-2,3-butanediol, andR)-acetoin are emitted by female
Rhizotrogus majaliand detected only by male antennae in EAD (Nogtnal.,

2003). MaleScapanes australismit acetoin, 2-butanol and 2,3-butanediol, wii t
first two being necessary and sufficient to atttaath sexes in field trapping
experiments (Rochat et al., 200F)-acetoin has been identified as a female-emitted
sex pheromone in the summer chafenphimallon solstitialéTolasch et al., 2003).
In the palm weevilRhynchophorus palmaryracetoin is a synergist to male-emitted
volatile aggregation pheromones. The addition thfegiacetoin or plant matter is
necessary to elicit high levels of attraction; pfieromone alone does not suffice
(Said et al., 2005).

In the SSR screening we found ORNs responding/éodf the seven compounds
identified as active by GC-EAD (methyl anthranilateethyl salicylate,4)-3-hexen-
1-ol, 1-octanol, and 1-octen-3-ol), but we did fiotl any responses to tetradecane or
tridecane (Table 1, 2). It is possible that tetcate and tridecane are detected by one
or several rare ORN types, or by ORNSs present imotmpeg sensilla or sensilla
coeloconica, to which we only had intermittent @mt$. Discrepancies between
electroantennographic and single sensillum methage been observed in previous
studies (Blight et al., 1995; Barata et al., 2082he, 2004). Wibe (2004) compared
GC-EAD and GC-SSR as tools for identification afivee compounds for the pine
weevil, Hylobius abietisin aerations of sawdust from Norway sprueeéa abiey

and found that GC-SSR led to the identificatiom ¢figher number of active
compounds than GC-EAD.

Apart from racemic 2,3-butanediol, the most attv@ctompounds in the field were
eugenol, methyl anthranilate, and methyl salicy(&ig. 2, 3, and 5). These
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compounds are common floral volatiles (Knudserl.eP806), with eugenol and
methyl salicylate often found in aerationsAafaciaspp. flowers (Lamarque et al.,
1998). Methyl salicylate is also found in leaf agl@tight et al., 1993; Loughrin et al.,
1997; Shulaev et al., 1997), and is a common defem®mpound in higher plants in
response to herbivory (Kessler and Baldwin, 2001jield experiments, volatiles
emitted from surrounding vegetation may thus ineladme of the compounds tested,
or similar compounds, which could affect the resoltfield experiments. In the sites
used, there is seasonal variation in vegetatidferdnt species are present, and
species are in different life stages: floweringvihg seeds or fruit, or being purely
vegetative. A salient example is sorghum, whichflagers and seeds in stages
attractive to the beetles in October, but not ily.J0his also coincides with life cycle
changes in the beetles, which may affect trap c&olghum chafers mate and feed in
July, while in October, the newly emerged adultly éeed, before going into
aestivation until July the following year. Experinte evaluating the effects of these
factors are outside the scope of our study.

By using SSR to target a large fraction of thegdeeral olfactory system, we
identified racemic 2,3-butanediol as an efficiaald attractant, without needing to
test all of the 57 compounds in our screening ehieited response (Table 1, 2). This
compound could be useful in future control or momitg, especially since it is highly
attractive to both male and femdleinterrupta Future field experiments should
clarify which isomers of 2,3-butanediol (or mixtarénereof) are responsible for
attraction. Field tests should also include otineit-for flower-related compounds that
activate so far untested ORN classes, as wellrisefucompounds related to
microbial degradation or fermentation, and bleridbie best attractantB. interrupta
could also serve as a useful model for future mebean host-search in a polyphagous
fruit- and flower-feeding insect.
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Table 1. Synthetic compounds used for single cell screening.

# Compound S CAS % # Compound S CAS %
*1 4-Ethylphenol A 123-07-9 99 *8 (1)-beta-Caryophyllene H 87-44-5 98,5
*1 4-Methylphenol A 106-44-5 99 *8 (-)-trans-Citronellol H 106-22-9 95
*2 (E)-2-Hexenal H 6728-26-3 98 *8 Geraniol H 106-24-1 98
*2 (E)-2-Hexen-1-ol H 928-95-0 96 *8 Geranyl acetate H 105-87-3 98
*2 (E)-2-Hexenyl acetate H 2497-18-9 98 *8 (%)-Linalool H 78-70-6 97
*2 (E)-3-Hexen-1-ol H 928-97-2 98 *8 Linalool oxides H n/a 97
*2 (2)-3-Hexen-1-ol H 928-96-1 98 8 Methyl jasmonate H 1211-29-6 95
*2 (2)-3-Hexenyl acetate H 3681-71-8 98 8 Nerolidol H 7212-44-4 98
3 Hexanal H 66-25-1 98 9 (#)-delta-Decalactone H 705-86-2 98
*3 1-Hexanol H 111-27-3 98 9 (¢)-gamma-Decalactone H 706-14-9 97
*3 Hexyl acetate H 142-92-7 98 9 (3)-gamma-Hexalactone H 695-06-7 98
*3 Nonanal H 124-19-6 95 *9 (¢)-gamma-Nonanlactone H 104-61-0 97
3 1-Nonanol H 143-08-8 99,5 9 (¢)-gamma-Octalactone H 104-50-7 97
*3 1-Octanol H 111-87-5 99,5 9 (#)-gamma-Undecalactone H 104-67-6 99
*3 (4)-3-Octanol H 589-98-0 99 10 (¥)-Ethyl 3-hydroxybutyrate H 5405-41-4 97
*3 (+)-1-Octen-3-ol H 3391-86-4 98 *10 (Z)-3-Hexenyl butyrate H 16491-36-4 98
*4 Anethole H 4180-23-8 99 *10 (2)-3-Hexenyl isobutyrate H 41519-23-7 98
*4 Benzaldehyde H 100-52-7 99,5 *10 (2)-3-Hexenyl tiglate H 67883-79-8 97
*4 Benzylalcohol H 100-51-6 99 *11 Butyl butyrate H 109-21-7 98
*4 Eugenol H 97-53-0 98 *11 Ethyl butyrate H 105-54-4 99
*4 Methyl benzoate H 93-58-3 99 *11 Ethyl hexanoate H 123-66-0 99
4 Methyl anthranilate H 134-20-3 99 11 Ethyl propionate H 105-37-3 99
*4 2-Phenylethanol H 60-12-8 98 *11 Hexyl butyrate H 2639-63-6 98
*4 2-Phenylethyl propionate H 122-70-3 98 11 Methyl butyrate H 623-42-7 99
*5 (+)-Acetoin A 513-86-0 97 * 11 Methyl hexanoate H 106-70-7 99
*5 racemic 2,3-Butanediol A 513-85-9 99 *11 Methyl octanoate H 111-11-5 99
5 Carvacrol A 499-75-2 98 11 Methyl propionate H 554-12-1 99
5 Cinnamic aldehyde A 104-55-2 98 *11 Propyl butyrate H 105-66-8 99
*5 Methyl cinnamate A 103-26-4 99 *12 Butyl isobutyrate H 97-87-0 97
*5 Methyl salicylate A 119-36-8 99 12 Hexyl hexanoate H 6378-65-0 97
*5 Phenylacetaldehyde A 122-78-1 90 *12 Isoamyl acetate H 123-92-2 98
*5 Phenylacetonitrile A 140-29-4 99 *12 Isoamyl butyrate H 106-27-4 98
*5 Thymol A 89-83-8 99,5 12 Isobutyl acetate H 110-19-0 99,8
*6 Butyric acid H 107-92-6 99 *12 Isobutyl isobutyrate H 97-85-8 99
*6 N-Caproic acid H 142-62-1 99,5 12 Isopentyl isobutyrate H 2050-01-3 98
*6 Isovaleric acid H 503-74-2 98 *12 Isopropyl acetate H 108-21-4 99,8
6 Valeric acid H 109-52-4 99,8 13 Acetic acid P 64-19-7 99
*7 lsoamylalcohol H 123-51-3 98 13 Acetone P 67-64-1 99,9
*7 6-Methyl-5-hepten-2-one H 78-70-6 99 13 Ethanol P 64-17-5 99
7 Tetradecane H 629-59-4 99,5 * 13 Ethyl acetate P 141-78-6 99,5
7 Tridecane H 629-50-5 99,5 13 Propionic acid P 79-09-4 99,5

*, compound active in single sensillum recordings

#, screening blend
S, solvent used (A, acetone, H, hexane, P, paraffin oil)
CAS, Chemical Abstracts Service number
%, minimum purity in percent



Table 2. Olfactory receptor neuron classes in the sorghum chafer, Pachnoda interrupta.

ORN class 1: 2-Hexen-1-ol n=2 ORN class 17: Geranyl acetate n=2
(E)-2-Hexen-1-ol [104] Geranyl acetate [88]
1-Hexanol [90]
(2)-3-Hexen-1-ol [88] ORN class 18: (+)-Ethyl 3-hydroxybutyrate n=1
(E)-3-Hexen-1-ol [74] ()-Ethyl 3-hydroxybutyrate [49]
(Z)-3-Hexeny! acetate [47] (-)-trans-Citronellol [43]

ORN class 2: 3-Hexen-1-0l n=6 ORN class 19: Methyl anthranilate n=1
(E)-3-Hexen-1-ol [114] Methyl anthranilate [50]
(2)-3-Hexen-1-ol [113]

(E)-2-Hexen-1-ol [59] ORN class 20: Methyl cinnamate n=1
(2)-3-Hexenyl acetate [44] Methyl cinnamate [59]
ORN class 3: Nonanal n=7 ORN class 21: (+)-beta-Caryophyllene n=6
Nonanal [108] (1)-beta-Caryophyllene [82]
ORN class 4: Isovaleric acid n==6 ORN class 22: Butyl butyrate n=6
Isovaleric acid [85] Butyl butyrate [83]
()-3-Octanol [81]
ORN class 5: N-Caproic acid n=1 Butyl isobutyrate [80]
N-Caproic acid [85] Methyl hexanoate [77]
Isoamyl butanoate [69]
ORN class 6: Butyric acid n=1 Isoamyl acetate [65]
Butyric acid [82] 6-Methyl-5-hepten-2-one [65]
Valeric acid [60] Propyl butyrate [60]
Ethyl hexanoate [57]
ORN class 7: 4-Methylphenol n=5 ()-1-Octen-3-ol [49]
4-Methylphenol [84]
ORN class 23: 6-Methyl-5-hepten-2-one n=1
ORN class 8: Benzaldehyde n=3 6-Methyl-5-hepten-2-one [102]
Benzaldehyde [72]
ORN class 24: Methyl octanoate n=4

ORN class 9: Benzylalcohol n=2 Methyl octanoate [101]

Benzylalcohol [78] Hexyl acetate [66]
4-Ethylphenol [46] Methyl hexanoate [56]
4-Methylphenol [46]

ORN class 25: Isoamylalcohol n=1

ORN class 10: Phenylacetaldehyde n=2 Isoamylalcohol [127]

Phenylacetaldehyde [72] (2)-3-Hexenyl isobutyrate [93]
Phenylacetonitrile [64] Methyl octanoate [83]
2-Phenylethanol [46] Butyl butyrate [67]

Propyl butyrate [65]
ORN class 11: Anethole n=4 Linalool oxides [63]
Anethole [110] Ethyl hexanoate [61]

(Z)-3-Hexenyl butyrate [61]

: : : — Linalool [59

ORN class 12: racemic 2,3-Butar_1ed|o| n=3 Methyl benzo[ate] (57]

racemic 2,3-Butanediol [103]
()-Acetoin [94] Methyl hexanoate [49]
2-Phenyl ethanol [49]
ORN class 13: Eugenol n=3 H?fikg:ﬁ;?&%”
Eugenol [123] Phenylacetonitrile [45]
_ Ethyl butyrate [45]

ORN class 14: Methyl salicylate n=12
Methyl salicylate [110] ORN class 26: Unsaturated esters n=6
Methyl benzoate [64] (2)-3-Hexenyl isobutyrate [82]

_ _ (2)-3-Hexenyl tiglate [65]

ORN class 15: Linalool oxides n=7 (2)-3-Hexenyl butyrate [57]

Linalool oxides [86] Geraniol [51]
Linalool [70] 2-Phenylethanol [50]
(2)-3-Hexenyl acetate [42]
ORN class 16: Geraniol n=1

Geraniol [107]
(-)-trans-Citronellol [89]
(E)-2-Hexenyl acetate [85]
(2)-3-Hexenyl acetate [83]
Methyl octanoate [82]
2-Phenethyl propionate [77]
(2)-3-Hexenyl isobutyrate [75]

Average net response in Hz to key ligands shown in [brackets]; for n=1, net response shown
(all responses above 40 Hz are included)
ORNSs grouped according to stimuli that excite their strongest responses
"n" indicates number of ORNs that belong in each class
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