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Abstract. The importance of olfactory versus contact cues for host plant recog-
nition was investigated in the tortoise beetle Cassida canaliculata Laich. (Coleoptera:
Chrysomelidae), which is strictly monophagous on meadow sage. The reaction of adult
beetles to olfactory and contact host cues was tested using three bioassays (locomotion
compensator, six-chamber-olfactometer, ‘stem arena’) to account for different behavioral
contexts. Bioassay-guided fractionation of plant extracts was elaborated to characterize
the nature of contact stimuli. The beetles were only slightly attracted to odors from small
amounts of leaf material. However, when contact cues were provided additionally, the
beetles showed strong preferences for samples of their host plant over controls. Bioassay-
guided fractionation led to isolation of at least two non-polar contact stimuli acting in

concert that are sufficient for host plant identification in C. canaliculata.
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INTRODUCTION

For herbivorous insects, a natural habitat represents a highly diverse mosaic of plants
in which they must recognize cues that are emitted by their potential hosts. To find and
identify their host plants, insects could use various sensory systems. A combination
of visual (Bullas-Appleton et al., 2004; Fischer et al., 2004; Hausmann et al., 2004;
Mintyla et al., 2004), olfactory (Miiller & Hilker, 2000; Kalberer et al., 2001; Zhang
& Schlyter, 2004; Kalberer et al., 2005), and contact or gustatory cues (Jermy et al.,
1988; Chapman & Sword, 1993; Mitchell, 1994; Schoonhoven ef al., 1998) can finally
lead the insect to its food source. However, all these cues vary in both their cost of
assessment and accuracy, and some cues can be more reliable than others (Fawcett
& Johnstone, 2003). For example, vision plays a role in host plant location of some

herbivorous beetles (Tanton, 1977; Hausmann et al., 2004), but visual cues may be
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less accurate in complex vegetation than in open stands (Rausher, 1981; Endler, 1993;
Campbell & Borden, 2006).

Olfactory cues are likely to be signals that are more reliable. They may allow for
host plant location even in a complex environment, if the insect central nervous sys-
tem receives the volatile information at a fine-scale spatio-temporal resolution (Held
et al., 2003; Bruce et al., 2005). Nevertheless, certain semiochemicals can also be un-
reliable when they are emitted by both a host and a non-host (Eisner & Grant, 1981).
Host odor specificity might be achieved through qualitative (Feeny et al., 1970; Blight
et al., 1995; Bartlet et al., 1997) or quantitative (Visser & Avé, 1978; Barata et al.,
2000; van Tol & Visser, 2002) blends of host volatiles, and/or through the relative
variability of compounds among hosts and non-hosts (Wright & Smith, 2004). Strictly
monophagous herbivores may develop a great sensitivity to one or a few host-specific
chemicals (Ferguson et al., 1983; Pereyra & Bowers, 1988; Bernays, 2001).

The most accurate and reliable information about host suitability is gained via
contact chemoreception. Typical behaviors before acceptance or rejection of a host
are antennating, palpating, test biting, and test feeding (Harrison, 1987). On the plant
surface, plant cuticular waxes can already give important information for host plant
acceptance (Eigenbrode & Espelie, 1995; Miiller & Riederer, 2005). After test-biting
individual host-specific compounds can be sufficient to stimulate feeding in several
specialist herbivores. The monophagous beetle Ceutorhynchus inaffectatus Gyllenhal
(Coleoptera: Curculionidae) is stimulated by allyl-glucosinolate of its host plant, a
Brassicaceae (Larsen et al., 1992), whereas cucurbitacin can be sufficient to stimu-
late feeding of some specialists on Cucurbitaceae (Metcalf et al., 1980; Tallamy &
Krischik, 1989). However, in other species feeding is stimulated only by a mixture of
several compounds (Miiller & Renwick, 2001; van Loon et al., 2002), which may be
inactive when offered individually, but show synergistic effects when offered together
(Endo et al., 2004; Tamura et al., 2004).

The highly specialized tortoise beetle Cassida canaliculata Laich. (Coleoptera:
Chrysomelidae) is strictly monophagous on meadow sage (Salvia pratensis L., Lami-
ales: Lamiaceae) (Wencker & Silbermann, 1866; Bourgeois & Scherdlin, 1899; Reit-
ter, 1912; Graser, 1984; Trautner et al., 1989; A. Heisswolf and D. Gabler, unpublished
data). Within Germany, C. canaliculata is endangered, in Bavaria it is even threat-
ened by extinction (Kippenberg, 2003); however, on warm slopes in the nature reserve
‘Hohe Wann’ in Northern Bavaria, Germany (50° 03’ N, 10° 35’ E), it is locally abun-
dant (A. Heisswolf and E. Obermaier, personal observations). Only few details are
published on the ecology of C. canaliculata (Steinhausen, 1949; Trautner et al., 1989;
Heisswolf et al., 2005, 2006, 2007), and little is known about the host recognition pro-
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cess in this species. However, as monophagous herbivores the beetles should be very
specifically able to recognize their host plant species S. pratensis.

Because C. canaliculata moves through its very complex habitat mainly by walk-
ing, visual cues, which may under these circumstances be of little accuracy (Endler,
1993), were neglected in the first instance. Consequently, this study focused on the
attraction behavior of C. canaliculata to olfactory and contact cues of its host plant S.
pratensis. Olfactory cues were analyzed in three different laboratory bioassays: (1) a
locomotion compensator, (2) a six-chamber-olfactometer, and (3) a ‘stem arena’ (af-
ter Miiller & Hilker, 2000). These three types of assays were chosen as they present
olfactory cues in different distances and modalities, and allow analyzing for different
behavioral contexts (cf. Material and Methods). The beetles’ reaction to contact cues
was investigated only within the stem arena, as beetles were observed to preferably
climb objects. Bioassay-guided fractionation of plant extracts was elaborated to char-

acterize the nature of contact stimuli.

METHODS

Insects

Adults of C. canaliculata were collected in the ‘Hohe Wann’ nature reserve in North-
ern Bavaria, Germany (50° 03’ N, 10° 35’ E), between May and July 2005. They were
kept in boxes (200 x 200 x 90 mm) with a gauze lid (500 ym mesh) in a climatic
chamber at 20°C, 70% relative humidity, and 16L:8D. The bottom of each box was
covered with filter paper and the beetles were fed on leaves of S. pratensis.

Extracts of Salvia pratensis

Leaf material of S. pratensis was harvested from pre-flowering plants growing in the
botanical garden of University of Wiirzburg, frozen, and lyophilized for 17 hrs. Dried
leaves were crushed in a mortar with addition of sea sand (Merck) and extracted in
150 ml of either n-hexane, dichloromethane, or methanol (Carl Roth GmbH, Karl-
sruhe, Germany). The three resulting extracts of different polarity were filtered and
concentrated in a rotary evaporator.

As the qualitative composition of stems and leaves of S. pratensis has been shown
to be similar (Velickovi¢ et al., 2002), both intact plant stems as well as stem dummies
treated with leaf extracts were offered in the behavioral contact assays (see below for a
detailed description). The volume of the extracts used in these assays corresponded to
the average weight of a plant stem of 15 mm length and 5 mm diameter (like the stems
used in the contact bioassays), which was 0.15 g. The corresponding volumes for the

three extracts were 8 ul (n-hexane), 5 pl (dichloromethane), and 14 ul (methanol).
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The n-hexane extract was further fractionated: 1 ml of the extract was evapo-
rated to dryness and the residue dissolved in 200 ul of dichloromethane. This so-
lution was loaded onto a column (Isolate SPE Columns 100 mg Si) washed with
dichloromethane. Elution was carried out sequentially with the following five solvents:
(1) 100% n-hexane, (2) 90% n-hexane + 10% dichloromethane, (3) 50% n-hexane
+ 50% dichloromethane, (4) 90% dichloromethane + 10% methanol, and (5) 100%
methanol. For each elution step, 1 ml of the respective solvent was used and the result-

ing fractions were collected separately.

Olfactory Bioassays: Locomotion Compensator

The reactions of beetles to olfactory plant cues were tested in three set-ups to take
different behavioral response patterns of beetles into account. First, the behavioral re-
sponse of walking beetles to volatiles from different sources borne in an air stream was
tested on a locomotion compensator. In this assay, an individual beetle is maintained
at the top of a servosphere (300 mm @; Tracksphere LC 300, Syntech, Hilversum, The
Netherlands) to which the air stream is directed. Two motors compensate displace-
ments of the moving animal and pulse generators monitor the resulting movement of
the sphere (Kramer, 1976), which allows the reconstruction of the tracks described
by the beetle. The following four track parameters were used to quantify the beetle’s
behavior: (1) walking speed (mm/s); (2) straightness of walking, i.e. the quotient of
vector length and total track length (ranging from O to 1); (3) upwind length (mm), i.e.
the net distance from the origin towards the odor source along a straight line; and (4)
upwind fixation, the quotient of upwind length and total track length (ranging from —1
to +1).

The beetles were starved three to four hours prior to testing. Per treatment, each
beetle was allowed to acclimatize on the sphere for one minute, and then one of five
different odor sources was applied for four minutes. Tested odor sources were (1)
five leaves (5-6 g) of S. pratensis, (2) potted, one-year-old pre-flowering S. pratensis
plants withn 8-10 leaves, (3) a pot containing only soil, (4) a pure air stream, and
(5) no air stream at all. The latter three treatments served as controls to test for the
beetle’s general walking behavior. All experiments were conducted in a dark room
with a dimmed central light source above the sphere. The odor sources were presented
as follows: compressed air was passed through a charcoal filter and a flask filled with
distilled water to obtain a moisturized clean airflow. The airflow was passed through a
flow meter, which adjusted the flow to 1200 ml/min. Then the flow was passed through
another flask, which contained either the materials described above or nothing for the
pure air stream. The volume of the flask was 0.5 1 (glass flask) for the empty control

and the test with leaf material and 1.0 1 (polyethylene flask) for the potted plant as
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well as for the pot containing only soil. Finally, the airflow ended up in the delivery
tube (inner diameter: 15 mm), positioned with its mid-axis the same height as, but

approximately 40 mm away from the top of the sphere.

Olfactory Bioassays: Six-Chamber-Olfactometer

In a second assay, a static six-chamber olfactometer corresponding to the four-chamber
olfactometer described by Steidle & Scholler (1997) was used. The olfactometer was
made of acrylic glass, consisting of a cylinder (40 mm high, diameter: 170 mm) divided
by vertical plates into six equal chambers. On top of the cylinder, a removable walking
arena (diameter: 160 mm) was placed, consisting of plastic gauze (210 um mesh) with
arim of acrylic glass (15 mm high). The whole olfactometer was covered with a glass
plate, and no airflow was generated.

Fresh leaf material (whole leaves) was placed in one of the chambers in either of
two quantities: (1) one leaf (0.2-0.3 g; low quantity) and (2) six leaves (2.5-3.4 g, high
quantity). The other five chambers remained empty and served as a control. To avoid
biased results due to possible side preferences of the beetles, the position of the sam-
ples and the controls was rotated clockwise after every trial. After four trials, the leaf
material was replaced. The experiments were performed in a dark room and a central
light source above the olfactometer was used for illumination. Contamination of the
walking arena with sample odors or possible pheromones of the beetles was avoided
by cleaning the walking arenas and glass plates with ethanol and demineralized water
between trials. As in nature the beetles usually walk on the lower side of plant leaves,
an inverted setup was additionally tested in which the olfactometer was turned upside
down and the movement of the beetles was followed by using a mirror. In this setup,
three leaves (0.8-1.8 g, medium quantity) were offered.

In all settings, the beetles were starved at least two hours prior to testing. Then,
each individually tested beetle was allowed to acclimatize in the arena for five minutes
before the observation started. Using the software The Observer 5.0 (Noldus Infor-
mation Technology, Wageningen, The Netherlands), the location (chamber) as well
as the activity status (active: walking; inactive: resting, grooming) of each beetle was
recorded for five minutes. The time the beetles spent walking above the chamber con-
taining the leaf material was compared with the walking time above empty control

chambers and used to assess the attractive effect of the host material.

Olfactory Bioassays: Stem Arena Without Contact

In a third assay for testing the reaction of C. canaliculata to olfactory cues, a ‘stem
arena’ (according to Miiller & Hilker, 2000; Figure 1) was used, as beetles were ob-

served to preferably climb objects. Stems of the host plant (height: 15 mm, diameter: 5
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Figure 1: Stem arena used for bioassays with adults of Cassida canaliculata. Gray test stems; white
control stems (each 15 mm high); a petri dish (diameter: 55 mm, height: 10 mm) was used as arena. Test
and control stems were placed at the edge of the dish in an alternating pattern. The bottom of the arena
was filled with soil and covered by a filter paper. The stem arena was placed in the bottom of a larger
petri dish (diameter: 90 mm) filled with water to prevent beetles from escaping. Drawing by D. Gabler
and C. Miiller.

mm) as well as stem dummies (toothpicks) were enclosed in fine wire mesh cylinders
(height: 20 mm, diameter: 15 mm, 1 mm mesh) to prevent contact. In the bottom of
a petri dish (diameter: 55 mm), two enclosed stems and two enclosed dummies were
offered to adult beetles in an alternating pattern. The bottom of the petri dish was
filled with soil covered by filter paper to fix the stems and dummies. The stem arena
was placed in the bottom of a larger petri dish (diameter: 90 mm) filled with water to
prevent beetles from escaping. The arena was surrounded with white cardboard and a
central light source above the olfactometer was used for illumination.

In this arena without contact as well as in all other stem arena assays described
below, the beetles were starved at least two hours prior to testing. Then, one adult beetle
was placed in the center of the arena in a supine position. The time the beetles spent
on test or control stems was recorded continuously for 8 minutes using the software
The Observer 5.0.

Olfactory Bioassays: Stem Arena With Contact

The stem arena (Figure 1) was also used to test the role of contact cues in host recog-
nition of C. canaliculata. In this assay, stems of the host S. pratensis, the non-host
yarrow, Achillea millefolium L. (Asterales: Asteraceae), or stem dummies were of-
fered to adult beetles in an alternating pattern, however, without any cover. The time
the beetles spent on test or control stems was recorded continuously for 8-10 minutes.

First, it was tested whether C. canaliculata is able to discriminate between stems

of its host plant and stems of yarrow (Achillea millefolium), a non-host plant that is
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very common in the natural habitat of C. canaliculata. Second, in order to account
for a possible deterring effect of the non-host plant, stems of yarrow were offered
against stem dummies (toothpicks). In the third experimental series, stem dummies,
i.e. cigarette filters (height: 15 mm, diameter: 5 mm; ZIG-ZAG Slim Filters, Manch-
ester, UK), treated with host plant extracts of different polarity (see above) were of-
fered against stem dummies treated with the corresponding solvent only. In the fourth
experimental series, the beetles’ response to the five different fractions, as well as 1:1
mixtures of specific fractions of the n-hexane extract (see above) were tested against

the respective solvents.

Statistics

All parameters were tested for normal distribution using the Shapiro—Wilk test. On the
locomotion compensator, the parameters ‘straightness’ (ranging from O to 1) and ‘up-
wind straightness’ (ranging from —1 to +1) were arcsine-transformed prior to analysis.
Walking parameters were compared between test odors and the respective controls us-
ing the Mann—Whitney U-Test. Additionally, upwind length and upwind straightness
were tested against zero using the Mann—Whitney U-Test.

Differences in walking times above the six chambers in the olfactometer bioas-
say were compared using the Friedman test followed by the Bonferroni corrected
Wilcoxon matched-pairs test. Additionally, the test chamber (containing the leaf ma-
terial) was also compared to the control chamber directly opposite to the test chamber
using the Wilcoxon signed-rank test for paired samples.

In the stem arena assays, the relative difference between the times spent on the
test and control stem, i.e. (time on test stem — time on control stem) / total time on
both stems was calculated for each beetle. The corresponding null hypothesis is that
beetles have no preference, i.e. spend as much time on test as on control stems, and
consequently that the relative difference between these two times is zero. The relative
differences can only range from —1 (time spent completely on the control stem) to +1
(time spent completely on the test stem) and were thus arcsine- transformed prior to
further analysis. The transformed differences were tested against the null hypothesis
using the Mann—Whitney U-Test. Beetles that were inactive for more than half of the
observation time were excluded from all analyses as they were considered to be not
motivated. All statistical procedures were calculated with the software package R 2.2.0
for Windows (R Development Core Team, 2005).
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RESULTS

Response to Volatile Cues

On the locomotion compensator, neither of the recorded walking parameters of the
beetles (walking speed, straightness, upwind length, and upwind fixation) differed sig-
nificantly between the respective test and control groups (Table 1). Only in the ‘pure
air stream’ control, upwind length (U =112, P =0.0214, N = 16) and upwind fixation
(U =107, P =0.044, N = 16) were significantly different from zero, i.e. the beetles
showed a significantly negative anemotaxis when a pure air stream was presented.
Without any air stream, the beetles showed no preference for any direction (upwind
length: U =62, P =0.782, N = 16, upwind fixation: U = 60, P = 0.706, N = 16).

In the six-chamber-olfactometer, the adult beetles of C. canaliculata showed no
clear preference for host plant odor. When the walking times above all six chambers
were compared by the Friedman test, there were no significant differences (Figure 2).
However, in the ‘low quantity’ setting, the beetles spent significantly more time above
the chamber containing leaf material of their host S. pratensis than above the opposite
control chamber (W = 52, P = 0.010, N = 10, Fig. 2A). Both, when a ‘high quantity’
of leaf material was offered (Fig. 2B) and in the ‘upside-down’ oriented six-chamber-
olfactometer, where a medium leaf quantity was offered in the test chamber, the beetles
were not attracted to the host plant odours (Fig. 2C). In addition, the supposedly more
natural ‘upside-down’ setting did not result in a discernible difference in beetle behav-
ior.

In the stem arena without contact, beetles spent similar amounts of time on cov-
ered host plant stems [median (lower and upper quartile): 88.97 (55.19-184.4) s] and
corresponding empty controls [94.27 (32.48-150.1) s] (U =99.5, P = 0.556, N = 18).

Response to Contact Cues

When beetles could choose between stems of the host meadow sage (S. pratensis) and
of the non-host yarrow (A. millefolium), adults of C. canaliculata spent significantly
more time on the stems of their host plant (Fig. 3A). However, the beetles did not
discriminate between yarrow stems and dummies (toothpicks; Fig. 3B).

When the beetles could choose between dummies (cigarette filters) treated with
one of the three host plant extracts of different polarity and dummies with the respec-
tive solvent alone, the beetles showed a significant preference for the n-hexane extract
over controls (Fig. 4A). The beetles did not show a significant preference for the other
two extracts (dichloromethane and methanol; Fig. 4B and C); however, a tendency

towards a preference for the dichloromethane extract could be observed.
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Figure 2: Response of adult beetles of Cassida canaliculata to volatile cues in the six-chamber-
olfactometer: box-and-whisker plots of the walking time (in seconds) above the chambers containing
leaf material of Salvia pratensis (S, grey box) as well as above the five empty control chambers (C1-CS5,
white boxes). Three different amounts of leaf material were tested: (A) one leaf (0.2-0.3 g; low quan-
tity), (B) six leaves (2.5-3.4 g; high quantity), and (C) three leaves (0.8-1.8 g; medium quantity, the latter
offered in an inverted set-up of the olfactometer). The boxes represent the median, and 25% and 75%
percentiles. The whiskers extend to the maximum values; the circles denote outliers. Ny = 10 beetles,
Np = 10 beetles, Nc = 15 beetles. P-values of the Friedman test are given. The observation time was 5
min per beetle.

The five fractions of the n-hexane extract did not reveal a significant response of
the beetles, however, a slight tendency of a preference for fractions 1 (100% n-hexane)
and 3 (50% n-hexane, 50% dichloromethane) could be observed (Fig. SA-E). When the
beetles were offered a 1:1 mixture of these two fractions compared with the respective
mixture of solvents, the beetles significantly preferred this mixture to the control (Fig.
5F).

DISCUSSION

Our results demonstrate that adults of the monophagous tortoise beetle C. canalicu-
lata select their host plant chiefly by qualitative (i.e. by distinct chemical compounds)
rather than quantitative (i.e. by a specific ratio of components) contact cues. The bee-
tles showed only a very weak attraction to odors from small amounts of leaf material
offered in a static six-chamber-olfactometer and were not attracted to stem odors of-
fered upright or to leaf or whole plant odors offered in an air-stream. In contrast, when
contact cues were provided additionally, the beetles strongly preferred stems of their
host plant to non-hosts or controls. Bioassay-guided fractionation revealed that at least
two distinct non-polar contact stimuli acting in concert are sufficient for host plant

identification in C. canaliculata.

10



Journal of Insect Behavior (2007) 20:247-266

400 - o
P=0.003 P=0.542
3009 T

200 - —r -|_
100 4 -|_
o 1 1 T

Time (s)

A B
Host stem vs Non-host stem
non-host stem vs control

Figure 3: Response of adult beetles of Cassida canaliculata to contact cues (intact stems) in the stem
arena: box-and-whisker plots of the time (in seconds) on (A) host stems (Salvia pratensis) vs. non-host
stems (Achillea millefolium) and (B) non-host stems (Achillea millefolium) vs. control stems (toothpicks).
The boxes represent the median, and 25% and 75% percentiles. The whiskers extend to the maximum
values; the circle denotes an outlier. Ny = 20 beetles, Np = 18 beetles. P-values of the Mann—Whitney U -
test, comparing the mean relative difference in time spent on test and control stems to the null hypothesis
of this difference being zero, are given. The observation time was 8 min per beetle.

Although several other chrysomelid species are attracted to host plant volatiles
(Feeny et al., 1970; Andersen & Metcalf, 1986; Visser, 1986; Mitchell, 1994; Miiller
& Hilker, 2000, 2001; Kalberer et al., 2001, 2005), olfactory cues alone seem to be
only weak stimuli in the host plant recognition process of C. canaliculata that mainly
moves by walking rather than flying. When responses to olfactory or other cues are
tested with herbivores, a negative result (i.e. no response) to odors in a bioassay could
be due to different factors. The herbivores might just not respond in the tested context,
the offered cues might be less or not used in their host plant searching behavior or bee-
tles might not be motivated. Therefore, three different bioassays were employed that
present odor sources in different distances, modalities, and behavioral contexts. On the
locomotion compensator, where beetles could walk freely without any barrier in an air
stream, they were not showing significant differences in neither of the analyzed walk-
ing parameters between the tested odor samples and the respective controls (Table 1).
When only a pure air stream was offered, the beetles showed a negative anemotaxis.
This behavior was also observed in several other insects (Sabelis & Schippers, 1984;
Taneja & Guerin, 1995; van Tilborg et al., 2004) and could, for example, be a strategy
to find an odor plume (Sabelis & Schippers, 1984) or an attempt by the beetles to leave
the exposed area to seek a refuge (Taneja & Guerin, 1995). When odors of S. praten-

11



Journal of Insect Behavior (2007) 20:247-266

600 - P=0.023 P =0.051 P=0.796

500 - o
~ 400
@ 300 1

F 200 - 'l'
100 - J_
0- —

A B C
Hexane extract DCM extract MeOH extract
vs hexane vs DCM vs MeOH

Figure 4: Response of adult beetles of Cassida canaliculata to contact cues (host plant extracts) in the
stem arena: box-and-whisker plots of the time (in seconds) on test and control stem dummies (cigarette fil-
ters). (A) n-hexane extract vs. n-hexane, (B) dichloromethane (DCM) extract vs. DCM, and (C) methanol
(MeOR) extract vs. MeOH. The boxes represent the median, and 25% and 75% percentiles. The whiskers
extend to the maximum values; the circle denotes an outlier. Ny = 18 beetles, Ng = 19 beetles, No = 17
beetles. P-values of the Mann—Whitney U -test, comparing the mean relative difference in time spent on
test and control stems to the null hypothesis of this difference being zero, are given. The observation time
was 10 min per beetle.

sis leaves or whole plants were borne in the air stream, the beetles showed neither a
positive nor a negative anemotaxis, however, a tendency of a difference (P = 0.067)
could be seen comparing upward length between the ‘pure air stream’ control and the
odor of S. pratensis leaves (Table 1). Variation in flow-rate (1000-3000 ml/min, data
not shown) did not result in a changed walking behavior. Given the observation that
C. canaliculata moves through its habitat (i.e. dense and richly structured meadows)
mainly by walking, the strong incentive of walking downwind (possibly searching for
a refuge) may have concealed any positive reactions to host plant odor.

When plant volatiles were provided without air stream in a static six-chamber ol-
factometer, beetles showed a slight attraction to odors from low amounts of leaf mate-
rial (Fig. 2A). Although the median walking time above (Fig. 2B) or below (Fig. 2C)
the chamber with high or intermediate amounts of leaves was also higher than on con-
trols, these differences were not significant. The walking chamber of the olfactometer
might have been already satiated with odor within the five minutes testing time when
offering higher quantities of plant material. Finally, in the open stem arena, the air
could not satiate and beetles had very close access to plant parts, i.e. they could and

readily did climb the wire mesh coverings around stems. Nevertheless, beetles showed
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Figure 5: Response of adult beetles of Cassida canaliculata to contact cues (fractions of the n-hexane
extract of Salvia pratensis leaves) in the stem arena: box-and-whisker plots of the time (in seconds) on
test and control stem dummies (cigarette filters). The fractions were eluted in (1) 100% n-hexane, (2) 90%
n-hexane + 10% dichloromethane, (3) 50% n-hexane + 50% dichloromethane, (4) 90% dichloromethane
+ 10% methanol, and (5) 100% methanol. The boxes represent the median, and 25% and 75% percentiles.
The whiskers extend to the maximum values; the circles denote outliers. N4y = 16 beetles, Ng = 13 beetles,
Nc = 18 beetles, Np = 18 beetles, Np = 17 beetles, N = 18 beetles. P-values of the Mann—Whitney U-
test, comparing the mean relative difference in time spent on test and control stems to the null hypothesis
of this difference being zero, are given. The observation time was 10 (A-E) or 8 min (F) per beetle.

no arrestment on their hosts. Thus, in total, we consider the response to volatile cues
alone as rather weak.

In nature, however, beetles most probably will encounter olfactory host plant cues
in combination with visual cues, which might enhance the beetles’ response to host
plant volatiles (Prokopy & Owens, 1983; Blackmer & Cafias, 2005). A recent study
by Heisswolf et al. (2007) showed that C. canaliculata beetles could find their host
plant from a distance of at maximum 50 cm, when a plant individual was offered in a
semi-natural arena. However, whether visual or olfactory cues alone or in combination
attracted the beetles could not be discriminated. The practical importance of both vi-
sual and olfactory cues for host plant finding in diverse and richly structured meadows
has still to be elucidated, as beetles will not encounter isolated plants (as in the arena
assay) in their natural habitat.

When beetles had direct access to the host plant material in the stem arena, they
were very well able to discriminate their host plant based on contact cues. They clearly
preferred stems of their host S. pratensis to stems of the non-host A. millefolium (Fig.
3A). Moreover, the indiscriminative response to stems of A. millefolium compared to
stem dummies (toothpicks; Fig. 3A) showed that the beetles were neither arrested by

any (un)specific plant compounds nor deterred by this non-host plant.
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Non-polar chemical stimuli were sufficient to cause arrestment in C. canaliculata
(Fig. 4A). Physical cues, i.e. the intact morphology of the stem or leaf surface, were
not necessary for host plant recognition, since the beetles could discriminate dummies
treated with host plant extract from dummies treated only with the solvent. This has
been also found for another Cassida species (Miiller & Hilker, 2001) and might be a
general pattern within this genus. Nevertheless, physical cues might act additively or
synergistically with contact cues in host recognition (Miiller & Hilker, 2001; Miiller
& Riederer, 2005).

The quantitative composition of compounds in the tested host plant extracts was
certainly quite different from the ratios and amounts that the beetles would perceive
from intact plants in nature. However, as the beetles were readily able to identify their
host plant from extracts when direct contact was given, the presence of particular host
plant compounds seem to be more important for the specialist C. canaliculata than
a specific ratio or amount of these compounds. The use of qualitative cues such as
the presence of single compounds or a mixture of specific compounds for host plant
identification has also been reported from other specialized leaf beetles (Rees, 1969;
Larsen et al., 1992; Miiller & Renwick, 2001). Thus, one might hypothesize, that in
contact chemoreception the quantity, i.e. the relative ratio of compounds, is not as
essential as in olfactory host plant identification, where the majority of herbivorous
insects seem to respond only to very specific ratios of host plant volatiles (reviewed by
Bruce et al., 2005).

Moreover, we also found that one contact stimulus alone is not sufficient for host
recognition in C. canaliculata. Whereas individually tested fractions of the attractive
n-hexane-extract did not reveal a significant response, a mixture of fraction 1 (100%
n-hexane) and fraction 3 (50% n-hexane + 50% dichloromethane) was significantly ar-
resting (Fig. 5F). The fact that these two synergistically active fractions of the n-hexane
extract were separated by an unattractive fraction (fraction 2) implies that there have
to be at least two or more substances involved. The observed tendency of a preference
towards the dichloromethane extract further supports this hypothesis, since this extract
may have contained one of the active compounds also soluble in fraction 3. Thus, we
can conclude that C. canaliculata needs at least two contact stimuli acting in concert
to identify its host plant S. pratensis. Use of just one compound might be misleading
if it is not entirely specific for S. pratensis. Comparing again contact to olfaction, ours
and other results indicate that in both contact (Stidler & Buser, 1984; Hopkins et al.,
1997; Miiller & Renwick, 2001; van Loon et al., 2002; Endo et al., 2004; Tamura et al.,
2004) and olfaction (Fraser et al., 2003; Bruce et al., 2005) a blend of compounds can
be necessary for host plant identification.
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In the n-hexane extract, characteristic monoterpenes (e.g. 3-pinene, 1,8-cineole)
and sesquiterpenes (germacrene D, -caryophyllene) of S. pratensis (Hegnauer, 1964;
Velickovi¢ et al., 2002) as well as typical components of cuticular waxes (Miiller &
Riederer, 2005) could be detected (D. Gabler and C. Miiller, data not shown) that could
potentially act as arrestants.

In summary, the results of this study indicate the following scenario for the host
recognition process of the monophagous herbivore C. canaliculata. The beetles move
mainly by walking rather than flying through their complex natural environment. A
combination of olfactory and visual cues might direct the beetles towards their host
plant, however, the practical importance of these cues needs to be corroborated un-
der natural conditions. After contact evaluation, the presence of at least two distinct

compounds is giving reliable information for arrestment at that plant.
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