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ABSTRACT

Working on the hypothesis that an important function of the lamellate antennae of
adult male beetles belonging to the genus Rhipicera is to detect scent associated with
female conspecifics, and using field observations, anatomical models derived from X-
ray microcomputed tomography, and scanning electron microscopy, we have
investigated the behavioural, morphological, and morphometric factors that may
influence molecule capture by these antennae. We found that male beetles fly upwind
in a zigzag manner, or face upwind when perching, behaviour consistent with an
animal that is tracking scent. Furthermore, the ultrastructure of the male and female
antennae, like their gross morphology, is sexually dimorphic, with male antennae
possessing many more of a particular type of receptor - the sensillum placodeum -
than their female counterparts (approximately 30,000 v. 100 per antenna,
respectively). Based on this disparity, we assume that the sensilla placodea on the
male antennae are responsible for detecting scent associated with female Rhipicera
beetles. Molecule capture by male antennae in their alert, fanned states is likely to be
favoured by: a) male beetles adopting prominent, upright positions on high points
when searching for scent; b) the partitioning of antennae into many small segments; c)
antennal morphometry (height, width, outline area, total surface area, leakiness, and
narrow channels); d) the location of the sensilla placodea where they are most likely
to encounter odorant molecules; and e) well dispersed sensilla placodea. The
molecule-capturing ability of male Rhipicera antennae may be similar to that of the

pectinate antennae of certain male moths.

Keywords: Anatomical reconstruction; Antheraea; Bombyx; insect; olfaction
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INTRODUCTION

Some insects have elaborate antennae for detecting trace quantities of airborne
odorant molecules. The male silk moth, Bombyx mori (Lepidoptera, Bombycidae),
whose pectinate (comb-like) antennae can detect as few as 3,000 molecules of female
pheromone per millilitre of air, is a classic example (for reviews, see Kaissling, 2009,
2014). Understanding the first event in signal detection — transport of odorant
molecules to the antennal surface — is important not only because this event is part of
a fundamental biological process (olfaction), but also because the lessons learnt could

be applied to improving the sensitivity of artificial sensory systems.

Transport of airborne odorant molecules to the antennal surface (‘molecule capture’;
Koehl, 2006; Kaissling, 2009) involves two steps. In the first, the odorant molecules
are brought into proximity of the antennal surface by convection (i.e. the bulk
movement of air, which could be generated by, for example, the wind, or by the insect
flying; Denny, 1993). In the second step, the odorant molecules must diffuse from the
air to the antennal surface (Vogel, 1994). Note that diffusion cannot govern the entire
transport process, because diffusion times in air, even over relatively short distances,
are long (Denny, 1993, Fig. 6.3). Factors that can influence molecule capture include
the behaviour of the insect (e.g. wing fanning in male B. mori; Loudon and Koehl,
2000), the geometry of the antennae (Kaissling, 1971), the morphometry of the
sensory surface (e.g. the quantity of a substance diffused to a surface is proportional
to the area of that surface; LaBarbera and Vogel, 1982; Schmidt-Nielsen, 1997), the
boundary layer formed when air moves over an object (e.g. the ground, or an insect’s
body; Sutton, 1949; Schneider et al., 1998), and the number and distribution of the
olfactory receptors on the sensory surface (Chapman, 1982; Kanaujia and Kaissling,

1985; Berg and Purcell, 1977; Berg, 1983).

We have chosen to study molecule capture by the antennae of male beetles belonging
to the genus Rhipicera (Coleoptera, Rhipiceridae). Five species are currently
recognised in this genus (Jin et al., 2013). Based on morphological characters, all five
species are closely related (e.g. Jin et al., 2013, Table 1). Precisely how they are
related to each other is not, however, known (e.g. there are no molecular data). All
five species have been recorded only in Australia (Jin et al., 2013). Very little is

known about their biology (Lawrence, 2005; Jin et al., 2013).
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There were three reasons for choosing to study molecule capture in Rhipicera beetles.
First, there are no previous studies of molecule capture by the antennae of beetles.
Second, the antennae of beetles in the genus Rhipicera are sexually dimorphic (Jin et
al., 2013, Fig. 3): the size and shape of the male antennae (Fig. 1) suggest that these
antennae may be involved in detecting trace quantities of odorant molecules
associated with female conspecifics'. This suggestion is based on: a) the fact that the
antennae will have a relatively large surface area, encouraging diffusion of odorant
molecules to the antennal surface (LaBarbera and Vogel, 1982; Schmidt-Nielsen,
1997); b) the assumption that many sensilla (the sensory structures on the antennal
surface; Schneider, 1964; Altner, 1977; Altner and Prillinger, 1980) can be
accommodated on the relatively large surface area, leading to greater sensitivity
(Chapman, 1982), a quality necessary for trace detection of odorant molecules; and c)
the fact that a larger outline area should increase the chance of molecule capture
(Kaissling, 1971). The third reason we chose to study molecule capture in Rhipicera
beetles is that their antennal surface is rigid, a property likely to facilitate future
simulations of molecule capture, and perhaps lend itself to replication in an artificial

SE€nsor.

The particular species we have chosen to study are Rhipicera carinata and Rhipicera
femorata, inhabitants of Western and Eastern Australia, respectively (Hawkeswood,
2000; Jin et al., 2013). We chose R. carinata because one of us (TFH) was able to
make some behavioural observations of this species in the field. We chose R.
femorata because we had access to a good quality preserved male specimen of this
species, in which both antennae were fanned and intact (Fig. 1). Although we had
access to preserved male specimens of the other four Rhipicera species, they were not
of such good quality. For these reasons, we limited ourselves to just two of the five

currently recognised species in the genus Rhipicera.

Based on the sexual dimorphism of the antennae of Rhipicera, we hypothesised that
an important function of the antennae of male Rhipicera beetles is to detect the scent
associated with female conspecifics. Given this hypothesis, our objective was to
investigate the factors that may influence molecule capture by the antennae of male

Rhipicera beetles - the behaviour of the beetles, and the gross morphology,
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morphometry, and ultrastructure of their antennae - so that we might use the results in
a future simulation of the capture process. Morphometric data in particular are critical
to understanding the sensory performance of an antenna (Zacharuk, 1985). In
attempting to meet this objective, we have collected some evidence consistent with
the notion that male Rhipicera beetles locate female conspecifics by olfaction. In
addition, we wished to compare our results with similar ones for two species of male
moth, namely B. mori and the saturniid moth Antheraea polyphemus, because the
large, elaborate, pectinate antennae of these moths are considered to be an adaptation
to maximise molecule capture (Steinbrecht, 1984). Furthermore, the antennae of these
moths are a well-documented system for capturing molecules (Schneider and
Kaissling, 1956, 1957; Boeckh et al., 1960; Kaissling and Priesner, 1970; Steinbrecht,
1970, 1973, 1987; Kochansky et al., 1975; Vogel, 1983; Kanaujia and Kaissling,
1985; Loudon and Koehl, 2000; Loudon and Davis, 2005). Thus, the antennae of
these moths may be used as a standard to gauge how well other relatively large,
elaborate antennae capture molecules. To make the comparison with the two moths,
we have obtained some morphometric data on the antennae of 4. polyphemus that was

missing from the scientific literature.



MATERIALS AND METHODS

Behaviour of Rhipicera carinata

The behaviour of adult Rhipicera carinata beetles was observed in the garden of a
domestic residence in Spearwood, Perth, Western Australia on 3 and 25 April 2014
(early afternoon and morning, respectively). The garden contained a large mulberry
tree (Morus sp.), an olive tree (Olea europaea), and a bamboo thicket. There was a
light variable breeze during both visits; towards the end of the first visit the breeze
became stronger, and was directed from the west/south west. The temperature on both

visits was 24 — 26 °C.

Specimens

The specimens we used belong to the collections of the Natural History Museum,
London. Their catalogue numbers (preceded by ‘BMNH[E]’) are: 1269005 (male
Rhipicera femorata, Fig. 1); 1269006 (female R. femorata, Fig. 1A); 1269355 (male
R. carinata), and 1269356 (female R. carinata). The male specimen of Antheraea

polyphemus does not have a catalogue number.

Antennal Nomenclature and Descriptions of Sensilla

In insects, there are three antennal regions (Crowson, 1981; Gullan and Cranston,
2000). These regions are (proximal to distal) the scape, the pedicel, and the flagellum
(Nichols, 1989). The scape and pedicel comprise one segment each; the flagellum
comprises a variable number of segments. For descriptions of the types of sensilla
encountered in this report see Schneider (1964), Kaissling (1971, Fig. 5), and
Meinecke (1975).

X-Ray Microcomputed Tomography

X-ray microcomputed tomography (micro-CT) of the heads of the male and female
specimens of R. femorata, and the head of the male specimen of 4. polyphemus, was
performed at Nikon Metrology, Tring, UK, using an XT H 225 ST system. We
removed the wings of the specimen of 4. polyphemus prior to the scan to place it as
close as possible to the X-ray source, thereby maximising the resolution of the scan.
X-rays were generated from the target that was fitted to the X-ray micro-CT system at

the time: a rotating tungsten reflection target (male R. femorata) or static molybdenum
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reflection target (4. polyphemus and female R. femorata). The accelerating voltage
and current were 55 kV and 543 pA (male R. femorata), 45 kV and 446 pA (female
R. femorata), and 70 kV and 166 uA (4. polyphemus). The accelerating voltage for
each X-ray scan was determined by the size and density of the sample; the current was
chosen such that the signal-to-noise ratio, scan time, and image resolution were
optimal. A total of 3,142 projections were collected for each specimen in a single
360° rotation at 0.11458° intervals. The projections were transformed into a three-
dimensional matrix using CT-Pro (Version 4.1, Nikon Metrology). The voxel size of
each scan was 9.3 pm x 9.3 um x 9.3 um (male R. femorata), 6.1 pm x 6.1 pm x 6.1
um (female R. femorata), and 13.6 um x 13.6 um x 13.6 um (4. polyphemus). For
anatomical reconstruction, each scan was converted into a set of TIFF images using
the software VGStudio MAX (Version 2.2, Volume Graphics GmbH, Heidelberg,
Germany). In the X-ray micro-CT scan of the male specimen of R. femorata, both
antennae are intact, but in that of the female specimen of R. femorata, whilst the right

antenna is intact, the left antenna comprises flagellar segments F1-F6 only.

Anatomical Reconstruction

The heads of the specimens of R. femorata and A. polyphemus were reconstructed
using the image processing software ScanlP (Versions 5 to 7, Simpleware, Exeter,
UK) as follows. The set of TIFF images from an X-ray micro-CT scan were imported
into ScanIP and segmented using the Threshold tool, creating a ‘mask’ of the head
(Howard et al., 2013). Masks of individual antennae were isolated from the head
using the Crop and 3D editing tools by severing the joint between the pedicel and the
first flagellar segment (R. femorata, Fig. 2A and F) or cutting on the proximal edge of
the most proximal flagellar segment (4. polyphemus; it was difficult to detect the two
pedicels in this mask). A morphological filter (‘Close’) was then applied, using an
isometric structuring element (ball) with a radius of 1 or 2 pixels in the x, y and z
directions. The part of the antennal mask corresponding to a claw on the right foreleg
caught in the right antenna of the male specimen of R. femorata (Fig. 1B, box I) was
detached using the 3D editing, Floodfill and Paint tools. Masks of individual antennae
were filled using the Floodfill tool. Masks of individual flagellar segments were
obtained by using the 3D editing tool to remove antennal sections proximal and distal

to their bases. Models of antennae and flagellar segments were generated from the



appropriate masks with 10 iterations of triangle smoothing, no reduction of triangles
on the surface of the models, and with the ‘use greyscale values’ button in ScanIP’s
Model configuration dialogue box activated, to ensure inclusion of information from
‘partial volume’ voxels (pixels at the antenna/air interface not wholly representative
of either), thereby leading to a smoother and more accurate model (Young et al.,

2008). Models were exported as binary stereolithography (STL) files.

Morphometric Analysis

Antennal dimensions (Fig. 2) - height (H), width (/), length parallel to presumed
direction of airflow (L), and outline area (OA) - were obtained by importing into
Rhinoceros (Robert McNeel and Associates, Version 4) the STL file of the
appropriate model and proceeding according to the methodology of Cox (2008) and
Howard et al. (2013). The number of significant figures given in Table 1 takes into
account the error in these measurements. Dimensions of the flagellar segments of R.
femorata (Fig. 2) - length (Le), width at widest point (w), thickness at widest point (7)
- and the depths (De) of antennal channels (AC; an antennal channel is the space
between two neighbouring flagellar segments: Fig. 2A, B, E and F) - were obtained
using the Measurement line tool in ScanIP. Depths of antennal channels were
measured between the tips of two adjacent flagellar segments (Fig. 2E) or, in the case
of the antennal channels formed by flagellar segments F1-F6 of the male specimen of
R. femorata, between the tip of the first flagellar segment and the closest point on the
proximal surface of the opposing flagellar segment. We obtained dimensions of: all
flagellar segments and antennal channels of both antennae of the male specimen of R.
femorata; all flagellar segments of the right antenna of the female specimen of R.
femorata, but only the depths of its first seven channels (flagellar segments F8-F21
were partially or completely fused); and the first six flagellar segments of the left
antenna of this specimen (the antenna was broken; Fig. 1A). The errors in these
dimensions are: = 0.015 mm (length); = 5 um (width); £ 5 pm (thickness); and + 10

um (depth of antennal channel).

Surface areas of antennal models and individual flagellar segments were calculated in
ScanIP using the Model Statistics tool. The contribution of the area of the ‘cut’

surface (asterisk, Fig. 2C and G) of flagellar segment F1 to the total surface area of
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the antennal models of R. femorata was negligible (< 0.3 %). The total surface area of
each antenna of the specimen of A. polyphemus was estimated by adding the surface
area of each antennal model (176-197 mm?) to the product of the number of
pheromone-receptive sensilla trichodea (55,000; Boeckh et al., 1960, Table 2) and the
surface area of one of these sensilla (0.0026 - 0.0032 mm?; Keil, 1984, Table 1).
Although we verified using a stereomicroscope the presence of the pheromone-
receptive sensilla trichodea on the antennae of the specimen of 4. polyphemus, these
sensilla were not resolved in the X-ray micro-CT scan of this specimen. The error in
the total surface area of each single antenna is = 1 mm® (male and female R. femorata)
and + 25 mm® (4. polyphemus). These errors take into account: a) the uncertainty in
the thresholding procedure used to generate the antennal masks (all three specimens);
b) the total surface areas of the models of both of the insect’s antennae (male
specimen of R. femorata, and A. polyphemus); and c) the partially or completely fused
flagellar segments (F8-F21) of the right antenna of the female specimen of R.
femorata. We obtained the surface area of only the first six flagellar segments of the
left antenna of the female specimen of R. femorata (because the antenna was broken),
and of only the first seven flagellar segments of the right antenna of this specimen
(because flagellar segments F8-F21 were partially or completely fused). The surface
areas of the flagellar segments are corrected for the presence of their cut surface(s).

The error in the surface area of each flagellar segment is + 0.05 mm?.

Reynolds Numbers and Diffusion Times
Reynolds numbers (Re) for a) each whole antenna of the male specimen of R.
femorata and b) this specimen’s antennal channels were calculated using the equation

(Chance and Craig, 1986; Vogel 1994):

where in this case U, the speed of the fluid, is 1 - 7 m/s (the air speeds likely to be
encountered by male Rhipicera beetles, based on a consideration of Hawkeswood
[2000], Conway et al. [2006, Table 2.1] and Nachtigall and Hanauer-Thieser [1992]),
L, the characteristic linear dimension of the object, is 2 - 3 mm (the length of the

antenna parallel to the flow; Table 1) or 100 - 490 um (lower and upper limits of the
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depth of the antennal channels, respectively; Table 1), and v, the kinematic viscosity
of air at 25 °C, is 1.6 x 10° m?®s™ (calculated from Denny, 1993, Figs. 4.1 and 5.2).
The time (¢) taken to diffuse from the centre of the antennal channel of the male

specimen of R. femorata was calculated using the equation (Berg, 1983):

t =x2/2D

where in this case x, the distance diffused, is 50 - 245 pum (half the lower and upper
limits of the depth of the antennal channels, respectively; Table 1), and D, the
diffusion coefficient of the species diffusing, is taken to be that for bombykol, the
female sex pheromone of Bombyx mori, i.e. 2.5 x 10° m* s™ (Adam and Delbriick,

1968). Reynolds numbers and diffusion times are given to one significant figure.

Ultrastructure of the Antennae of R. femorata and R. carinata

Scanning electron microscopy (SEM) of the antennae of the male and female
specimens of R. femorata and R. carinata was performed at the Natural History
Museum, London, with a Quanta 650 FEG variable pressure scanning electron
microscope (FEI, Oregon, USA) operating at 10 kV and a chamber pressure of 70 Pa
(air), and using a secondary electron detector. We assumed that the antennal surfaces
of these specimens had remained intact post-mortem, and therefore the structures
observed in the micrographs had a similar appearance in vivo. Due to the fragility of
the antennae, we made no attempt to remove extraneous particles (Fig. 1B, box III)
from the antennal surfaces prior to SEM. Specimens were mounted on a motorised
tilt-and-rotate stage (Deben, UK) fitted to the Quanta 650 FEG’s in-built stage, an
arrangement that enabled us to obtain micrographs with unobstructed views of many
of the faces of the individual flagellar segments of the antennae of the male specimen

of R. femorata.

Analysis of the sensilla placodea on the antennae of R. femorata and R. carinata was
performed by reading the appropriate micrograph (dimensions 3,072 pixels x 2,048
pixels, or 1,536 pixels x 1,024 pixels) into Rhinoceros and then proceeding according
to the methodology of Cox (2008) and Howard et al. (2013). The antennae of the male

and female specimens of R. femorata were damaged as the specimens were being
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mounted during one SEM session (flagellar segments F16-F36 broke from the male’s
right antenna; flagellar segments F7 onwards broke from the female’s left antenna).
Consequently, to avoid further damage, we restricted the SEM of both these
specimens and those of R. carinata. Therefore, the ultrastructural analysis was not
exhaustive. We calculated the average distance between the centre of a sensillum
placodeum and the centre of each of its nearest neighbours for eight sensilla placodea
on the inner face of flagellar segment F16 on the right antenna of the male specimen
of R. femorata. The eight sensilla placodea were chosen such that a) no distance was
counted twice and b) the flat upper surfaces of the sensilla placodea were judged to be
perpendicular to the electron beam. The error in the number of sensilla on a particular
face of a flagellar segment is + 10 sensilla. The density of the sensilla placodea on a
particular flagellar segment of the male antenna of R. femorata was estimated
knowing the number of sensilla placodea on one face of that flagellar segment and the
surface area of that flagellar segment. The sensilla placodea were assumed to be
uniformly dispersed. The error in the lowest and highest density of sensilla placodea
(Table 3) is + 44 sensilla mm~ and + 30 sensilla mm™, respectively. The percentage
surface area of a flagellar segment on the male antenna of R. femorata occupied by
the sensilla placodea was calculated: a) knowing the number of sensilla placodea on
one face of the flagellar segment; b) knowing the surface area of that flagellar
segment; and c) assuming that each sensillum placodeum was circular, with a

diameter of 22 um (the average diameter of a sensillum placodeum on this antenna).
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RESULTS

Behaviour of Rhipicera carinata

Adult male Rhipicera carinata beetles were observed perching in prominent positions
on high points in the garden at Spearwood, including the tips of bamboo stems, the
top of both a mulberry tree and a wire fence, and the tops of both wooden posts and
metal poles (Fig. 3A). These positions were usually occupied by a single individual,
with the beetle generally still, upright, and facing into the breeze (Fig. 3A). Male
beetles observed in flight swept laterally across distances of 1 or 2 m, and approached
the mulberry tree and an olive tree, and other high points from the leeward side, re-
orientating themselves to fly into the wind if the wind changed direction, sometimes
hanging almost stationary. The antennae of male beetles were fanned when perching
or flying (Fig. 3; Video 1). We refer to the fanned form of the antenna as its alert state
(Fig. 4A). Adult female R. carinata beetles were also found on high points (e.g. dead
branches in the olive tree, posts, and a wire fence). Flying and crawling male beetles
took some time to locate female beetles in these positions. Male beetles could fold
their antennae into a banner-like form when copulating with female beetles. We refer
to the banner-like form of the antenna as its relaxed state (Fig. 4B). We did not
observe any behaviour which suggested that female beetles produce sound to attract

male beetles.

Gross Morphology of the Antennae of Rhipicera femorata

Male antennae. The antennae of male Rhipicera beetles (Jin et al., 2013, Fig. 3) are
lamellate (Nichols, 1989). In the male specimen of Rhipicera femorata that we
studied, the antennae are fanned, corresponding to the alert state observed in vivo (see
previous section and Fig. 4A), with a ventral gap in the fan (Gp, Figs. 1B and 2A;
Video 2). The concave region of the fan faces anteriorly (Fig. 2B). Each antenna in
this specimen comprises 38 segments, consistent with the 32-40 segments expected
for the antennae of male R. femorata beetles (Jin et al., 2013). The 38 antennal
segments include (proximal to distal): the scape (Sc), the pedicel (Pe), and 36 flagellar
segments (F1-F36; Fig. 2A). The scape and pedicel, together with the first few
flagellar segments, ensure that the majority of the antenna is held away from the body

(Figs. 1B and 2A). Inspection of the dorsal view of the specimen’s head suggests that

12
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the right antenna has been bent back slightly, possibly as a result of it becoming
entangled with a claw on the right foreleg (Fig. 1A, small arrow, and Fig. 1B, box I).

The morphology of the flagellar segments varies across the antenna (Fig. 2A). Thus,
segment F1 is short and broad, whereas segments F2-F36 are more elongated.
Segments F2-F5 are relatively straight, whereas segments F6-F36 have a broad,
curved, blade-like region (Fig. 2C, Bl) whose concave face is directed towards the

distal part of the antenna (Fig. 2D).

Female antennae. The antennae of female Rhipicera beetles differ in morphology
from those of male Rhipicera beetles (Jin et al., 2013, Fig. 3). Thus, the antennae of
female Rhipicera beetles may be described as serrate rather than lamellate (Nichols,
1989), and they are not fanned. In the specimen we studied, the right antenna
comprises 23 segments (Fig. 2F), consistent with the 22-28 segments expected for the
antennae of female R. femorata beetles (Jin et al., 2013), but less than the number of
segments in the male antennae. The 23 antennal segments include (proximal to distal):
the scape, the pedicel, and 21 flagellar segments (F1-F21; Fig. 2F). The flagellar
segments are shorter than they are in the male (Fig. SA and Table 1), and all are

straight. The left antenna is broken, and comprises only flagellar segments F1-F6.

Morphometry and Physical Characteristics of the Antennae of R. femorata
The morphometry and physical characteristics of the antennae of R. femorata are

shown in Fig. 5, and Tables 1 and 2.

Ultrastructure of the Antennae of R. femorata and R. carinata

On inspection of the micrographs of the antennal surface of both the male and female
specimens of R. femorata, it was immediately apparent that there were many sensilla
placodea on the male antennae, but very few on the female antennae. Given this
marked sexual dimorphism, we focus here on the sensilla placodea, although we note
that sensilla basiconica and sensilla trichodea are also present on the male antennal

surface (Fig. 6C, D and F).

The sensilla placodea on the antennae of the male specimen of R. femorata are flat,
disk-like structures (average diameter 22 um, n = 22 sensilla) that protrude slightly
13
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(by 3 - 4 um, n = 12 sensilla) from the antennal surface (Fig. 6C, large highlighted
region)’. The intense spots of reflected light seen on the antennal surface when the
antennae are photographed using a flash light, or when the antennae are viewed under
the stereomicroscope with a light source, are presumably caused by the flat upper

surface of each sensillum placodeum acting as a mirror (Fig. 1B, box II).

The sensilla placodea of the male specimen of R. femorata are present on all the
flagellar segments, but are absent from the dorsal surfaces of the scape and pedicel
(we did not investigate the ventral surfaces of the scape and pedicel). Consequently,
we excluded the scape and pedicel when we calculated the surface area of the whole
antenna. The sensilla placodea are well dispersed over the stem of each flagellar
segment (Fig. 6C; the stem of the flagellar segment is defined in Fig. 2C), with an
average distance of 39 um (n = 51) between the centres of neighbouring sensilla
placodea. The sensilla placodea are present on the anterior and ventral parts of the
base of each flagellar segment (Fig. 6F), but are virtually absent from the posterior
part of the base of each flagellar segment (Fig. 6G; the base of the flagellar segment is
defined in Fig. 2C). The majority of the sensilla placodea are found on the stem of

each flagellar segment (96 - 99 %, n = 16 flagellar segments).

We found that the number of sensilla placodea on a given face (inner or outer) of a
given flagellar segment is about the same on each antenna of the male specimen of R.
femorata (Table 3, entries for F15, F25, F26, F28, F29 and F31-F36), suggesting that
a) the distribution of sensilla placodea on both antennae is symmetrical, and b) the
total number of sensilla placodea on each antenna is about the same. The density of
the sensilla placodea on the flagellar segments, where we were able to estimate it,
varies from 171 + 44 mm? to 665 + 30 mm'z, with the density lowest at the
extremities of each antenna (Table 3). The average density of the sensilla placodea is
560 mm™. Using these figures for density, together with the total surface area of each
antenna (52-54 mm?, Table 1), the total number of sensilla placodea on each antenna
is likely to fall in the range 6,000 — 38,000 (this range takes into account the error in
both the measurement of the densities and the total surface area of the antenna), and
might be expected, from the average density, to be close to 30,000 (Table 4). The

percentage surface area of each flagellar segment occupied by the sensilla placodea
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varies from 6 — 26 % (n = 31 flagellar segments). The average percentage surface area
of each flagellar segment occupied by the sensilla placodea is 21 %, a relatively low
figure that reflects the fact that the sensilla basiconica are interspersed between the
sensilla placodea, i.e. another type of receptor is present on the antennal surface (Fig.

6D).

The sensilla placodea on the left antenna of the female specimen of R. femorata are
similar in appearance to those on the male antennae, although the female sensilla
placodea appear to have a smaller average diameter (15 um, n = 19 sensilla). We
counted a total of just 27 sensilla placodea on the dorsal surface of the left antenna of
the female specimen before it broke. These sensilla were scattered across flagellar
segments F7-F21, with 0 — 5 sensilla placodea per flagellar segment. Assuming that
the number of sensilla placodea is similar on both antennal surfaces, we estimate that

the number of sensilla placodea on each female antenna will be no more than 100.

The ultrastructure of the antennal surfaces of the male and female specimens of R.
carinata is similar to that of their R. femorata counterparts (males: compare Fig. 6C
and D with Fig. 7A and C; females: compare Fig. 6B and E with Fig. 7B and D).
Thus, there appear to be many more sensilla placodea on the male antenna of R.
carinata than on the conspecific female antenna (compare Fig. 7A and D). In
addition, the average diameter of the sensilla placodea on the antenna of the male
specimen of R. carinata is 20 pum (n = 22) and on the antenna of the female specimen
of R. carinata is 11 pm (n = 5), similar to the average diameters of the sensilla
placodea on the antennae of the male and female specimens of R. femorata (22 and 15

um, respectively).
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DISCUSSION

Evidence Consistent with the Notion that Male Rhipicera Beetles Locate Female
Conspecifics by Olfaction
Three pieces of evidence are consistent with the notion that male Rhipicera femorata

and Rhipicera carinata beetles locate female conspecifics by olfaction:

1) Behaviour in the field of R. carinata. The wavering flight of male R. carinata
beetles is reminiscent of the zigzagging behaviour of scent-tracking animals,
including insects (Kennedy, 1986; Roper, 1999; Porter et al., 2007). Male beetles fly
upwind, or face the wind when perching, behaviour that is also typical of a scent-
tracking animal (e.g. Cardé and Charlton, 1984, Table 1; Roper, 1999). That it took
some time for male beetles to locate the female beetles when they were close to the
latter suggests that sight does not play a major part in the location process, at least in
the final stage. Nor does hearing seem to play a part, because we did not observe
female beetles making any sounds to attract male beetles (e.g. tapping the substrate).
Furthermore, Rhipicera beetles do not have a stridulatory apparatus with which to

make sound (Wessel, 2006, Table 30.1).

2) Elaborate antennal architecture of male R. femorata and R. carinata. There are
several well documented cases of antennal sexual dimorphism in insects where it is
known that the more elaborate male antenna is an adaptation for locating female
conspecifics at a distance by olfaction (“at a distance’ implies that the male antenna is
able to detect trace quantities of odorant molecules). These cases comprise saturniid
moths (Lepidoptera, Saturniidae; Rau and Rau, 1929; Boeckh et al., 1960; Kochansky
et al., 1975), diprionid sawflies (Hymenoptera, Diprionidae; Coppel et al., 1960;
Jewett et al., 1976; Hallberg, 1979; Hansson et al., 1991; Anderbrant et al., 1995;
Krogmann et al., 2013), and melolonthine beetles (Coleoptera, Scarabacidae;
Meinecke, 1975; Ruther et al., 2000, 2002a,b; Reinecke et al., 2002a,b, 2005, 2006).
Field tests with the Western banded glowworm, Zarhipis integripennis (Coleoptera,
Phengodidae) also indicate that adult male beetles, which have distinct pectinate
antennae, locate adult (larviform) female conspecifics by scent (Tiemann, 1967). A
note of caution should be struck here, however: antennal sexual dimorphism is not

always associated with the trace detection of odorant molecules. The plumose
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antennae of male mosquitos are, for example, adaptations for acoustic communication

(Gopfert et al., 1999).

3) Ultrastructure of the antennae of R. femorata and R. carinata. The antennae of male
R. femorata beetles possess numerous sensilla placodea (an estimated 30,000 per
antenna; Table 4), but there are very few sensilla placodea on the female’s antennae
(an estimated 100 per antenna). There is a similar bias in R. carinata. Sensilla
placodea in general are considered to be olfactory receptors (Altner, 1977, Table 2),
and indeed electrophysiological experiments have shown them to have an olfactory
function in beetles (Leal and Mochizuki, 1993, Fig. 2; Renou et al., 1998; Hansson et
al., 1999; Bengtsson et al., 2011), bees (Lacher and Schneider, 1963; Lacher, 1964;
Kaissling and Renner, 1968; Vareschi, 1971; Akers and Getz, 1992, 1993), a wasp
(Hymenoptera, Braconidae; Ochieng et al., 2000), and aphids (Bromley and
Anderson, 1982; Dawson et al., 1987, 1990 [Fig. 4]). Most importantly, sensilla
placodea have been shown to respond to scent associated with female conspecifics
(Kaissling and Renner, 1968; Dawson et al., 1987, 1990 [Fig. 4]; Leal and Mochizuki,
1993, Fig. 2; Hansson et al., 1999). The antennae of the male Melolontha melolontha
beetle, on which there is a large population of sensilla placodea (Meinecke, 1975,
Figs. 2a and 25), have also been shown to respond to scent associated with female

conspecifics (Reinecke et al., 2002a,b, 2005).

Sexual dimorphism in the abundance of antennal sensilla, where the male antenna has
many more of a particular type of sensillum than the conspecific female antenna, is
common in insects in which female sex pheromone is known to be detected by male
conspecifics at a distance (Chapman, 1982, Fig. 10), e.g. moths (Boeckh et al., 1960,
Table 2; Sanes and Hildebrand, 1976), cockroaches (Blattidae; Blattodea; Schaller,
1978), sawflies (Hallberg, 1979), and beetles (Meinecke, 1975, Fig. 2a and b; Kim
and Leal, 2000). Often in such cases, the male has 10,000 more sensilla per antenna
than the female (Chapman, 1982). The number of sensilla placodea on the antennae of
the drones and workers of honey bees, Apis mellifera, exhibit a similar dimorphism
(Esslen and Kaissling, 1976). In the two specimens of R. femorata that we examined,
the male had an estimated 30,000 sensilla placodea per antenna whilst the female had
an estimated 100 sensilla placodea on its right antenna. Thus, it appears that the male

antenna of R. femorata does indeed have at least 10,000 more sensilla placodea than
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the female antenna. Note that sexual dimorphism in the number of antennal sensilla is
absent in insects that do not seek out mates (Chapman, 1982; Allsopp, 1990;
McQuillan and Semmens, 1990; Renou et al., 1998).

Factors Likely to Influence Molecule Capture in Male Rhipicera Beetles

Working on the assumption that the antennae of male Rhipicera beetles detect scent
associated with female conspecifics, we now highlight several factors likely to
influence molecule capture by these antennae. Because the morphology and
ultrastructure of the antennae of male R. carinata and R. femorata beetles are similar
(to see the similarity in morphology compare Fig. 3D and 3F of Jin et al. [2013]), we
believe that the behavioural observations of R. carinata are relevant to molecule
capture by the antennae of male R. femorata and, conversely, that the morphometric
analysis of the antennae of R. femorata is relevant to molecule capture by the
antennae of male R. carinata. Consequently, in this section, we do not differentiate

between these two species.

The chances of capturing odorant molecules are likely to be improved by four gross
morphometric features of the male beetle’s antenna, namely its height, width, outline
area, and total surface area (Table 1). The relatively large total surface area of the
male beetle’s antenna will, for example, favour diffusion of molecules to the antennal
surface, because the flux of molecules to a surface is proportional to the area of that

surface (LaBarbera and Vogel, 1982; Schmidt-Nielsen, 1997).

The chances of capturing odorant molecules will also be improved by the relatively
large number of sensilla placodea on the antennae of male Rhipicera beetles
(Chapman, 1982; Steinbrecht, 1984), together with the location and dispersal of these
sensilla on the antennal surface. Thus, the sensilla placodea are located where
transport of odorant molecules to the antennal surface is most likely to occur when air
bearing odorant molecules impinges on the antenna, namely on the stem of each
flagellar segment, and on the anterior section of the base of each flagellar segment
(Fig. 6C and F; see Fig. 2C for the definition of the base and stem of a flagellar
segment). There are, however, very few sensilla placodea on the posterior section of
the base of each flagellar segment, presumably because flow does not impinge on this

region (Fig. 6G). The pheromone-receptive sensilla of the male hawkmoth Manduca
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sexta (Lepidoptera, Sphingidae) are similarly orientated windward (Keil, 1989). Most
odorant molecules are likely to be captured on the stems of the flagellar segments,
where the majority (96 — 99 %) of the sensilla placodea are found (Fig. 6C). In
addition, the sensilla placodea are well dispersed (the average distance between the
sensilla placodea is 39 um), as expected for a surface that captures molecules
efficiently (Berg and Purcell, 1977; Berg, 1983). Furthermore, because the sensilla
placodea cover only a small percentage (6 — 26 %) of the surface of the flagellar
segment, other receptor systems (here the sensilla basiconica) can be interspersed
between the sensilla placodea (Fig. 6C, large highlighted region, and Fig. 6D),
potentially allowing the antenna to perform simultaneously different chemosensory

functions (Berg and Purcell, 1977; Berg, 1983).

Reynolds numbers for the whole antennae fall in the range 100 — 1,000 (Table 2). At
the lower end of this range, flow is laminar, but at the higher end flow may be making
the transition from laminar to turbulent (Chance and Craig, 1986). Both types of flow
will affect transport of odorant molecules to the antenna. Note also that, over this
entire range of Reynolds numbers, vortices are likely to be shed from each antenna

(Vogel, 1994, Fig. 5.5¢).

Boundary layers — regions of slower moving fluid formed when bulk fluid passes over
a solid surface (Sutton, 1949; Denny, 1993) — may limit transport of odorant
molecules to a sensory surface (Vogel, 1994). Several behavioural and anatomical
factors may be acting to reduce the effect of the various boundary layers that may be
associated with male Rhipicera beetles. First, ground-based male Rhipicera beetles
adopt prominent positions on the object on which they are perched (e.g. a wire fence),
suggesting an attempt to avoid the local boundary layer of that object (Fig. 3A).
Second, the scape and pedicel, together with the first few flagellar segments, ensure
that the antenna of the male beetle protrudes laterally (Fig. 2A), away from the
boundary layer that will be associated with the body. Third, the sensory surface of the
male beetle’s antenna, rather than being one large, complete surface over which a
relatively thick boundary layer would develop, is partitioned into many smaller
surfaces. For the same reason, the uptake of carbon dioxide by plants is likely to be

more effective with many small leaves than with a few large ones (Denny, 1993).
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The stems of the flagellar segments may be regarded as a series of parallel plates, and
the gaps between the flagellar segments thin rectangular channels (Vogel, 1994, Fig.
13.4). Flow through each antennal channel (AC, Fig. 2A, B and E) will be driven by a
pressure difference generated either by the beetle moving, or by an external current of
air, or both. The relatively short width of the flagellar segments (Fig. 5B and Table 1)
will reduce the cost of moving fluid through the antennal channels (LaBarbera and
Vogel, 1982). At the air speeds likely to be encountered by the male beetles when
flying or perching, flow in the antennal channels will be laminar (Reynolds numbers
falling in the range 10 — 200; Table 2). According to Martinelli and Viktorov (2009,
equation 6), at the lower end of this range the velocity profile of flow in an antennal
channel is likely to develop from flat to parabolic (Levich, 1962, Fig. 20; Vogel,
1994, Figs. 13.3 and 13.4). Where the velocity profile is flat, the flux of odorant
molecules to the antennal surface will be a function of the distance from the upstream
edge of the flagellar segment (Levich, 1962, Fig. 18). Where the velocity profile is
parabolic, however, the flux of odorant molecules to the antennal surface is likely to
be a function of both the distance from the upstream edge of the flagellar segment and
the depth of the antennal channel (Levich, 1962). Also according to Martinelli and
Viktorov (2009, equation 6), at the upper end of the range of Reynolds numbers for
flow in the antennal channels, the velocity profile in each channel is likely to remain
flat, and therefore the flux of odorant molecules to the antennal surface will be a
function solely of the distance from the upstream edge of the flagellar segment
(Levich, 1962). The time taken for odorant molecules to diffuse from the centre of

each thin channel to the antennal surface is likely to be short (0.5 — 10 ms; Table 2).

Flow of air through the antennal channels of the male beetle will be facilitated by: a)
the male beetle perching on high points, where it may exploit the higher wind speeds
associated with the more distal region of a boundary layer (here created by the air
moving over the ground; Vogel 1994); b) the upright stance of the male beetle when
perching or flying — such a stance should minimise downwind obstructions (Fig. 3A;
Video 1); c¢) the antennae protruding from the body (Figs. 1B and 2A); and d) the
relatively thin flagellar segments, which are likely to make the antennae ‘leaky’
(Koehl, 1995, Fig. 3; compare the thickness of the male flagellar segments with the

thickness of the female flagellar segments, and with the depth of the male antennal
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channels, in Fig. 5C and D, and Table 1). In other words, a significant proportion of
the air impinging on the antenna is likely to pass through it, rather than around it,

aiding molecule capture.

Comparison with the Scent-Capturing Ability of a Pectinate Antenna

Although a true comparison of the molecule-capturing ability of the lamellate antenna
of a male Rhipicera beetle with that of the pectinate antenna of the male silk moth
Bombyx mori and the male saturniid moth Antheraea polyphemus - a well-
documented system considered to be an adaptation to maximise molecule capture
(Steinbrecht, 1984) - must await flow simulations (see below), we can at least make
some inferences from a comparison of the morphometry and ultrastructure of the two
types of antenna (Tables 1 and 4). Thus, the height, width, outline area, and total
surface area of the antenna of A. polyphemus are all greater than the same
measurements for the specimen of the male R. femorata beetle examined in this study,
as is the total number of pheromone-receptive sensilla trichodea. On the other hand,
the outline area of the antenna of the specimen of the male R. femorata beetle,
together with the estimated total number of sensilla placodea, are greater than the
equivalent figures for B. mori. But the total surface area of the antenna of B. mori is
greater than the total surface area of the antenna of the male R. femorata beetle. Based
on this comparison, we might conclude that the molecule-capturing ability of the
antenna of the male R. femorata beetle is similar to that of the antenna of the male silk
moth B. mori, but is not as good as that of the antenna of the male saturniid moth 4.
polyphemus. We note, however, that this comparison does not take into account the
number of odorant receptor cells in each sensillum, because we do not yet know this
number for male R. femorata beetles. We note also that the physical structures for
molecule capture are different in the three insects. Thus, the putative odorant-
receptive sensilla placodea of the male R. femorata beetle are located on a series of
thin parallel plates whereas the pheromone-receptive sensilla trichodea of the male 4.
polyphemus and male B. mori moths are located on branches arising from the antennal
stem (Boeckh et al., 1960, Fig. 3; Steinbrecht, 1973, Fig. 1). Furthermore, the sensilla
placodea of the male R. femorata beetle are plate-like, whereas the sensilla trichodea
of the male 4. polyphemus and male B. mori moths are hair-like. These structural
differences are likely to have a significant bearing on molecule capture (Steinbrecht,

1987).
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Future Work

In the future, we hope to simulate flow in the antennal region of male R. femorata
beetles using a model of the antenna as described here, and artificial variations of this
model. We will then use the flow simulations to determine how efficient the model
antenna is at capturing odorant molecules. In performing the flow simulations, we
hope to determine whether the antenna has any mechanisms for reducing drag (such
mechanisms may in turn reduce the possibility of damage to the antenna, and reduce
the cost of flying). We note that living structures whose concave sides are directed
into the flow, as the antennae of Rhipicera are thought to be (Figs. 2B and 3A), have
high drag coefficients (Vogel, 1994, Fig. 6.5). We also hope to determine how the

curvature of the flagellar segments influences flow.

Finally, it will be vital to acquire further evidence to support the hypothesis that an
important function of the antennae of male Rhipicera beetles is to detect the scent
associated with female conspecifics. One could acquire this evidence by following
well established procedures in chemical ecology (e.g. Zhang et al., 2003; Molnar et
al., 2009). Thus, in outline, one would first need to determine, using traps baited with
single virgin females (together with unbaited control traps), whether male Rhipicera
beetles fly to female conspecifics. If males were shown conclusively to fly to virgin
females, one would then attempt to isolate and characterise the chemical(s) attracting
males to females, e.g. by passing the air from a glass vessel containing virgin females
through an adsorbent material (e.g. charcoal), eluting any chemical(s) bound to the
adsorbent material with a suitable organic solvent, and then analysing the resultant
extract by gas chromatography with simultaneous electroantennographic detection. In
this procedure, the extract, in gaseous form, would be passed over an antennal
preparation. From the resultant electroantennogram one may be able to deduce, by
comparison with the appropriate chemical databases, the biologically active
components of the extract (providing they are known compounds). One could then use
synthetic versions of these components in laboratory bioassays and field tests to
determine whether the synthetic versions attract female Rhipicera beetles. One might
also consider electrophysiological experiments on single sensilla placodea on the male
antenna to identify the biologically active components in the female extract these

sensilla respond to (see, for example, Leal and Mochizuki, 1993). In addition,
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transmission electron microscopy could be used to characterise the cellular
composition of the sensilla placodea (Zacharuk, 1985; Steinbrecht, 1996), and, in
particular, to inspect the walls of the sensilla placodea for pores. Multiple ‘wall pores’
are a characteristic feature of odorant-receptive sensilla (Altner, 1977; Altner and

Prillinger, 1980, Table 1; Steinbrecht, 1984, 1987 [Fig. 8], 1996; Zacharuk, 1985).
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FOOTNOTES

'We use ‘associated with’ rather than ‘produced by’ to allow for the possibility that
any pheromone produced by female Rhipicera beetles may be associated with other
volatile chemicals, e.g. from plants (Metcalf, 1987; Ruther et al., 2000, 2002a;
Reinecke et al., 2002a,b, 2005).

*In size and shape, the sensilla placodea on the antennae of the male specimen of R.
femorata most closely resemble the sensilla placodea found on the antennae of bees
(Hymenoptera, Apidae; Slifer and Sekhon, 1961, Fig. 7; Fonta and Masson, 1987,
Fig. 2) and aphids (Hemiptera, Aphididae; Slifer et al., 1964; Bromley et al., 1979).
The sensilla placodea on the antennae of the male specimen of R. femorata are,
however, morphologically distinct from the sensilla placodea found on the antennae
of other beetles, which are smaller, and may be recessed in pits (Meinecke, 1975;
Agren, 1985, Fig. 9; McQuillan and Semmens, 1990, Fig. 5; Renou et al., 1998, Fig.
1; Ochieng et al., 2002, Fig. 1c; Broeckling and Salom, 2003, Fig. 1b; Lu and Wang,
2009, Fig. 6; Bengtsson et al., 2011, Fig. 1). On the other hand, it should be noted that
the sensilla placodea of beetle antennae are variable in form (Meinecke, 1975; Renou
et al., 1998), and more than one type can be found on the antenna of the same insect

(McQuillan and Semmens, 1990, Fig. 5; Leal and Mochizuki, 1993, Fig. 1b).
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FIGURE LEGENDS

Fig. 1 (A) Male (left) and female (right) specimens of Rhipicera femorata used in this
study. Short arrow indicates where right antenna of male beetle may have been bent
back as a result of becoming entangled with a claw on right foreleg. Long arrow
shows where left antenna of female beetle was broken during the course of the
scanning electron microscopy. (B) Anterior view of male specimen. Boxes: (I) claw
on right foreleg entangled in right antenna; (II) instances of light reflected (probably)
by flat upper surfaces of sensilla placodea; (III) extraneous particle on antennal

surface (highlighted by dashed line). EP: extraneous particle; Gp: gap.

Fig. 2 Models of head and antennae of Rhipicera femorata. (A) Anterior view of
male’s left antenna, including part of head. Inset: outline area of antenna. (B) Lateral
view of male’s left antenna. Arrow: presumed direction of airflow through antenna.
The faces of the two neighbouring flagellar segments highlighted in blue mark the
solid boundaries of an antennal channel. (C) Proximal surface of flagellar segment
F12 of male’s left antenna. (D) Posterior edge of flagellar segment F12 of male’s left
antenna. (E) Anterior edges of flagellar segments F12 and F13 of male’s left antenna.
Inset: length of flagellar segment F12. (F) Anterior view of female’s right antenna,
including part of head. Image reflected for comparison with panel (A). (G) Anterior
view of flagellar segment F4 of female’s right antenna (left) and distal surface of this
segment (right). AC: antennal channel; Ba: base of flagellar segment; Bl: blade-like
region of flagellar segment; d: distal; De: depth of antennal channel; Ey: eye; FN: nth
flagellar segment; Gp: gap; H: height of antenna; L: length of antenna parallel to
presumed direction of airflow; Le: length of flagellar segment; OA: outline area of
antenna (does not include scape and pedicel); p: proximal; Pe: pedicel; Sc: scape; St:
stem of flagellar segment; 7 thickness of flagellar segment at its widest point; w:
width of flagellar segment at its widest point; /#: width of antenna. Asterisk: ‘cut’

surface. Red hatched lines: antennal channel.

Fig. 3 (A) Male Rhipicera carinata beetle on top of wire fence at Spearwood, Perth,
Western Australia, 3 April 2014. Arrow indicates probable direction of wind. (B)
Male R. carinata beetle taking off from foliage, Talbot Road Nature Reserve,
Stratton, Western Australia, 21 April 2012 (photograph courtesy of Fred and Jean

Hort). Note fanned antenna (arrow).
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Fig. 4 Silhouettes of (A) alert and (B) relaxed states of left antenna of male Rhipicera
femorata beetle. (A) Frontal view of antenna. (B) Dorsal view of antenna. Silhouette

in (B) redrawn from Fig. 35, Lawrence and Britton (1994).

Fig. 5 Graphs showing (A) length, (B) width, (C) thickness, and (E) surface area of
flagellar segments on antennae of Rhipicera femorata, together with (D) depth of
antennal channels. Black and red disks: flagellar segments or antennal channels of left
and right antennae, respectively, of male specimen. Yellow and clear squares:
flagellar segments or antennal channels of left and right antennae, respectively, of
female specimen. Sizes of disks and squares encompass the errors in the data.
‘Antennal channel’ in (D) refers to the channel formed by two opposing faces of
neighbouring flagellar segments (Fig. 2B). E.g. antennal channel 1 is the antennal
channel between flagellar segments F1 and F2. See Materials and Methods for
explanation of number of flagellar segments/antennal channels represented in each

panel.

Fig. 6 Scanning electron micrographs of antennal surface of Rhipicera femorata. (A)
Anterior view of distal portion of male’s left antenna. (B) Dorsal view of part of
female’s right antenna. Box labelled ‘E’ highlights region shown in (E). (C) Distal
face of flagellar segment F15 of male’s right antenna. Small highlighted region on this
face is shown in (D); large highlighted region is shown magnified (x 2.3) above
flagellar segment. (D) Detail of surface of flagellar segment F15 of male’s right
antenna. (E) Detail of surface of flagellar segment F7 of female’s right antenna. (F)
Anterioventral view of male’s left antenna. (G) Posterior view of male’s left antenna.
Boxes in (F) and (G): single sensilla placodea. d: Distal; FN: nth flagellar segment; p:
proximal; SB: sensillum basiconicum; SP: sensillum placodeum; ST: sensillum

trichodeum.

Fig. 7 Scanning electron micrographs of antennal surface of Rhipicera carinata. (A)
Proximal face of flagellar segment F22 of male’s right antenna. (B) Dorsal view of
part of female’s right antenna. Box labelled ‘D’: region shown in (D). (C) Detail of

surface of flagellar segment F22 of male’s right antenna. (D) Detail of surface of
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flagellar segment F7 of female’s right antenna. FN: Nth flagellar segment; SB:

sensillum basiconicum; SP: sensillum placodeum.
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VIDEO LEGENDS

Video 1. Rhipicera carinata beetles at Spearwood, Perth, Western Australia, 3 April
2014.

Video 2. Model head of male Rhipicera femorata beetle.
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TABLE 1. Morphometric features of antennae of Rhipicera femorata, Bombyx mori and Antheraea polyphemus

Rhipicera femorata Bombyx mori Antheraea polyphemus

Morphometric feature® Male Female Male Male
Height of antenna (H, mm) 5 - - g°
Width of antenna (W, mm) 5-6 4 6° 18°
Length of antenna parallel to airflow (L, mm) 2-3 - - 3
Outline area of antenna (OA4, mm?®) 16-17 - 6° 117-118
Total surface area of antenna (mm°?) 52-54 5-7 > 86¢ 320-370
Length of flagellar segments (/, mm) 0.5-3.3  0.2-0.6 - -
Width of flagellar segments (w, pm) 140-420 140-210 - -
Thickness of flagellar segments (7, um) 40-240  70-200 - -
Depth of antennal channels (De, um) 100-490 160-250 - -
Surface area of flagellar segments (mm?®) 0.3-2.2 0.2-0.3 - -

“All morphometric features except for the total antennal surface area and the surface area of the flagellar segments are
defined in Fig. 2; Boeckh et al. (1960, Table 1) - these figures agree with those obtained from our models of the antennae
of A. polyphemus:; “estimated from Fig. 2b of Steinbrecht (1970); “Steinbrecht (1970, Table 3) - the figure given (> 86
mm?) for the total antennal surface area is the sum of the non-sensory antennal surface area (> 75 mm®) and the total
surface area of the pheromone-receptive sensilla trichodea (11 mm?).
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TABLE 2. Physical characteristics of antennae of male Rhipicera femorata beetle

Physical characteristic Value
Reynolds numbers of whole antennae 100 — 1,000
Reynolds numbers of antennal channels 10 —200

Diffusion times in antennal channels (ms)  0.5-10




TABLE 3. Number and density of sensilla placodea on antennae of male Rhipicera femorata beetle

Flagellar segment Inner face Outer face Inner face Outer face

Number of sensilla placodea

Density of sensilla placodea (mm™)

Left

Right

Left

Right

Inner face Outer face Inner face Outer face

1
3
7
9
13
14
15
16
25
26
27
28
29
30
31
32
33
34
35
36

56

111
593
564
699
663
660
621

171

295
665
557
650
616
622
591
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TABLE 4. Total number of sensilla (placodea or pheromone-receptive trichodea) on single male antennae of Rhipicera femorata,
Bombyx mori and Antheraea polyphemus

Rhipicera femorata Bombyx mori Antheraea polyphemus
Number of sensilla 30,000 17,000 55,000°
“Estimate from current study; Steinbrecht (1970, Table 3); “Boeckh et al. (1960, Table 2).




Fig. 1 (A) Male (left) and female (right) specimens of Rhipicera femorata used in this study. Short arrow
indicates where right antenna of male beetle may have been bent back as a result of becoming entangled
with a claw on right foreleg. Long arrow shows where left antenna of female beetle was broken during the
course of the scanning electron microscopy. (B) Anterior view of male specimen. Boxes: (I) claw on right
foreleg entangled in right antenna; (II) instances of light reflected (probably) by flat upper surfaces of
sensilla placodea; (III) extraneous particle on antennal surface (highlighted by dashed line). EP: extraneous
particle; Gp: gap.
112x148mm (300 x 300 DPI)
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Fig. 2 Models of head and antennae of Rhipicera femorata. (A) Anterior view of male’s left antenna, including
part of head. Inset: outline area of antenna. (B) Lateral view of male’s left antenna. Arrow: presumed
direction of airflow through antenna. The faces of the two neighbouring flagellar segments highlighted in
blue mark the solid boundaries of an antennal channel. (C) Proximal surface of flagellar segment F12 of
male’s left antenna. (D) Posterior edge of flagellar segment F12 of male’s left antenna. (E) Anterior edges of
flagellar segments F12 and F13 of male’s left antenna. Inset: length of flagellar segment F12. (F) Anterior
view of female’s right antenna, including part of head. Image reflected for comparison with panel (A). (G)
Anterior view of flagellar segment F4 of female’s right antenna (left) and distal surface of this segment
(right). AC: antennal channel; Ba: base of flagellar segment; Bl: blade-like region of flagellar segment; d:
distal; De: depth of antennal channel; Ey: eye; FN: nth flagellar segment; Gp: gap; H: height of antenna; L:
length of antenna parallel to presumed direction of airflow; Le: length of flagellar segment; OA: outline area
of antenna (does not include scape and pedicel); p: proximal; Pe: pedicel; Sc: scape; St: stem of flagellar
segment; T: thickness of flagellar segment at its widest point; w: width of flagellar segment at its widest
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point; W: width of antenna. Asterisk: ‘cut’ surface. Red hatched lines: antennal channel.
183x222mm (300 x 300 DPI)
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Fig. 3 (A) Male Rhipicera carinata beetle on top of wire fence at Spearwood, Perth, Western Australia, 3 April
2014. Arrow indicates probable direction of wind. (B) Male R. carinata beetle taking off from foliage, Talbot
Road Nature Reserve, Stratton, Western Australia, 21 April 2012 (photograph courtesy of Fred and Jean
Hort). Note fanned antenna (arrow).
69x31mm (300 x 300 DPI)
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Al B

Fig. 4 Silhouettes of (A) alert and (B) relaxed states of left antenna of male Rhipicera femorata beetle. (A)
Frontal view of antenna. (B) Dorsal view of antenna. Silhouette in (B) redrawn from Fig. 35, Lawrence and
Britton (1994).
63x26mm (600 x 600 DPI)
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Fig. 5 Graphs showing (A) length, (B) width, (C) thickness, and (E) surface area of flagellar segments on
antennae of Rhipicera femorata, together with (D) depth of antennal channels. Black and red disks: flagellar
segments or antennal channels of left and right antennae, respectively, of male specimen. Yellow and clear

squares: flagellar segments or antennal channels of left and right antennae, respectively, of female
specimen. Sizes of disks and squares encompass the errors in the data. ‘Antennal channel’ in (D) refers to
the channel formed by two opposing faces of neighbouring flagellar segments (Fig. 2B). E.g. antennal
channel 1 is the antennal channel between flagellar segments F1 and F2. See Materials and Methods for
explanation of number of flagellar segments/antennal channels represented in each panel.
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Fig. 5 Graphs showing (A) length, (B) width, (C) thickness, and (E) surface area of flagellar segments on
antennae of Rhipicera femorata, together with (D) depth of antennal channels. Black and red disks: flagellar
segments or antennal channels of left and right antennae, respectively, of male specimen. Yellow and clear

squares: flagellar segments or antennal channels of left and right antennae, respectively, of female
specimen. Sizes of disks and squares encompass the errors in the data. ‘Antennal channel’ in (D) refers to
the channel formed by two opposing faces of neighbouring flagellar segments (Fig. 2B). E.g. antennal
channel 1 is the antennal channel between flagellar segments F1 and F2. See Materials and Methods for
explanation of humber of flagellar segments/antennal channels represented in each panel.
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Fig. 6 Scanning electron micrographs of antennal surface of Rhipicera femorata. (A) Anterior view of distal
portion of male’s left antenna. (B) Dorsal view of part of female’s right antenna. Box labelled ‘E’ highlights
region shown in (E). (C) Distal face of flagellar segment F15 of male’s right antenna. Small highlighted
region on this face is shown in (D); large highlighted region is shown magnified (x 2.3) above flagellar
segment. (D) Detail of surface of flagellar segment F15 of male’s right antenna. (E) Detail of surface of
flagellar segment F7 of female’s right antenna. (F) Anterioventral view of male’s left antenna. (G) Posterior
view of male’s left antenna. Boxes in (F) and (G): single sensilla placodea. d: Distal; FN: nth flagellar
segment; p: proximal; SB: sensillum basiconicum; SP: sensillum placodeum; ST: sensillum trichodeum.
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Fig. 7 Scanning electron micrographs of antennal surface of Rhipicera carinata. (A) Proximal face of flagellar
segment F22 of male’s right antenna. (B) Dorsal view of part of female’s right antenna. Box labelled ‘D":
region shown in (D). (C) Detail of surface of flagellar segment F22 of male’s right antenna. (D) Detail of

surface of flagellar segment F7 of female’s right antenna. FN: Nth flagellar segment; SB: sensillum
basiconicum; SP: sensillum placodeum.
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