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Abstract Odor source localization is an important animal
behavior. Male moths locate mates by tracking sex pher-
omone emitted by conspecific females. During this type of
behavior, males exhibit a combination of upwind surge
and zigzagging flight. Similarly, the male walking moth
Bombyx mori responds to transient pheromone exposure
with a surge in movement, followed by sustained zigzagging
walking. The initial surge direction is known to be influ-
enced by the pheromone input pattern. Here, we identified
the sensory input patterns that determine the initial walking
direction of males. We first quantified the stimulus by
measuring electroantennogram values, which were used as
a reference for subsequent tests. We used a brief stimulus
pulse to examine the relationship between sensory stimulus
patterns and the turning direction of initial surge. We found
that the difference in input timing and intensity between
left and right antennae affected the walking direction,
indicating that B. mori integrate bilateral pheromone
information during orientation behavior. When we tested
pheromone stimulation for longer periods, turning behavior
was suppressed, which was induced by stimulus cessation.
This study contributes toward understanding efficient
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strategies for odor-source localization that is utilized by
walking insects.
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Introduction

Male moths exhibit mating behavior in response to sex pher-
omones emitted by conspecific females (Butenandt et al. 1959;
Kennedy 1983; Vickers 2000; Cardé and Willis 2008). Inside
an odor plume, pheromones do not form a continuous con-
centration gradient, but are discontinuously distributed (Murlis
and Jones 1981; Murlis et al. 1992). The discontinuous portion
of the pheromone is termed the filament, with moths detecting
individual filaments as a pheromone input. Several candidate
strategies for odor-source localization have been proposed
(Kennedy 1940; Farkas and Shorey 1972; Baker 1990; Mafra-
Neto and Cardé 1994; Vickers and Baker 1994; Vergassola
et al. 2007). According to the optomotor anemotaxis hypoth-
esis, male moths exhibit flight behavior in response to sex
pheromones, modifying their flight path by visual feedback
(Kennedy 1940; Kennedy and Marsh 1974; Baker et al. 1984).
It has also been proposed that male moths intrinsically generate
sustained flight during plume tracking (Baker and Kuenen
1982; Willis and Baker 1987; Willis and Arbas 1991; Vickers
and Baker 1992). In addition to sustained flight, phasic
movement, termed upwind surge, has been observed during
mating behavior by several moth species, and is thought to
have an important role in odor-source localization.

A precise role of phasic behavioral response for contact
with pheromone filaments to set an upwind course has been
proposed (Baker 1990). The upwind surge after interception
of a pheromone filament in a plume, or a single puff of

@ Springer


http://dx.doi.org/10.1007/s00359-011-0708-8

J Comp Physiol A

pheromone, has been reported (Vickers and Baker 1992,
1994, 1996; Mafra-Neto and Cardé 1994, 1995). Due to
surge flight, moths are able to detect filaments at various
frequencies (Vickers and Baker 1992). At frequencies higher
than 5 filaments/s, moths show reiterative upwind surge,
resulting in straighter upwind tracks (Mafra-Neto and Cardé
1994; Vickers and Baker 1994). Hence, many researchers
support that flying moths exhibit a combination of optomotor
anemotaxis and intrinsically programmed behavior, i.e.,
upwind surge followed by sustained zigzagging flight.

The silkmoth Bombyx mori exhibits pheromone-triggered
walking behavior that comprises wing fluttering and body
bending, termed a mating dance (Butenandt et al. 1959;
Kaissling 1971; Kramer 1975, 1986; Obara 1979; Ono
1980), with the major sex pheromone bombykol alone being
sufficient to trigger full sexual behavior. After brief expo-
sure to bombykol (100 ms), moths show a surge in move-
ment followed by a zigzagging walking pattern (Kanzaki
et al. 1992). During zigzagging walking, moths show repe-
ated turning behavior, with the inter-turn interval increasing
over time. When the moth receives supplementary phero-
mone input during zigzagging walking, the walking behav-
ior is re-initiated. When a pheromone plume contains many
filaments, the moth repeats the initial phase and, as a result,
the walking trajectory becomes almost linear as the relative
frequency of surge increases (Kanzaki et al. 1992). This
locomotion pattern by B. mori seems to be the counterpart of
upwind surge and zigzagging flight by flying moths.

Walking direction is important for orientation behavior.
We previously reported that the direction of initial surge is
affected by pheromone input on the antennae of B. mori,
whereby the moth exhibits turning behavior in the direction
from which the antenna was stimulated (Kanzaki et al. 1992).
Because moths do not change body angle during the surge
period, initial surge corresponds to the first turning behavior
in the mating dance. During zigzagging walking, the turn
direction is usually opposite to the previous turn, and hence it
is predictable. However, under natural conditions, the odor
plume has a complex distribution, with the time sequence of
the stimulation on both antennae possibly being different.
Hence, the key stimulus features that determine the direction
of the first turn have still not been fully investigated.

Here, we focused on the first turning behavior. The
objective of the present study was to identify the stimulus
features that determine the direction of the first turn in
more detail. We evaluated the following three conditions
that might affect the behavioral pattern of the initial phase:
(1) difference in the timing of pheromone detection
between antennae, (2) difference in pheromone concen-
tration between antennae, and (3) background wind direc-
tion. The relationship between sensory input and the
direction of the first turn was analyzed. Pheromone input
was quantified by using electroantennogram (EAG). To
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discuss the basic strategy of odor-source localization in
B. mori, we then examined the behavioral response of male
moths to sustained pheromone input, and analyzed their
walking trajectories.

Materials and methods
Animals

We used the adult male silkmoth Bombyx mori L. (Lepidop-
tera: Bombycidae). Pupae were obtained from Katakura
Kougyo Industries Co., Ltd. (Tokyo, Japan) and reared at 26°C
and 50-60% relative humidity under a 16:8 h light:dark pho-
toperiod. Animals were used within 2-4 days after eclosion.

Odorants

Synthetic (E,Z)-10,12-hexadecadien-1-ol (bombykol), the
principal pheromone component of B. mori, with a purity of
>99% (confirmed by gas chromatography), was dissolved in
HPLC-grade n-hexane. The odorant (via a 5 pL solution)
was applied to a piece of filter paper (1 x 2 cm) and inserted
into a glass stimulant cartridge (1 mm tip diameter). Airflow
was generated by an air compressor. Compressed pure air
was filtered through cotton, charcoal and water, and then
passed into an air delivery tube. In this study, pheromone
concentration is expressed as the amount of stimulant applied
to filter paper in the stimulus cartridge. The distance between
the filter paper and cartridge exit was approximately 7 cm.
All stimulant cartridges were sealed with a Teflon sheet,
stored at —20°C and brought to room temperature prior to a
recording session. We used solenoid valves (YDV-3-1/8;
Takasago Electric, Nagoya, Japan) and electric stimulators
(SEN-3201; Nihon Kohden, Tokyo, Japan) to control stim-
ulus duration and interval. The order of pheromone stimu-
lation on both antennae was randomized. We showed the
stimulus duration by using an electrical trigger pulse, which
controls the opening of the solenoid valve.

Electroantennogram

The antenna was excised with a razor blade, and the scape
and pedicel were removed. The most distal five segments of
the flagellum were removed. Nichrome wires with a diameter
of 2040 pm and 150 pm were inserted to the distal and
proximal ends of the antenna, respectively. Pheromone
stimulations were applied to the anterior side of the antenna
facing upwind. The incoming signals were amplified (MEZ-
8300; Nihon Kohden) and monitored using an oscilloscope
(VC-10; Nihon Kohden). The acquired signals were stored in
a computer by using an A/D converter (TL-1-125 interface;
Molecular Devices, Sunnyvale, CA, USA) and associated
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software (Axotape 1.2.01; Molecular Devices). When testing
the dose response, we tested the level of stimulation with
ascending pheromone concentrations. When the first sequence
was complete, the next sequence was examined, also in
ascending order (Fig. 1a, b).

Behavioral experiments with a tethered system

We performed behavioral experiments with a tethered
system (Figs. 2, 3, 4).

Tethered system

To apply odorant to different positions on the antennae, we
used a tethered system, following the method of Kanzaki
(1998). For the experiments shown in Figs. 2, 3, 4, moths
were placed on a small Styrofoam ball and tethered to a steel
bar on the dorsal thorax with adhesive material (G-17;
Konishi, Osaka, Japan). The diameter of the ball was 3 cm
and its mass was 0.46 g. Tethering did not disturb wing
beating. We recorded moth behavior at 125 frames/s with two
cameras (Ektapro EM; Kodak, Tokyo, Japan). Camera
recording was triggered by a signal from an electric stimulator
(SEN-3201, Nihon Kohden). The same signal also controlled
valve opening, such that recording and odorant presentation
were synchronized. Cameras were placed 40-cm anterior and
40-cm dorsal to the moth. Images were copied to video tape

Fig. 1 Electroantennogram and a o™

the effect of partial antenna

covering. a Example of
electroantennograms with
different doses of bombykol.
Six different concentrations
were examined. Bottom trace
shows the trigger pulse of 160 - -
solenoid valves. Bombykol was

applied for 200 ms. b Relative 240---
amplitude of 320---
electroantennogram as a 400 _

function of the amount of (ng)
bombykol (n = 8). The value

was normalized by the absolute
amplitude of the response to
400 ng of bombykol. The
amplitude increased with
increasing amounts of
bombykol. ¢ Partial and full
covering of antenna with
cashew. d The effect of antenna
covering. Stimulation with

200 ng of bombykol was
applied for 200 ms.

e Electroantennogram
amplitude as a function of
antenna covering (n = 5)

with a video cartridge recorder (BR-S605B; Victor, Kanagawa,
Japan). We tested three types of stimulation:

Stimulation with a time difference

Two cartridges (5.5-mm tip diameter) and two valves were
prepared to stimulate left and right antennae independently
(Fig. 2a). The cartridge exit was placed approximately 0.5 cm
from the antenna. To examine the time difference between the
left and right antennae, 200 ng of bombykol was used. Each
stimulus was applied at a velocity of 400 mL/min (approxi-
mately 28 cm/s) for 200 ms. Two valves were controlled
independently, whereby one side (Ta) opens earlier than the
other (Tb). We changed the time difference between valve
openings by 0, 25, 50 and 100 ms.

Stimulation with different concentrations

Similar to condition I, we used two cartridges and two
valves (Fig. 2a). One cartridge (Tq) contained 100 ng of
bombykol, the other contained 0, 100, 200 or 400 ng of
bombykol (Tp).

Stimulation with different airflow orientations

We used a constant airflow system to examine the effect
of airflow on pheromone processing (Fig. 3a; Kanzaki
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Fig. 2 Relationship between pheromone input pattern and the
direction of turning behavior. a Odorant delivery system with air
puff stimulation to provide different stimulation to the left and right
antennae. b Direction of the first turn in response to temporally
staggered bilateral pheromone stimulation. One antenna (Ta) receives
pheromone stimulation prior to the stimulation of the other antenna
(Tb) with a delay of 0, 25, 50 or 100 ms (asterisk in the left graph).
There was no difference between Ta and Tb when the time difference
was 0 or 25 ms (p > 0.1, ¥* test). For time differences of 50 and
100 ms, the probability of turn to the Tb side was significantly higher
(p < 0.005, #* test). ¢ Direction of the turning behavior in response to
bilateral pheromone stimulation of different concentrations. There
was no difference in direction preference when we applied the same
concentration of pheromone to both antennae (p > 0.1, XZ test). When
there was a difference in pheromone concentration, the number of
turns toward the higher concentration was significantly higher than
the number of turns toward the lower concentration (p < 0.001, XZ
test)

et al. 1989). Clean air was divided into main and sub-air
streams for odorant delivery. Main stream flow was
5 L/min through a 2.2-cm inner diameter air delivery tube.
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Substream flow was 1 L/min, and connected with a Pasteur
pipette (1-mm tip diameter) through valves. These were
inserted into the cartridge for the main air stream. One side
contained filter paper containing the pheromone that was
controlled by an electric stimulator. Flow rate at the exit
was approximately 30 cm/s. An exhaust tube was placed
on the opposite side of the stimulant cartridge to remove
odorants. The orientation of odorant delivery and exhaust
systems was tested at —90, 0 and 90° angle to the moth
body axis.

Analysis of the direction of turning behavior

We observed the recorded video in slow motion and noted
the direction of initial walking. When moths turned left,
they first moved the left foreleg while keeping the right
foreleg on the Styrofoam ball. We used this movement as
the criterion to determine the initial walking direction.

Behavioral experiments in a wind tunnel

We performed behavioral experiments in a wind tunnel
(Figs. 4, 5).

Wind tunnel

The wind tunnel was 88-cm wide, 88-cm high and 150-cm
deep (Fig. 4a). In the tunnel, a 52 cm x 92 cm recording
arena was prepared. Airflow was induced with negative
pressure created by a fan (SP-300; Sanritsu, Tokyo, Japan),
and flow speed was adjusted to 0.6 m/s by changing the
supply voltage with a transducer (RSA-10; Tokyo Rikosha,
Tokyo, Japan). The input area of the wind tunnel was
covered by 1 mm x 1 mm mesh filters and a 1.5 cm x
1.5 cm grid to reduce distributed flow or vortex turbulence.
This operation stabilizes the shape and position of the
pheromone plume. The shape and position of the phero-
mone plume was simulated by applying TiCl,, which
makes a smoke plume. The filter paper containing the
pheromone was placed at the same location in the tunnel as
the pheromone during an experiment.

Analysis of walking to continuous pheromone exposure

To reveal the effect of sustained pheromone stimulation on
male behavior, we performed behavioral experiments in the
wind tunnel (Fig. 4b). The cartridge was bent and inserted
into the tunnel. The exit of the cartridge was placed 15 cm
from the head of the moth and 1.5 cm from the rear end.
The cartridge contained 1 pg bombykol, with a stimulation
of 5 s. Moths were placed at an angle of —90° (air from the
left side), —45, 0° (facing upwind), 45 and 90° (air from the
right side) to the wind direction (Fig. 3b). Behavior was
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Fig. 3 The relationship between the direction of turning behavior and
the direction of the wind. a Odorant delivery system with constant
airflow to stimulate both antennae simultaneously. b A way to change
the main stream direction. Total air stream was 6 L/min (approxi-
mately 28 cm). We changed the wind direction by rotating the
odorant delivery system and the exhaust tube. ¢ The direction of
turning behavior under airflow from different directions. When we
rotated the system 90°, the probability of turning to the opposite side
(downwind) was significantly higher (p < 0.003, x* test). In contrast,
there were no significant differences when we applied the wind from

recorded with a camera (Ektapro EM, Kodak) at 50 frames/
s. To obtain angular velocity, the rotation of a Styrofoam
ball was analyzed (Kanzaki 1998). We arbitrarily selected
a dot on the ball for each frame (Fig. 4c). Angular velocity
was measured by calculating the difference between the
angles of the body axis in consecutive frames.

Analysis of the trajectory of an unrestrained moth

To investigate the function of bilateral integration of phero-
mone information, we analyzed the trajectory of a moth
walking in the wind tunnel. The cartridge was bent and
inserted into the tunnel. The exit of the cartridge was placed
15 c¢cm from the head of the moth, and 1.5 cm from the rear

the anterior (0°) and left sides (-90°) (p > 0.1, ;(2 test). d Covering of
the antenna on one side. The proximal half of the antenna was
covered with cashew. We tested three wind directions: Airflow from
the side of the treated antenna (t90), from the anterior (0 deg.) and the
side of untreated antenna (u90). e The relationship between the initial
walking direction and wind direction. In all three cases, the
probability of walking toward the untreated antenna (Tu) was
significantly higher than that toward the treated antenna side (Tt)
(p < 0.01, »* test)

end. The cartridge contained 1 pg bombykol, and the pher-
omone was applied constantly. To expand the pheromone
plume, a plate (2 cm x 3 cm) was placed 1 cm from the
cartridge exit. We examined two conditions: 1. the moth was
placed on the windward side, 30 cm from the cartridge
(Fig. 5a, b) and 2. under the wind, 15 cm from the cartridge
(Fig. 5c, d). We started the stimulus while the moths were
stationary. Behavior was monitored by a video recorder at
30 frames/s (DCR-VX1000; Sony, Tokyo, Japan). Images
were copied to a video, and analyzed with software (Frame-
DIAS; DKH, Tokyo, Japan). We measured the position of the
head and the center of the posterior edge of the thorax for
each of the five frames (1/6 s). We reconstructed the walking
trajectories based on this time-series data.
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Fig. 4 Analysis of walking behavior in the wind tunnel. a A schematic
diagram of the wind tunnel. Airflow was induced with negative pressure
created by a fan and flow speed was adjusted to 0.6 m/s. b Schematic of
the behavioral experiment. The tethered system was placed on the arena
in the tunnel. ¢ Measuring the angular velocity of moth walking. We
took the difference of the angles for each pair of consecutive frames.
d Example of a change of body angle in response to long pheromone
stimulation. We applied the pheromone for 5s to a moth which
exhibited the mating dance. Red and blue lines represent the fitted curve
of 1-4 s after stimulus onset and 0.5-1 s after the stimulus ended. The
slope of these lines represents the angular velocity. e Angular velocity
as a function of wind direction. Wind directions of —90, —45, 0, 45 and

Data analysis

The probability of turning direction was analyzed by using the
»* test (Fig. 4). For multiple comparisons among groups, the
amplitude of EAG (Fig. 1), the probability of turning behavior
(Figs. 2, 3) and the angular velocity (Fig. 4) were compared
by one-way analysis of variance (ANOVA), followed by
Scheffé’s F test. Data are reported as mean =+ standard
deviation. Statistical analysis was performed using MATLAB
and a Statistics Toolbox (Mathworks, Natick, MA, USA).

Results

We first examined whether the amount of bilateral
pheromone input could be controlled by the antenna-
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90° were tested (n = 10 trials in each direction with each of 5 moths)
with no significant differences observed (p > 0.05, one-way ANOVA).
Angular velocity after stimulation cessation was significantly different
from that during stimulation (p < 0.00001, one-way ANOVA;
p <0.00001, Scheffé’s F test). f Angular velocity as a function of
wind direction in wingless moth. Wind directions of —90, —45, 0, 45
and 90° were tested (n = 10 trials for each direction with each of 5
moths) and there were no significant differences observed (p > 0.05,
one-way ANOVA). Angular velocity after stimulation cessation was
significantly earlier than that during stimulation (p < 0.00001, one-way
ANOVA; p < 0.001, Scheffé’s F test). There were no significant
differences between untreated and wingless moths

covering treatment. We then focused on the relationship
between the direction of initial turning behavior and
bilateral pheromone input, under several different con-
ditions. To investigate the effect of bilateral pheromone
input, we used an air puff system (Fig. 2a). The system
has two stimulus cartridges to present pheromones to the
left and right antennae independently. The response to
sustained pheromone stimulation and locomotion trajec-
tory in restrained conditions was recorded in a wind
tunnel.

Quantification of pheromone input by EAG
To present the pheromone input on each antennae with

different intensity, we first examined a method to control
input intensity to the antenna with covering treatment.
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Fig. 5 Free walking in the wind
tunnel. a A method to generate a
pheromone plume. The tip of a
stimulant cartridge was bent and
placed at a 1.5-cm height
downwind. Moths faced the
wind, 30 cm from the cartridge.
b Moths facing away from the

wind, 15 cm from the cartridge. Sh?l.l(;am
¢ The positions of the head cartridge
(H) and the border between Wind

thorax and abdomen (T) were d
noted in each image.

d Trajectories of moths placed

on the windward side. The

position of the head (H) is
represented by circle. Line

segments represent the line
connecting points ‘H’ and ‘T".
Broken lines represent

zigzagging behavior. The moth 2
figure represents the initial

position. Lines indicate the

average boundaries of the

pheromone plumes simulated by

TiCl, smokes. e Trajectories of
moths placed downwind

Dose—response

We prepared stimulus cartridges containing 0, 80, 160,
240, 320 and 400 ng of bombykol and recorded the EAG
(Fig. 1a). Each dose was tested eight times. The normal-
ized response amplitude is shown in Fig. 1b. Each value
was normalized by the amplitude of the response to
400 ng stimulation. The relative response amplitudes were
8.00 £ 5.30, 40.9 £5.00, 51.7 £ 8.09, 72.6 &+ 5.86,
84.8 + 2.57 and 100 for 0, 80, 160, 240, 320 and 400 ng
stimulations, respectively. The amplitude of the EAG
increased with pheromone dose. The same results were
obtained for all four specimens.

Antenna-covering treatment

To control the amount of pheromone input, we examined
the effect of covering the antenna with synthetic resin
coating (cashew). We examined four conditions: 0 (no
treatment), 1/3, 2/3 and 3/3 covered (Fig. 1c). The EAGs
are shown in Fig. 1d, e. The maximum amplitudes were
341 + 0.10, 1.95 + 0.25, 0.85 £ 0.12 and 0.17 £ 0.10,
for the 0, 1/3, 2/3 and 3/3 covered conditions, respectively.
The amplitudes significantly differed between conditions
(p < 0.000001, one-way ANOVA; p < 0.05, Scheffé’s
F test). As the covered area increased, the EAG amplitude

S5cm

decreased. The same results were obtained for all speci-
mens. These data indicate that the input intensity of the
pheromone could be controlled by covering the antenna.

Relationship between bilateral olfactory input
and the direction of the first turn

Effect of time difference

Using an air puff system (Fig. 2a), we stimulated both
antennae with time differences of 0, 25, 50 and 100 ms
(N = 17). For descriptive purposes, the antenna that was
first stimulated was termed Ta, and the antenna that was
stimulated later was termed Tb. The probabilities of
turning behavior to Ta were 50.9 £ 0.29, 49.0 & 0.17,
29.4 £+ 0.11 and 24.5 + 0.23% for time differences of 0,
25, 50 and 100 ms, respectively (Fig. 2b). The results for
the 50 and 100 ms time differences were significantly
different from those for the 0 and 25 ms time differ-
ences (p < 0.005, one-way ANOVA; p < 0.05, Scheffé’s
F test); however, they were not significantly different
from one another. The probability of turning behavior to
Tb was significantly higher than to Ta for time differ-
ences of 50 and 100 ms (p < 0.05, x* test). These results
indicate that the moths first turn toward the side of later
input.

@ Springer
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Effect of intensity difference

To investigate the effect of bilateral pheromone input with
different input intensity, we used two cartridges containing
different amounts of the pheromone. We stimulated one
antenna with a cartridge containing 100 ng of bombykol
(Tq) and the other with a cartridge containing 0, 100, 200
or 400 ng of bombykol (Tp). We examined the probabili-
ties of turning behavior to Tp and Tq (N = 10; Fig. 2c).
When we stimulated both antennae with the same amount
of bombykol (100 ng), the probabilities of turning to Tp or
Tq were 42.5 and 57.5%, respectively. When different
amounts of bombykol were used for Tp (0, 200 and
400 ng), the probability of turning behavior to Tq was
5.0 £ 0.11, 77.5 & 0.14 and 90.0 £ 0.13%, respectively.
Hence, there was a significantly higher probability of
walking toward the side stimulated by greater amounts of
pheromone compared to when the same amount of phero-
mone was used on both sides (p < 0.00001, one-way
ANOVA; p < 0.001, Scheffé’s F test). These results indi-
cate that the moths walk toward the side receiving the
larger amount of pheromone.

Effect of background wind direction

To examine the effect of background wind direction, we
used a constant airflow system (Fig. 3a). The system has a
single large cartridge (air delivery tube) for the main air
stream (2.2-cm tip diameter), and two normal cartridges for
the substream (1.0-cm tip diameter). One substream car-
tridge contained the pheromone, which was supplied for
200 ms by controlling a solenoid valve. The diameter of the
main air stream cartridge was large, to allow both antennae
to be stimulated simultaneously. We tested three different
airflow angles by rotating the odorant delivery and exhaust
systems (N = 15): specifically, wind from the left side
(—90°), the anterior (0°) and the right side (90°) (Fig. 3b).
At —90 and 0°, there was no significant difference in the
probability of walking toward the left or right sides
(p < 0.005, one-way ANOVA; p > 0.8, Scheffé’s F test;
Fig. 3c). When the wind direction was 90°, the probability
of walking toward the right (windward) was significantly
higher than that to the left (p < 0.05, Scheffé’s F test). This
result indicates that background airflow partially influences
the direction of the first turn. This result was unexpected, but
there was no other indication of asymmetry.

We next examined the effect of background airflow with
stimuli of different concentrations (N = 12). One-third of
the antenna area was covered, and the experiment was
repeated (Fig. 3d). The probability of walking toward the
side of the untreated antenna (Tu) was significantly higher
than toward the side of the treated antenna (Tt) for all wind
directions (p < 0.001, XZ test; Fig. 3e). There was no
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significant difference among the three tested wind direc-
tions (p > 0.2, one-way ANOVA). These results suggest
that variable pheromone input on the two antennae, rather
than background wind direction, is important for deter-
mining the walking direction of the moth.

Response to continuous pheromone input

When moths lose a plume, it is important to relocate it by
some strategy of odor-source localization. We replicated
these conditions in restrained B. mori that exhibited the
mating dance, following stimulation by long exposure to
the pheromone (~5 s), and examined the direction of the
first turn after removal of the stimulation.

The first turn after pheromone stimulation

We used the wind tunnel (Fig. 4a) with a tethered system
in the arena (Fig. 4b). The angular velocity was measured
by evaluating the difference among the locations of a
specific dot for each pair of consecutive images (Fig. 4c).
Figure 4 d provides an example of the temporal change in
body angle. The increment and decrement of this value
indicate walking toward the left and right, respectively.
Moths that had shown a pheromone response were used in
this experiment. Fitting curves of 2-6 s and 6.5-7 s are
shown as red and blue lines. The slope of the graph rep-
resents angular velocity. We summarized the population
data in Fig. 4e. We plotted the angular velocity from 2 to
6 s at wind directions of —90, —45, 0, 45, and 90° (N = 5
animals, n = 10 trials for each animal). The angular
velocity from 6.5 to 7 s (after removal of the stimulus) is
shown on the right (n = 50). Individual (open squares) and
averaged values (filled squares) are shown for each con-
dition. The angular velocity after the removal of the
stimulus was plotted as the average of positive and nega-
tive values independently. The angular velocities during
pheromone stimulation were 3.0 & 66.8, —10.4 £ 24.8,
—4.3 + 37.8, —5.0 &£ 30.7 and 19.7 £ 35.4 degrees/s for
—90, —45, 0, 45 and 90°, respectively, with no significant
differences (p > 0.05, one-way ANOVA). After stimulus
removal, the angular velocities were 124.9 £ 40.8 for the
left turn and —122.0 £ 53.1 for the right turn, and were
significantly different from the values during stimulation
(p < 0.00001, one-way ANOVA; p < 0.00001, Scheffé’s
F test). These results indicate that turning behavior is
suppressed by long pheromone stimulation and that the
removal of the stimulation induces the first turn.

Because wing fluttering might affect the dynamics of a
pheromone plume (Obara, 1979), we repeated the experi-
ment using wingless moths. As with the untreated moths,
the angular velocities during pheromone stimulation did
not significantly differ (—9.17 &+ 18.7, —21.0 £ 10.5,
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—10.8 £ 25.6, —10.3 £ 27.3 and 5.21 + 32.8 degrees/s
for —90, —45, 0, 45 and 90°, respectively; p > 0.05, one-
way ANOVA), but the angular velocities after stimulation
were significantly different from the velocities during
stimulation, which supported our findings with the
untreated moths (104.8 £ 37.1 degrees/s for the left and —
91.7 £ 24.5 degrees/s for the right; p < 0.00001, one-way
ANOVA; p < 0.001, Scheffé’s F test). There were no
significant differences between each pair of values for
untreated and wingless moths. These results suggest that
the direction of walking after the removal of pheromone
stimulation does not require wing fluttering.

Walking trajectory in unrestrained moths

To investigate the strategy of odor-source localization
further, we recorded the walking trajectory of moth ori-
entation behavior in the wind tunnel. We tested two con-
ditions: moths were placed 30-cm upwind (Fig. 5a) and
15-cm downwind of the source (Fig. 5b). Acquired images
were analyzed, and the positions of the head and the border
between the thorax and abdomen were manually noted for
each frame (Fig. 5c). In each case, the moths exhibited
three behavioral features (Fig. 5d, e): (1) The first turn with
<45° body angle was observed in the plume, with walking
direction being unrelated to wind direction; (2) turning
toward the plume at the putative border (arrows); and
(3) zigzagging and looping behavior outside the plume
(circles with broken line).

Discussion

In the present study, we analyzed the mating dance of
B. mori, with particular focus on the walking direction
during turning behavior, which has not been systematically
investigated thus far. Cessation of the pheromone was
found to trigger turning behavior (Fig. 4). Moths exhibited
turning behavior at the boundary of the pheromone plume
(Fig. 5), which is similar to the casting flight behavior of
flying moths. These results indicate the similarity in the
strategy of odor-source localization between flying and
walking moths. Furthermore, we revealed a novel aspect in
the initial phase of odor-localization behavior regarding
the direction of the first turn, whereby moths integrate
information from the left and right sides before turning
(Figs. 2, 3).

Possible use of bilateral information during odor-source
orientation behavior

To address the functional role in the integration of bilateral
pheromone information on male moth turning behavior, we

discuss the strategy for odor-source localization by B. mori
under the following three conditions: (1) moth in a plume,
(2) moth at the boundary of a plume and (3) moth outside a
plume.

Behavior in a plume

The surge response in the initial phase of mating behavior
by B. mori shares significant similarity with that of upwind
surge by flying moths. In the present study, most of the
trajectories in a plume were rectilinear (Fig. 5), as in flying
moths. When a moth is in a plume, the difference in input
on the left and right antennae might become very small. At
this point, moths exhibit straight walking, maintaining a
consistent body angle.

Although the function of turning behavior for odor-
source localization in a plume is unclear, one possibility is
trajectory modification. In a plume, the trajectory was
actually not a straight line, but a line with fluctuation. The
complex distribution of pheromone filaments probably
causes differential input on each antenna, even in a plume.
For example, the probability of contact might increase
as the distance between moth and odor-source decreases.
If intensity information reflects distance information,
turning toward the side of higher intensity possibly gen-
erates a course correction (Fig. 2c), facilitating efficient
localization.

Behavior at the boundary

When moths are at the boundary of a plume, they some-
times exhibit turning behavior (arrows in Fig. 5). Turning
behavior at the boundary of the odor plume has also been
reported for other walking insects (Kojima et al. 2003;
Willis and Avondet 2005). The pheromone input on the left
and right antennae are likely to differ at the boundary. The
side of pheromone plume might have a larger latency than
the opposite side. According to our results (Fig. 2b), in
such cases, moths turn toward the side of the antenna that
receives pheromone input with larger latency, i.e., inside
the plume. We often observed moths turn toward the inside
of the plume from the putative boundary (Fig. 5d, 1, 3,
arrows). At the boundary, integration of bilateral phero-
mone input seems to be important to decide the direction of
locomotion. Determining the direction of the first turn
seems to be especially important for tracking pheromone
plumes.

Zigzagging walking outside a plume
Flying moths that have lost the plume of a pheromone

exhibit programmed behavior, characterized by zigzagging
flight (Kuenen and Baker 1982; Baker et al. 1984; Baker
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and Haynes 1987; Willis and Baker 1987; Willis and Arbas
1991). One function of zigzagging flight is thought to be to
scan the environment when a moth has lost the plume
(Kennedy 1983). For individuals of B. mori, zigzagging
locomotion is rarely observed when a moth is in the plume,
but is frequently observed outside the plume (Fig. 5d, e). In
Fig. 5d3, a moth lost a plume and exhibited zigzagging
walking (circles with broken line). This behavior might be
interpreted as being similar to the casting behavior used by
flying moths to relocate a lost plume (David et al. 1983;
Kennedy 1983; Baker and Haynes 1987; Kuenen and Cardé
1994; Vickers and Baker 1996). In the present study,
B. mori showed casting-like behavior at the boundary of a
plume, which is consistent with the concept that the zig-
zagging walking behavior is important for relocating a lost
plume.

In instances when moths could not detect the difference
between pheromone input on the left and right antennae,
they might exhibit straight walking, with a high probability
of losing the plume. Moths exhibit zigzagging walking
behavior until they detect a difference between pheromone
input on both antennae. In this regard, deciding the direc-
tion in which to turn when initiating behavior is also
important for relocating a lost plume.

Bilateral integration to determine the direction
of locomotion

We quantified the relationship between pheromone input
and the direction of turning behavior in the present study.
Although moths change direction irrespective of stimulus
pattern during zigzagging walking (Kanzaki et al. 1992),
the direction of the first turn was affected by the stimulus
pattern (Figs. 2, 3). For the 0.5 and 1-s time delays, moths
preferentially walked toward the side receiving the later
stimulus, rather than toward the side receiving the earlier
stimulus (Fig. 2). When bilateral pheromone stimulation of
different concentrations was applied, moths preferentially
walked toward the side receiving the stronger stimulus
(Fig. 3). These results indicate that the olfactory system of
B. mori is able to discriminate temporal and intensity dif-
ferences. The precise role of bilateral integration in phero-
mone input on pheromone-source localization is unknown.
One explanation for the function of bilateral integration in
pheromone input is to improve odor-source localization
efficiency in the density gradient of a pheromone filament in
a plume. This concept is consistent with the behavioral
observation that, even in a plume, moths show modest
changes in body axis (Fig. 5).

The bilateral integration of olfactory input from the left
and right olfactory organs facilitates odor-source localiza-
tion in humans (Porter et al. 2007), rodents (Rajan et al.
2006) and fish (Johnsen and Teeter 1980; Gardiner and
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Atema 2010). Two antennae are required to facilitate odor
localization in insects (Bell and Tobin 1981; Borst and
Heisenberg 1982; Louis et al. 2008; Duistermars et al.
2009; Steck et al. 2010). Furthermore, bilateral information
is also employed in robot odor localization (Webster et al.
2001). In contrast to B. mori, sharks use temporal differ-
ences only to determine the initial turn direction (Gardiner
and Atema 2010). Sharks can discriminate a 100 ms dif-
ference in odorant arrival time, whereas B. mori may be
able to discriminate a difference of as little as 50 ms.
Furthermore, sharks turn toward the side receiving the first
stimulus, whereas B. mori turns toward the later stimulus.
The reason why these species use different strategies is
unknown, but it might be due to several factors, including
body size, locomotion speed, activity time (diurnal vs.
nocturnal) and habitat environment (in water vs. air).

Combined with the experimental evidence across phyla,
we speculate that bilateral pheromone information is also
integrated and used to determine the direction of orienta-
tion behavior in species of flying moths. However, the way
that flying moths use bilateral information might differ
compared to walking moths, because they have different
strategies of locomotion. The locomotion velocity of flying
moths is much faster than in walking moths, with the time
resolution for determining the turning direction possibly
being smaller compared to B. mori.

Neural mechanisms to determine the turn direction

Neural mechanisms for pheromone source orientation
behavior have been studied for B. mori (Kanzaki 1996,
1998; Kanzaki and Mishima 1996; Mishima and Kanzaki
1998, 1999; Wada and Kanzaki 2005). Males show syn-
chronized head movements when exhibiting zigzagging
turning behavior in response to pheromone stimulation.
When a male turns to the right, its head shows sidewise
movement to the right and then left. The timing of turning
behavior is consistently synchronized to that of the side-
wise movement of the head (Kanzaki and Mishima 1996).
Specific subsets of descending interneurons (DNs), which
connect the brain and other ganglions, show state-depen-
dent “flip-flop” neural activity thought to be the command
signal for zigzagging walking (Olberg 1983; Kanzaki et al.
1994; Mishima and Kanzaki 1999). The flip-flop activity
found in the lateral accessory lobe of B. mori appears to
be correlated with the activity of neck motor neurons
(Mishima and Kanzaki 1998; Wada and Kanzaki 2005).
According to the potential synaptic connectivity estimated
by use of confocal microscopy, group-IIA and group-IID
DNs, both of which have smooth processes in the lateral
accessory lobe, are believed to be important in correlating
activity between the walking direction and the head angle
(Wada and Kanzaki 2005). In addition, group-IIC DNs are
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considered as one of command neurons for surge behavior,
because they do not exhibit a state-dependent response, but
show brief excitatory response to the pheromone and are
probably connected to a neck motor neuron (Wada and
Kanzaki 2005). In the present study, we found that sus-
tained pheromone input suppressed the expression of the
turning behavior (Fig. 4). Furthermore, straight walking
behavior terminated after the cessation of sustained input,
with the onset of turning behavior being triggered (Fig. 4).
If group-IIC is one of the command neurons for surge, it is
predicted that the neuronal activity of the command signal
for surge, i.e., group-IIC DNs, might be activated during
sustained pheromone stimulation and suppressed after the
cessation of stimulation. Recently, the presence of OFF
olfactory receptor neurons, in which the discharge rate is
increased by declining odorant concentrations and vice
versa, has been reported for the cockroach (Tichy et al.
2005; Burgstaller and Tichy 2011). Some projection neurons
in the antennal lobe exhibit the OFF response after stimulus
termination in B. mori (Namiki and Kanzaki 2011a).
Although such neurons have not been found in the phero-
mone processing pathway of B. mori (Kanzaki et al. 2003),
they are potential candidates that might trigger surge.

Neural mechanisms for odor-source localization
behavior have been investigated for Manduca sexta, which
is a closely related species of B. mori, (Kanzaki et al. 1991;
Vickers et al. 2001; Lei et al. 2009). By monitoring
behavior with pharmacological treatment, Lei et al. 2009
reported that the suppression of the counterturning program
requires intermittent pheromone stimulation. Furthermore,
zigzagging flight pattern was observed during constant
odorant presentation. This finding directly contrasted with
our results, whereby we did not observe zigzagging
behavior during sustained pheromone stimulation. One
possible reason for this difference between the two studies
is the difference in locomotion, i.e., flight in M. sexta and
walking in B. mori. Another explanation might be differ-
ences in the timescale of the response. For example in Lei
et al. 2009, the bursting activity of projection neurons,
which are second-order olfactory neurons, was blocked by
injecting a drug into the olfactory center and neuronal
activity was altered for a longer time (over 10 min). In
comparison, we used 5-s stimulation in the current
behavioral experiment with B. mori.

One unanswered question is the location of the circuit
for the integration of bilateral pheromone input. We con-
sider neuropils, which are revealed to be involved in
pheromone-source orientation behavior for B. mori. Phero-
monal information is first received by olfactory receptor
neurons on the antenna, which is then transmitted into the
first-order olfactory center, the antennal lobe. In the fly
Drosophila melanogaster, sensory neurons from the
antennae project to both ipsi- and contralateral antennal

lobes, with the integration of bilateral input occurring at the
level of second-order olfactory neurons (Agarwal and
Isacoff 2011). However, the sensory neurons from the
antennae of B. mori only project to the ipsilateral antennal
lobe (Koontz and Schneider 1987; Ai and Kanzaki 2004).
Furthermore, it has been shown that the sensory neurons
expressing sex-pheromone receptors project to the macro-
glomerular complex in the ipsilateral antennal lobe
(Sakurai et al. 2011). One glomerulus in the antennal lobe
receives bilateral input from a pair of labial pit organs
(Kent et al. 1986), but the sensory neurons do not respond
to the sex pheromone. Bombykol-sensitive projection
neurons with contralateral axonal projection have not been
identified thus far (Kanzaki et al. 2003; Namiki et al. 2008;
Namiki and Kanzaki 2011b), suggesting that the integra-
tion of bilateral input occurs downstream of the antennal
lobe. Based on these anatomical data, we are able exclude
the possibility that the integration of bilateral pheromone
information occurs at the first- or second-order neuron
level for B. mori.

The delta area of the inferior lateral protocerebrum
(AILPC), which is the major area where projection neurons
respond to the sex pheromone (Seki et al. 2005), might be a
possible neuropil for the integration of bilateral input. This
is because some output neurons from AILPC, which are
third-order olfactory neurons, project to the contralateral
hemisphere (Namiki and Kanzaki 2005). In addition, it is
possible that bilateral integration is performed by other
areas of the protocerebrum, such as the mushroom body
and central complex (Kanzaki et al. 1991; Lei et al. 2001,
Ritzmann et al. 2008; Heinze et al. 2009). Finally, there is a
possibility that the lateral accessory lobe might integrate
pheromone information. Many interneurons have processes
in the lateral accessory lobes of both hemispheres (Iwano
et al. 2010). Most neurons in this neuropil exhibit a
response to stimulation on both the left and right antennae
(Namiki and Kanzaki, unpublished observation). Accord-
ing to available anatomical and physiological data, all or a
part of protocerebral neuropils including the mushroom
body, central complex, AILPC and lateral accessory lobe
might be involved in the integration of bilateral pheromone
input. The acquisition of physiological recordings from the
neurons in these neuropils, following the same stimulation
protocol used in the current experiment, might be required
to reveal the underlying neural mechanisms.

In the present study, we identified specific stimulus fea-
tures that determine the walking direction during phero-
mone-source orientation behavior of B. mori. Initial turning
direction is affected by bilateral input pattern on both
antennae, with differential intensity or time delay. This
study contributes toward understanding efficient strategies
for odor-source localization that is utilized by walking
insects.

@ Springer



J Comp Physiol A

Acknowledgments We are grateful to Prof. Dr. Shigeru Matsuyama
(Graduate School of Life and Environmental Sciences, University of
Tsukuba) for providing purified bombykol. This research was sup-
ported by: Research and Development of the Next-Generation Inte-
grated Simulation of Living Matter, part of the Development and Use
of the Next-Generation Supercomputer Project; a Grant-in-Aid for
Scientific Research (B) (18370028) from the Ministry of Education,
Culture, Sports, Science and Technology (MEXT); and a Sasagawa
Research Grant from the Japan Science Society.

References

Agarwal G, Isacoff E (2011) Specializations of a pheromonal
glomerulus in the Drosophila olfactory system. J Neurophysiol
105:1711-1721

Ai H, Kanzaki R (2004) Modular organization of the silkmoth
antennal lobe macroglomerular complex revealed by voltage-
sensitive dye imaging. J Exp Biol 207:633-644

Baker TC (1990) Upwind flight and casting flight: complementary
and tonic systems used for location of sex pheromone sources by
male moths. In: Dgving KB (ed) proceedings of the tenth
international symposium on olfaction and taste GCS A/S, Oslo,
Norway, ppl18-25

Baker TC, Haynes KF (1987) Manoeuvres used by flying male
oriental fruit moths to relocate a sex pheromone plume in an
experimentally shifted wind-field. Phsyiol Entomol 12:263-279

Baker TC, Kuenen LPS (1982) Pheromone source location by flying
moths: A supplementary non-anemotactic mechanism. Science
216:424-426

Baker TC, Willis MA, Phelan PL (1984) Optomotor anemotaxis
polarizes self-steered zigzagging in flying moths. Physiol
Entomol 9:365-376

Bell WJ, Tobin TR (1981) Orientation to sex pheromone in the
American cockroach: analysis of chemo-orientation mecha-
nisms. J Insect Physiol 27:501-508

Borst A, Heisenberg M (1982) Osmotropotaxis in Drosophila
melanogaster. ] Comp Phsyiol A 147:479-484

Burgstaller M, Tichy H (2011) Functional asymmetries in cockroach
ON and OFF olfactory receptor neurons. J Neurophyiol
105:834-845

Butenandt VA, Beckmann R, Stamm D, Hecker E (1959) Uber den
Sexual-Lockstoff des Seidenspinners Bombyx mori. Reindarstel-
lung und Konstitution. Z Naturforsch 14b:283-284

Cardé RT, Willis MA (2008) Navigational strategies used by insects
to find distant, wind-borne sources of odor. J Chem Ecol
34:854-866

David CT, Kennedy JS, Ludlow AR (1983) Finding of a sex
pheromone source by gypsy moths released in the field. Nature
303:804-806

Duistermars BJ, Chow DM, Frye MA (2009) Flies require bilateral
sensory input to track odor gradients in flight. Curr Biol
19:1301-1307

Farkas SR, Shorey HH (1972) Chemical trail-following by flying
insects: a mechanism for orientation to a distant odor source.
Science 178:67-68

Gardiner JM, Atema J (2010) The function of bilateral odor arrival
time differences in olfactory orientation of sharks. Curr Biol
20:1187-1191

Heinze S, Gotthardt S, Homberg U (2009) Transformation of
polarized light information in the central complex of the locust.
J Neurosci 29:11783-11793

Iwano M, Hill ES, Mori A, Mishima T, Mishima T, Ito K, Kanzaki R
(2010) Neurons associated with the flip-flop activity in the lateral

@ Springer

accessory lobe and the ventral protocerebrum of the silkworm
moth brain. ] Comp Neurol 518:366-388

Johnsen PB, Teeter JH (1980) Spatial gradient detection of chemical
cues by catfish. J Comp Physiol A 140:95-99

Kaissling K-E (1971) Insect olfaction. In: Beidler LM (ed) Handbook
of sensory physiology IV. Springer-Verlag, Berlin, pp 351-431

Kanzaki R (1996) Behavioral and neural basis of instinctive behavior
in insects: odor-source searching strategies without memory and
learning. Robot Auton Syst 18:33-43

Kanzaki R (1998) Coordination of wing motion and walking suggests
common control of zigzag motor program in a male silkworm
moth. J Comp Physiol A 182:267-276

Kanzaki R, Mishima T (1996) Pheromone-triggered ‘flipflopping’
neural signals correlate with activities of neck motor neurons of
a male moth, Bombyx mori. Zool Sci 13:79-87

Kanzaki R, Arbas EA, Strausfeld NJ, Hildebrand JG (1989)
Physiology and morphology of projection neurons in the antennal
lobe of the male moth Manduca sexta. J Comp Physiol A
165:427-453

Kanzaki R, Arbas EA, Hildebrand JG (1991) Physiology and
morphology of descending neurons in pheromone-processing
olfactory pathways in the male moth, Manduca sexta. J Comp
Physiol A 169:1-14

Kanzaki R, Sugi N, Shibuya T (1992) Self-generated zigzag turning
of Bombyx mori males during pheromone-mediated upwind
walking. Zool Sci 9:515-516

Kanzaki R, Ikeda S, Shibuya T (1994) Morphological and physio-
logical properties of pheromone-induced flipflopping descending
interneurons of the male silkworm moth, Bombyx mori. J Comp
Physiol A 175:1-14

Kanzaki R, Soo K, Seki Y, Wada S (2003) Projections to higher
olfactory centers from subdivisions of the antennal lobe macro-
glomerular complex of the male silkmoth. Chem Senses
28:113-130

Kennedy JS (1940) The visual responses of flying mosquitoes. Proc
Zool Soc London 109:221-242

Kennedy JS (1983) Zigzagging and casting as a programmed
response to wind-borne odour: a review. Physiol Entomol
8:109-120

Kennedy JS, Marsh D (1974) Pheromone-regulated anemotaxis in
flying moths. Science 184:999-1001

Kent KS, Harrow ID, Quartararo P, Hildebrand JG (1986) An
accessory olfactory pathway in Lepidoptera: the labial pit organ
and its central projections in Manduca sexta and certain other
sphinx moths and silk moths. Cell Tissue Res 245:237-245

Kojima T, Sakuma M, Fukui M, Kuwahara Y (2003) Spatial
orientation of the mould mite, Tyrophagus putrescentiae
(Schrank) (Acarina: Acaridae), in the computer-programmed
olfactory field. J Acarol Soc Jpn 12:93-102

Koontz MA, Schneider D (1987) Sexual dimorphism in neuronal
projections from the antennae of the silk moths (Bombyx mori,
Antheraea polyphemus) and gypsy moth (Lymantria dispar).
Cell Tissue Res 249:39-50

Kramer E (1975) Orientation of the amle silkmoth to the sex attractant
bombykol. In: Denton DA, Coghlan JP (eds) Olfaction and taste
V. Academic Press, New York, pp 329-335

Kramer E (1986) Turbulent diffusion and pheromone-triggered
anemotaxis. In: Payne TL, Birch MC, Kennedy CEJ (eds)
Mechanisms in insect olfaction. Oxford University Press,
Oxford, pp 59-67

Kuenen LPS, Baker TC (1982) A non-anemotactic mechanism used
in pheromone source location by flying moths. Physiol Entomol
7:277-289

Kuenen LPS, Cardé RT (1994) Strategies for recontacting a lost
pheromone plume: casting and upwind flight in the male gypsy
moth. Physiol Entomol 19:15-29



J Comp Physiol A

Lei H, Anton S, Hansson BS (2001) Olfactory protocerebral pathways
processing sex pheromone and plant odor information in the
male moth Agrotis segetum. J Comp Neurol 432:356-370

Lei H, Riffell JA, Gage SL, Hildebrand JG (2009) Contrast
enhancement of stimulus intermittency in a primary olfactory
network and its behavioral significance. J Biol 8:21

Louis M, Huber T, Benton R, Sakmar TP, Vosshall LB (2008)
Bilateral olfactory sensory input enhances chemotaxis behavior.
Nat Neurosci 11:187-199

Mafra-Neto A, Cardé RT (1994) Fine-scale structure of pheromone
plumes modulates upwind orientation of flying moths. Nature
369:142-144

Mafra-Neto A, Cardé RT (1995) Influence of plume structure and
pheromone concentration on upwind flight of Cadra cautella
males. Physiol Entomol 20:117-133

Mishima T, Kanzaki R (1998) Coordination of flipflopping neural signals
and head turning during pheromone-mediated walking in a male
silkworm moth Bombyx mori. ] Comp Physiol A 183:273-282

Mishima T, Kanzaki R (1999) Physiological and morphological
characterization of olfactory descending interneurons of the male
silkworm moth. Zool Sci 184:143-160

Murlis J, Jones CD (1981) Fine-scale structure of odour plumes in
relation to insect orientation to distant pheromone and other
attractant sources. Physiol Entomol 6:71-86

Murlis J, Elkinton JS, Cardé RT (1992) Odor plumes and how insects
use them. Annu Rev Entomol 37:505-532

Namiki S, Kanzaki R (2005) Pheromonal processing pathways in the
silkmoth brain. Zool Sci Abstract 22:1484

Namiki S, Kanzaki R (2011a) Offset response of the olfactory projection
neurons in the moth antennal lobe. BioSystems 103:348-354

Namiki S, Kanzaki R (2011b) Heterogeneity in dendritic morphology
of moth antennal lobe projection neurons. J Comp Neurol
519:3367-3386

Namiki S, Iwabuchi S, Kanzaki R (2008) Representation of a mixture
of pheromone and host plant odor by antennal lobe projection
neurons of the silkmoth Bombyx mori. J Comp Physiol A
194:501-515

Obara Y (1979) Bombyx mori mating dance: an essential in locating
the female. Appl Entomol Zool 14:130-132

Olberg RM (1983) Interneurons sensitive to female pheromone in the
deutocerebrum of the male silkworm moth, Bombyx mori.
Physiol Entomol 8:419-428

Ono T (1980) Role of the scales as a releaser of the copulation
attempt in the silkworm moth, Bombyx mori (Lepidoptera,
Bombycidae). Kontyu Tokyo 48:540-544

Porter J, Craven B, Khan RM, Chang SJ, Kang I, Judkewitz B, Volpe
J, Settles G, Sobel N (2007) Mechanisms of scent-tracking in
humans. Nat Neurosci 10:27-29

Rajan R, Clement JP, Bhalla US (2006) Rats smell in stereo. Science
311:666-670

Ritzmann RE, Ridgel AL, Pollack AJ (2008) Multi-unit recording of
antennal mechano-sensitive units in the central complex of the
cockroach, Blaberus discoidalis. } Comp Physiol A 194:341-360

Sakurai T, Mitsuno H, Haupt SS, Uchino K, Yokohari F, Nishioka T,
Kobayashi I, Sezutsu H, Tamura T, Kanzaki R (2011) A single
sex pheromone receptor determines chemical response specific-
ity of sexual behavior in the silkmoth Bombyx mori. PLoS
Genetics 7:¢1002115

Seki Y, Aonuma H, Kanzaki R (2005) Pheromone processing center
in the protocerebrum of Bombyx mori revealed by NO-induced
anti-cGMP immunocytochemistry. J Comp Neruol 481:340-351

Steck K, Knaden M, Hansson BS (2010) Do desert ants smell the
scenery in stereo? Animal Behav 79:939-945

Tichy H, Hinterwirth A, Gingl E (2005) Olfactory receptors on the
cockroach antenna signal odour ON and odour OFF by
excitation. Eur J Neurosci 22:3147-3160

Vergassola M, Villermaux E, Shraiman BI (2007) ‘Infotaxis’ as a
strategy for searching without gradients. Nature 445:406—409

Vickers NJ (2000) Mechanisms of animal navigation in odor plumes.
Biol Bull 198:203-212

Vickers NJ, Baker TC (1992) Male Heliothis virescens maintain
upwind flight in response to experimentally pulsed filaments of
their sex pheromone (Lepidoptera: Noctuidae). J Insect Behav
5:669-687

Vickers NJ, Baker TC (1994) Reiterative responses to single strands
of odor promote sustained upwind flight and odor source location
by moths. Proc Natl Acad Sci USA 91:5756-5760

Vickers NJ, Baker TC (1996) Latencies of behavioral response to
interception of filaments of sex pheromone and clean air
influence flight track shape in Heliothis virescens (F.) males.
J Comp Physiol A 178:831-847

Vickers NJ, Christensen TA, Baker TC, Hildebrand JG (2001) Odour-
plume dynamics influence the brain’s olfactory code. Nature
410:466-470

Wada S, Kanzaki R (2005) Neural control mechanisms of the
pheromone-triggered programmed behavior in male silkmoths
revealed by double-labeling of descending interneurons and the
motor neuron. J] Comp Neurol 484:168—182

Webster DR, Rahman S, Dasi LP (2001) On the usefulness of bilateral
comparison to tracking turbulent chemical odor plumes. Limnol
Oceanogr 46:1048-1053

Willis MA, Arbas EA (1991) Odor-modulated upwind flight of sphinx
moth, Manduca sexta L. J Comp Physiol A 169:427-440

Willis MA, Avondet JL (2005) Odor-modulated orientation in
walking male cockroaches Periplaneta americana, and the
effects of odor plumes of different structure. J Exp Biol
208:721-735

Willis MA, Baker TC (1987) Comparison of manoeuvres used by
walking versus flying Grapholita molesta males during phero-
mone-mediated upwind movement. J Exp Biol 33:875-883

@ Springer



	Use of bilateral information to determine the walking direction during orientation to a pheromone source in the silkmoth Bombyx mori
	Abstract
	Introduction
	Materials and methods
	Animals
	Odorants
	Electroantennogram
	Behavioral experiments with a tethered system
	Tethered system
	Stimulation with a time difference
	Stimulation with different concentrations
	Stimulation with different airflow orientations
	Analysis of the direction of turning behavior

	Behavioral experiments in a wind tunnel
	Wind tunnel
	Analysis of walking to continuous pheromone exposure
	Analysis of the trajectory of an unrestrained moth 

	Data analysis

	Results
	Quantification of pheromone input by EAG
	Dose--response
	Antenna-covering treatment

	Relationship between bilateral olfactory input and the direction of the first turn
	Effect of time difference
	Effect of intensity difference
	Effect of background wind direction

	Response to continuous pheromone input
	The first turn after pheromone stimulation

	Walking trajectory in unrestrained moths

	Discussion
	Possible use of bilateral information during odor-source orientation behavior
	Behavior in a plume
	Behavior at the boundary
	Zigzagging walking outside a plume

	Bilateral integration to determine the direction of locomotion
	Neural mechanisms to determine the turn direction

	Acknowledgments
	References


