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Behavioral/Cognitive

A Defensive Kicking Behavior in Response to Mechanical
Stimuli Mediated by Drosophila Wing Margin Bristles

Jiefu Li,* Wei Zhang,* Zhenhao Guo, Sophia Wu, ©®Lily Yeh Jan, and ®Yuh-Nung Jan
Departments of Physiology, Biochemistry, and Biophysics, Howard Hughes Medical Institute, University of California, San Francisco, California 94158

Mechanosensation, one of the fastest sensory modalities, mediates diverse behaviors including those pertinent for survival. It is impor-
tant to understand how mechanical stimuli trigger defensive behaviors. Here, we report that Drosophila melanogaster adult flies exhibit
a kicking response against invading parasitic mites over their wing margin with ultrafast speed and high spatial precision. Mechanical
stimuli that mimic the mites’ movement evoke a similar kicking behavior. Further, we identified a TRPV channel, Nanchung, and a
specific Nanchung-expressing neuron under each recurved bristle that forms an array along the wing margin as being essential sensory
components for this behavior. Our electrophysiological recordings demonstrated that the mechanosensitivity of recurved bristles re-
quires Nanchung and Nanchung-expressing neurons. Together, our results reveal a novel neural mechanism for innate defensive behav-

ior through mechanosensation.
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ignificance Statement

touch-evoked scratching; Akiyama et al., 2012).

We discovered a previously unknown function for recurved bristles on the Drosophila melanogaster wing. We found that when a
mite (a parasitic pest for Drosophila) touches the wing margin, the fly initiates a swift and accurate kick to remove the mite. The fly
head is dispensable for this behavior. Furthermore, we found that a TRPV channel, Nanchung, and a specific Nanchung-
expressing neuron under each recurved bristle are essential for its mechanosensitivity and the kicking behavior. In addition,
touching different regions of the wing margin elicits kicking directed precisely at the stimulated region. Our experiments suggest
that recurved bristles allow the fly to sense the presence of objects by touch to initiate a defensive behavior (perhaps analogous to

~

J

Introduction

Animals use their diverse sensory systems to detect the presence
of danger. For example, fruit flies use their visual system to detect
the approach of predators (Fotowat et al., 2009; Muijres et al.,
2014) and their olfactory system to sense chemical signals re-
leased from predators, pathogenic microbes, and their startled
kin (Suh et al., 2004; Jones et al., 2007; Benton, 2008; Gaudry et
al., 2012; Prieto-Godino and Benton, 2013). As one of the fastest
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sensory modalities, mechanosensation, including hearing and
touch sensation, ensures their rapid response to acoustic and
tactile stimuli (Effertz et al., 2011; Kim et al., 2012; Yan et al.,
2013; Zhang et al., 2013). One example is the ultrafast kicking
behaviors of locusts and grasshoppers (Burrows, 1995; Hedwig
and Burrows, 1996; Jellema and Heitler, 1999; Sasaki and Bur-
rows, 2003). A locust responds to contact from adversaries in
milliseconds by extending the tibiae of its hind legs in a kick with
peak angular velocities of 80° ms ~'. The underlying molecular
mechanisms and neuronal circuitry that mediate somatosensa-
tion to this type of tactile stimulation are an intriguing open
question. Although previous studies have reported the neural
basis of gentle touch and mechanical nociception of Drosophila
melanogaster larvae (Kim et al., 2012; Yan et al., 2013), adult flies
exhibit more complex behaviors in response to mechanical stim-
uli (Vandervorst and Ghysen, 1980; Caldwell and Eberl, 2002;
Albert and Gopfert, 2015; Ramdya et al., 2015) and the neural
circuits governing these behaviors are not yet well characterized.

Drosophila wings are the flight apparatus of adult flies. They
also serve important functions in courtship and aggression (Chen
etal., 2002; Yamamoto and Koganezawa, 2013; Yuan et al., 2014).
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These wings cover >60% of the dorsal body surface and define
the border of a fly’s body. Many bristles line the wing margin
(Hartenstein and Posakony, 1989) and some are morphologically
similar to sensory bristles on other parts of the body. Both me-
chanical and gustatory sensors may be present in the wing margin
(Hartenstein and Posakony, 1989; Valmalette et al., 2015), al-
though the molecular and cellular composition of these sensors
remains to be defined.

Here, we report that both invasion of parasitic mites and
mechanical touch stimulation on the wing margin trigger an
ultrafast kicking behavior that requires a TRPV channel,
Nanchung, and an array of Nanchung-expressing neurons
along the wing margin. Further, we found that recurved bris-
tles, each innervated by a single Nanchung-expressing neuron,
are sensitive to mechanical displacements. The recurved
bristle-mediated kicking behavior also exhibits spatial preci-
sion. Our results have thus identified a novel function of wing
margin bristles and part of the underlying molecular and cel-
lular mechanisms of mechanosensation.

Materials and Methods

Fly stock. Fruit flies were raised in a 25°C incubator (Darwin Chamber
Company) with a 12 h/12 h light cycle and humidity control. The UAS-
Nanchung line was provided by Dr. C. Kim (Chonnam National Univer-
sity). The nan>** and iav' lines were from Bloomington Stock Center.
The NOMPC RNAI line (v105579) was from the Vienna Drosophila Re-
source Center. The NOMPC RNAI line (B31512) and Deficiency line
(3788) were from Bloomington Stock Center. piezo© was a gift from Dr.
A. Patapoutian at the Scripps Research Institute. PpkI and tmc*© were
generated in the laboratory as described previously (Gorczycaetal., 2014;
Guo et al., 2016). nompC™°?'* was from Dr. M. Gopfert at University of
Gottingen. The GMR lines were generated by the Flylight project (Jenett
etal., 2012) and obtained from Bloomington Stock Center.

Behavior assay. Adult flies of either sex (5-7 d after eclosion) were
collected. Tethered flies were prepared as described previously (Seelig et
al., 2010) with minor modifications. Briefly, the fly was anesthetized on
ice and held dorsal side up. An insect pin was attached to the fly notum
with low-melting-point wax (Sigma-Aldrich) The head and thorax were
glued together to reduce movement. The fly was held in position (either
dorsal or lateral side up) by inserting the free end of the insect pin to clay.
The fly was then allowed to hold a piece of Kimwipe and rest for2hin a
wet chamber before experiments. The behavioral responses to mites or
probes were recorded with a high-speed camera (Pointgrey) and the
videos were saved for offline analysis.

For studies of headless flies, flies were anesthetized on ice and decapi-
tated with spring scissors (Fine Science Tools). Decapitated flies were
kept on a wet tissue pad in a Petri dish for recovery. After 10 min, those
flies that were able to stand up and walk were picked up for behavioral
test.

In the test with a probe, an eyelash was used to gently touch part of the
wing margin so as to mimic the movement of mites. The probe that was
perpendicular to the wing blade was moved along the wing margin to-
ward the distal end to provide mechanical stimulation of recurved bris-
tles by causing a small displacement. The probe touched these bristles for
1-2 s without causing any displacement of the fly. For quantitative anal-
ysis, each fly was stimulated 10 times with the stimulation repeated every
10 s and the number of kicking responses was recorded.

In the test for spatial precision, each fly was stimulated 10 times at the
anterior region of the wing margin and 10 times at the posterior region of
the wing margin, defined by the L2 vein, and the number of mid-leg and
hind leg movements, respectively, was recorded.

Mite invasion and containment. Parasitic mites were cocultured with
flies in vials in plastic trays with water on their bottom. Each vial was
flipped to a new vial that contained fly food and ~10 adult flies every 2
weeks. Mites crawling on the wall of the vials were picked up for experi-
mental use. The whole tray was placed on a piece of antimite paper
(Carolina Biological).
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Movie 1.
fast kicking behavior in a tethered fruit fly. Playback speed: slowed
downto 1/100X.

In the behavioral test with parasitic mites, a mite was picked up with
tweezers and presented to the fly wing surface with a brush tip. The mite
was allowed to crawl freely on the fly body before reaching the wing
margin. The behaviors were recorded with a high-speed camera (Point-
grey) and the videos were saved for offline analysis.

Analysis of leg kinematics. Videos were converted to image series with
Image]. Leg tarsus trajectories were recorded with manual tracking via
the ImageJ] Manual-Track plugin. Leg kinetics as viewed from the top was
characterized. The trajectory angles (intersection angle formed by the
lines between the turning point and two most adjacent tarsus positions)
were measured with the Image] angle tool. The average velocity, from
action initiation to kicking on the mite, was calculated with the Manual-
Track plugin. The velocity was normalized with the actual body length of
the animal.

Confocal microscopy. For imaging, the severed wings and legs of adult
flies were picked up with a pair of fine forceps and mounted on a slide
with PBS. Images were taken with a 20X objective in the differential
interference contrast channel, as well as in the green and red channels, to
visualize the morphology of the bristles.

The ventral nerve cord (VNC) was dissected out of an adult fly, placed
in PBS solution, and mounted with its dorsal side up on a slide for
imaging. An LSM 510 microscope (Zeiss) with 40X oil-immersion lens
was used for confocal imaging.

Electrophysiological recording. Adult flies (5-7 d after eclosion) were
collected for recording from the tips of recurved bristles on the wing
margin. Flies were immobilized on coverslips with low melting point wax
(Sigma-Aldrich). The abdomen was cut open with a spring scissor and
immersed in the saline for recording. Glass electrodes for recording were
pulled with a P-97 puller (Sutter Instruments) from precleaned borosili-
cate glass and filled with saline solution (128 mm NaCl, 2 mm KCl, and 5
mm HEPES, adjusted to pH 7.2). The glass electrode was placed onto the
tip of a recurved bristle. The same electrode was used to move the tip of
the bristle from the original tension-free position toward the distal end to
displace the tip by 40 wm. Clampex version 10.3 software (Molecular
Devices) was used for data acquisition and processing. Clampfit was used
to detect neuronal firing automatically based on threshold searching.
Briefly, thresholds (estimated manually based on the spike amplitudes
emerging after stimulation) were set below the baseline and all negative-
going spikes crossing the threshold were counted.

Graph plotting and statistical analysis. GraphPad Prism 6 was used for
graph plotting and statistical analysis. Behavioral scores were grouped for
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Figure 1.

Fruit flies respond to mechanical stimuli on their wing margin. 4, A tethered fruit fly kicked a mite off its wing margin. Blue circle, mite; red circle, distal segment of the left hind leg. B,

A decapitated fruit fly kicked a mite off its wing margin. Blue circle, mite; red circle, distal segment of the left hind leg. , Trajectories from the top view of the hind-leg tarsi during kicking. Turning
points were aligned together for comparison. Circles indicate the mite position. Arrowheads point to the initiation direction of leg movement. Scale bar, 0.5 mm. D, Trajectories from the lateral view
of the hind-leg tarsi during kicking. E, F, Angles at turning points of the trajectories and average velocity during kicking (n = 7; two-tailed, unpaired ¢ test; n.s., not significant). Error bars indicate

SEM. G, Probe-induced mechanical stimuli on wing margin evoked the kicking behavior. The nanchung mutant (nan %) was defective in the response, whereas the other mutantsiav ', ppk ', tmc*©,

piezo*®, and nomp( 1

nan 36a: w; nan 36a

statistical analysis to assess the difference between genotypes. ANOVA
followed by Tukey’s test was used for comparison between multiple
groups. Two-tailed, unpaired ¢ test was used for two-group comparisons.
All error bars in the figures indicate SEM.

Results

Parasitic mites present threats to many insect species (Houck et
al., 1991; Martin et al., 2012). Here, we report that an adult fly is
able to sense mites crawling on its wings. As shown in Movie 1, a
fly tethered to an insect pin held a small piece of paper by its legs,
so losing grip of the paper would be an indication of its attempt to
jump. When a mite touched its anterior wing margin, it kicked
the mite off with a stereotyped behavioral sequence as follows.
First, the fly sensed the presence of the moving mite immediately
after the mite reached its wing margin (Fig. 1A). Then, the fly
then initiated a series of actions within tens of milliseconds by
pulling back the body, swinging the hind leg on the ipsilateral side
and kicking the mite off the wing (Fig. 1A, Movie 1). The entire
behavioral sequence was completed within 200 milliseconds—
fast enough to kick off a moving mite. The tethered flies exhibited

and were relatively normal (n = 9 —10; two-tailed, unpaired t test was used for comparison; n.s., not significant; ****p < 0.0001). Error bars indicate SEM. Fly genotypes:
v w;iav’. ppk ' w; ppk 12, tmc*%: w; tme . piezo *: w; piezo *©. nompC%/Df- w; nompC ™%/ Df(2L)cl ™.

no obvious jump (dropping the paper held by the legs), groom-
ing, or flight (flipping the wing).

To better characterize this kicking response, as well as to min-
imize potential disturbance arising from other sensory inputs to
the head, we placed a freely moving parasitic mite on the wing
surface of a decapitated fly, which can stay alive and remain
standing and responsive for hours without walking or flying
away, and recorded the behavioral sequence. As shown in Figure
1B, Movie 2, and Movie 3, the decapitated flies were able to kick
the mites as precisely and quickly as the intact flies did. De-
capitated flies and intact flies displayed similar trajectory pat-
terns (Fig. 1C,D), similar angles at the anterior turning points
(Fig. 1E), and comparable average velocities of the hind-leg
tarsus (measured from the initiation of action to the kicking of
the mite, based on viewing from above the tarsus trajectory;
Fig. 1F). Furthermore, the leg kinematics depended on the
position of the mite because both intact flies and decapitated
flies were able to adjust their leg posture to target the mites
precisely (Fig. 1C,D).
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Movie2.  Moving parasitic mite on the wing margin evoked an ultra-  [E]Ey¥igt:
fast kicking behavior in a decapitated fruit fly. Playback speed: original ka3
1. :

Movie3. Moving parasitic mite on the wing margin evoked an ultra- Tt
fast kicking behavior in a decapitated fruit fly. Playback speed: slowed #%=:
downto 1/100X.

The wing margin may be equipped with both mechanical and
gustatory sensors (Hartenstein and Posakony, 1989; Valmalette et
al., 2015) that could potentially be activated by a mite. To search for
the mechanosensory components of this kicking behavior, we used a
probe to generate mechanical stimulation on the wing margin with-
out activating taste neurons. We found that touching the wing mar-
gin with a probe evoked the same kicking behavior as that elicited by
amite (Movie 4), suggesting that this defensive behavior is mediated
by mechanosensory structures on the wing margin. Moreover, the
fly initiated the response as soon as the mite touched the wing mar-
gin bristles with its anterior body part (its forelegs or palp), suggest-
ing that wing margin bristles sense subtle displacement rather than
the bodyweight of the mite (Movies 1, 2, and 3).

To elucidate the molecular mechanism of this response, we
applied the probe assay to mutants of candidate mechanotrans-

Li, Zhang et al. o A Defensive Behavior Mediated by Drosophila Wing Bristles

chanical stimuli on the wing margin. Playback speed: original 1.

duction channel genes. Compared with wild-type flies, mutant
flies lacking the TRPV channel Nanchung (nan’®*) displayed
greatly reduced kicking responses to the probe stimulation (Fig.
1G, Movie 5). In contrast, mutants of several other mechanosen-
sitive channel genes, including piezo (Kim et al., 2012), Ppkl
(Gorcezyca et al., 2014; Guo et al., 2014), nompC (Walker et al.,
2000; Yan et al., 2013; Ramdya et al., 2015) and tmc (Guo et al.,
2016), exhibited normal responses. Intriguingly, flies lacking In-
active (iav'), a partner of Nan in the mechanotransduction for
hearing of the fly (Gong et al., 2004), also showed normal kicking
responses (Fig. 1G), suggesting an Iav-independent function of
Nan in mechanotransduction at the wing margin.

By labeling Nan+ neurons with a Nan-Gal4 line, we observed
that there is one Nan+ neuron (labeled with Red-Stringer that



















Li, Zhang et al. o A Defensive Behavior Mediated by Drosophila Wing Bristles J. Neurosci., November 2, 2016 - 36(44):11275-11282 * 11279

A Nan-Gal4, red-stinger

lS) O -~ IS
i o i 2

Nan-Gal4, Nan-Gal4,
red-stinger mCD8-GFP

104

[0} Q

. @ 2
lav-Gal4, red-stinger S 5
o (-3

n w

[y Q

[v4 ['4

o o

£ £

= 4

S o

< 4

V\%
&

H | J K
it ns. 104 ns. fore-leg  wing margin -
[ | = 2N a

35 sof 1 | D Ky
§° g g 0 g °

a Q . Q
7] 3 a - - 9 wn el
8 6 ge < ¢ s

2, 2 4] 3 2
g 3 @ 4\ £ 4

¥4 ¥4 ) = X
2_ 2_ 8 - ‘% 2~
0- — 0- L4 - o

8 e > Q DIC+mCD8-GFP $ $ & S
N @3& P& o g§3\ o”',o« P o’” & P W e
V@\@@ %"’Q & e.»(\ & Qo o e’b ,5\ N 62*" 43‘?:\ Q,OQ
@ & RO N N4 D & >
S & S & <
Ns < Q§ é <&
& 0’
* e" E
Na ¥

Figure2.  Neuronal basis of the defensive behavior triggered by wing margin stimulation. A, B, Nanchung-specific Gal4 labels an array of neurons that exhibit one-to-one innervation to the recurved bristles
along the wing margin. Black circle, nuclei; white circle/dashed line, recurved bristles. Scale bars, 20 wm. Nan-Gal4, red-stinger: Nan-Gal4/UAS-red-stinger; Nan-Gal4, mCD8-tdTOM: Nan-Gal4/UAS-m(D8-
tdTomato; DIC, differential interference contrast microscopy. €, Nan-Gal4 shows no labeling of neuronal cell bodies in the adult VNC. Left, Nan-Gal4/UAS-red-stinger. Right, Nan-Gal4/UAS-m(D8-GFP. White
dashed lines outline the border of the VNC. D, lav-specific-Gal4 shows no labeling of neurons along the wing margin. White circle, recurved bristles. Scale bars, 20 um. lav-Gal4, red-stinger: lav-Gal4/UAS-red-
stinger. E-G, Ablating or silencing Nan+ neurons with Reaper-Hid (E), Kir2.1 (F), and TNT (G) expression causes defective defensive behavior against mechanical stimuli (n = 7—11; two-tailed, unpaired ¢ test
was used for comparison; **p << 0.01. ***p << 0.001. ****p << 0.0001). Error bars indicate SEM. Nan-Gal4, ReaperHid: Nan-Gal4/UAS-ReaperHid. Nan-Gal4, Kir: Nan-Gal4/UAS-Kir2.1. Nan-Gal4, TNT: Nan-Gal4/
UAS-TNT. H, Expression of NAN protein with Nan-Gal4 rescued the behavioral phenotype of nanchung mutant (n = 9—14; one-way ANOVA followed by Tukey's test was used for comparison; n.s., not significant;
% < 0,0001). Error bars indicate SEM. Nan-Gal4, UAS-Nan; nan ***: Nan-Gal4/UAS-Nanchung; nan**/nan %1, Knocking down NOMPC with Nan-Gal4 or nomp(-Gal4 does not change the kicking response
(n = 7-8; two-tailed, unpaired t test was used for comparison; n.s., not significant). Error bars indicate SEM. UAS-NompC-RNAi v105579: UAS-NompC-RNAiv105579/+, UAS-Dcr2/+-. Nan-Gal4, UAS-NompC-
RNAiv105579: Nan-Gal4/UAS-NompC-RNAiv105579; UAS-Dcr2/+ . Nan-Gal4, UAS-NompC-RNAi b31512: Nan-Gal4/UAS-Nomp(-RNAi b31512; UAS-Dcr2/+. nompC-Gal4, UAS-NompC-RNAi v105579: nompC-
Gald/UAS-NompC-RNAiv105579; UAS-Der2/+- .J, Leg-CHO Gal4 ineslabel joints between fore-leg femur and tibia but not wing margin bristles. K, Silencing leg CHO neurons with Kir2.1 did notimpair the kicking
behavior. R46H11, Kir: R46H11-Gal4/UAS-Kir2.1. R95A11, Kir: R95A11-Gal4/UAS-Kir2.1. R86D09, Kir: R86D09-Gal4/UAS-Kir2.1 (n = 7-10; two-tailed, unpaired ¢ test was used for comparison; n.s., not
significant). Error bars indicate SEM.

marks the nucleus) under each recurved bristle, with its dendrites  Table 1. Summary of neuronal numbers in recurved bristles on wing margin

(labeled with mCD8-tdTomato that marks the cell membrane)  Gal4line Neuronal type Cell no. in recurved bristles
projecting into the bristle cavity (Fig. 2A,B). Whereas Nan+ —

neurons in the periphery send their axons into the VNG, as evi- Elha ?/TGG;:I:‘ Ezz“::;?;al :2:2

dent from labeling by the membrane reporter mCD8-GFP, the - -, Nanchung -+ 1

Nan-Gal4 line revealed no Nan+ cell bodies in the VNG, as evi- lav-Gald Inactive+ 0

dent from labeling of the nuclear reporter Red-Stinger (Fig. 2C),  nompc-Gal4 nompC-+ 0

excluding the possibility that the nan mutant phenotype was due  Tubulin-Gal4 Gustatory” Undefined

to a defect in the central neural circuit. In contrast, there was no
detectable expression of Iav at the wing margin, as revealed by
Iav-Gal4 labeling, further validating that Nan functions in an

“Valmalette et al., 2015; Raad et al., 2016.

Iav-independent manner (Fig. 2D).

To test whether Nan+ neurons in the wings are required for
the touch-evoked kicking behavior, we used Nan-Gal4 to drive
the expression of Reaper-Hid, which induces apoptosis (McNabb

etal., 1997; Goyal et al., 2000), and found that the flies with Nan+
neurons ablated showed impaired defensive behavior in response
to touch on the wing margin (Fig. 2E). Further, silencing the
Nan+ neurons or interfering with their synaptic transmission via
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The recurved bristle-mediated defensive behavior exhibits spatial precision. Fruit flies used mid-legs or hind legs, respectively, in responding to mechanical stimuli on the proximal (A) or distal (B)

part of wing margin (n = 9—13). The Nan-Gal4 and UAS-TNT datasets (both flies exhibited normal behaviors) were grouped for statistical analysis to assess the difference between behavioral pattemns (mid-leg
or hind leg) when different wing region (A or B) was touched. Two-way ANOVA followed by Tukey's test was used for comparison; ****p << 0.0001. Error bars indicate SEM. Nan-Gal4, TNT: Nan-Gal4/UAS-TNT.

the expression of Kir2.1 or TNT, respectively, also reduced this
kicking response (Fig. 2 F, G). The remaining responses could reflect
incomplete neuronal silencing. Moreover, whereas nanchung mu-
tants (nan’%*) exhibited no kicking response, expression of the
full-length NAN protein driven by Nan-Gal4 in the mutant back-
ground fully rescued the behavioral phenotype (Fig. 2H), sug-
gesting that Nan functions in the Nan-Gal4 labeled neurons to
mediate this kicking behavior. We also tested the involvement of
NOMPC, a mechanotransduction channel involved in gentle
touch of Drosophilalarvae (Yan et al., 2013; Zhang et al., 2015), by
using multiple RNA interference (RNAi) lines for RNAi knock-
down of NOMPC in the Nan+ neurons, and found that NOMPC
channels are not required for this kicking response (Fig. 2I).
Knock-down of NOMPC with a nompC-Gal4 also yielded a sim-
ilar result (Fig. 2I).

Nan was reported to reside in chordotonal organ (CHO) neu-
rons, including those on the legs (Mendes et al., 2013). To test
whether leg CHO neurons are important for the kicking behavior,
we silenced them with Gal4 lines that label leg CHO neurons (Jenett
et al., 2012), but not wing margin neurons (Fig. 2J). The flies with
silenced leg CHO neurons showed normal kicking responses (Fig.
2K). These findings are consistent with the notion that Nan func-
tions primarily in wing margin bristles to mediate the behavior.

Although a single Nan+ neuron was found to innervate each
recurved bristle, there were a number of cell bodies under each
recurved bristle, as revealed by labeling via a pan-neuronal Elav-
Gal4 (Table 1). The cholinergic neuronal marker ChaT-Gal4 re-
vealed a similar pattern. Some of these neurons have been

reported to be gustatory neurons (Dunipace et al., 2001; Valmal-
ette et al., 2015). To test whether recurved bristles are indeed
mechanosensitive, we performed extracellular recording over
this structure (Fig. 3A). When a recurved bristle was bent with a
40 pm displacement of its tip, an increase of spike firing was
observed (Fig. 3A), indicating that recurved bristles are mecha-
nosensitive. Next, we recorded the neuronal activity of recurved
bristles in the nan-null mutant (nan>®?) flies and found no re-
sponse to the displacement of a magnitude that was sufficient to
induce spikes in wild-type bristles (Fig. 3A, B). In contrast, the
mechanosensitivity of recurved bristles in the inactive-null mu-
tant (iav') was similar to that of wild-type controls (Fig. 34, B),
lending support to the notion that Nan functions independently
of Iav in the mechanotransduction of recurved bristles on the
wing margin. Moreover, ablation of Nan+ neurons with Reaper-
Hid resulted in defective mechanosensitivity of recurved bristles
(Fig. 3A,B). Together, these results indicate that Nan+ neurons
are the mechanosensory neurons that innervate recurved bristles
along the wing margin to mediate the kicking response.

In addition to the ultrafast speed of response, the kicking behav-
ior also exhibited high spatial accuracy (Movies 1, 2), enabling the fly
to get rid of small pests. To characterize the spatial precision of the
behavior induced by stimulating the wing margin recurved bristles,
we divided the wing margin into two regions: the proximal costal
wing (marked as “A” in Fig. 4) and the distal wing margin between
the wing veins L2 and L3 (marked as “B” in Fig. 4). We stimulated the
two regions separately and scored the behavioral responses and
found that stimulating different regions evoked distinct responses.
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Flies mainly used their hind legs to kick the probe when the distal
margin was touched, whereas mid-leg extension was the typical re-
sponse when the costal wing was touched (Fig. 4). Our results indi-
cate that flies are able to distinguish spatial information conveyed by
mechanical stimulation of recurved bristles in different parts of the
wing margin and respond accordingly.

Discussion

Together, our experiments showed that adult fruit flies use the
mechanosensitive recurved bristles, each innervated by a neuron
expressing the TRPV channel Nan, to detect gentle tactile stimula-
tion along the wing margin and evoke a defensive behavior against
invading objects. Our study revealed the structural, cellular, and mo-
lecular components underlying a newly identified defensive behav-
ior involving somatosensory signaling of adult fruit flies. This
temporally ultrafast, spatially precise behavioral response to gentle
disturbance caused by mechanical stimuli allows the flies to protect
themselves from potentially harmful objects, including parasitic
mites.

In addition to recurved bristles, there are two other types of
bristles on the wing margin: the stout bristle and the slender
bristle (Hartenstein and Posakony, 1989). We have found that
the behavioral response to mechanical stimulation on the wing
margin requires both Nan+ neuronal activity and Nan channel
function, indicating that the recurved bristles that are innervated
by Nan+ neurons are essential for this defensive behavior. Al-
though other types of bristles may be mechanosensitive, they do
not express Nan and thus are unlikely to be involved in the Nan-
dependent kicking behavior. Whereas Nan-Gal4 also labels neu-
rons in the mouth and legs, the behavior observed here was
triggered specifically by local stimulation at the wing margin,
indicating that the Nan+ neurons on this structure are essential.

Kicking behavior versus grooming behavior
Fruit flies exhibit stereotypical grooming behavior when their body
surface is contaminated with foreign particles such asdust (Corfas
and Dudai, 1989; Kays etal., 2014; Seeds et al., 2014). A major feature
of the grooming behavior is the repetitive cleaning actions over a
relatively large area of the body surface. In contrast, the kicking be-
havior observed in this study was rarely repetitive. Flies were able to
remove the mite or kick the probe in one single move. In addition,
the kicking behavior was achieved with a powerful stroke by bringing
the leg to a defined spatial point, not all over the wing. These
features distinguish the kicking behavior from grooming. Pre-
vious studies indicate that flies are able to clean dust on their
wings via a grooming behavior, which might involve mecha-
nosensation on the wing (Seeds et al., 2014). Although it is
possible that the kicking behavior and the grooming behavior
share common sensory pathways, global or persistent stimu-
lation appears more likely to recruit the grooming behavior.
Kicking behaviors involving rapid leg extension have been re-
ported in other insects (Burrows, 1995; Jellema and Heitler, 1999;
Sasaki and Burrows, 2003). The behavior observed in our study ex-
hibits, not only fast temporal response, but also high versatility be-
cause flies target the mites precisely by training the trajectory of their
mid-leg or hind leg, depending on the location of the mite on the
wing. In mammals, light touch of hairy skin evokes a type of itch
termed mechanical itch, which can elicit discrete hind-limb scratch
directed toward the stimulus (Green and Dong, 2016). The fast kick-
ing behaviors and itch-evoked scratching are likely of ethological
relevance in defense against adversaries.
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Inactive and independent role of Nanchung

Previous studies have found that Nan and lav are obligate part-
ners in hearing transduction of larvae and adult flies and these
two proteins are mutually dependent in their subcellular localiza-
tion and function (Kim et al., 2003; Gong et al., 2004; Lehnert et
al., 2013; Zhang et al., 2013). Although they always coexist in
chordotonal organ neurons, whether Nan has any other func-
tions in other neurons independently of Iav is an open question.
Here, we found that, in neurons innervating recurved bristles of
the wing margin, Nan functioned in mechanotransduction in the
absence of Iav. It is possible that Nan itself is sufficient to fulfill
the channel function in these neurons as it does in a heterologous
system (Kim et al., 2003). It is also possible that there is a different
molecular partner(s) for Nan other than Iav.

Transduction mechanisms of mechanosensory bristles
Drosophila ciliated sensory neurons (type I sensory neurons) are
reminiscent of ciliated mechanosensitive cells in other organ-
isms, including amphid neurons in Caenorhabditis elegans and
hair cells in the auditory system of vertebrates, thus providing an
amenable system with which to investigate the molecular mech-
anisms in ciliated mechanosensory neurons (Jarman, 2002). Pre-
vious studies have shown that sensory bristles on the fly notum
rely on NOMPC for their mechanotransduction (Kernan et al.,
1994; Eberl et al., 2000). Here, we report that another TRP chan-
nel, Nan, is involved in the recurved bristle-mediated mecha-
nosensation. Different somatosensory bristles may use distinct
molecular combinations in the mechanical-to-electric transduc-
tion to achieve proper sensitivity and potential redundancy.

Central circuitry for the defensive behavior

The wiring specificity of mechanosensory neurons ensures spatial
precision essential for flies to detect the environment (Yorozu et
al., 2009; Tuthill and Wilson, 2016). Our results revealed that
brainless flies were able to achieve spatial precision in the kicking
behavior, suggesting that the spatial representation is hardwired
in the somatosensory—motor circuits of the VNC. Genetically
hardwired neural circuits are essential for innate behaviors
(Stockinger et al., 2005; Jefferis et al., 2007). Previous studies have
shown that the fast escaping behavior is mainly mediated by the
giant fiber system, which uses gap junctions to facilitate speedy
response (Allen et al., 2006; von Reyn et al., 2014). The defensive
behavior mediated by VNC alone provides a relatively simple
system with which to further investigate how sensory neurons,
interneurons, and motor neurons are connected and coordinated
spatiotemporally to convert the sensory information into an ac-
curate and fast behavioral output.
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