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The epidermisis equipped with specialized mechanosensory organs that
enable the detection of tactile stimuli. Here, by examining the differentiation

of the tactile bristles, mechanosensory organs decorating the Drosophila
adult epidermis, we show that neighbouring epidermal cells are essential for
touch perception. Each mechanosensory bristle signals to the surrounding
epidermis to co-opt asingle epidermal cell, which we named the F-Cell.
Once specified, the F-Cell adopts a specialized morphology to ensheath
each bristle. Functional assays reveal that adult mechanosensory bristles
require association with the epidermal F-Cell for touch sensing. Our findings
underscore the importance of resident epidermal cells in the assembly of
functional touch-sensitive organs.

Touchis an essential sensory modality through which animals gather
information from the outside world by perceiving physical forces'. Air
flows, gentle strokes and hair deflections are common tactile stimuli
directly impinging on the outermost layer of animal bodies, the epider-
mis’. Detection of these stimuli relies on cutaneous mechanosensory
organs, specialized cellular structures associated with mechanosen-
sory neurons of the peripheral nervous system (PNS)>*. Touch-evoked
mechanotransduction, the conversion of tactile stimuliinto neuronal
impulses, occurs within cutaneous mechanosensory organs’, yet still
little is known about whether and how the surrounding epidermis
sculpts the assembly of functional tactile organs. In this Article, to
address this question, we used the mechanosensory bristles, tactile
hairs decorating the adult Drosophila epidermis. Like mechanosensory
hair follicle in the mammalian hairy skin', tactile bristles are the most
abundant mechanosensory organs in the adult fly, decorating many
body surfaces, including the dorsal cuticle overlaying the abdominal
epidermis (Fig. 1a). To mediate mechanotransduction in response to
touch, eachbristle encloses asingle mechanosensory neuron®®, Each
sensory bipolar neuron has its cell body and unbranched dendrite
locatedinthe periphery (Fig.1a). Touch-evoked deflections of the hair
shaft trigger electrical impulses, or action potentials, that propagate
centrally along the ventral nerve cord”™.

Eachmechanosensory bristle is composed of four lineage-related
cells®'’: the epidermal shaft and socket cells, forming the tactile hair

shaft and its base, and two subepidermal cells: the mechanosensory
neuron itself and a glial-like sheath cell encapsulating the neuron
dendrite and cell body. Adult abdominal bristles differentiate from
asingle sensory organ precursor (SOP) cell during pupal develop-
ment. Between 14 and 24 h after puparium formation (hAPF), each
SOP becomes committed to the neurogenic fate in response to Notch
(N) signalling™". First, expression of neurogenic genes such as neural-
ized (neur) in the SOP, and expression of non-neurogenic genes in the
surrounding epidermal cells downstream of N, specify tactile bristle
precursor cells” ™ (Extended Data Fig.1a). The SOP then divides asym-
metrically, in a N-dependent manner, to give rise to the epidermal
socket and shaft cells and subepidermal neuron and sheath cells®'*"”
(Extended Data Fig. 1b,c). Between 24 and 36 hAPF, the bristles initi-
ate post-mitotic growth accompanied by the endoreplication of the
socket and shaft cells, initiation of hair shaft outgrowth (Extended
Data Fig. 1d,e), and the commitment to terminal differentiation as a
self-contained mechanosensory organ®'*2°,

Results

Differentiating bristles associate with epidermal F-Cells

To examine bristle differentiation, which remains poorly character-
ized, we used the bristle-specific neur-GAL4 driver to express the
nuclear reporter H2B::RFP (neur > RFP) and track cell behaviours over
time (Fig. 1b). We noted that, while neur > RFP expression remained
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Fig.1|Epidermal F-Cells associate with differentiating tactile bristles.

a, Left to right: diagram of the adult fly highlighting the tactile bristles decorating
the dorsal body surface, SEM image showing the hairy epidermal cuticle of the
abdomen, bright-field image displaying the innervation of the tactile bristles,
and close-up view of the cuticular socket and hair shaft structures showing

the connection of the dendrite to the base of the tactile organ. PNS neurons

are marked by GFPexpression under nSyb-GAL4 control (nSyb > GFP, yellow).

b, Expression of the nuclear marker H2B::RFP under the control of neur-GAL4
(neur > RFP, magenta) showing the time course of neur expression. Diagrams
show each cell type as bristle differentiation progresses. By 55 hAPF, a fifth

neur > RFP expressing cell, the F-Cell, is visible next to each organ (arrowhead).
¢, Left to right: tactile bristle and the F-Cell (arrowhead) marked by the expression

75 hAPF

of neur > RFP (magenta) and the socket cell-specific reporter Su(H)-ASES-GFP
(green), diagram showing the position of the F-Cell relative to the bristle
cells,and morphology of the tactile bristle and epidermis by co-expression
of neur > RFP (magenta) and the ubiquitous microtubule marker Jupiter::GFP
(green). Note that the F-Cell lies between the socket cell and the shaft cell.

d, Simultaneous expression of neur > RFPwith the ubiquitous nuclear marker
Ubi-GFP.nls (green) shows that the F-Cell is part of the epidermis surrounding
thebristle. e, Tactile organ visualized by co-expression of neur > RFPand

the membrane-localized GFP mCD8-GFP, revealing association of the

F-Cells (arrowhead) with the tactile bristles and the socket cell. Results are
representative of three independent experiments. Scale bars, 150 pm, 20 pum,
5um (a) and 5 um (b-e). Full genotypes are listed in Supplementary Table 1.
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Fig. 2| F-Cell specification occurs post-mitotically. a, Top: time-lapse imaging
showing expression pattern dynamics of neur > RFP (magenta) and DiapI-GFP
(green). The position of the epidermal F-Cell isindicated by arrowheads and
insets show expression of neur > RFPin the F-Cell. Note that, over time, levels of
DiapI-GFPare selectively upregulated in the F-Cell, allowing its unambiguous
detectionin the epidermallayer. Results are representative of three independent
experiments. See Supplementary Video 1. Bottom: diagrams summarizing

the post-mitotic specification of the F-Cell. b, Graph displaying changes in
expression levels of neur > RFPand DiapI-GFPin the F-Cell between 38 hAPF

and 48 hAPF (n = 8 bristles simultaneously imaged for RFP and GFP over the
time course from three pupae and three independent experiments). ¢, Dot

plots showing quantifications of neur > RFP and Diap1-GFPlevels at 55 hAPF in
epidermal F-Cells versus epidermal cells (n = 35 bristles simultaneously imaged
for RFP and GFP over the time course from seven pupae and three independent
experiments). Data are mean (red bar) + s.e.m. (black bars). Two-tailed unpaired
Student’s t-test was performed; ****P < 0.0001. d, Elimination of the F-Cell via
laser ablation at 36-38 hAPF leads to de novo specification of the F-Cell next to
the tactile bristle and diagram showing the five neur > RFP expressing cells at

50 hAPF (n=22F-Cells over seven pupae from three independent experiments).
Scale bars, 5 um. Full genotypes are listed in Supplementary Table 1. Numerical
dataand exact Pvalues are available in source data.

restricted to the bristle lineage between 36 hAPF and 48 hAPF, afifth
neur > RFP-expressing cell consistently appeared next to each dif-
ferentiating bristle thereafter (Fig. 1b). Thus, as the bristles undergo

terminal differentiation, an additional fifth cell, hereafter called the
F-Cell, begins to express the neurogenic marker neur (Fig. 1c). We
next observed that F-Cells originate from the epidermisin whicheach
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bristle is embedded. Labelling all cells by ubiquitous expression of
nuclear GFP, together with neur > RFP, showed that F-Cells are initially
indistinguishable from other epidermal cells that surround the bristle
before they switch onthe neurogenic marker neur (Fig.1d). Notably, the
F-Cellliesadjacent to the socket and shaft cells, asrevealed by labelling
neur-positive cells by simultaneous expression of nuclear RFPand a
membrane-localized GFP (Fig.1e and Extended Data Fig. 2a). Therefore,
epidermal F-Cells become associated with the tactile bristles as these
undergo terminal differentiation.

Todistinguish the F-Cell from the other epidermal cells surround-
ing each bristle, we identified an enhancer of the Death-associated
inhibitor of apoptosis protein 1 gene fused with GFP (Diap1-GFP)*
that showed dynamic expression in the F-Cell (Fig. 2a). We found that
Diap1-GFPwas expressed at equivalent levelsin all epidermal cells sur-
roundingthe bristle, including the presumptive F-Cell, identifiable by
itsstereotyped positionrelative to the differentiating bristle by 36 hAPF
(Fig.2a). From 38 hAPF onward, DiapI-GFPlevelsincreased specifically
inthe F-Cell, (Fig.2a,b and Supplementary Video 1), making Diap1-GFP
anunambiguous marker to identify F-Cells within the epidermis (Fig.2c
and Extended Data Fig. 2b,c). We also detected upregulation of
Diap1-GFPinsingle epidermal cells next to the bristles of the thoracic
epidermis (Extended DataFig. 2d,e), suggesting that F-Cells associate
with differentiating tactile bristles in different body parts.

Bristles select F-Cells from the surrounding epidermis
Theidentification of the F-Cell provides a unique opportunity to exam-
ine how epidermal cells surrounding the bristles can acquire diversity
during differentiation. Since upregulation of Diap1-GFPin the F-Cell
occurs by 38-40 hAPF, well after the division of the bristle lineage
cells (Extended Data Fig. 1b,c), we hypothesized that F-Cells might be
specified post-mitotically. To test this hypothesis, we used a high-power
femtosecond laser pulse toselectively ablate the F-Cell, then monitored
thebehaviour of the remaining epidermal cells (Extended Data Fig. 3a
and Methods). Remarkably, ablating the F-Cell at 36-38 hAPF, before
upregulation of Diap1-GFP,leads to de novo F-Cell specification (Fig. 2d
and Extended Data Fig. 3b). Time-lapse imaging after F-Cell ablation
revealed that a neighbouring epidermal takes over the position of
the ablated cell, upregulates Diap1-GFP and switches on neur > RFP
(Extended Data Fig. 3b,c and Supplementary Video 2). In contrast, a
new F-Cell was not specified when ablations were performed after the
onset of neur > RFP expression in this cell (Extended Data Fig. 3d,e).
Therefore, F-Cell specification is a post-mitotic event and displays
plasticity before the activation of neur expression.

The association of the F-Cell with the bristle, and its proximity to
the socket and shaft cells (Fig. 1e and Extended Data Fig. 2), suggests
that F-Cell specification relies on these cells. To investigate this possi-
bility, we first performed paired ablations of the socket and shaft cells
or of the neuron and sheath cells and examined F-Cell specification
through neur > RFP and DiapI-GFP expression. While ablation of the
subepidermal neuron and sheath cells had no effect (Extended Data
Fig. 4a), simultaneous ablation of the non-neuronal shaft and socket

cells prevented F-Cell specification (Extended Data Fig. 4b). We next
ablated the socket or shaft cells individually. We found that, in the
presence of bristles lacking the socket cell, surrounding epidermal
cells can still upregulate the expression of Diap1-GFP and express
neur > RFP, albeitinan aberrant position (Extended Data Fig. 4c). Con-
versely, however, in the presence of bristles lacking the shaft cell, the
upregulation of Diap1-GFP or expression of neur > RFP in epidermal
cellswas abolished (Extended Data Fig. 4d). Together, these dataindi-
cate that differentiating bristles recruit the F-Cell and suggest that
the shaft cell is required for the initiation of F-Cell specification. To
further explore this, we genetically altered the cell fate of the socket
and shaft cells by modulating of N signalling?**. N-activity gain in the
shaft cell viadownregulation of the transcriptional repressor Hairless
(H), led to shaft-to-socket conversion®**, abrogating F-Cell specifi-
cation (Extended Data Fig. 4e-g). Conversely, upon socket-to-shaft
conversion'®* by upregulation of H, increased levels of Diap1-GFP
were detectableintwo cells surrounding the transformed organ made
of two shaft cells (Extended Data Fig. 4f,g). These data further show
that the shaft cell fate, established via N, is essential for the bristle to
initiate F-Cell specification.

EGFR signalling is required for F-Cell fate specification
Our dataindicate that short-range signalling between differentiating
bristles and surrounding epidermal cells is required for F-Cell speci-
fication. We focused on the epidermal growth factor receptor (EGFR)
pathway since it is required for the specification of diverse cell types
during adult PNS development, including the bract cells next to a subset
of bristles of the legs and wings***%, To visualize EGFR activity during
F-Cell specification, we first visualized the expression of EGFRitself and
observed higherlevelsin the F-Cell than epidermal cells (Extended Data
Fig.5a,b). We therefore monitored the expression of an argos (aos)-GFP
reporter, whichbecomes upregulated in response to high EGFR activa-
tion**° and found elevated aos-GFP expression in F-Cells (Fig. 3a and
Extended Data Fig. 5c), supporting arequirement for EGFR signalling
in F-Cell specification. To test this directly, we reduced EGFR activity
by downregulating the expression of the EGF ligand spitz (spi/EGF) or
downstream effector rolled (rl), which encodes ERK/MAPK?*""%, In
both conditions, neur > RFP and aos-GFP were no longer expressed in
any epidermal cells surrounding the bristle (Fig. 3b and Extended Data
Fig.6a), indicating the lack of F-Cell specification. Impaired F-Cell speci-
fication was also revealed by the lack of Diap1-GFP upregulation and
neur > RFPexpressionin the epidermal cells surrounding bristlesupon
downregulation of spi/EGF, expression of a dominant negative form
of EGFR (EGFR"") or reduced rl/ERK activity (Fig. 3c—e and Extended
DataFig. 6b,c). As terminal differentiation of the bristle cells appeared
unperturbed by EGFR manipulation (Extended Data Fig. 6d), these
dataindicate that activation of EGFR signalling is required for F-Cell
specification.

The shaft cell and expression of spi/EGFin the bristle are required
for F-Cell specification (Fig. 3c,d and Extended Data Fig. 4). We there-
fore hypothesized that the shaft cell canact as the source of Spi/EGF. We

Fig. 3| F-Cell specification requires EGFR signalling. a, Expression pattern of
the aos-GFPreporter (green) and neur > RFP (magenta) at 55 hAPF, showing high
EGFR activity in the F-Cell. b, Images showing the lack of F-Cell specification upon
downregulation of the EGFR ligand spi/EGF within the bristle through the absence
of aos-GFP and neur > RFPin epidermal cells surrounding the bristle. ¢, Epidermal
cells (Diap1-GFP, green) and bristle (neur > RFP), showing the F-Cell (arrowhead) at
55 hAPF. d, Images showing the lack of F-Cell specification upon downregulation
of spi/EGF by uniform Diap1-GFP expression and absence of neur > RFPin the
epidermal cells surrounding the bristles. e, Dot plots showing quantifications of
neur > RFP (left) and Diap1-GFP (right) intensity fold changes in presence (n =35
control bristles from seven pupae) or absence of EGFR signalling (n = 37 spi/EGF®
bristles from five pupae; n = 25 EGFR"" bristles from five pupae; n = 37 rl/ERK
bristles from five pupae), each from three independent experiments. Note that

levels of both markers remain basal when EGFR signalling is off. Data are mean
(red bar) +s.e.m. (black bars). The two-tailed unpaired Kolmogorov-Smirnov
test was performed; ***P < 0.0001. f,g, Expression of Diap1-GFPin the F-Cell
(arrowhead) after expression of EGFR™ in clones of cells within the epidermis (f)
orinclones of cells including epidermal cells and the F-Cell (g). Clones of cells
expressing EGFR™ are marked in magenta (Methods). h, Morphology of the
tactile bristle (left) and false coloured image (right) highlighting the association
of the F-Cell (magenta) with the socket and shaft cells at 58 hAPF. i, Morphology
ofthe tactile bristle and false coloured image highlighting the lack of associated
F-Cell with the socket and shaft cells when EGFR signalling is downregulated in
the bristle. Results are representative of three independent experiments. Scale
bars, 5 pm. Full genotypes are listed in Supplementary Table 1. Numerical data and
exact Pvalues are available in source data.
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directly tested this hypothesis by silencing spi/EGF expression exclu-
sivelyinshaft cells (Methods), and found that this was indeed sufficient
to abrogate F-Cell specification (Extended Data Fig. 6e,f). We next
asked whether lack of EGFR in the presumptive F-Cell was sufficient
toimpair F-Cell specification. To address this, we co-expressed EGFR™™
and membrane-localized mCherry stochastically in the epidermal

EGFR ON

cells during F-Cell specification (Methods) and found that, upon loss
of EGFR activity in the F-Cell, the F-Cell fate was abolished (Fig. 3f,g).
Accordingly, upon loss of EGFR signalling, differentiating bristles
remained composed of only four cells (Fig. 3h,i). Together, these data
show that Spi/EGF secreted by the shaft cell is required to specify F-Cell
fate via EGFR.
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Fig. 4 |Morphological differentiation of the F-Cell. a, Time-lapse imaging
showing the morphological differentiation of the F-Cell after its specification.
Top row: F-Cell morphology labelled by the expression of amembrane-localized
GFP under control of 25c01-GAL4 (25c01 > myrGFP; grey). See also Supplementary
Video 3. Bottom row: volume rendering of the F-Cell shape. b,c, 3D rendering of

the tactile bristle and the F-Cell at 58 hAPF (b) and at 68 hAPF (c¢) from SBF-SEM
data. The 3D-(xyz) coordinate system indicates the angular view of the bristle

and F-Cell with respect to the epidermal tissue plane. See Supplementary Videos
4-6 and Supplementary Table 2. Results are representative of three independent
experiments. Scale bars, 5 pm. Full genotypes are listed in Supplementary Table 1.

Epidermal F-Cells ensheath differentiated bristles

We nextinvestigated whether specified F-Cells have similar or distinct
morphologies to the epidermal cells in the supporting epidermis. At
50 hAPF, the onset of adult cuticle secretion by the abdominal epidermal

cells***, F-Cells and epidermal cells shared similar morphologies
(Fig.4a), including the presence of apical trichomes and an elongated
trapezoidal shape®. At 70 hAPF, however, while epidermal cells retained
their polygonal shape, F-Cells appeared markedly different, adopting a
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Fig. 5| Epidermal F-Cells ensheath the tactile bristles. a, 3D rendering of the
tactile bristle between 68 hAPF and 95 hAPF visualized with the F-Cell (top) or
showing bristle cells only (bottom). Note that the F-Cell is wrapping around the
socket cell, while contacting both the shaft and socket cells more basally. See
Supplementary Videos 7 and 8. b, Top: SEM image showing the external features
ofthe adult bristle. The cuticular socket and hair shaft are false coloured in green
and lightblue, respectively. Bottom: 3D rendering of the cellular structures of
the adult tactile bristle visualized with the F-Cell, showing exclusively bristle
cells, or the mechanosensory neuron and enveloping sheath cellmembrane. The
F-Cellis wrapping around the socket cell, and the socket cell is wrapping around
the sheath cell encapsulating the neuron dendrite. See also Supplementary
Videos 9 and 10 and Supplementary Table 2. Results are representative of two
(88-90 hAPF and 95 hAPF) or three independent experiments. Scale bar, 5 um.
Fullgenotypes are listed in Supplementary Table 1.

ring-like shape encircling the socket cell (Fig. 4b). These observations
suggest that F-Cells undergo a morphological differentiation during
adult cuticle deposition. Tostudy F-Cell morphology in more detail, we
screened the expression patterns inthe PNS of enhancer-driven GAL4
lines from the Drosophila FlyLight collection® for reporter lines that
were specifically expressed in F-Cells. We identified the 25c01-GAL4
line, derived from the aoslocus, as an unambiguous marker of F-Cells
(Fig. 4c and Extended Data Fig. 7a). We next monitored the shape of
the F-Cell by time-lapse imaging, revealing the dramatic morphologi-
cal changes experienced by this cell after its specification (Fig. 4c,
Extended Data Fig. 7b and Supplementary Video 3). Between 58 and
62 hAPF, F-Cells progressively acquired a crescent-like shape next to
the socket cells, while extending dynamic protrusions sub-epidermally

(Fig. 4c). By 64 hAPF, the F-Cell extended its contact with the socket
cellfurther, encircling it entirely by 68 hAPF (Fig. 4c) and moving more
basally as the adult cuticle was formed (Extended Data Fig. 7c). These
dataindicate that differentiating F-Cells become intimately associated
with the bristle by progressively wrapping around the tactile organ.

To characterize the morphology of the F-Cell and its interaction
with the tactile organ at higher resolution, we performed 3D render-
ing of the bristle structure using serial block face scanning electron
microscopy (SBF-SEM)*® at different timepoints during differentiation
(Extended DataFig. 8a, Supplementary Table2 and Methods). 3D ren-
dering at 58 hAPF shows that the F-Cell is in contact with the anterior
portion of the differentiating socket cell and, more basally, with the
outgrowing hair shaft and the shaft cell body (Fig. 4d, Extended Data
Fig. 8b,c and Supplementary Videos 4 and 5). At 68 hAPF, the F-Cell
has extended its contacts with the socket cell, encircling part of its
cytoplasm (Fig. 4e, Extended DataFig.8d and Supplementary Video 6).
A characteristic feature of the non-neuronal cells in developing insect
bristles is their concentric organization around the sensory neuron
dendrite®’. By 68 hAPF, the F-Cell shares this feature, being the out-
ermost cell that concentrically surrounds the bristle (Fig. 5a and
Extended Data Fig. 8d). At 88-90 hAPF, the F-Cell and the socket cell
have expanded their mutual contacts, while the shaft cellisretracting
away from the hair shaft base (Fig. 5a, Extended Data Fig. 9a and Sup-
plementary Video 7). By the end of pupal development, the shaft cell
has undergone cell death, and its cytoplasm has fully retracted from
the hair shaft base and the dendrite, which remains concentrically
surrounded by the sheath cell, the socket cell and the F-Cell (Fig. 5a,
Extended Data Fig. 9b,c and Supplementary Video 8).

To determine the cellular structure of the mature bristle and
association with the F-Cell, we performed 3D rendering of the adult
bristle (Fig. 5b, Supplementary Videos 9 and 10 and Supplementary
Table 2). Remarkably, the F-Cell association with the bristle persists
in the adult mechanosensory organ, where the neuron dendrite and
sheath cell membrane are concentrically surrounded by the socket
and theF-Cellmembrane (Fig. 5b and Extended Data Fig. 9d). Together,
these datademonstrate that the F-Cell associates with the bristle from
late differentiation through adulthood.

Epidermal F-Cells are required for touch sensing

Adult bristles mediate robust mechanotransduction upondirect touch.
Touch-evoked deflections of the hair shaft towards the epidermal sur-
face are transmitted via the dendrite sheath to the dendritic mem-
brane, eliciting action potential trains through the depolarization of
the neuron™**, Since the F-Cell associates with the adult tactile bristle,
we asked whether F-Cells were required for mechanotransduction. To
address this, we first performed electrophysiological recordings from
control bristles and analysed their responses upon touch (Extended
DataFig.10a,b). Atrest, the tactile bristles display a positive transepi-
thelial potential (TEP) (Fig. 6a), due to the ionic gradient established
within the bristle relative to the surrounding epithelium'®*~*'. The
neuronal response upon hair shaft deflection is characterized by a
sharp change in the TEP towards negative values, quantified as the
mechanoreceptor potential (MRP)® of the bristle (Fig. 6aand Extended
DataFig.10a,b). We next performed recordings from bristles in which
F-Cellspecification was genetically prevented (neur > spi/EGF° versus
neur > GFP*P controls, Fig. 6b). In this condition, both the structure
of the tactile bristle and its innervation pattern appeared unaltered
by the absence of the F-Cell (Extended Data Fig. 10c,d), allowing the
measurement of the resting TEP and touch-evoked MRP (Fig. 6b).
We found that the mean resting TEP was decreased, and the MRP was
severely reduced in tactile bristles lacking the F-Cells relative to con-
trols (Fig. 6b and Extended Data Fig. 10e), revealing compromised
neuronal depolarization upon hair deflection. To further test whether
this was a consequence of the lack of the F-Cell, we performed record-
ings from tactile bristles in which the F-Cell was genetically ablated
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after its specification by overexpressing the pro-apoptotic gene grim
within the F-Cell (25c01 > grim versus 25c¢01 > GFP controls, Fig. 6¢).
Alsointhis case, touch-evoked MRP was markedly reduced relative to
controls (Fig. 6c and Extended Data Fig. 10f). Therefore, tactile bristles
that lack F-Cells show abnormal mechanotransduction.

We next tested if F-Cells are required for neuronal firing upon
touchand quantified the action potentials fired at the onset of the tac-
tile stimulus as a direct measure of sensory neuronal firing. Unlike con-
trol bristles, in which mechanosensory neurons show robust firing at
stimulus onset (Fig. 6d and Extended DataFig.10b), bristles lacking the
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Fig. 6 | Tactile bristles require epidermal F-Cells for touch sensing. a, Left to
right: diagram of the adult tactile bristle and the F-Cell, quantifications of the

TEP atrest, voltage traces with the averaged response of the neuron upon hair
shaft deflection in black, and quantifications of the MRP peak amplitudes from
stimulated wild-type Ore-R bristles (n = 31 TEPs and 762 MRPs pooled from 15

flies and three independent experiments). b,c, Left to right: diagram showing the
adult tactile bristle without the F-Cell, quantifications of the TEP at rest, voltage
traces with the averaged response of the neuron in black, and quantifications of
MRP peak amplitudes from stimulated bristles lacking the F-Cell (b: n =20 TEPs
and 380 MRPs versus n =18 TEPs and 460 MRPs paired controls pooled from eight
flies and three independent experiments for each condition) or from bristles

with ablated F-Cells (¢: n =15 TEPs and 349 MRPs versus n =19 TEPs and 538 MRPs
paired controls pooled from ten flies and three independent experiments for each
condition).d, Action potential (AP) burst firing and AP count at stimulus onset
(grey box) in wild-type Ore-R (n=13 bristle and 1,016 APs pooled from nine flies
and three independent experiments for each condition). e,f, AP burst firing and

AP count in bristles lacking the F-Cell (e: n =13 bristles and 745 APs versus n = 11
bristles and 855 APs paired controls pooled from 10 flies and three independent
experiments for each conditions), or in bristles after ablation of the F-Cell (n =11
bristles and 658 APs versus n = 9 bristles and 802 APs paired controls pooled from
11fliesand three independent experiments for each condition). g, Diagram of
the touch-evoked scratch reflex assay and quantifications of the responsiveness
upon touchin controls versus flies lacking the F-Cell (n = 5 stimuli per fly, 20 flies
intwo independent experiments per condition). Data are mean (red bar) + s.e.m.
(black bars) (a-c) or mean + s.d. (black bars) (g). In violin plots, the kernel density
distribution of the datais shaped around the central median, extending to the
25% and 75% quartiles (dashed lines) up to the maximum and minimum values.
The two-tailed unpaired Kolmogorov-Smirnov test; *P < 0.05,**P < 0.01(TEP a-c)
or Mann-Whitney test; ****P < 0.0001 (d-g), and one-way ANOVA with Kruskal-
Wallis test; ***P < 0.0001 (MRP a-c) were performed. Results are representative
of three independent experiments. Full genotypes are listed in Supplementary
Table 1. Numerical dataand exact Pvalues are available in source data.

F-Cell displayed decreased neuronal excitability upon hair deflection
(Fig. 6¢e,f). Therefore, although the bristle neuron can still discharge
action potentials in the absence of the F-Cell, its sensitivity to hair
deflectionis markedly reduced. Takentogether, these dataindicate that
F-Cells are necessary to amplify touch-evoked stimuliso that they result
inrobust bristle neuron firing. We next sought to determine whether
F-Cell association with the bristle impacts somatosensory behaviour
upon touch-evoked stimuli. When the hair shaft of a tactile bristle is
stimulated by direct touch, a scratch reflex is elicited by the thoracic
circuit of the ventral nerve cord, even in the absence of descending
inputs from the brain****3, Stimulation of the abdominal tactile bris-
tlesinvariably elicits third leg movements towards the stimulated hair
shaft®. We therefore tested the ability of flies with and without F-Cells
to elicit a scratch reflex upon touch of the tactile bristles (Fig. 6g).
Notably, the response was robustin all controls, but severely reduced
whentactile bristles lacking the F-Cell were stimulated (Fig. 6g). Thus,
F-Cells are critical players in mediating touch sensing in Drosophila.

Discussion

Here, by examining the cellular assembly of the mechanosensory bris-
tles that cover much of the fly body surface, weidentify the epidermal
F-Cell asapreviously undescribed cell type that associates with tactile
bristles and influences their neurophysiological signature. Our find-
ings demonstrate that the cells within the tactile bristle, which are all
related by lineage", are not sufficient to assemble a fully functional
touch-sensitive organinthe adult fly. We show that asignalling dialogue
withtheresident epidermisis essential for selecting F-Cells and for the
acquisition of their specialized morphology.

Our work establishes that F-Cells are specialized epidermal cells
that ensheath the mature tactile bristle and are required for normal
neuronal sensitivity upon hair deflection. How is sensitivity to touch
controlled by the F-Cell? The altered electrophysiological signature
of bristles lacking the F-Cell indicates that the mechanism could be
mechanical, electrochemical or both. A possible scenario is that the
F-Cell, by ensheathing the tactile bristle, might apply strain to the neu-
ronal tip upon hair deflection, which in turn would facilitate the open-
ing of mechanically gated ion channels around the sensory ending’**.
Therefore, F-Cells would be physically coupling touch-evoked hair
deflections to neuronal depolarization, as has been proposed for the
circumferential and lanceolate endings that complex with the mouse
hair follicles’. Alternatively, F-Cells might modulate the ionic milieu
thatsurroundsthe sensory ending, acting as aglial-like cell, as hasbeen
proposed for other non-neuronal cells associated with PNS neurons®.

Though the molecular details underlying F-Cell interplay with the
tactile bristles remain tobe determined, our findings raise the exciting
possibility that F-Cells may be analogous to specialized non-neuronal
cells associated with cutaneous mechanosensory organs in

other animal species. For example, the epidermal Merkel cells
that cluster around the guard hair follicle in mice display a unique
crescent-like shape that distinguishes them from surrounding
keratinocytes*®*. Thus, the acquisition of a unique morphology,
such as we observed for the F-Cell, is clearly an important feature
that probably allows non-neuronal cells to fulfil their key roles in
mechanotransduction.

In summary, our findings support a model in which the physi-
ological properties of PNS neurons are strongly influenced by aunique
combination of specialized non-neuronal cellsin their surroundings™’.
We propose that the tactile bristle/F-Cell association uncovered in
Drosophila can serve as a powerful model to study how non-neuronal
cells shape tactile perceptionin vivo.
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Methods

Drosophila husbandry

Fly stocks were reared on a standard yeast-cornmeal-agar medium
(360 gagar, 3,600 g maize, 3,600 g malt,1,200 ml molasses, 440 g soya,
732 gyeast extract, 50 | water and 280 ml of acid mix-500 ml propionic
and 32 ml of orthophosphoric acid). All experimental flies were kept
inincubators under stable humidity (60%) and on a controlled 12 h
light/dark cycle. Flies were kept at 18 °C, 25 °C or 29 °C depending on
the specific experiment. Pupae were staged according to Bainbridge
and Bownes*® and timed employing puparium formation as a refer-
ence (hAPF).

Drosophila strains

The GAL4/UAS and LexA/Aop binary systems***° were used to restrict
or modulate gene expression. The following drivers were used:
neur”?-GAL4 (ref. "), referred to as neur-GAL4), GMR25c01-GAL4
(BDSC: 49115, referred to as 25c01-GAL4), 57¢c10-GAl4 (BDSC: 39171,
referred to as nSyb-GAL4), 57c10-LexA (BDSC 52817, referred to as
nSyb-LexA), Act5C-FRT >y > FRT-GAL4 (BDSC: 3953), Tub-GALS8O,
FRT40A (BDSC 5192), and hsp70-FLP122 (BDSC 23647, referred to as
hs-FLP). The following reporters were used: UAS-mCD8::GFP (BDSC:
5130), UAS-mCD8::Cherry (BDSC: 27391), UAS-H2B::RFP**, UAS-RFP.nls
(BDSC: 31417), UAS-GFP.nls (BDSC: 4776), 10XUAS-myr::GFP (BDSC:
32197), UAS-GFP::CLIP-170 (ref.>®), UAS-pon::GFP**, UAS-palm-mKate2
(BDSC: 86540), 13XLexAop2-1VS-myr::RFP (gift from 1. Salecker),
UAS-H (gift from S. Bray), UAS-H-RNAi (TRiP: 34703, referred to as
H*P), UAS-spi-RNAi (TRiP: 34645, referred to as spi*”), UAS-EGFR-DN
(BDSC5364), UAS-GFP-VALIUMI10/20 (TRiP: 35786, referred to as GFP),
UAS-grim (gift from A. Gould), aos®>-GFP(ref.°) (referred to as aos-GFP),
Diap1*3>-GFP”, Ubi-GFP.nls (BDSC: 5629), EGFR::GFP%, Jupiter::GFP
(BDSC: 6825), E(Spl)ma-GFP*, Su(H)ASES-GFP (BDSC: 58449),
Tub-GAL8O" (BDSC:7108) E-Cad::Td-tomato** and E-Cad::mKate2 (gift
from Y. Bellaiche). The following mutant alleles were used: r* (BDSC:
386) and rl’°* (BDSC: 742), and spi*’ FRT40A (gift from V. Fernandes).
Oregon R (Ore-R) was used as wild-type strain. Multiple drivers and
reporters were stably combined by standard recombination methods.
For a list of the full genotypes used in this study, see Supplementary
Tablel.

Temporal control of gene expression

Temporal control of gene expression was used to label the shape
of individual cells within the abdominal epidermis with the
FLP-Out-GAL4 method”. The FRT-flanked stop cassette of the transgene
Act5C-FRT >y > FRT-GAL4, UAS-mCD8::Cherry was excised (referred
to as Act5C>mCherry) by activating FLP expression at 16 hAPF using
a3 min heat shock at 37 °C in a water bath. Randomly labelled F-Cells
were identified by elevated expression of the Diap1-GFPreporter and
stereotypical positionrelative to the socket cell. F-Cell morphology was
compared with the morphology of randomly labelled epidermal cells
co-expressing membrane-localized mCD8::Cherry and basal levels of
Diap1-GFP.The same approachwasusedtoinduceinactivation of EGFR
signallingin a Diapl-GFPbackground via UAS-EGFR"" expression. F-Cell
specification was scored by levels of expression of Diap1-GFP within
mCD8::Cherry expressing cells (that is, EGFR ON) and unlabelled cells
(that is, EGFR OFF) at 55 hAPF. Shaft-to-socket or socket-to-shaft cell
transformationsin the Diap1-GFPbackground were induced via H” or
UAS-H expression and the FRT-flanked stop cassette was excised at 24
hAPF using a 5-7 min heat shock at 37 °C using a water bath. Temporal
control of gene expression was also used to silence spi expressionin the
shaft cells with the MARCM method*®in a neur > RFP, Diap1-GFPback-
ground. Mitotic recombination between FRT sitesin flies of the geno-
type hsFLP; Tub-GALSO, FRT40A/spi* FRT40A;, neur > RFP, Diap1-GFP
was induced by activating FLP expression at 20 hAPF using a 40 min
heat shock at 37 °C in a water bath. Expression of neur > RFPwas used
to scored cells with silenced spi activity. Temporal control of gene

expression was also used to genetically ablate the F-Cells. The ubiqui-
tously expressed temperature sensitive GALSO transgene (Tub-GAL8O")
was used in combination with the UAS-grim (or UAS-GFPfor controls),
the 25c01-GAL4 transgenes, and for the UAS-EGFR" expression with
neur-GAL4.Flieswere crossed and reared at 18 °C (permissive tempera-
ture) until 40 hAPF and transferred at 29 °C (restrictive temperature)
untiladulthood. RNAinterference experiments for gene knockdowns
under control of neur-GAL4 were also performed at 29 °C to increase
the strength of transgene expression.

Live Imaging with confocal microscopy

Staged pupae of the desired genotypes were dissected and mounted
as previously described®. Briefly, the pupae were dissected from
the puparium using forceps. Naked pupae were transferred to a
glass-bottom dish containing small drops of gas-permeable halocar-
bon oil toimprove optics during imaging with oilimmersion objectives.
Pupae wereimaged on their dorsal side using aninverted microscope
Zeiss LSM 880, Plan-Neofluar 40%/1.3 (numerical aperture) oilimmer-
sion objective and ZEN software (version 2.1). Solid state and argon
lasers were used for detection of fluorescence signalsin confocal mode.
Bright-field images were collected using the transmission light T-PMT
detector. For time-lapse recordings, the time interval was setat 5 min.
Laser intensity was kept to a minimum to prevent photobleaching.
Pupae were cultured after imaging showing normal development.

Single cell ablation with two-photon microscopy

High-power femtosecond lasers can induce damage to cells and tis-
sues by a process called optical breakdown® that ultimately leads to
thermal and mechanical disruption of the cell or tissue to which they
aredirected. We used this principle to ablate epidermal or tactile bris-
tle cells at the desired time during pupal development by tuning the
two-photon laser to 780 nm wavelength under software control (ZEN
2.1, Zeiss). A circular region of 36 x 36 pixels was digitally made to fit
the centre of the cell nucleus and ablated with a dwell time of 1.58 ps
per pixel at 70% laser power within a stack of 16 slices, for one itera-
tion, under software control. This spatial and temporal focal confine-
ment of the femtosecond laser ensured that the thermal damage was
restricted to the cell of interest. Image acquisition before, and after,
cell ablationwas at10 sintervals with a Plan-Neofluor 40%/1.3 (numeri-
cal aperture) oil immersion objective from an inverted microscope
with laser scanning unit LSM 780 (Zeiss), coupled with a two-photon
femtosecond laser (Chameleon-XR Ti-Sapphire; CoherentInc.). Dam-
agetothetargeted cell was observed immediately after the operation
(thatis, 10 s after ablation). The subsequent cell death and behaviour
of remaining cells were monitored by live imaging in confocal mode
with atime interval of 5 min.

Image processing and quantification of fluorescence intensity
Allimages and time lapses were visualized and processed using Image)/
Fiji (https://fiji.sc)®". Allacquired stacks were displayed in 2D using the
Maximum Intensity option, except for bright-field images, where the
Minimum Intensity option was applied. Some confocal stacks were
displayed in 3D using the 3D-Viewer plugin or the 3D projection tool.
Quantification of GFP and RFP levels of expression were performed
using the Analyse tool in Fiji. Areas of identical size overlaying epider-
mal F-Cells or surrounding epidermal cells were selected manually
across experiments/genotypes. After background subtraction, mean
intensity for each area was measured per experiment/genotype.

SBF-SEM
Serial block face scanningelectron microscopy (SBF-SEM was used
toreconstruct the morphologies of the tactile bristle and the F-Cell 3D.

)38,62

Sample preparation for SBF-SEM. Wild-type Ore-R pupae were col-
lected, peeled off the outer pupal case® and transferred in freshly
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prepared fixation buffer (4% paraformaldehyde and 2.5% glutaralde-
hyde in 0.1 M phosphate buffer at pH 7.4). The abdomens from naked
pupaeor adult flies were dissected in the pre-fixation buffer using surgi-
calscissors and internal organs were manually removed using forceps
and incubated in the pre-fixation buffer for 1 h at room temperature
(RT). The abdominal epidermis from pupal samples were post-fixed and
stained using a modified version of the National Center for Microscopy
and Imaging Research method®®, where samples were incubated in
reduced osmium (1% osmium/1.5% potassium ferricyanide at 4 °C) for
1handstained with 1% thiocarbohydrazide for 20 min at RT, followed by
2% osmium tetroxide for 30 minutes at RT and an overnightincubation
in1%uranyl acetate. Samples were thenenblocstained with lead aspar-
tate (pH 5.5) for 30 min at 60 °C, washed in distilled water (3 x 5 min)
and dehydrated using a graded ethanol series (20%, 50%, 75%, 90%,
100% x 2,20 min each). Samples were infiltrated in Durcupan (44610-
1EA, Sigma-Aldrich) 1:1 resin:ethanol overnight, 100% resin for 24 h
and polymerization at 60 °C for 48 h. Excess resin was removed®* and
samples were mounted on three-view pins (10-006002-50, Labtech)
with the hair shafts facing up and polymerized at 60 °C for 48 h. For the
95 hAPF and adult samples, a progressive lowering of temperature and
low-temperature staining protocol was used to enhance the contrastin
samples with thicker cuticles®. Sample were post-fixed in1% osmium
tetroxide at RT for 40 min, incubated in 1.5% potassium ferrocyanide
for 2 h at 4 °C, and washed. This was in distilled water (3 x 10 min).
Samples were then transferred to 1% thiocarbohydrazide for 15 minat
RT followed by en bloc staining inlead aspartate for 30 minat 55 °Cand
1hatRT.Samples were transferred to an automatic freeze substitution
chamber (AFS2, Leica) and dehydrated in a graded series of acetone
while temperature was progressively lowered from 0 °C to-25°C (10%
from 0 °Cto-5°C,30%from-5°Cto-10 °C,50% from -10 °Cto-15°C,
70% from -15%to—20 °C,90% from -20 °C to-25 °Cand 97% at 25 °C,
20 min each step). Samples were subjected to low temperature en bloc
staining of 1% osmium, 0.2% uranyl acetate in 97% acetone for 30 h at
-25°C followed by the warming to RT over 5 h. Before imaging, the
embedded samples, were subjected to microscopic X-ray computed
tomography on aVersa 510 (Zeiss) using a4x objective and an operat-
ing voltage of 40 kV and binning 5 for proper orientation of the block.
Following microscopic X-ray computed tomography, the embedded
samples were trimmed using a glass knife on a ultramicrotome (UC7,
Leica) to the correct orientation, removed from the top of the block
using a razor blade®® and mounted onto three-view pins using silver
epoxy (604057, CW2400 adhesive, Farnell) that was then polymerized
at 60 °Cfor1h.Samples were then trimmed down further using aglass
knife and ultramicrotome to an area approximately 800 pm x 800 pm
insize.

SBF-SEM imaging. Samples were sputter coated witha10 nmlayer of
platinum (Q150S, Quorum Technologies) and loaded into a 3View2XP
(Gatan) attached to a Sigma VP SEM (Zeiss) with focal charge com-
pensation (FCC, Zeiss), and data were collected using a BSE detector
(3View detector, Gatan). Imaging parameters for each stage of tactile
bristle differentiation can be found in Supplementary Table 2. The
morphology of the neuronal dendrite from bristles lacking the F-Cell
was visualized in the genotype neur > spi/EGF°, and no obvious defects
were detected in the neuron and surrounding sheath cell membrane
relative to wild-type controls.

3D shape reconstruction. Each dataset was aligned and the cells of
interest were manually segmented using the area list function of the
TrakEM2 Plugin inFiji®. The arealists of the 3D volumes were exported
as wavefront files for surface rendering using the 3D viewer plugin of
Fiji°®. The wavefront files were imported into the open-source 3D mod-
elling software Blender (Blender 2.9, www.blender.org) and scaledinx,
yandz, keeping the proportions consistent with the imaging conditions
(forexample, if xand y had a resolution of 10 nm and zwas 50 nm, the

model would be scale x 0.001, y 0.001and z 0.005). Texture was then
applied to each model to give the desired colour and transparency.
For each stage of development, three types of animation were gener-
ated using the timeline option of Blender: animations of the bristle
around one axis (‘rotation’ videos) and two distinct animations with
the progressive appearance/disappearance of the cells of the bristle
(‘'vanishing’ videos and ‘peeling’ videos).

SEM

Ore-Radult female flies within1 week after eclosion were used for visual-
izing the external morphology of the bristle using SEM. Anesthetized
flies of the desired genotypes were deprived of their wings and legs,
washed in standard saline solution three times, and stored in abso-
lute ethanol (99.8%, Sigma-Aldrich) at RT. Dehydrated samples were
critical point dried (EM CPD300, Leica Microsystems) and mounted
with their dorsal side up on a stub using carbon tape and silver paint.
Samples were sputter coated (Q150RS Plus, Quorum Technologies)
with platinumat approximately 3 nmthickness.Images were collected
onaJCM-6000Plus (JEOL) SEM using the Everhart-Thornley secondary
electrondetectorat10 kV.

Electrophysiology

Extracellular recording was used to gain electrical access to the tactile
bristle at rest and upon mechanical displacement of the hair shaft as
previously described® with some modifications. Young adult female
flies (3-5 days after eclosion) were deprived of their wings and legs and
kept immobilized using insect pins inserted into the body extremi-
ties. The hair shaft from individual abdominal bristles was clipped to
approximately 30% of its full-length using microdissection scissors. For
allrecordings, a pair of silver/silver chloride (Ag/AgCl) wires inserted
into patch pipettes made from borosilicate glass with a P-2000 puller
(Sutter Instrument) were used as reference and recording electrodes
(1-2 MQ resistance). The reference electrode was filled with the ref-
erence saline solution (2 mM K*, 128 mM NaCl, 0.5 mM Ca*, 4 mM
Mg*", 35 mM glucose and 5 mM HEPES, pH 7.1) and inserted into the
haemolymph space bathing the epithelium. The recording electrode
was filled with the recording saline solution (121 mM K*, 9 mM NacCl,
0.5mM Ca2+,4 mMMg*,35 mMglucose and 5 mMHEPES, pH7.1) and
slipped over the cut end of individual bristles, thus gaining access to
the mechanoreceptor lymph and making a circuit across the sensory
epithelium through the hollow hair shaft'>***!, The voltage offset was
corrected by placingboth electrodesinto the saline bath before record-
ing fromthe cutend of the bristle shaft. The TEP, or voltage difference
between the bristle and the supporting epithelium, was measured as
the voltage difference between the two electrodes at rest. The MRP
amplitude was subsequently recorded as a change in the TEP upon
mechanical displacement of the bristle shaft. AllMRPs were evoked by
30 pum deflections of the recording electrode towards the body (that
is, the preferential direction’®’) by software-controlled mechanical
movement of a PatchStar micromanipulator (Scientifica). All record-
ings were made in current-clamp mode using a MultiClamp-700B
amplifier (Molecular Devices). Data were low pass filtered at 50/60 Hz
(hum silencer), sampled at 2 kHz and digitized with the Axon Digi-
datal550A A/D board (Molecular Devices). Recordings were stored as
axon binary files and analysed offline using Clampfit software (v10.7,
Molecular Devices). Traces were low pass filtered using a Butterworth
eight-pole filter with cut-off frequency of 250 Hz. MRPs were auto-
matically extracted using a template search method, and MRP peak
amplitudes were subsequently computed from each trace (multiple
MRPs for each bristle were recorded from each trace). To quantify
action potential firingin response to bristle deflection, MRP traces were
first bandpass filtered (50 Hz-RC single pole high-pass, Butterworth
eight-pole low-pass with cut-off frequency of 250 Hz) to enable spike
detection. The number of action potentials at stimulus onset (that is,
higher firing rate of the bristle) were counted using the Clampfit burst
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detectionalgorithm (minimum cut-off of four events, intra-event inter-
valwithin 120 ms). Recordings from multiple bristles fromaminimum
of eight adult female flies for each genotype were used in this study.

Behaviour

Touch-evoked scratch reflex assay*”** was performed to evaluate
motor reactivity upon mechanical stimuli of the abdominal bristles
incontrols versus experimental flies. Experiments were performed as
previously described’® with some variations. Briefly, young female flies
(3-5days post eclosion) were anesthetized on ice and their head was
removed using microdissection scissors. Headless flies were allowed
torecover their normal stance before the assay. Aninsect pinwasthen
attachedtothethoraxtohold eachflyinafixed position duringthe test.
Touch-evoked sweeping of the third legin response to gentle touch of
the abdominal bristles was assayed using a glass pipette equipped with
acurved 0.1 mm pinonitstip. Each fly was stimulated five times every
5-85 (100 stimuli were counted for each genotype). The behavioural
responses were recorded in continuous mode with ahigh-speed camera
(Zeiss Stereo Microscope), and the number of scratch responses was
counted offline.

Statistics and reproducibility

Samplessizes were chosen according tocommon standards. All results
were obtained from at least three independent experiments unless
otherwise stated in the figure legends. Data collection and analysis
were neither performed blind to the conditions of the experiments
nor randomized. Statistics were performed with the PAST 4.04 soft-
ware’’, Statistical tests were chosen on the basis of data distribution
normality, which was tested using Shapiro-Wilk test. No statistical
methods were used to pre-determine the sample size. Either unpaired
two-tailed parametric Student’s ¢-test, two-tailed non-parametric
Kolmogorov-Smirnov and Mann-Whitney tests, or one-way analysis
ofvariance (ANOVA) with the non-parametric Kruskal-Wallis test were
performed for comparing two groups of data, asindicated in the figure
legends. Differences were considered significant when P< 0.05 and
indicated as follows: *P < 0.05; **P < 0.01; **P < 0.001; ***P < 0.0001;
P> 0.05 not significant (NS). Exact P values can be found in source
data.No data points were excluded from the analyses. Data were plot-
ted using GraphPad Prism 9 (GraphPad Software). Dot plots show the
mean, and error bars represent the standard error of the mean (s.e.m.)
or the standard deviation (s.d.), as indicated in the figure legends.
Violin plots show the kernel density distribution of the dataaround the
central median, extending to the 25% and 75% quartiles (dashed lines)
up to the maximum and minimum values. In all figures, n denotes the
number of bristles, cells, clones or other indicated parameters that
were analysed for each genotype. Figure panels and diagrams were
created using Photoshop and Illustrator (Adobe).

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

The datasupporting the findings of this study are available within this
paper, extended data, source data and supplementary information.
Additional information is available from the corresponding authors
onreasonable request. Source data are provided with this paper.

References

48. Bainbridge, S. P. & Bownes, M. Staging the metamorphosis of
Drosophila melanogaster. J. Embryol. Exp. Morphol. 66, 57-80
(1981).

49. Brand, A. H. & Perrimon, N. Targeted gene expression as a means
of altering cell fates and generating dominant phenotypes.
Development 118, 401-415 (1993).

50.

51.

52.

53.

54.

56.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Lai, S. L. & Lee, T. Genetic mosaic with dual binary transcriptional
systems in Drosophila. Nat. Neurosci. 9, 703-709 (2006).
Bellaiche, Y., Gho, M., Kaltschmidt, J. A., Brand, A. H. &
Schweisguth, F. Frizzled regulates localization of cell-fate
determinants and mitotic spindle rotation during asymmetric cell
division. Nat. Cell Biol. 3, 50-57 (2001).

Mayer, B., Emery, G., Berdnik, D., Wirtz-Peitz, F. & Knoblich, J. A.
Quantitative analysis of protein dynamics during asymmetric cell
division. Curr. Biol. 15, 1847-1854 (2005).

Stramer, B. et al. Clasp-mediated microtubule bundling

regulates persistent motility and contact repulsion in Drosophila
macrophages in vivo. J. Cell Biol. 189, 681-689 (2010).

Lu, B., Ackerman, L., Jan, L. Y. & Jan, Y. N. Modes of protein
movement that lead to the asymmetric localization of partner of
Numb during Drosophila neuroblast division. Mol. Cell 4, 883-891
(1999).

Revaitis, N. T. et al. Quantitative analyses of EGFR localization and
trafficking dynamics in the follicular epithelium. Development
147, dev183210 (2020).

Huang, J., Zhou, W., Dong, W., Watson, A. M. & Hong, Y. From

the cover: directed, efficient, and versatile modifications of the
Drosophila genome by genomic engineering. Proc. Natl Acad. Sci.
USA 106, 8284-8289 (2009).

Ito, K., Awano, W., Suzuki, K., Hiromi, Y. & Yamamoto, D. The
Drosophila mushroom body is a quadruple structure of clonal
units each of which contains a virtually identical set of neurones
and glial cells. Development 124, 761-771 (1997).

Lee, T. & Luo, L. Mosaic analysis with a repressible cell marker
(MARCM) for Drosophila neural development. Trends Neurosci.
24, 251-254 (2001).

Mangione, F. & Martin-Blanco, E. Imaging and analysis of

tissue orientation and growth dynamics in the developing
Drosophila epithelia during pupal stages. J. Vis. Exp. https://doi.
org/10.3791/60282 (2020).

Vogel, A., Noack, J., Hittman, G. & Paltauf, G. Mechanisms of
femtosecond laser nanosurgery of cells and tissues. Appl. Phys. B
81, 1015-1047 (2005).

Schindelin, J. et al. Fiji: an open-source platform for
biological-image analysis. Nat. Methods 9, 676-682 (2012).
Leighton, S. B. SEM images of block faces, cut by a miniature
microtome within the SEM—a technical note. Scan. Electron
Microsc. Pt2, 73-76 (1981).

Deerinck, T. J. et al. Enhancing serial block-face scanning electron
microscopy to enable high resolution 3-D nanohistology of cells
and tissues. Microsc. Microanal. 16, 1138-1139 (2010).

Schieber, N. L. et al. Minimal resin embedding of multicellular
specimens for targeted FIB-SEM imaging. Methods Cell. Biol. 140,
69-83 (2017).

Lu, Z. et al. En bloc preparation of Drosophila brains enables
high-throughput FIB-SEM connectomics. Front. Neural Circuits 16,
917251(2022).

Russell, M. R. et al. 3D correlative light and electron microscopy
of cultured cells using serial blockface scanning electron
microscopy. J. Cell Sci. 130, 278-291(2017).

Cardona, A. et al. TrakEM2 software for neural circuit
reconstruction. PLoS ONE 7, e38011 (2012).

Schmid, B., Schindelin, J., Cardona, A., Longair, M. & Heisenberg,
M. A high-level 3D visualization API for Java and ImageJ. BMC
Bioinformatics 11, 274 (2010).

Corfas, G. & Dudai, Y. Adaptation and fatigue of a
mechanosensory neuron in wild-type Drosophila and in memory
mutants. J. Neurosci. 10, 491-499 (1990).

Li, J. et al. A defensive kicking behavior in response to mechanical
stimuli mediated by Drosophila wing margin bristles. J. Neurosci.
36, 11275-11282 (2016).

Nature Cell Biology


http://www.nature.com/naturecellbiology
https://doi.org/10.3791/60282
https://doi.org/10.3791/60282

Article

https://doi.org/10.1038/s41556-023-01110-2

71. Hammer @yvind, H. D. A. T. & Ryan Paul, D. Past: paleontological
statistics software package for education and data analysis.
Palaeontol. Electron. 4, 9 (2001) .

Acknowledgements

We thank the Bloomington Drosophila Stock Center (BDSC), S. Bray,
J. Jiang, Y. Bellaiche, B. Stramer, |. Salecker, A. Gould, V. Fernandes
and N. Yakobi for fly stocks and FlyBase for Drosophila gene
annotations. We thank the Crick Advanced Light Microscopy and
Electron Microscopy Science Technology Platforms, and the Crick
Fly Facility for support. We are grateful to J. P. Vincent, A. Gould, D.
Ish-Horowicz, A. Mineo, M. Holder, A. Audibert, C. Desplan and A.
Schaefer for comments on the manuscript. We also thank F. Simon for
sharing some preliminary observations. This work was supported by
a Wellcome Trust Investigator award (107885/Z/15/Z to N.T.) and the
Francis Crick Institute, which receives its core funding from Cancer
Research UK (FCO01317, FC0O01175), the UK Medical Research Council
(FC001317, FC001175) and the Wellcome Trust (FC001317, FCO01175).
M.G. was funded by Centre National de la Recherche Scientifique and
Sorbonne University. I.D. and J.T. were supported by a Welcome Trust
Investigator award (209412) to I.D.

Author contributions

F.M. and N.T. conceived the study. F.M. designed and performed
the experiments. F.M. and J.T. performed the extracellular
recordings and analysed data with the assistance of I.D. F.M and

C.M conducted the EM experiments and analysed the data with

the assistance of L.C. M.G. shared unpublished data and provided
methodological insights. F.M. and N.T. wrote the manuscript with input
from all authors.

Competinginterests
The authors declare no competing interests.

Additional information
Extended data is available for this paper at
https://doi.org/10.1038/s41556-023-01110-2.

Supplementary information The online version
contains supplementary material available at
https://doi.org/10.1038/s41556-023-01110-2.

Correspondence and requests for materials should be addressed to
Federica Mangione or Nicolas Tapon.

Peer review information Nature Cell Biology thanks Jerome Solon,
Victoria Abraira and the other, anonymous, reviewer(s) for their
contribution to the peer review of this work. Peer reviewer reports are
available.

Reprints and permissions information is available at
www.nature.com/reprints.

Nature Cell Biology


http://www.nature.com/naturecellbiology
https://doi.org/10.1038/s41556-023-01110-2
https://doi.org/10.1038/s41556-023-01110-2
https://doi.org/10.1038/s41556-023-01110-2
http://www.nature.com/reprints

Article

https://doi.org/10.1038/s41556-023-01110-2

a 18-20 hAPF

24-26 hAPF

E(spl)ma-GFP neur>RFP

Merge

E(spl)ma-GFP

neur>RFP

b
[
| =t @
{ Shaft (Sf)
SOP ’ i R T S -
[ glia (@) >
p"b(l) | () sheath (sh)
plilb O
l O neuron (n)
18 h 19h 20h 21h 22h 23h 24h 25h 26h
I T T T T T T T 1

c

plib 4 plla

neur>RFP, >pon::GFP

Q

neur>RFP, >pon::GFP

neur>RFP, Jupiter::GFP

Sockat
Sheft

sheefih
[nevnon

28-30 hAPF

Extended Data Fig. 1| See next page for caption.

33-36 hAPF

Nature Cell Biology


http://www.nature.com/naturecellbiology

Article

https://doi.org/10.1038/s41556-023-01110-2

Extended Data Fig. 1| Early development of the abdominal tactile bristles.
(a) Specification of the tactile bristles within the abdominal epithelium during
thefirst day of pupal development. Left: N-dependent pattern of E(sp)ma-GFP

(green) and neur > RFP (magenta) at the onset of bristle specification. E(spl)-maa-

GFPis expressed in the epidermal cells surrounding the SOPs, which are marked
by neur > RFP expression. Right: the pattern of E(sp))ma-GFP and of neur > RFP
after SOPs division. Note that the expression of neur > RFPis restricted to the
four cells of the bristles. (b) Diagram of the tactile bristle lineage showing the
cellular events characterizing the specification of the four cells of each tactile
bristle. Circles indicate cells and lines indicate the duration of each event in
hAPF. The cross over the glial cell indicates apoptosis. (c) Time course of early
bristle development showing the asymmetric cell divisions and intra-lineage

apoptosis leading to the four cells of each bristle. The SOP and progeny cells

are marked by the expression of neur > RFP and the membrane marker pon::GFP
(grey), which displays asymmetric localization during cell divisions. (d) Shape
of the tactile bristle by the onset of its terminal differentiation and coloured
schematic showing the four component cells. Note that the socket and shaft cells
have increased nuclear size, and that the neuron and sheath cells lie adjacent to
each other. (e) Early differentiating tactile bristles marked by the expression of
neur > RFP and the ubiquitous microtubule marker Jupiter::GFP (green) showing
hair shaft outgrowth soon after the four bristle cells have been specified. Results
are representative of three independent experiments. Scale bars: 5 um. Full
genotypes are listed in Supplementary Table 1.
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Extended Data Fig. 2| F-Cells lie adjacent to differentiating tactile bristles.
(a) Tactile bristle and the F-Cell (arrowhead) at 70 hAPF labelled by expression of the
microtubule marker GFP::CLIP-170 (green) under control of neur > RFP. Note that
the F-Cell associates with the socket cell. (b) Top: diagram of the cuticular socket
and hair shaft. Bottom: detection of the F-Cell (arrowhead) next to the socket cell
(dotted circle) by enhanced expression of DiapI-GFP (green) and co-labelling of
the junctional network with E-Cad::TdTomato. (c) Diagram of the tactile bristles
decorating the adult abdominal surface and the abdominal epidermis visualized
at 65 hAPF. E-Cad::td-Tomato expression marks the junctional network and
DiapI-GFP (green) labels the nuclei of the epidermal cells. F-Cells are identifiable

by elevated DiapI-GFPin the epidermal cells next to each socket cell within

the monolayered epithelium. (e) Diagram of the tactile bristles decorating the
adult thoracic surface and pattern of Diap1-GFPin the thoracic epidermis at 50
hAPF. (d) Identification of the F-Cell (arrowhead) in the thoracic epidermis by
the expression of Diap1-GFP and neur > RFP, and simultaneous expression of
Jupiter::GFP(green) and neur > RFP (magenta) to highlight F-Cell position next

to the socket and shaft cells. Results are representative of three independent
experiments. Scale bars: 5um (a-b, e), 15 pm (c) and 20 um (d). Full genotypes are
listed in Supplementary Table 1.
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Extended Data Fig. 3| Selective ablation of epidermal cells reveals F-Cell
specification dynamics. (a) Methodology used for the ablation of individual
cells within the abdominal epidermis. Epidermal cells are labelled by the
expression of the nuclear marker Diap1-GFPand depicted in grey in all diagrams.
Atarget epidermal cell (arrowhead) is ablated using a high-power femtosecond
laser pulse (see Methods), and the behaviour of surrounding cells is tracked
over time. After ablations the cells adjacent to the ablated area (asterisks)

move towards each other. Note that no changes in levels of expression of the
DiapI-GFPreporter in epidermal cells are detectable over time. (b) Epidermal
cells (DiapI-GFP, green) and tactile bristle cells (neur > RFP) before and after
laser ablation of the F-Cell (white arrowhead). When the F-Cell is ablated at 36-38
hAPF, the neighbouring epidermal cells (asterisks) fill its position over time and

expression levels of Diap1-GFP and neur > RFP are selectively enhanced in asingle
epidermal cell next to the bristle (yellow arrowheads), indicating de novo F-Cell
specification (n =22 F-Cells over 7 pupae from 3 independent experiments).

See Supplementary Video 2. (c) Diagram summarizing the findings in (b).

(d) Ablation of the F-Cell (arrowhead) asin (b) but performed at 45-50 hAPF.
When the F-Cellis ablated after expressing neur > RFP, the cells adjacent to the
ablated area (asterisks) do not show de novo expression of neur > RFP or changes
inthe levels of DiapI1-GFP expression over time (n = 27 F-Cells over 9 pupae from
three independent experiments. (e) Diagram summarizing the findings in (d).
Results are representative of three independent experiments. Scale bars: 5 pm.
Full genotypes are listed in Supplementary Table 1.
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Extended DataFig. 4 | F-Cell specification is initiated by the tactile bristle.
(a-to-d) Left: diagrams depicting the cell ablations used to assess F-Cell
recruitment by tactile bristles cells. The cells that were ablated at 36-38 hAPF are
marked by black crosses. Middle: epidermal and tactile bristle cells visualized at
55hAPF by the expression of Diap1-GFP (green) and neur > RFP. Right: diagrams
summarizing the effects of each cellular ablation on F-Cell specification (n =16
socket cells over 7 pupae; n = 11 shaft cells over 8 pupae; n =12 neuron and
sheath cells over 5 pupae; n =13 socket and shaft cells over 4 pupae, from three
independent experiments. The F-Cell is no longer detectable after simultaneous
ablation of the socket and shaft cells (b) or ablation of the shaft cell alone

(d). (e) Effect of N activity gain via downregulation of H on DiapI-GFPand

neur > RFP expression patterns (neur > H*®, right) within the bristle compared

to control (left). (f) Diagrams depicting the differential N signalling within the
differentiating socket and shaft cells (green and light blue) in controls (left),
upon N activity gain in the shaft cell (middle) or upon N activity loss in the socket
cell (right). (g) Top, left-to-right: brightfield images displaying the adult cuticular
socket and hair shafts in controls, two socket-like structures upon N activity
gainin the shaft cell, and two hair shaft-like structures upon N activity loss in

the socket cell. Bottom, left-to-right: socket and shaft cells visualized by the
expression of mCherryin the Diap1-GFPbackground (green) showing associated
F-Cellsin controls, lack of F-Cell next to a bristle composed of two socket-like
cells, or enhanced Diap1-GFPin two cells next to a bristle composed of two shaft-
like cells. Results are representative of three independent experiments. Scale
bars: 5 pm. Full genotypes are listed in Supplementary Table 1.
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Extended DataFig. 5| Elevated levels of EGFR and of the aos-GFPreporter in
the F-Cell. (a) EGFR protein localization during F-Cell specification. A fire LUT
scale for fluorescent intensities (bottom-right) was applied to highlight higher
EGFR protein levels in the F-Cell relative to surrounding epidermis. (b) Image
showing EGFR enrichmentin the F-Cell relative to epidermal cells, co-labelled
by the expression of E-Cadherin. A fire LUT scale for fluorescent intensities

56 hAPF 58 hAPF

(bottom-left) was applied to highlight higher protein levels of EGFR in the F-Cell
relative to surrounding epidermis. (c) Expression pattern dynamics of the EGFR
signalling reporter aos-GFP (green) together with neur > RFP during tactile bristle
differentiation, revealing EGFR activity in the F-Cell. Results are representative

of threeindependent experiments. Scale bars: 12 um (a) and 5 pm (b-c¢). Full
genotypes are listed in Supplementary Table 1.
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Extended Data Fig. 6 | EGFR signalling is required for F-Cell specification.
(a) Expression the EGFR signalling reporter aos-GFP (green), together with
neur > RFP,in rl/ERK mutant background (r/r’*). (b) Uniform DiapI-GFP

and absence of neur > RFP expression in epidermal cells surrounding bristles
expressing of EGFR™™, See Fig. 3e for quantifications. (c) Uniform Diap1-GFPand
absence of neur > RFP expression in epidermal cells surrounding bristlesinarl/
ERK mutant background. See Fig. 3e for quantifications. (d) Top row: diagram
ofthe tactile bristle when EGFR signalling is active (presence of the F-Cell) or
impaired (absence of the F-Cell). Middle row: expression of neur > RFP and of
the socket cell-specific reporter Su(H)-ASES-GFP (green) at 60 hAPF when EGFR
signalling is active orimpaired. Bottom row: bright field images showing the
shape of the cuticular socket and hair shaft at 90 hAPF in each condition. Note
that the cuticular sockets and hair shafts appear unaffected by impaired EGFR

signalling. (e) Right, DiapI-GFP expressionin the epidermis showing F-Cells
adjacent to control bristles (white arrowheads), but not next to bristles lacking
spi/EGF activity in the shaft cells (yellow arrowhead; See Methods). Centre:
zoomed-in view of the bristle lacking spi/EGF activity in the shaft cells from the
left panel, with diagram summarising the result on top. (f) Quantification of
DiapI-GFPfluorescence intensity in F-Cells and epidermal cells next to shaft cells
lacking spi/EGF (n =9 clones per genotypes in 8 flies at pupal stage). In the dot
plots the meanis marked in red and error bars represent SEM. The unpaired two-
tailed Student’s t-test for equal mean was applied (p > 0.05, NS: not significant).
Results are representative of three independent experiments. Scale bars: 5 pm.
Full genotypes for are listed in Supplementary Table 1. Numerical data and exact
Pvalues are availablein source data.
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Extended Data Fig. 7| Morphology of differentiating F-Cells. (a) Top: diagram The morphology of the F-Cell is marked by the expression of amembrane

ofthe argos (aos) locus. Black boxes indicate exons and black lines indicate localized GFP under the control of 25c01-GAL4 (magenta). See Supplementary
introns. Boxes below the large intron indicate the enhancer-driven GAL4 lines Video 3. (c) Volume rendering of the differentiating F-Cell (coronal view)
screened in this study. The box highlighted in magenta denotes the GAL4 line coloured in magenta (top) or after applying a 5-rumps LUT scale for z-depth
showing restricted expression in the F-Cell. Bottom: expression of mCherryunder ~ (bottom). Note the basal shifting of the F-Cell as the cuticle is deposited apically
the control of 25c01-GAL4 in a Diap1-GFPbackground (green) showing the co- over time. Results are representative of three independent experiments. Scale

labelling of the mCherry with the cells expressing high levels of Diap1-GFP (thatis,  baris15pm (a) and 5pum (b-c). Full genotypes are listed in Supplementary Table 1.
F-Cells). (b) Time course of the shape changes underlying F-Cell differentiation.
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Extended Data Fig. 8 | See next page for caption.
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Extended DataFig. 8| 3D rendering of the tactile bristle and the F-Cell.

(a) Workflow used to determine the 3D structure of the tactile bristle and
associated F-Cell at different developmental times by Serial Block-Face Scanning
Electron Microscopy (SBF-SEM). After dissection and fixation of the abdominal
tissue, theembedded specimen was subjected to micro-CT (left) to orient the
block face in the microscope (middle), where the specimen was sectioned and
imaged. For the 3D rendering (right) multiple sections were aligned (1), the cells
were manually segmented (2) and the volume within the 3D-(xyz)-space (3) was
reconstructed (see Methods and Supplementary Table 2). (b) SBF-SEM images
showing the epidermal tissue and differentiating bristle at 58 hAPF sectioned at
different angles and cartoons showing the cells of the tactile bristle, the F-Cell

and the epidermal cells. Note that the F-Cell is contacting both the socket and
the shaft cell apically, while extending contacts toward the base of the tactile
organ. (c) Axial (x-y), sagittal (y-z), and coronal (x-z) views of the tactile bristle
and F-Cell at 58 hAPF (top) or of the tactile bristle alone (bottom). The neuron
and sheath cell are concentrically enwrapped apically by the shaft and socket
cells while the F-Cellis located anteriorly (see Supplementary Videos 4 and 5).
(d) Axial, sagittal, and coronal views of the tactile bristle and F-Cell (top row),

or of the tactile bristle alone (bottom row) at 68 hAPF. The neuron and sheath cell
are concentrically enwrapped by the shaft cell, socket cell, and F-Cell by this stage
(see Supplementary Video 6). Results are representative of three independent
experiments. Full genotypes are listed in Supplementary Table 1.
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Extended Data Fig. 9| The F-Cell is associated with the tactile bristle of the
adult fly. (a) 3D morphology of the tactile bristle at 88-90 hAPF. The F-Cell shows
extensive contacts with the socket cell and reduced contact with the shaft cell

at this stage. The shaft cell cytoplasm (arrow) is retracting from the dendrite tip
(arrowhead). See Supplementary Video 7. (b) 3D morphology of the tactile organ
at 95 hAPF (thatis,immediately before eclosion of the adult fly). The F-Cell shows
extensive contacts with the socket cell and reduced contact with the shaft cell
atthis stage. The shaft cell cytoplasm (arrow) has retracted further away from
the dendrite tip (arrowhead) and is displaying an apoptotic morphology. See

Supplementary Video 8. (c) Time course of the death of the shaft cell. Cells are
marked by the expression of neur > RFP. Inverted time-lapse confocal images
showing condensation and fragmentation of the shaft cell nucleus (arrowhead).
Note that the F-Cellis detectable next to the socket cell also at 96 hAPF. (d) SBF-
SEMimages of the adult bristle. Note that the F-Cell is ensheathing the socket cell.
Results are representative of two (a,b) and three (c,d) independent experiments.
See Supplementary Video 9. Scale bar is 5 um. Full genotypes are listed in
Supplementary Table 1.
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Extended Data Fig. 10 | See next page for caption.
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Extended Data Fig. 10 | Assessing touch-evoked mechanotransductionin the
tactile bristle. (a) Diagram showing the set-up for extracellular recording from
tactile bristles. The three non-neuronal cells of the tactile organ (F-Cell, magenta;
socket cell, green; sheath cell, orange), the mechanosensory neuron (yellow)

and its connection to the base of the hair shaft are shown. Clipping the hollow
hair shaft, placing arecording electrode over the tip and a reference electrode
inthe supporting epithelium allows the measurement of the transepithelial
potential (TEP) at rest and provides electrical access to the underlying neuron.
Displacement of the hair shaft toward the body evokes a robust downward drop
inthe TEP, measured as amechanoreceptor potential (MRP) of the neuron (see
Methods). (b) MRP and superimposed action potential trains recorded upon

30 um ramp-and-hold displacement of the hair shaft toward the body surface.
The neuron generates arobust response at the onset of the stimulus (arrow).

The MRP slowly declines towards resting values during the stimulus. A robust

but smaller responseis also recorded when the neuron returned toits resting
position (arrowhead). (c-d) Morphology and innervation in controls (c) or in
tactile bristles lacking the F-Cell (d). Top row: morphology and innervation of the
bristle. Second row: morphology of the mechanosensory neuron, with dendritic
tip zoomed-in view displayed in top right corner. Third row: dendritic tip
insertion at the base of the bristle. Bottom row: SBF-SEM section of the dendritic
tip. Note that both the structure and innervation of the tactile bristle, as well

as the morphology of the adult neuron and sheath cell are normal when F-Cell
specificationis prevented. (e) Representative voltage traces from control bristles
(top) and bristles lacking the F-Cell (bottom). See Fig. 6 for quantifications.

(f) Representative traces from control bristles (top) and bristles with ablated
F-Cell (bottom). See Fig. 6 for quantifications. Results are representative of

three independent experiments. Scale bars: 5 pm. Full genotypes are listed in
Supplementary Table1.
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