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Abstract

Animal development is coupled with innate behaviors that maximize chances of survival. Here we
show that the prothoracicotropic hormone (PTTH), a neuropeptide that controls the developmental
transition from juvenile stage to sexual maturation, also regulates light avoidance in Drosophila
melanogaster larvae. PTTH, through its receptor Torso, acts on two light sensors, the Bolwig’s
organ and the peripheral class IV dendritic arborization neurons, to regulate light avoidance. We
find that PTTH concomitantly promotes steroidogenesis and light avoidance at the end of larval
stage, thereby driving animals towards a darker environment to initiate the immobile maturation
phase. Thus, PTTH controls the decisions of when and where animals undergo metamorphaosis,
optimizing conditions for adult development.

Animal development is associated with multiple primitive, innate behaviors, allowing
inexperienced juveniles to choose an environment that maximizes their survival fitness
before the transition to adulthood. In insects this transition is timed by a peak of ecdysone
production induced by the prothoracicotropic hormone (PTTH) (1). In the larval brain of
Drosophila, PTTH is produced by two pairs of neurosecretory cells projecting their axons
onto the prothoracic gland (PG) where ecdysone is produced (2, 3). Transition to adulthood
is associated with drastic changes in larval behavior: feeding larvae remain buried in the
food, whereas wandering larvae (at the end of larval development) crawl out and find a spot
where they immobilize and pupariate (4, 5). Mechanisms allowing proper coordination of
these behavioral changes with the developmental program remain elusive.

Two pairs of neurons in the central brain were recently reported to control larval light
avoidance (6). Using specific anti-PTTH antibodies, we established that these neurons
labeled by the NP0394-Gal4 and NP0423-Gal4 lines correspond to the PTTH-sexpressing
neurons (Fig. 1A and S1). Moreover, silencing the ptth gene using NP0423-Gal4 or a
ubiquitous driver (tub-Gal4) impaired light avoidance (Fig. 1B and S2), indicating that
PTTH itself controls this behavior. PTTH activates Torso, a receptor tyrosine kinase whose
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knockdown in the PG prevents ecdysone production and induces a developmental delay ((7)
and Fig. S3A-C). By contrast, knocking down torso in the PG (as shown in (7)) did not
cause any change in light avoidance (Fig. 1B), indicating that the role of PTTH in
ecdysteroidogenesis is functionally distinct from its role in light avoidance behavior.

Since in Drosophila the PTTH-producing neurons only innervate the PG (2, 3) (see also Fig.
1A and S2), we reasoned that PTTH is secreted into the hemolymph and reaches the cells or
organs involved in light avoidance. Consistent with this, inactivation of PTTH-expressing
neurons affects light avoidance with 8-10 h delay (Fig. 2A and S4), arguing against PTTH
neurons projecting directly on their target cells to control light avoidance. PTTH peptide is
present in the PTTH-expressing neurons throughout larval development (Fig. 2B and S5)
and shows a significant increase before wandering (Fig. 2B), correlating with the rapid
increase of ecdysteroidogenesis at this stage (3, 8). Using an ELISA assay, we found that
PTTH is readily detected in the hemolymph with a fluctuation pattern similar to that of its
accumulation in the PTTH-expressing neurons (Fig. 2C). Furthermore, hemolymph PTTH
levels were significantly decreased upon RNAi-mediated knockdown of ptth in the PTTH-
expressing neurons (Fig. 2C), suggesting that, in addition to the paracrine control of
ecdysteroidogenesis in the PG, PTTH also carries endocrine function.

Pan-neuronal knockdown of torso (elav>torso-RNAiCP) recapitulated the loss of light
avoidance observed upon torso ubiquitous knockdown (tub>torso-RNAi€P) (Fig. 3A),
suggesting that PTTH acts on neuronal cells to control light avoidance. We specifically
tested the potential role of torso in two neuronal populations previously identified as light
sensors in Drosophila larvae (5): the Bolwig’s organ (BO) (9, 10) and the class 1V dendritic
arborization (da) neurons tiling the larval body wall (11). An enhancer trap analysis of torso,
as well as in situ hybridization using a torso antisense probe, confirmed torso expression in
class IV da neurons (Fig. S6A). In parallel, torso transcripts were detected by quantitative
RT-PCR in larval anterior tips containing the BO, and their levels were efficiently knocked
down using the BO-specific drivers Kr5.1-Gal4 (12) and Rh5-Gal4 (10), demonstrating
torso expression in the BO (Fig. S6B and C). The knockdown of torso in the BO
(Kr5.1>torso-RNAI P and GMR>torso RNAICP) or in the class IV da neurons (ppk>torso-
RNAICD) (11, 13) abolished larval light avoidance (Fig. 3A, motoneurons serve as a
negative control: OK6>torso-RNAICP (14)). Knocking down torso in both neuronal
populations (ppk>, GMR>torso-RNAi©P) mimicked the effect observed with the BO driver
or class IV da neuron driver alone. A similar loss of light avoidance was observed when
these neurons were separately inactivated by expressing the hyperpolarizing channel Kir2.1
(GMR>Kir2.1 and ppk>Kir2.1) (Fig. 3A), suggesting that both of these light sensors are
necessary for light avoidance behavior. Downregulation of PTTH/Torso signaling did not
lead to any neuronal morphology or locomotion defect (Fig. S7, S8A and B), further
indicating its direct effect on light sensing. Importantly, the knockdown of torso in class IV
da neurons or in the BO had no effect on the pupariation timing (Fig. S3A). Taken together,
these results indicate that PTTH/Torso signaling is required for light avoidance behavior in
two distinct populations of light-sensing neurons, and that this function is separate from its
role in controlling developmental progression.

Drosophila light-sensing cells use photosensitive opsins that, upon exposure to light,
activate transient receptor potential (TRP) cation channels, thus depolarizing the membrane
and triggering neural activation (15). Although the BO and class IV da neurons use different
photosensitive molecules and TRP channels (5), one can assume that PTTH/Torso signaling
regulates the phototransduction pathway through a similar mechanism in both types of
neurons. Immunohistochemical detection of Rh5, the opsin involved in light avoidance
behavior in the BO (5), showed no difference in protein level in torso mutant background
(Fig. SBA-C). PTTH/Torso signaling knockdown did not change the expression level of
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Gr28b, a gustatory receptor family gene that plays an opsin-like role in class IV da neurons
(11) (Fig. S8D). These results strongly suggest that PTTH affects signaling components
downstream of the photoreceptors.

We next investigated the neural activity of the light sensors using the calcium indicator
GCaMP3 for live calcium imaging. torso mutant class IV da neurons showed a 25%
reduction of their response to light compared to control (Fig. 3B and C). This was
accompanied by a loss of light avoidance (Fig. 3D), indicating that such partial reduction of
the GCaMP3 signal corresponds to a reduction of neural activity strong enough to exert a
behavioral effect. Indeed, blocking the firing of class IV da neurons using TrpA1-RNAi (11)
caused a similar 25% reduction of the GCaMP3 signal (Fig. 3B and C) and behavioral effect
(Fig. 3A). This suggests that in da neurons, PTTH/Torso signaling exerts its action upstream
of TrpA1l channel activation. Accordingly, we observed a strong genetic interaction between
torso and TrpAl mutants for light preference (Fig. 3D). We also detected a genetic
interaction between torso and Rh5 mutants (Fig. 3D), further supporting that PTTH/Torso
signaling affects a step in phototransduction between the photoreceptor molecule and the
TRP channel. Collectively, these data are consistent with the notion that PTTH/Torso
signaling acts to facilitate TRP activation downstream of photoreceptor-dependent light
sensing.

A previous study suggested that larval photophobic behavior diminishes at the end of larval
development, perhaps facilitating larval food exit and entry into the wandering phase (16).
Our present finding and the increase of PTTH at the beginning of wandering stage (Fig. 2B
and C) appears to contradict such hypothesis. Indeed, we detected a sustained larval light
avoidance mediated by PTTH that persisted through the wandering stage (Fig. 4A). These
results imply that wandering behavior is triggered by a signal distinct from light preference.
Consistent with this notion, the timing of wandering initiation in ppk>torso-RNAi€P or
Kr5.1>torso-RNAICP larvae was found comparable to that of control animals (Fig. S3D),
despite the fact that these animals are not photophobic (Fig. 3A).

As found in other insects, wandering is either directly or indirectly triggered by PTTH-
induced ecdysone production (17). Therefore, concomitant PTTH-mediated photophobicity
could ensure that wandering larvae maintain a dark preference for pupariation site, thereby
providing better protection from predators and dehydration during the immobile pupal stage.
To test this hypothesis, we developed a light/dark preference assay for pupariation (Fig. S9).
When exposed to a light/dark choice, larvae indeed showed a strong preference to pupariate
in the dark (Fig. 4B). This behavior was abolished either by inactivating PTTH-expressing
neurons (ptth>Kir2.1), silencing ptth in the PTTH-expressing neurons (NP0423> ptth-RNAI,
dicer2) or in a torso mutant background (torso[ e00150]/[ 1]) (Fig. 4B). Importantly, dark
site preference for pupariation was observed in Drosophila populations collected in the wild
(Fig. 4C), confirming that this innate behavior was selected in a natural environment.

In conclusion, our work illustrates the use of a single biochemical messenger, PTTH, for the
concomitant control of two major functions during larval development (Fig. 4D). PTTH
establishes a neuroendocrine link between distinct neuronal components previously shown
to be involved in light avoidance. In contrast to previous interpretations (16) but consistent
with another study (18), we show that wandering is independent of light preference and that
PTTH maintains a strong light avoidance response through to the time of pupariation. High-
levels of circulating PTTH during the wandering stage could reinforce the robustness of
light avoidance, which might otherwise be compromised by active roaming. This eventually
promotes larvae to pupariate in the dark, a trait potentially beneficial for ecological
selection. PTTH is thus at the core of a neuroendocrine network, promoting developmental
progression and appropriate innate behavioral decisions to optimize fitness and survival.
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Fig. 1. PTTH controls Drosophila light preference

(A) Wandering third instar larval brain expressing CD8-GFP under the control of NP0394-
Gal4 or NP0423-Gal4 drivers (green) were stained with anti-PTTH antibody (red). Scale
bar, 100pm. (B) Foraging larvae were tested in a light/dark assay. n = 15 tests. For statistical
analyses in all figures, see Supplementary Materials.
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Fig. 2. Endocrine function of PTTH

(A) NP0423>, UAS-shi'S and NP0423> shiS third instar larvae were tested in a light/dark
assay after being exposed to Gal80' restrictive temperature (32°C) for the indicated times. n
> 9 tests for each time point. (B) PTTH protein levels in the cell bodies of PTTH-expressing
neurons, measured from confocal images of wild type larval brains stained with anti-PTTH.
Larvae were raised on 16/8h LD cycles, with dark periods highlighted in black.
Quantification is in arbitrary units relative to the 74 h after egg laying (AEL) time point. (C)
Hemolymph level of PTTH at given time points AEL was determined by an ELISA assay

using anti-PTTH.
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Fig. 3. PTTH/Torso signaling promotes light sensing in the BO and the class 1V da neurons

(A) Light/dark preference of third instar larvae assayed in tissue-targeted RNAi or Kir2.1
overexpression larvae. n > 15 tests. (B) Activation of GCaMP3-expressing class 1V da
neurons after 2-second blue light (470 nm) illuminations (t=0). (C) Quantification of the
maximum somatic fluorescence (AF/F) of GCaMP3-expressing class 1V da neurons. n > 20
neurons. (D) Light/dark preference of third instar larvae carrying torso, TrpAl and/or Rh5
mutations. n = 15 tests.
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Fig. 4. PTTH/Torso signaling promotes light avoidance during the entirelarval period, allowing
animalsto moveto adark placefor pupal development

(A) Foraging and wandering larvae with indicated genotypes were tested in a light/dark
assay. n = 9 tests. (B) Light/dark preference for pupariation assayed on animals with
indicated genotypes. n = 9 tests. (C) Light/dark preference for pupariation in six different
isogenic wild Drosophila melanogaster lines. n > 7 tests. (D) Schematic representation of
the two separate PTTH/Torso signaling functions at pupariation.
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