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Fig. 9. See next page for legend.
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preference scores from a light–dark quadrant assay measured after
light–electroshock training are not apparently more negative for L1
than for L3 (Fig. 5B) (Sawin-MacCormack et al., 1995). This could
imply that in assays of that type, more time needs to be allowed
for L1 to reveal the full extent of their light avoidance and/or of
light–electroshock associative memory. In other words, what
appears to be an inability to form light–electric shock associations
in L1 may partially reflect that assay conditions are suboptimal for
L1, revealing only a weak trend for aversive memory (Fig. 5). Data
on the behaviour of L1 in a light gradient are not yet available.
Considering that in addition to suboptimal assay conditions there

may be ‘true’ biological reasons for the poor light–electroshock
association scores in L1, we note that L1 are capable of learning
with electroshock as punishment if odours are used for association
(Aceves-Piña and Quinn, 1979). This implies that it may be visual
processing, rather than electric shock processing, that is not permissive
for association formation. In this context, it seems relevant that
serotonergic neurons innervating the larval optic neuropil start to form
extensive ramifications only in late, wandering L3 (Mukhopadhyay
and Campos, 1995); this innervation has previously been related to the
loss of light avoidance upon the transition from feeding L3 to
wandering L3 (Sawin-MacCormack et al., 1995). Also, the larval
mushroom body lacks serotonergic innervation (Blenau and Thamm,

2011; Giang et al., 2011; Huser et al., 2012); specifically, the
serotonergic CSD neuron is present in larvae, yet innervates the
mushroom bodies only after metamorphosis (Huser et al., 2012; Roy
et al., 2007). It is therefore tempting to speculate that alterations in
serotonergic signalling may be partially responsible for differences in
light aversion and/or light–electroshock associative learning across
larval stages, in particular as pupariation approaches. Changes in
serotonergic signalling may also impact other behavioural alterations
along the larval–pupal transition, such as changes in geotaxis,
aggregation and locomotion.

Brain organization: the mushroom bodies as an exceptional
case
To date, surprisingly few discrepancies have been revealed between
an L1 nervous system reconstructed at synaptic resolution from the
electron microscope versus what was known before from studies
based on light microscopy. Arguably, the most significant of these
discrepancies, in addition to what has been mentioned above
regarding the serotonin system, relates to the mushroom body, a
higher-order brain centre of insects required for learning and
memory (Heisenberg, 2003). That is, the number of mushroom
body-intrinsic Kenyon cells (KCs) increases from about 100 in L1
(Eichler et al., 2017) to 800–1200 in L3 (Ito and Hotta, 1992). In no
other case have similarly massive increases in neuron number
during larval stages been reported. If the added KCs were simply
redundant to the already existing ones, one may interpret this as
reflecting the need for a better signal to noise ratio in L3 because of
their higher speed of locomotion. Interestingly, however, a group of
about 20 early-born KCs qualitatively differs from the later-born ones
in their connectivity to the second-order sensory projection neurons
(PNs) that map sensory information onto the KCs (Eichler et al.,
2017). That is, each early-born KC has just one claw, a postsynaptic
specialization by which it connects to just one PN. In turn, PNs
connect to just one such early-born KC, plus, later on, a random set of
about 4–8 later-born KCs. These later-born KCs typically sample 2–6
PNs. Thus, for the earliest set of PN–KC connections, a 1:1
connectivity makes sure that all PNs get fairly sampled. Once this is
achieved, combinatorial and randomized PN–KC connections are
added to fine-tune the sensory representation across the KCs. This
implies that mushroom body function in L1 is more narrowly
constrained by a 1:1 PN–KC connectivity than is the case in L3. As
far as associative olfactory learning abilities are concerned, this does
not seem to lead to qualitative differences in mnemonic ability
between L1 and L3 (Fig. 3) (Aceves-Piña and Quinn, 1979;
Heisenberg et al., 1985; Scherer et al., 2003; Neuser et al., 2005;
Niewalda et al., 2008; Gerber and Hendel, 2006; Pauls et al., 2010;
El-Keredy et al., 2012; Schleyer et al., 2015a). Clearly, however,
differences in, for example, the stimulus-specificity of memory, in the
ability to detect components from compound stimuli or the ability to
discern stimuli from contextual background may be expected.

Taken together, despite massive growth, there appears to be a
phase of relative stability in brain organization between L1 and L3.
Clearly, however, profound reorganization then takes place during
the pupal stages and into early adulthood (Levine et al., 1995;
Truman, 1996; Consoulas et al., 2000; Tissot and Stocker, 2000).
As discussed above for the visual system as an example, much of
this is indeed foreshadowed at the end of larval life, as larvae
develop out of feeding L3 and into wandering L3 and pupae. These
changes in behavioural and brain organization during the larval–
pupal transition may warrant a separate survey.

In conclusion, our results show a striking match in the
behavioural faculties of L1 and L3. Keeping due caveats in mind,

Fig. 9. Video tracking of chemotaxis. (A–A″) Example tracks, based on
centroid positions, for L1 (A) and L3 (A′) in a reconstructed odour gradient
visualized by the colour scale. A″ shows tracks of L1 in the absence of odour,
i.e. in this case the colour code indicates a ‘fictive’ odour landscape. (B–B″)
Example trajectories of individual larvae in the three experimental conditions.
The starting positions aremarkedwith a black dot. The trajectory of the centroid
is shown in black; the trajectory of the head is shown in magenta. Positions
corresponding to turns are marked in green. (C–C″) Time courses of
concentrations [normalized concentration, C(t)] corresponding to the example
trajectories shown in B–B″. Turning manoeuvres are typically implemented
after a prolonged period of moving down the odour gradient, in both L1 and L3
(C,C′). In the absence of odour, no such relationship is observed relative to a
fictive odour source (C″). (D–D″) Turn-triggered averages of the relative
changes in odour concentration (dC/dt) at the centroid (black) and at the head
(magenta). When moving down-gradient, the beginning of the turning
manoeuvre in both L1 and L3 is associated with a sharp rise in odour
concentration at the head, corresponding to a head cast towards the odour
source. This entails acceptance of the new direction and completion of the
turning manoeuvre (D,D′). Note that turning manoeuvres in the absence of an
odour (F″) do not show these features relative to a fictive odour source (D″).
(E–E″) Within an odour gradient, turns are more likely to take place towards
rather than away from the odour, in both L1 and L3 (E,E′). According to the
convention used, for positive bearings, left turns reorient the larva up the odour
gradient, i.e. effectively towards the odour source. Such turns were most likely
for bearing angles around 90 deg; that is, when the larvae were oriented
perpendicularly to the odour gradient. For negative bearings, turns towards the
right reorient the larvae up the odour gradient; these are most frequent at
−90 deg. In the absence of odour, no such relationship is observed relative to a
fictive odour source (E″). Error bars represent an estimate of the standard error
calculated based on a bootstrap procedure. (F–F″) Turn-triggered averages of
head speed (magenta) and centroid speed (black) during turning manoeuvres.
Before a turn, centroid speed declines, while head speed increases. This is the
case for both L1 and L3 navigating in an odour gradient (F,F′), and is also true
for turning manoeuvres in the absence of odour (F″). Error bars show the
confidence interval (5th to 95th percentile). Note the approximately 5-fold
higher speed in L1 (F,F″) than in L3 (F′). (G–G″) Trajectories during run periods
in an odour gradient are often bent up the odour gradient, i.e. towards the odour
source (A,A′). To quantify the underlying behaviour, weathervaning was
measured as the relationship between the average instantaneous reorientation
rate (IRR) and the local bearing angle. This shows that both L1 and L3 bent
their runs most strongly toward the odour source when oriented
perpendicularly to it, i.e. at bearings of ±90 deg. The grey arrow indicates the
direction of the odour gradient. Error bars show the confidence interval (5th to
95th percentile). Sample sizes are given within the figure.
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Fig. 10. Stability and dynamics of transgene expression across larval stages. (A) Schematic overview of the body plan and internal organs of an L3 (modified
from Demerec and Kaufmann, 1972; image courtesy of The Carnegie Institution). (B) Confocal projections of L1 and L3 nervous systems for four different driver
strains of the Janelia collection (Li et al., 2014). For L1, separate projections are provided for the brain (br) and the ventral nervous system (v). The chosen strains
maintain expression, visualized via anti-GFP staining of brains from crosses of the indicated driver strains with UAS-GFP, inmany of the same neurons throughout
larval stages. R16F06 shows expression in the AVM011 interneurons of the brain (arrowhead) and in two pairs of segmentally repeated interneurons. R26G02
shows expression in the APL neuron (arrowhead) that innervates the mushroom bodies. R53F05 expresses in a variety of brain interneurons and segmental
sensory neurons, and R68B06 expresses in embryonic-born Kenyon cells of the mushroom bodies (arrowhead). In the latter line, expression in the segmental
interneurons is largely lost before stage 3 is reached. In other cases, additional expression may be seen in stage 3 (not shown). Indeed, expression patterns often
are dynamic across larval stages (Li et al., 2014), such that they must be ascertained on a case-by-case basis. The scale bar represents 100 µm.
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it thus appears valid to interpret the behavioural faculties of L3 in
the context of the electron microscope-based synaptic connectome
described for L1, and vice versa.

Acknowledgements
We thank J. Herrmann for help with the FIM set-up (Münster), H. Reim, C. Tauber,
J. Saumweber and B. Kracht for laboratory assistance (Magdeburg), Aljoscha Nern
and Gerald Rubin (Janelia) for kindly providing the UAS-HA stock, and R. Glasgow,
Zaragoza, Spain, for language editing.

Competing interests
The authors declare no competing or financial interests.

Author contributions
Conceptualization: B.G., C. Klaembt, M.J.P., A.S.T.; Formal analysis: M.J.A.-C.,
D.B., A.B., Y.C., K.E., C.E., P.M.F., B.G., N.H., X.J., J.K., C. Klaembt, C. Koenig,
M.L., B.M., A.M., C.M., D.M., T.N., N.O., E.P., M.J.P., M.P., N. Ramsperger,
N. Randel, B.R., T.S., P. Schlegel, M.S., P. Soba, S.G.S., T.T., N.T., J.W.T., A.Y.,
M.Z.; Investigation: M.J.A.-C., D.B., A.B., Y.C., K.E., C.E., P.M.F., N.H., X.J., J.K.,
C. Koenig, M.L., B.M., A.M., C.M., D.M., N.O., E.P., M.P., N. Ramsperger,
N. Randel, B.R., T.S., P. Schlegel, M.S., P. Soba, S.G.S., T.T., N.T., J.W.T., A.Y.,
M.Z.; Writing - original draft: Y.C., B.G., T.N. Writing - review & editing: M.J.A.-C.,
D.B., A.B., Y.C., K.E., C.E., P.M.F., B.G., N.H., X.J., J.K., C. Klaembt, C. Koenig,
M.L., B.M., A.M., C.M., D.M., T.N., N.O., E.P., M.J.P., M.P., N. Ramsperger,
N. Randel, B.R., T.S., P. Schlegel, M.S., P. Soba, S.G.S., T.T., A.S.T., N.T., J.W.T.,
A.Y., M.Z.; Project administration: Y.C., B.G., C. Klaembt, T.N., M.J.P., A.S.T.

Funding
The Gulbenkian/Melbourne group was supported by the Fundaça ̃o para a Ciência e
a Tecnologia (FCT; post-doctoral fellowship to M.J.A.-C.: SFRH/BPD/75993/2011;
exploratory grant toM.J.A.-C. andC.K.M.: EXPL/BEX-BID/0497/2013). TheMünster
group was supported by the Cluster of Excellence Cells in Motion (CiM) and the CiM
International Max Planck research school (CiM-IMPRS). The Barcelona group was
supported by the Spanish Ministry of Economy and Competitiveness, ‘Centro de
Excelencia Severo Ochoa 2013-2017’ (SEV-2012-0208), the CERCA Programme/
Generalitat de Catalunya, the ‘la Caixa’ International PhD Programme, and the
SpanishMinistryof Science and Innovation (BFU2011-26208). The LIN-GoLMgroup
receivedsupport from theWissenschaftsgemeinschaftGottfriedWilhelmLeibniz, the
State of Sachsen-Anhalt, the Center for Behavioral Brain Sciences Magdeburg and
the Otto von Guericke Universität Magdeburg, as well as from the Deutsche
Forschungsgemeinschaft (CRC 779 Motivated behaviour: B11; GE1091/4-1) and
the European Commission (FP7-ICT project Miniature Insect Model for Active
Learning MINIMAL). The Janelia group received support from the Howard Hughes
Medical Institute. The Fribourg group was supported by a starter grant from the
European Research Council (ERC-2012-StG 309832-PhotoNaviNet) and the Swiss
National Science Foundation (31003A_169993). The Hamburg group was
supported by the Deutsche Forschungsgemeinschaft (SPP 1926, Next generation
optogenetics, SO1337/2-1), and the Landesforschungsförderung Hamburg (LFF-
FV27). The LIN-MolSysBiol group received support from the
Wissenschaftsgemeinschaft GottfriedWilhelm Leibniz, the State of Sachsen-Anhalt,
the Center for Behavioral Brain Sciences Magdeburg and the Deutsche
Forschungsgemeinschaft (CRC 779 Motivated behaviour: B15; YA272/2-1). The
Bonn group was supported by the Deutsche Forschungsgemeinschaft (PA 787/7-1)
andCluster of Excellence ImmunoSensation. TheKonstanz groupwas supported by
Deutsche Forschungsgemeinschaft (TH1584/1-1, TH1584/3-1), the Baden-
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C. (2013). FIM, a novel FTIR-based imaging method for high throughput
locomotion analysis. PLoS ONE 8, e53963.

Risse, B., Otto, N., Berh, D., Jiang, X. and Klämbt, C. (2014). FIM imaging and
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