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Supplementary Note 

In this Supplementary Note, we describe the quantitative analysis and biophysical model that we 
have used to understand neck folding. Section 1 details the registration and quantification approaches to 
quantitatively measure neck folding and average it over multiple animals in different mutant contexts. 
In Section 2 we build upon these quantitative methods, the 3D characterization of cell shape and laser 
ablation experiments to explore the contributions of apical constriction, apical-basal shortening, cell 
delamination associated with apoptosis and buckling in the regulation of neck folding. In Section 3, 
based on the analysis of the distribution of MyoII, the curvature of the Dfd domain and mechanical 
stress estimation, we then provide a self-contained description of the simple physical consideration 
leading to the modeling of neck folding. Last, in Section 4 we provide additional considerations 
regarding the geometrical feedback associated with the stabilization of neck curvature, independently 
of the initial heterogeneity in curvature. 

1. Registration and quantification of neck folding and normal deepening speed.  

In order to quantify neck fold invagination and deepening speed the Ecad::3xGFP signal was imaged 
in the head-thorax region of a pupa by acquiring z-stacks covering a depth of 40 µm below the initial 
tissue plane. Upon z-stack projection, the resulting image at 14-17 hAPF was first visualized in top view 
in order to (i) identify the landmark macrochaetae located in the head and in the thorax necessary for 
spatial registration along the medial-lateral (PositionML) and anterior-posterior axes (PositionAP) 
(Supplementary Fig. 1c and see also Methods section for details); and (ii) to track the apical fold front, 
which is located at the neck-thorax boundary. The z-stacks were then resliced (20 µm, region indicated 
by red brackets in Supplementary Fig. 1c) around the location of the apical fold front to obtain transverse 
views along the ML axis (Supplementary Fig. 1d, blue line defines position of apical fold front). The 
animal midline position was used as the axis of bilateral symmetry (dashed orange line in Supplementary 
Fig. 1c-f) and enabled to define coordinates along the ML axis (PositionML). The PositionML = 0% can 
be used as the ML position of the center of convergence of neck invagination since it corresponds to the 
position of the neck in the adult: its location was estimated using pictures of the back of the adult head 
on a transverse section (Supplementary Fig. 1e,f). The apical fold front was then tracked in time 
(Supplementary Fig. 1g). The depth of the apical fold front was then calculated for each PositionML and 
each time point (Supplementary Fig. 1h). Finally, for each time point, depths were averaged for 
PositionML between -250% and 250% to obtain the curve of the apical fold front deepening dynamics in 
each analyzed animal (Supplementary Fig. 1i), then averaged over multiple animals. 

2. Analyses of the contribution of apical constriction, cell apical-basal shortening, delamination 
and compressive tissue flows in neck folding.  

We explored known mechanisms of tissue folding to analyze whether they might explain the 
observed neck folding: (i) cell apical constriction concomitant with basal relaxation1–10; (ii) apical-basal 
shortening11–14; (iii) delamination associated with cell apoptosis15,16; and (iv) tissue buckling due to 
compressive stresses3,17–22. As shown in Supplementary Fig. 6, our data indicate that these mechanisms 
do not contribute substantially to neck folding. 
(i) Apical constriction concomitant with basal relaxation: In folds driven by apical constriction, apical 
cell length reduces in a direction perpendicular to the folding axis, while basal cell length increases; thus 
leading to cell wedging. This is controlled by distinct apical and basal tension changes in a direction 
perpendicular to the fold23. In contrast, here neck cells did not wedge along the AP axis (i.e. 
perpendicular to the fold axis) between 16 hAPF and 24 hAPF, but cells reduced their basal sides more 
than their apical sides (Supplementary Fig. 6a-d). In addition, we found that apical and basal recoil 
velocities perpendicular to the fold (i.e., AP orientation) are low and similar (Supplementary Fig. 2a). 
Therefore, the observed cell shape changes and the apical and basal tensions indicate that neck folding 
is unlikely to be mediated by known apical constriction mechanisms driving folding.  



 
 

3 

(ii) Apical-basal shortening: The tissue apical-basal shortening around the fold front corresponded to 
only a very small fraction of the fold depth (Supplementary Fig. 6e,f). As lateral tension increase has 
been linked with apical-basal shortening11–14, this agrees with the finding that lateral cell tension is too 
low to be detectable by lateral cell laser ablation (Supplementary Fig. 6g,h). Therefore, apical-basal 
shortening is not a main contributor to neck folding in the pupa. 
(iii) Folding driven by delamination associated with apoptosis: In contrast to apoptosis-driven 
folding15,16, here neck cell delamination was not concomitant with a local and transient apical plane 
bending (Supplementary Fig. 6k). Moreover, reducing apoptosis in the neck by overexpressing the anti-
apoptotic Diap1 gene using a Dfd-GAL4 driver (Dfd>Diap1) did not prevent folding, and if anything, 
slightly increased its speed (Supplementary Fig. 6l,m). While Dfd has been reported to control segment 
boundary formation by promoting apoptosis in the Drosophila embryo folding24, apoptosis does not 
appear to be a major contributor of neck folding. 
(iv) Tissue buckling: To test the role of putative compressive flows in neck folding, we aimed at 
abrogating the converging head and thorax tissue flows by laser ablation prior to folding. These laser 
ablations disrupted the head and thorax flow of cells (Supplementary Fig. 6n), but they did not abrogate 
the initiation of neck invagination (Supplementary Fig. 6o). Yet, around 6 h following ablation, the 
deepening speed started to decrease relative to non-ablated control tissue, presumably as a long-term 
consequence of the tissue stretching observed in the head and thorax cells near the ablation sites 
(Supplementary Fig. 6n,o). We therefore tested whether the head and thorax flows are needed to 
maintain neck folding by performing similar ablations during folding. When head and thorax tissue 
flows were abrogated at 21 hAPF, neck folding proceeded normally (Supplementary Fig. 6o). These 
ablation experiments therefore suggest that head and thorax compressive flows are not required during 
the initiation and the maintenance phases of neck folding. 
Collectively, these experimental findings indicate that the aforementioned mechanisms of tissue folding 
do not make a major contribution during neck folding. 

3. Neck folding modeling and energy dissipation. 

Here we provide a self-contained description of neck folding modeling, as a thin layer the movement 
of which is driven by Laplace force and limited by viscous dissipation.  

 
a. Balance between Laplace and viscous forces.  
The magnitude of the Laplace force, per unit length of curve, is the tension 𝐓 multiplied by the 

curvature 𝜅. Since neck folding is associated with large scale tissue flows, we have favored a viscous 
description of energy dissipation. Inertia being negligible with respect to viscous dissipation, we write 
that the sum of the Laplace force and of the normal dissipative force is zero; the normal dissipative force 
being the deepening speed (velocity 𝐯𝐧 of the curve along the vector normal to the curve), multiplied by 
an unknown negative dissipative prefactor, −µ. So, the prediction is that 𝜅𝐓 − µ𝐯𝐧	 = 	0 or 
equivalently, that 𝐯𝐧 is proportional to 𝜅𝐓 and is directed inwards. Note that this prediction 𝜅𝐓 −
µ𝐯𝐧	 = 	0 is local and involves the tension independently of its cause and of the boundary conditions 
(whether anchored or periodic). 

b. Thin layer description. 
From the theoretical point of view, since the tissue thickness (~10 µm) is smaller than the neck radius 

(~300 µm) of curvature, the tissue can reasonably be treated as a thin layer. From the experimental point 
of view, the physical model presented here is a data-driven analysis using the classical equation of 
Laplace force, of general validity, to perform predictions. Altogether, this model of a line under tension 
yields correct predictions of neck folding dynamics for both control and mutant conditions in which 
mechanical tension is altered. 

We have chosen to treat the apical and basal sides of the tissue separately based on the following 
experimental and theoretical considerations. We have delineated how genetic regulators, Dfd, Tollo and 
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Dys/Dg determine apical and basal tensions. The apical "tension times curvature" product correlates 
with the apical tissue velocity, which determines the apical line position versus time; while the basal 
"tension times curvature" product correlates with the basal velocity which determines the basal line 
position versus time. The apical quantities are determined with a better signal-to-noise ratio than the 
basal ones. Both apical and basal velocities are well and separately predicted by the model up to an 
unknown prefactor, so the absolute values of the velocities are not predicted. The apical and basal 
prefactors can differ (for instance due to differences in the basal or apical ECM), thus the difference 
between apical and basal velocities is not predicted. At each time, the difference between apical and 
basal line positions determines the tissue thickness, which is thus downstream of genetics and velocities, 
and varies with time. We have quantified this thickness variation with time. Last, our experimental data 
do not suggest applying the equation of Laplace force to the tissue as a whole to try to predict a « tissue 
velocity » using the product of a « tissue curvature » with a « tissue tension ». In particular, the velocities, 
curvatures and tensions differ on apical and basal sides, so that defining them at tissue scale might be 
ambiguous. 

c. Negligible effect from the coverslip on the energy dissipation. 
As the neck epithelium harbors an apical ECM (aECM, the cuticle), the coverslip used for live 

imaging is not in direct contact with the epithelium. In principle, the presence of the coverslip in contact 
with the aECM could indirectly modulate the friction, the adhesion between the aECM and the 
epithelium, as well as compress the tissue. The friction of the epithelium on the aECM could induce a 
force on apical cell surfaces, opposed to the velocity of cells along the coverslip. This, however, would 
not modify the components of the force and velocity which we observe here, which are perpendicular 
to the coverslip. Therefore, even if the coverslip-induced flattening changed the friction between the 
aECM and the epithelium, this would not explain the strong correlation between the deepening speed 
and the product of curvature and tension. In addition, in principle the coverslip could hinder the cell 
movements for instance through adhesion. There are strong indications that this is not the case: (i) all 
the thorax imaging published so far was performed using similar coverslip flattening, yet thorax flow 
and tissue deformation reproducibly occur at large scale25,26; (ii) before 18 hAPF, the neck cells actively 
move and the neck tissue deforms in plane, hence it is unlikely that cells would be strongly attached 
(Supplementary Movie 1); (iii) in Figs. 5d and 6j, instead of a linear relationship we would have detected 
a discontinuity (within experimental uncertainty in the curvature measurement, we would have detected 
at least a significant difference) between the attached part of the tissue, which would have zero 
deepening velocity, and the non-attached tissue, which is curved and free to invaginate. In summary, the 
strong linear correlation between the deepening speed and the product of curvature and tension (recoil 
velocity) can reasonably exclude that the local modulation of neck folding dynamics with coverslip 
flattening could be explained by the friction or the adhesion between the aECM and the epithelium in 
the regions flattened by the coverslip. 

d. Negligible effect from the coverslip on other mechanical properties. 

The flattening conditions might induce compression on the tissue. Therefore, in principle all the 
experiments that modulate curvature could also alter concomitantly at least another property of the 
tissue. In particular, the flattening we impose slightly affects the tension (Supplementary Fig. 11a,b). In 
principle, it could also affect the mechanical properties of the neck and surrounding tissues, especially 
through mechanotransduction. Here, the relative change of surface due to the flattening, estimated by 
comparing the initial surface length before flattening (the arc of circle) with the flattened surface width 
(the corresponding chord) is of order of 3.7 ± 0.5%. The shear deformation, estimated by the ratio of 
tissue surface displacement towards the pupa center to the flattened surface width, is of order of 
10.6 ± 1.3%. This is well within linear elasticity27, "linear" meaning here that the effects are proportional 
to the cause, and hence likely to remain of order of a few percent too: the modification of mechanical 
properties is expected to remain moderate. We note that tissue thickness at the midline measured at 18 
hAPF has a large variability and is 8.6 ± 1.8 µm for flattened animals (N = 10) vs 7.5 ± 1 µm for non-
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flattened ones (N = 10); hence the effect of flattening, which is to increase rather than to decrease the 
tissue thickness, is not significant (p = 0.11). In addition, what we ultimately check is that even if the 
values of tension, curvature or velocity change, their correlation remains and is compatible with the 
equation of Laplace force, and thus, with a role of curvature in tuning the spatiotemporal dynamics of 
neck invagination. 

4. Robustness and temporal evolution of neck curvature upon flattening. 

Upon medial flattening of the neck region, the curvature of the midline region gradually increases in 
time as the neck folds (Supplementary Fig. 11d) and the curvature increase propagates from the more 
lateral regions to the more medial ones (Supplementary Fig. 11e). Therefore, while the medial neck 
region is initially flat, over time its curvature becomes like the one observed in the absence of medial 
flattening. Such stabilization of the neck curvature is a property of curvature-driven movements that 
robustly yields a homogeneous curvature when shrinking. In fact, consider a curve in which the curved 
regions move faster than less curved ones. Then, for purely geometrical reasons, when this curve shrinks 
the curved regions shrink faster, the less curved regions shrink more slowly, and their curvature 
increases until it equals that of the more curved regions. Hence, the curve shape robustly becomes an 
arc of a circle (i.e., has a spatially homogenous curvature). Note that in principle another known 
mechanism could lead to curvature homogenization, namely if the dissipation coefficient µ was 
anisotropic as is the case when the curve moves within a crystalline lattice28,29. Here, because of the 
experimental quantitative linear agreement of the product of tension and curvature with deepening 
speed, such anisotropic mechanism is excluded. 
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Supplementary Figures and legends 

Supplementary Fig. 1: Quantification of neck folding dynamics. 

(a) Graph of the neck, head, and thorax apical cell anisotropy (± sd) at 13 hAPF (n = 40 cells from N = 2 
pupae for each tissue region). ANOVA: Neck vs Head p = 1e-6, Neck vs Thorax p = 1e-6, Head vs 
Thorax p = 0.118. 
(b) 3D image of Ecad::3xGFP and Dfd localizations in the dorsal neck region at 24 hAPF to illustrate 
the distribution of Dfd in the most lateral region of the neck region accessible with our imaging setup. 
The cropped version is shown in Fig. 1c.  
(c) Top view image of the head, neck and thorax regions labelled by Ecad::3xGFP at 16 hAPF. Red and 
yellow circles, landmark macrochaetae of the head and thorax, respectively, used to define the 
coordinates along the ML (PositionML) and AP (PositionAP) axes. Green line, neck-thorax boundary. 
Orange dashed line, midline position. Orange brackets at the neck-thorax interface corresponds to a 20 
µm box used to track the apical fold front in transverse sections. The magenta bracket indicates the neck 
region. 
(d) Transverse view at 16 hAPF of the apical fold front region labelled by Ecad::3xGFP. PositionML are 
indicated. Blue line, apical fold front. Orange dashed line, midline position. 
(e) Transverse view of the back of the adult head. Blue dashed line: estimated flattening applied by the 
coverslip on the animal during imaging. Grey circle: estimated center of convergence of neck folding. 
Orange dashed line, axis of bilateral symmetry and distance between midline and center (approximately 
200 µm). Red circles, landmark macrochaetae of the head. 
(f) Position of apical fold front on transverse view at 16 hAPF, plotted with the estimated center of 
convergence of neck invagination (grey circle). Orange dashed line, axis of bilateral symmetry and 
distance between midline and center (approximately 200 µm). The black dashed lines indicate the 
approximate successive positions of points at given PositionML during neck folding.  
(g) Color-coded successive positions of the apical fold front for the animal shown in (d) tracked over 
developmental time. Black dashed lines represent the estimated successive positions of points at given 
PositionML during neck folding. The successive positions were determined using the estimated center of 
convergence (see e,f). 
(h) Graph of the depth of apical fold front as a function of PositionML and developmental time. White 
dashed lines delimit the +250% and -250% PositionML between which fold depth is averaged at each 
time point to generate the graph in (i). 
(i) Graph of the average depth of apical fold front (between PositionML = -250% and 250%) of the animal 
in (d) versus developmental time.  
Source data are provided as a Source Data file. 
Scale bars, 40 µm (b), 50 µm (c-g). ANOVA, ns p > 0.5, **** p < 0.00001. 
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Supplementary Fig. 2: Actin organization, measurements of apical and basal tensions and neck 
apical folding. 

(a) Graph of the apical (top panels) and basal (bottom panels) initial recoil velocities (mean ± sd) after 
ablations measured along the AP and ML axes at 22 hAPF in head (apical N = 18 pupae, basal N = 10 
pupae), neck (apical and basal N = 18 pupae) and thorax (apical N = 19 pupae, basal N = 16 pupae) 
regions to estimate AP and ML tissue tension. Welch test: Head apical AP vs ML p = 0.028, Neck apical 
AP vs ML p = 6.29e-11, Thorax apical AP vs ML p = 4.7e-4, Head basal AP vs ML p = 6.63e-3, Neck 
basal AP vs ML p = 5.07e-08, Thorax basal AP vs ML p = 0.475. Circular ablations were used to 
measure recoil simultaneously along both the AP and the ML axes. As AP tension is negligible all further 
reported measurements of recoil velocities were performed in a rectangular ROI (b) to analyze ML tissue 
recoil velocities. 
(b) Top view images of utrABD::GFP actin labelling in the apical and basal neck tissue at 22 hAPF 
prior to ML ablation (t = 0 s) and after ablation (t = 7 s) in the indicated ROIs (red dashed boxes). Yellow 
arrows indicate tissue recoil used to measure tissue recoil velocity between t = 1 s and t = 7 s to estimate 
tissue tension. 
(c) Graph of the apical versus basal ML recoil velocity after laser ablation at different developmental 
times. Each point is the mean value (± sd) among 127 animals for a given color-coded developmental 
time. The correlation between the two recoil velocities is indicated (R² = 0.95). 
(d) Top view image of the neck region labelled by Ecad::3xGPF at 21 hAPF indicating the two regions 
(medial, dark blue and lateral, light blue) where apical and basal recoil velocities were measured after 
laser ablation (see e and f). Dashed line, midline position. Yellow line, neck-thorax boundary. 
(e) Graph of the ML apical initial recoil (mean ± sd, averaged with a 2 h sliding window) velocities 
measured upon ablation in the medial (dark blue, N = 127 pupae) and lateral (light blue, N = 45 pupae) 
neck regions as a function of developmental time. Horizontal boxes: p-values of Welch tests performed 
between pupae ablated medially and laterally at successive time points (white p > 0.05, striped p < 0.05, 
solid p < 0.01). 
(f) Graph of the ML basal initial recoil (mean ± sd, averaged with a 2 h sliding window) velocities 
measured upon ablation in the medial (dark blue, N = 127 pupae) and lateral (light blue, N = 45 pupae) 
neck regions as a function of developmental time. Horizontal boxes: p-values of Welch tests performed 
between pupae ablated medially or laterally at successive time points (white p > 0.05, striped p < 0.05, 
solid p < 0.01). 
(g) Transverse view time-lapse images of the neck region at 18, 21 and 24 hAPF in wt and Dfd-GAL4 
control conditions, as well as in Dfd>RokRNAi, Dfd>MyoIIRNAi, Dfd>MbsRNAi representative animals. 
Tissues are labelled with Ecad::3xGFP. Colored lines outline the position of the apical fold front at 
successive time points (blue 18 hAPF, yellow 21 hAPF, red 24 hAPF). Note that in the Dfd>MbsRNAi 
the tissue has moved out of the field view at 24 hAPF and the apical fold front line cannot be shown. 
(h) Graph of the apical neck depth (blue, mean ± sem) in pupae mock injected with H2O (blue, N = 6 
pupae) and 50 mM Y-27632 (red, N = 8 pupae) as a function of developmental time. Apical neck depth 
is defined relative to the initial position of the AJ labeled by Ecad::3xGFP at the onset of imaging. The 
region in grey corresponds to the period during which the injection was performed, and time-lapse 
imaging was stopped (see Methods for details). Horizontal boxes: p-values of Welch tests performed 
between pupae injected with H2O or Y-27632 at successive time points (white p > 0.05, striped p < 0.05, 
solid p < 0.01). 
Source data are provided as a Source Data file. 
Scale bars, 20 µm (b), 50 µm (d,g). Welch test, ns p > 0.5, * p < 0.05, ** p < 0.01, *** p < 0.001. 
  



AP ML

0

4

2

A
pi

ca
l r

ec
oi

l v
el

oc
ity

 (
µm

.s
ec

-1
) Head

AP ML

0

4

2

A
pi

ca
l r

ec
oi

l v
el

oc
ity

 (
µm

.s
ec

-1
) Neck

AP ML

0

4

2

A
pi

ca
l r

ec
oi

l v
el

oc
ity

 (
µm

.s
ec

-1
) Thorax

0

4

2

B
as

al
 r

ec
oi

l v
el

oc
ity

 (
µm

.s
ec

-1
)

AP ML

Head

AP ML

0

4

2

B
as

al
 r

ec
oi

l v
el

oc
ity

 (
µm

.s
ec

-1
) Neck

AP ML

0

4

2

B
as

al
 r

ec
oi

l v
el

oc
ity

 (
µm

.s
ec

-1
) Thorax

***

***

*
***

** ns

a

R²=0.95

c

0

1

2

3

B
as

al
 r

ec
oi

l v
el

oc
ity

 (
µm

.s
ec

-1
)

Apical recoil velocity (µm.sec-1)
0 1 2

16

20

24T
im

e 
(h

A
P

F
)

b

ut
rA

B
D

::G
F

P

apical basal0 sec

1 sec

7 sec

1 sec

7 sec

0 sec

14 16 18 20 22 24
Time (hAPF)

0

1

2

3

A
pi

ca
l r

ec
oi

l v
el

oc
ity

 (
µm

.s
ec

-1
) Medial

Lateral

p>0.05 p<0.05 p<0.01

14 16 18 20 22 24
Time (hAPF)

0

1

2

3

B
as

al
 r

ec
oi

l v
el

oc
ity

 (
µm

.s
ec

-1
)

p>0.05 p<0.05 p<0.01

Medial
Lateral

fe

g

E
ca

d:
:3

xG
F

P

wt

E
ca

d:
:3

xG
F

P

Dfd-GAL4

21 hAPF

24 hAPF

18 hAPF

21 hAPF

24 hAPF

18 hAPF

Dfd>MbsRNAi

E
ca

d:
:3

xG
F

P

Dfd>RokRNAi

E
ca

d:
:3

xG
F

P

Dfd>MyoIIRNAi

E
ca

d:
:3

xG
F

P 21 hAPF

24 hAPF

18 hAPF

21 hAPF

24 hAPF

18 hAPF

21 hAPF

24 hAPF

18 hAPF

h

60

p>0.05 p<0.05 p<0.01

0

10

20

30

40

50 H2O
Y-27632

-2 -1 0 1 2
Time (h)

D
ep

th
 (

µm
)

d

E
ca

d:
:3

xG
F

P

21 hAPF



 
 

8 

Supplementary Fig. 3: Dfd, Tollo and Dys/Dg regulate the assembly of neck apical and basal 
actomyosin structures and neck folding dynamics. 

(a) Dfd (grey left, magenta right) and basal F-Actin (grey middle, green right) localization in the neck 
region at 22 hAPF in control Dfd>GAL4 and Dfd>DfdRNAi mutant tissues. The regions outlined in orange 
on the left panels are shown next to it with a higher gain. At high gain, some Dfd signal can be detected 
in the neck in Dfd>DfdRNAi mutant tissues and the neck region appears enlarged in this mutant condition. 
In particular, the most anterior domain (blue brackets) of the Dfd expression domain does not seem to 
be affected. Magenta brackets, neck region. 
(b) Transverse view time-lapse images of the neck region at 18, 21 and 24 hAPF in wt and Dfd-GAL4 
control conditions, as well as in a Dfd>DfdRNAi representative animal. Tissues are labelled with 
Ecad::3xGFP. Colored lines outline the position of the apical fold front at successive time points (blue 
18 hAPF, yellow 21 hAPF, red 24 hAPF). 
(c) Graph of the neck apical cell anisotropy (± sem) for Dfd-GAL4 (n = 45 cells from N = 3 pupae for 
13 and 14.5 hAPF, n = 105 cells from N = 7 pupae for 16, 18, and 20 hAPF), Dfd>DfdRNAi (n = 30 cells 
from N = 2 pupae for 13 and 14.5 hAPF, n = 105 cells from N = 7 pupae for 16, 18, and 20 hAPF), 
Dfd>DgRNAi (n = 45 cells from N = 3 pupae for 13 and 14.5 hAPF, n = 120 cells from N = 8 pupae for 
16, 18, and 20 hAPF) and Dfd>TolloRNAi (n = 45 cells from N = 3 pupae for 13 and 14.5 hAPF, n = 105 
cells from N = 7 pupae for 16, 18, and 20 hAPF) between 13 and 20 hAPF.  
(d) Basal F-actin localization (top) and segmentation of the F-actin fibers color-coded by orientation 
(bottom) at 21 hAPF in control Dfd>GAL4, Dfd>DfdRNAi and Dys mutant tissues. Segmented F-actin 
fibers are colored according to their orientation, ranging from 0° (along ML axis) to 90° (along the AP 
axis). While F-Actin fiber orientation is affected in Dfd>DfdRNAi and Dys mutant tissues (e), the 
phalloidin signal level is similar to the ones observed in control Dfd>GAL4 mutant tissues. Blue and 
magenta brackets indicate the thorax and neck regions respectively where F-actin fiber orientation was 
analyzed. 
(e) Graph of the F-actin fibers orientation relative the ML axis (mean ± sd) in control Dfd-GAL4 (N = 9 
pupae), Dfd>DfdRNAi (N = 9 pupae) and Dys (N = 7 pupae) mutant tissues quantified in the neck (left) 
or the thorax (right) regions at 21 hAPF. Each F-actin fiber orientation is measured between 0 and 90° 
relative to the ML axis (i.e., 0° corresponding to a fiber parallel to the ML axis). Each dot is the fiber 
orientation averaged for one animal. Welch test: Neck Dfd>DfdRNAi p = 2.82e-07, Dys p = 1.19e-3, 
Thorax Dfd>DfdRNAi p = 0.097, Dys p = 3.09e-3. 
Source data are provided as a Source Data file. 
Scale bars, 20 µm (a,d), 50 µm (b). Welch test, ns p > 0.5, ** p < 0.05, *** p < 0.001. 
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Supplementary Fig. 4: Tollo and Dys/Dg mutant neck folding dynamics. 

(a) Sagittal view of Tollo::YFP (grey left, green right) and F-actin (magenta right) distributions in the 
neck region at 21 hAPF. 
(b) Sagittal view of Dg::GFP (grey left, green right) and F-actin (magenta right) distributions in the neck 
region at 21 hAPF. 
(c) Sagittal view of Dys::GFP (grey left, green right) and F-actin (magenta right) distributions in the 
neck region at 21 hAPF. 
(d) Transverse view time-lapse images of the neck region at 18, 21 and 24 hAPF in wt and Dfd-GAL4 
control conditions, as well as in Dfd>TolloRNAi, Tollo, Dys, Dg and Dfd>DgRNAi representative animals. 
Tissues are labelled with Ecad::3xGFP, except for Dg which is labelled with ubi-Ecad::GFP. The 
ubi:Ecad::GFP transgene also promotes Ecad::GFP expression in circulating cells that are present below 
the tissue. Colored lines outline the position of the apical fold front at successive time points (blue 18 
hAPF, yellow 21 hAPF, red 24 hAPF). 
(e) Graph of apical neck depth (mean ± sem) in wt (N = 10 pupae) and Tollo (N = 7 pupae) mutant 
tissues as a function of developmental time. Horizontal box: p-values of Welch tests performed between 
the wt control and Tollo mutant condition at successive time points (white p > 0.05, striped p < 0.05, 
solid p < 0.01). 
(f) Graph of apical neck depth (mean ± sem) in Dfd-GAL4 (N = 9 pupae) and Dfd>DgRNAi (N = 9 pupae) 
mutant tissues as a function of developmental time. Horizontal box: p-values of Welch tests performed 
between the Dfd-GAL4 control and Dfd>DgRNAi mutant condition at successive time points (white 
p > 0.05, striped p < 0.05, solid p < 0.01). 
Source data are provided as a Source Data file. 
Scale bars, 10 µm (a-c), 50 µm (d). 
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Supplementary Fig. 5: Interplays between Tollo and Dg function during neck folding. 

(a) Graph of apical neck depth (mean ± sem) in Dfd-GAl4 control (N = 9 pupae), Dfd>DfdRNAi (N = 8 
pupae), Dys (N = 12 pupae), Dfd>TolloRNAi (N = 11 pupae) and Dys,Dfd>TolloRNAi (N = 8 pupae) 
mutant tissues as a function of developmental time. Horizontal boxes: p-values of Welch tests performed 
between the Dfd-GAl4 control and Dfd>DfdRNAi (orange) or Dfd>TolloRNAi (dark grey) or 
Dys,Dfd>TolloRNAi (purple) as well as between wt control and Dys (green) at successive time points 
(white p > 0.05, striped p < 0.05, solid p < 0.01). 
(b) Basal Dg::GFP (grey left, green right) and F-actin (grey middle, green right) distributions in control 
Dfd>GAL4 (top) and Dfd>TolloRNAi (bottom) mutant tissues at 21 hAPF. Magenta brackets, neck region.  
(c) Apical Tollo::YFP (grey top, green bottom) in DgRNAi clones, marked by Caax::BFP accumulation 
(magenta bottom right) at 21 hAPF. Yellow dashed line, outlines of DgRNAi clones. A close up of the 
region outlined in orange is shown next to the panel. Yellow line, neck-thorax boundary. 
Source data are provided as a Source Data file. 
Scale bars, 20 µm.  
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Supplementary Fig. 6: Analyses of the contribution of apical constriction, cell apical-basal 
shortening, delamination and compressive tissue flows in neck folding (see also Supplementary 
Note).  

(a) Sagittal view images of the PH::GFP labelled cell membranes in the neck region at 16 and 24 hAPF. 
Arrows indicate neck-thorax interface. 
(b) 3D views of a row of cells in the head, neck and thorax regions centered around the midline at 16 
and 24 hAPF. 
(c) Graphs of the apical (left, Welch test p = 0.26) and basal (middle, Welch test p = 8e-5) cell length 
(mean ± sd) along the AP axis (𝑙AP) at 16 hAPF and 24 hAPF and of the apical-basal cell shape changes 
along the AP axis between 16 and 24 hAPF (right, t-test p = 3.2e-4) measured using the PH::GFP 
marker. The apical-basal cell shape change along the AP axis was measured as the ratio between the 
apical and basal cell length variation along this axis. For each time point 75 cells were measured from 
N = 3 pupae.  
(d) Graphs of the apical (left, Welch test p = 0.133) and basal (middle, Welch test p = 0.833) cell length 
(mean ± sd) along the ML axis (𝑙ML) at 16 hAPF and 22 hAPF and of the apical-basal cell shape changes 
along the ML axis between 16 and 24 hAPF (right, t-test p = 0.148) measured using the PH::GFP 
marker. The apical-basal cell shape change along the ML axis was measured as the ratio between the 
apical and basal cell length variation along this axis. For each time point 75 cells were measured from 
N = 3 pupae. t-test, ns p > 0.05. 
(e) Transverse view kymograph of the neck region labelled by Ecad:3xGFP from 16 to 24 hAPF. Blue 
and pink dashed lines indicate the successive apical (blue) and basal (pink) fold front positions of the 
neck tissue, respectively. 
(f) Graph of apical neck depth (blue, mean ± sem) and of cumulative tissue height reduction (red, mean ± 
sem) as a function of developmental time (N = 10 pupae). Apical neck depth is defined relative to the 
initial position of the AJ labeled by Ecad::3xGFP. Tissue height is defined by the difference between 
the apical and basal Ecad::3xGFP signal (see e). 
(g) Images of apical-basal Ecad::3xGFP distribution on a transverse view in the neck region at 21 hAPF 
prior to ablation and 30 sec after ablation of the lateral region (red dashed box). Arrowheads, positions 
of Ecad::3xGFP labelled tissue prior to and after ablation. Since this laser power is sufficient to ablate 
the actomyosin network of the tissue at a deeper position to trigger tissue recoil, we can safely consider 
that this regime is sufficient to ablate the lateral cortex to estimate recoil velocity. 
(h) Graph of the out of plane (N = 11 pupae) recoil velocity (mean ± sd) upon lateral tissue ablation. 
(i) Graph of the ML apical initial recoil velocities in the medial neck region (mean ± sd) without (control) 
(N = 30 pupae) and after a preceding basal tissue ablation (N = 13 pupae). Welch test p = 0.33. Ablations 
were performed at 22 ± 1 hAPF. 
(j) Graph of the ML basal initial recoil velocities in the medial neck region (mean ± sd) without (control) 
(N = 13 pupae) and after a preceding apical tissue ablation (N = 30 pupae). Welch test p = 0.38. 
Ablations were performed at 22 ± 1 hAPF. 
(k) Top (top panels) and lateral view (bottom panels) time-lapse images of Ecad::3xGFP and 
MyoII::3xmKate2 in a neck cell which is delaminating. Yellow arrows, contours of the delaminating 
cell. Note the absence of tissue bending in the apical plane during delamination (bottom panels). 
(l) Graph of delamination events (mean ± sd) from 14 hAPF to 21 hAPF in control tissue (Dfd-GAL4, 
N = 8 pupae) and tissue overexpressing Diap1 (Dfd>Diap1, N = 8 pupae). Delamination events were 
quantified in an equivalent neck region centered around the midline in all animals. Welch test p = 1e-5. 
(m) Graph of apical neck depth (mean ± sem) in control Dfd-GAL4 (N = 9 pupae) and Dfd>Diap1 
(N = 12 pupae) tissues as a function of developmental time. Horizontal box: p-values of Welch tests 
performed between the Dfd-GAL4 control and Dfd>Diap1 mutant condition at successive time points 
(white p > 0.05, striped p < 0.05, solid p < 0.01). 
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(n) Distribution of Ecad::3xGFP at 24 hAPF in control wt (left) and ablated wt pupa (right, dashed red 
boxes) at 17 hAPF in the head and in the thorax tissue prior to folding onset. White box indicates region 
shown in center panel. In the left panel an equivalent region is shown in the control tissue. Orange 
arrows, average flow speed vectors from 21 hAPF to 24 hAPF measured by PIV (5 µm.h-1, orange 
arrows in the bottom left). Note that tissue flows are strongly reduced except very close to the 
invagination position. Also note that in the ablated pupa, the cells are stretched along the AP axis 
(compare control, left panel with ablated, middle panel). 
(o) Graph of apical neck depth (mean ± sem) in control wt pupae (N = 10 pupae) and in wt pupae where 
head and thorax tissue were ablated prior to folding (17 hAPF) (N = 5 pupae) or ablated at 21 hAPF 
(N = 7 pupae) as a function of developmental time. Horizontal boxes: p-values of Welch tests performed 
between experimental condition and the wt control at successive time points color coded according to 
experimental condition (white p > 0.05, striped p < 0.05, solid p < 0.01). 
Source data are provided as a Source Data file. 
Scale bars, 5 µm (g,k), 10 µm (a,b), 50 µm (n). Welch test, ns p > 0.5, *** p < 0.001 (c, d left and 
middle,i,j,l). t-test: ns p > 0.05, *** p < 0.001 (c,d right).  
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Supplementary Fig. 7: Imaging with and without coverslip as well as Myosin and Ecad 
distributions as a function of curvature. 

(a,b) Top view (top panels) and transverse view (bottom panels) images of the neck region labelled by 
Ecad::3xGFP at 18 hAPF of the same pupa imaged without coverslip using an air objective (a) and with 
a coverslip that locally flattened the tissue using an oil objective (b). Image acquisition settings (laser 
power and exposure time) are identical in the two conditions. As expected, the image quality is higher 
using an oil objective and a coverslip. Dashed line, midline position. Inset: enlargement of the square. 
(c,d) Graphs of the normalized MyoII (c) and Ecad (d) signal (± sem) in the neck region along the ML 
axis as a function of the local tissue curvature in 21 hAPF pupae imaged with medial coverslip flattening 
(N = 10 pupae). While the curvature is spatially heterogeneous, the MyoII and Ecad signals remain 
homogeneous along the ML axis. ANOVA, p = 0.9. 
Source data are provided as a Source Data file. 
Scale bars, 50 µm.  
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Supplementary Fig. 8: Apical recoil velocities as well as folding dynamics in wt and mutant 
conditions. 

(a) Graphs of the ML apical initial recoil velocity (mean ± sd, averaged with a 2 h sliding window) after 
ablation in the neck region in control Dfd-GAL4 (N = 125 pupae) and wt (N = 127 pupae) tissues, and 
in Dfd>RokRNAi (N = 57 pupae), Dfd>MyoIIRNAi (N = 48 pupae), Dfd>DfdRNAi (N = 106 pupae), 
Dfd>MbsRNAi (N = 61 pupae), Dfd>TolloRNAi (N = 90 pupae), Dg (N = 57 pupae) and Dys (N = 108 
pupae) tissues. Horizontal box: p-values of Welch tests performed between experimental condition and 
either the Dfd-GAl4 or wt control at successive time points (white p > 0.05, striped p < 0.05, solid p < 
0.01). 
(b) Graph of the apical fold front deepening speed and of the product of curvature and ML tension 
estimated by laser ablation in Dfd>MyoIIRNAi, Dfd>DfdRNAi and Dys. Datasets from Fig. 2e, Fig. 3a and 
Supplementary Fig. 8a were used (see corresponding figure legends for sample size). A line passing 
through the origin was fitted (R² values are indicated). 
(c) Graph of the proportionality coefficients of deepening speed with respect to product of curvature 
times recoil velocity (± sd) for indicated genotypes. Datasets from Fig. 5e and Supplementary Fig. 8b 
were used (see corresponding figure legends for sample size). The slopes of the linear fit were extracted 
for each animal to calculate average slopes and the standard errors. Across all conditions, the slope 
average is 0.35 µm and its standard deviation is 0.06 µm.  
Source data are provided as a Source Data file. 
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Supplementary Fig. 9: Basal folding dynamics in wt tissues. 

(a) Transverse view time-lapse images of the neck region labelled by Ecad::3xGFP at 18, 21 and 24 
hAPF. Pink line, position of the basal fold front. Dashed line, midline position. 
(b) Successive positions of the basal fold front color coded according to time (top), tissue curvature 
(middle) and the deepening speed (bottom) for an individual pupa. Dashed line, midline position. 
(c) Graph of the basal fold front deepening speed versus curvature. Each point is the mean value (± sem) 
among 10 control animals for a given PositionML at a given color-coded developmental time. For each 
developmental time, a line passing through the origin was fitted (R² values are indicated). 
(d) Graph of the basal fold front deepening speed versus the product of curvature (mean ± sem) and ML 
basal initial recoil velocity after laser ablation in the neck region (mean ± sem) for a given PositionML at 
a given color-coded developmental time. Datasets from Fig. 2d and Supplementary Fig. 9c were used 
(see corresponding figure legends for sample size). A line passing through the origin was fitted using 
average values (R² = 0.81). 
Scale bars, 20 µm. 
Source data are provided as a Source Data file. 
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Supplementary Fig. 10: Basal recoil velocities as well as folding dynamics in wt and mutant 
conditions. 

(a) Graphs of the ML basal initial recoil velocity (mean ± sd, averaged with a 2 h sliding window) after 
ablation in the neck region in control Dfd-GAL4 (N = 125 pupae) and wt (N = 127 pupae) tissues, and 
in Dfd>RokRNAi (N = 57 pupae), Dfd>MyoIIRNAi (N = 48 pupae), Dfd>DfdRNAi (N = 106 pupae), 
Dfd>MbsRNAi (N = 61 pupae), Dfd>TolloRNAi (N = 90 pupae), Dg (N = 57 pupae) and Dys (N = 108 
pupae) tissues. Horizontal box: p-values of Welch tests performed between experimental condition and 
either the Dfd-GAl4 or wt control at successive time points (white p > 0.05, striped p < 0.05, solid 
p < 0.01). 
(b) Graph of the basal fold front deepening speed (mean ± sem) and of the product of curvature and ML 
basal tension estimated by laser ablation (mean ± sem) for a given PositionML at a given developmental 
time for all tested experimental conditions. Datasets used are the ones in Fig. 5f for the tracking of the 
basal fold front and basal recoil velocity measurements from Supplementary Fig. 9 and Supplementary 
Fig. 10a (see corresponding figure legends for sample size). A line passing through the origin was fitted 
(R² = 0.60). 
Source data are provided as a Source Data file. 
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Supplementary Fig. 11: Temporal evolution of neck curvature upon flattening. 

(a) Graph of the ML apical initial recoil velocity (mean ± sd, averaged with a 2 h sliding window) after 
ablation in the neck region in pupae with (flattened, N = 127 pupae) and without (non-flattened, N = 72 
pupae) coverslip flattening. Horizontal box: p-values of Welch tests performed between flattened and 
non-flattened pupae at successive time points (white p > 0.05, striped p < 0.05, solid p < 0.01). 
(b) Graph of the ML basal initial recoil velocity (mean ± sd, averaged with a 2 h sliding window) after 
ablation in the neck region in pupae with (flattened, N = 127 pupae) and without (non-flattened, N = 71 
pupae) coverslip flattening. Horizontal box: p-values of Welch tests performed between flattened and 
non-flattened pupae at successive time points (white p > 0.05, striped p < 0.05, solid p < 0.01). 
(c) Graph of the proportionality coefficients of deepening speed with respect to product of curvature 
times recoil velocity in medially flattened, non-flattened and laterally flattened conditions (± sd). 
Datasets of Fig. 4d, and Fig. 5e,j were used (see corresponding figure legends for sample size). The 
slopes of the linear fit were extracted for each animal to calculate average slopes and the standard errors. 
Flattening affects both the curvature times tension and the velocity, but their relationship is unchanged 
(they remain proportional to each other with the same slope), indicating that the dissipation is 
unchanged, and more generally the morphogenetic mechanism remains the same. 
(d) Graph of the curvature (blue, mean ± sem) and of the deepening speed (red, mean ± sem) of the 
apical fold front as a function of time for the flattened midline region in 10 control animals mounted 
using classical mounting with coverslip (flattening). Note that the curvature gradually increases in time, 
which is accompanied by an increase in the deepening speed. 
(e) Color-coded evolution of the mean curvature of the apical fold front as a function of the PositionML 
in 10 control animals mounted with coverslip flattening. Note the propagation of curvature from lateral 
to the medial as the apical fold front deepens and the transition from heterogenous curvature before 19 
hAPF to a homogenous curvature after 22 hAPF (outlined by black dashed arrows). White dashed line, 
midline position. 
(f) Top view (top) and transverse view (bottom) images of Ecad::3xGFP labelling in the apical neck 
tissue at 16 hAPF prior to tissue severing ablation of each lateral side of the neck (red dashed boxes) 
and at 24 hAPF after ablation. A close up of the region outlined in orange is shown below the panel. 
White arrows indicate autofluorescent yolk granules. Note that these granules reside in the hemolymph 
underneath the epithelium prior to ablation (16 hAPF), but after ablation (24 hAPF), are near the most 
apical side of the tissue close to the cuticle which covers the epithelium (yellow arrow).  
(g) Graph of the ML apical initial recoil velocities (mean ± sd) upon probe ablation in the medial neck 
region in pupae with coverslip flattening (N = 8) and in pupae with coverslip flattening after lateral side 
tissue severing ablations (N = 10). The probe ablations to measure recoil velocities were performed at 
24 ± 0.5 hAPF, ~9h after the first lateral tissue severing ablations were performed to isolate the medial 
tissue region. Welch test p = 0.54. 
(h) Graph of the ML basal initial recoil velocities (mean ± sd) upon probe ablation in the medial neck 
region in pupae with coverslip flattening (N = 8) and in pupae with coverslip flattening after lateral side 
tissue severing ablations (N = 10). The probe ablations to measure recoil velocities were performed at 
24 ± 0.5 hAPF, ~9h after the first lateral tissue severing ablations were performed to isolate the medial 
tissue region. Welch test p = 0.998. 
Source data are provided as a Source Data file. 
Scale bars, 50 µm. Welch test, ns p > 0.05. 
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Supplementary Table 1. Drosophila alleles and transgenes. 

Drosophila stock Reference or Source 
Ubi-Ecad::GFP Ref 25,30,31 
Ecad::3xGFP Ref 32 
Ecad::3xmKate2 Ref 32 
utrABD::GFP  Ref 33 
MyoII::3xGFP Ref 32 
MyoII::3xmKate2 Ref 32 
PH::GFP Ref 34 
UAS-LifeAct::Ruby Bloomington Stock Center (#35545) 
Tollo::YFP Ref 35 
Dg::GFP This study 
Dys::GFP Bloomington Stock Center (#59782) 
UAS-Diap1 Bloomington Stock Center (#6657) 
sqhRNAds Bloomington Stock Center (#33892) 
RokRNAds Bloomington Stock Center (#28797) 
MbsRNAds Bloomington Stock Center (#41625) 
DysRNAds Bloomington Stock Center (#55641) 
DfdRNAds Vienna Drosophila Resource Center (v50110) 
DgRNAds Vienna Drosophila Resource Center (107029) 
TolloRNAds Bloomington Stock Center (#28519) 
Tollo59 Ref 36 
TolloC5 Ref 37 
Dg086 Ref 38 
Dg043 Ref 38 
DysE17 Ref 39 
DysExel6184 Ref 38 
hs-flp Bloomington Stock Center (#8862) 
Act>CD2>Gal4, UAS-Caax:tBFP Ref 40 
Act-GAL4  Bloomington Stock Center (#3954) 
Ubi-GAL80ts Bloomington Stock Center (#7017) 
Dfd-GAL4 This study 
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