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Abstract

How morphogenetic movements are robustly coordinated in space and time is a fundamental open
question in biology. We study this question using the wing of Drosophila melanogaster, an epithelial
tissue that undergoes large-scale tissue flows during pupal stages. Previously, we showed that pupal
wing morphogenesis involves both cellular behaviors that allow relaxation of mechanical tissue stress,
as well as cellular behaviors that appear to be actively patterned (Etournay et al., 2015). Here,
we show that these active cellular behaviors are not guided by the core planar cell polarity (PCP)
pathway, a conserved signaling system that guides tissue development in many other contexts. We
find no significant phenotype on the cellular dynamics underlying pupal morphogenesis in mutants of
core PCP. Furthermore, using laser ablation experiments, coupled with a rheological model to describe
the dynamics of the response to laser ablation, we conclude that while core PCP mutations affect the
fast timescale response to laser ablation they do not significantly affect overall tissue mechanics. In
conclusion, our work shows that cellular dynamics and tissue shape changes during Drosophila pupal

wing morphogenesis do not require core PCP as an orientational guiding cue.
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1 Introduction

The spatial-temporal pattern of mechanical deformation during tissue morphogenesis is often guided
by patterns of chemical signaling. Precisely how chemical signaling couples with the mechanics of
morphogenesis, however, remains an active area of research. One conserved chemical signalling pathway
that is known to be patterned across tissues is the core planar cell polarity (PCP) pathway, composed
of a dynamic set of interacting membrane proteins that polarizes intracellularly within the plane of a
tissue. Tissue-scale alignment of this pathway is known to orient cellular structures, such as hairs and
cilia, and influence dynamic cellular behaviors during morphogenesis, such as cellular movements and cell
divisions, through interactions with the cytoskeleton (reviewed in Butler and Wallingford, 2017; Deans,
2021; Devenport, 2014).

Here, we examine a potential role for the core PCP pathway in the dynamics and mechanics of
morphogenesis using the Drosophila pupal wing. The Drosophila wing is a flat epithelium that can be
imaged at high spatial-temporal resolution in vivo during large-scale tissue flows that elongate the wing
blade (Aigouy et al., 2010; Etournay et al., 2015; Guirao et al., 2015). During the pupal stage, the proximal
hinge region of the wing contracts and pulls on the blade region, generating mechanical stress that is
counteracted by marginal connections mediated by the extracellular matrix protein Dumpy (Etournay
et al., 2015; Ray et al., 2015). As a consequence, the tissue elongates along the proximal-distal (PD)
axis and narrows along the anterior-posterior (AP) axis to resemble the adult wing. Both cell elongation
changes and cell rearrangements are important for tissue deformation. To some extent, mechanical stress
induces these cell behaviors. However, the reduction of mechanical stress in a dumpy mutant does not
completely eliminate cell rearrangements, suggesting that there could be other patterning cues that drive
oriented cell rearrangements (Etournay et al., 2015). We therefore wondered whether chemical PCP
systems could orient cell behaviors, such as cell rearrangements, during pupal blade elongation flows.

In the Drosophila wing, there are two PCP systems termed Fat and core PCP (Adler, 2012; Butler
and Wallingford, 2017; Devenport, 2014; Matis and Axelrod, 2013). The Fat PCP system consists of
two cadherins Fat and Dachsous, a cytoplasmic kinase Four-jointed and an atypical myosin Dachs. The
core PCP system is composed of two transmembrane proteins Frizzled (Fz) and Flamingo or Starry
night (Fmi, Stan), the transmembrane protein Strabismus or Van Gogh (Stbm, Vang), and the cytosolic
components Dishevelled (Dsh), Prickle (Pk), and Diego (Dgo). Our group has shown that tissue-scale
patterns of PCP emerge during larval stages and then are dynamically reoriented during pupal tissue
flows (Aigouy et al., 2010; Merkel et al., 2014; Sagner et al., 2012). At the onset of blade elongation
flows, both systems are margin-oriented, however as morphogenesis proceeds, core PCP reorients to point
along the proximal-distal axis, whereas Fat PCP remains margin-oriented until very late, when it reorients
towards veins (Figure 1-Figure Supplement 1A-B) (Merkel et al., 2014). Whether these PCP systems and
their reorientation influence tissue dynamics and mechanics during blade elongation flows is unknown.

The core PCP pathway has been shown to influence numerous processes in Drosophila tissue
development. These include hexagonal cell packing in the late pupal wing (Classen et al., 2005; Sugimura

et al., 2016), as well as patterning of ommatidial clusters in the developing eye (Jenny, 2010; Zheng et al.,
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1995), orientation of cell division in sensory organ precursors (Gho and Schweisguth, 1998), formation of
joints in the legs (Capilla et al., 2012), and regulation of tracheal tube length (Chung et al., 2009). In
many cases, the mechanism connecting the core PCP pathway to cell dynamics and tissue mechanics is
unclear. Recent studies suggest, however, that core PCP may act in concert with Nemo kinase to regulate
cell rearrangements in the eye (Founounou et al., 2021; Mirkovic et al., 2011) and with the Drosophila
NuMA ortholog Mud to orient cell division orientation in the sensory organ precursors (Ségalen et al.,
2010).

Here, we examine cellular dynamics in tissues mutant for core PCP and we find that they are largely
unperturbed, indicating that core PCP does not have an essential role in organizing global patterns of cell
rearrangements in the pupal wing. We also performed an extensive analysis of the mechanics using laser
ablation, developing a rheological model to interpret the results. We find that mutants in core PCP differ
from wild type in the initial recoil velocity upon laser ablation. We find, however, that this difference
is produced from the very fast timescale response, which does not appear to affect morphogenesis and

overall tissue stresses, consistent with the lack of phenotype in cellular dynamics.
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2 Results

2.1 Core PCP does not guide cellular dynamics during pupal blade

elongation flows

To investigate the role of core PCP in orienting cell behaviors during pupal blade elongation flows,
we analyzed cell dynamics in wild type (wt) and three different core PCP mutant tissues: prickle
(pk®?, abbreviated as pk), strabismus (stbmf, abbreviated as stbm), and flamingo (fmi™*, aka stan/™
abbreviated as fmi). In pk, the core and Fat PCP systems remain aligned together toward the margin
and the magnitude of Stbm polarity is reduced (Merkel et al., 2014). The mutants stbm and fmi are
strong hypomorphs, where the core PCP network is strongly reduced (Figure 1-Figure Supplement 1A-B)
(Merkel et al., 2014). We analyzed shape changes of the wing blade during blade elongation flows and
decomposed these changes into contributions from cell elongation changes and cell rearrangements, which
include cell neighbor exchanges, cell divisions, cell extrusions, and correlation effects (Figure 1) (Etournay
et al., 2015; Merkel et al., 2017).

In wt, the wing blade elongates along the PD axis (blue line in Figure 1D). Cells first elongate along
the PD axis and then relax to more isotropic shapes (green line in Figure 1D). Cell rearrangements,
however, go the opposite direction, initially contributing to AP deformation, before turning around to
contribute to PD deformation (magenta line in Figure 1D). We introduce here a relative timescale, where
we measure time in hours Relative to the Peak in Cell Elongation (hnRPCE). This new scale allows us to
handle variation in the timing of the onset of the blade elongation flows, which we have observed recently
(see Appendix 1).

In core PCP mutants, we find that the dynamics of tissue shear, cell elongation changes, and cell
rearrangements, when averaged across the entire blade, occur normally (Figure 1D-D”’). We observe
that by the end of the process, only slightly lower total shear appears to occur in the core PCP mutants,
caused by slightly less cell rearrangements, but these subtle changes are not statistically significant
(Figure 1-Figure Supplement 2C). The cellular dynamics contributing to isotropic tissue deformation are
also broadly the same between wt and core PCP mutant tissues (Figure 1-Figure Supplement 2D-E).
We also looked for differences in the behavior of regions of the wing blade subdivided along the PD axis
(Figure 1-Figure Supplement 3), as previous work has shown that distal regions of the wing blade shear
more at early times, whereas proximal regions start deforming later (Merkel et al., 2017). Again, we do
not find strong differences between core PCP mutants and wt when we subdivide the wing into regions
along the PD axis (Figure 1-Figure Supplement 3, Figure 1-Figure Supplement 4).

From this analysis, we conclude that core PCP is not required to determine the global patterns of cell
dynamics during blade elongation flows. Interestingly, core PCP mutants do have a subtle but significant
phenotype in the adult wing shape: pk and stbm (but not frmi) mutant wings are slightly rounder and
wider than wt (Figure 1-Figure Supplement 5I). In principle, these small differences could arise after the
blade elongation flows studied here. However, it is also possible that the we could not reliably detect these

subtle differences in pupal wings due to the small number of wings per genotype we were able to analyze
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Figure 1: Core PCP does not orient cellular behaviors and tissue reshaping during pupal blade elongation
flows: (A) Cartoon of pupal wing dissection at 16 hAPF and imaging using a spinning disk microscope. (B-B’’) Images of
a wt wing at -7, 0, and 9 hRPCE (for this movie these times correspond to 16, 23, and 32 hAPF). The green and orange regions
correspond to the hinge and blade, respectively. Anterior is up; proximal to the left. Scale bar, 100 pm. (C) Schematic of the
cellular contributions underlying anisotropic tissue deformation. The tissue shear rate component v,,, which quantifies the rate
of anisotropic tissue deformation along the proximal-distal wing axis, is decomposed into deformations arising from the rate of
change of cell shapes DQg; /Dt and the deformations arising from the cellular rearrangements R,, (Etournay et al., 2015; Merkel
et al., 2017). Total shear is the sum of cell elongation changes (green) and cell rearrangements (magenta). (D-D’”’) Accumulated
proximal-distal (Cum PD) tissue shear during blade elongation flows in the blade region averaged for (D) wt (n=4), (D’) pk (n=3),
(D) stbm (n=3), and (D’”’) fmi (n=2) movies. Solid line indicates the mean, and the shaded regions enclose & SEM. Differences in
total accumulated shear are not statistically significant (Figure 1-Figure Supplement 2C). Time is relative to peak cell elongation
(hRPCE).

Figure 1-Source Data 1. Numerical data of Figure 1D-D’”/. Figure 1-Supplement 1. Dynamics of PCP systems during
pupal blade elongation flows. Figure 1-Supplement 2. Cell behaviors analysis during pupal blade elongation flows. Figure
1-Supplement 3. Regional analysis of cell behaviors. Figure 1-Supplement 4. Regional analysis of cell behaviors at the end of

pupal blade elongation flows. Figure 1-Supplement 5. Adult wing shape analysis. SUPPLEMENTARY DATA: S4.1.

(n =2 —4). To illustrate this point, we used the pool of adult wings (n = 53 for wt, n = 47 for pk, n = 74
for stbm, and n = 56 for fmi), where the phenotype is significant, to understand the probability that a
sample of smaller size m would provide a significant signal, see Figure 1-Figure Supplement 5J. For m = 3,
corresponding to the number of pupal wings we analyzed, we find that only about 20% of samples show
a significant phenotype. In other words, if the same magnitude of difference occurred during the blade
elongation flows as in the adult, we would have only about 20% chance to observe it. Therefore, core PCP
could subtly influence the cell dynamics occurring at this stage. To investigate this possibility, we next

looked for a possible difference in mechanical stresses in core PCP mutants.
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2.2 A rheological model for the response to laser ablation

We investigated cell and tissue mechanics in core PCP mutants using laser ablation in a small region of the
wing blade. We used a region located between the second and third sensory organs in the intervein region
between the L3 and 1.4 longitudinal veins, which is a region that is easy to identify throughout blade
elongation flows (Figure 2A). We cut 3-4 cells in a line along the AP axis and measured the displacement
of the tissue (Figure 2A, Video 1). We calculate the initial recoil velocity v by measuring the average
displacement of ablated cell membranes at the first observed time-point after the ablation, §t = 0.65s
(see Materials and Methods 5.6.1). Previously, we reported that initial recoil velocity measured along the
PD axis in wt peaks around -8 hRPCE (20 hAPF in Iyer et al., 2019), and therefore we first focus on
this timepoint. We find that core PCP mutants have significantly lower initial recoil velocity (Figure 2B,
Figure 2-Figure Supplement 1A), suggesting that there is a mechanical defect in these mutants.

As initial recoil velocity is often used as a proxy for mechanical stress (e.g. Etournay et al., 2015;
Farhadifar et al., 2007; Iyer et al., 2019; Mayer et al., 2010), this result seems to suggest that the PCP
mutant wings generate less mechanical stress during blade elongation flows, even though the cellular
dynamics are at best only subtly perturbed. To explore this phenotype in more detail, we considered that
the response to laser ablation is not exactly a direct measure of mechanical stress, as it is also affected
by cellular material properties. We thus further analyzed the full kinetics of the linear laser ablations,
focusing on the pk mutant, and developed a rheological model to interpret the results. When plotting
displacement of the nearest bond to ablation over time, we realized that a single exponential relaxation
cannot account for the observed behavior (Figure 2-Figure Supplement 1B right). We obtained a good fit
of the data by introducing a second relaxation timescale (Figure 2C). The slow timescale (~20 s) accounts
for most of the timecourse of displacement changes, but the fast timescale (<1 s) is required to account for
first 5-10 datapoints, see Figure 2-Figure Supplement 1B left). We therefore developed a model consisting
of two Kelvin-Voigt (KV) elements in series (Figure 2D) to represent the tissue after ablation. The two
KV elements have different elastic constants (ks and k) and viscosities (n; and 7). Before ablation, the
system is subjected to a constant stress (o) and contains a spring with elastic constant k, which represents
the cell patch that will be ablated. Upon ablation, the third spring is removed which leads to change in
strain of our rheological model. We represent this strain by a displacement Az as a function of time given
by

Az(t)=X;(1—e )+ X, (1 —e ), (1)

where Xy = ok/ky is the displacement associated with the fast timescale, 7 = ny/ks, and X = ok/k; is
the displacement associated with the slow timescale, 7, = ns/ks. Here, s = k/(k + k) is the fraction of the
overall system elasticity lost due to ablation (see Materials and Methods 5.6.3) and k = kgsks/ (ks + ky) is
the elasticity of the two KV elements connected in series. With this model, we presume the properties of
the ablated cell itself, including its membrane, adhesion proteins, and actomyosin cortex likely dominate
the fast timescale response. The slow timescale response is a collective effect emerging from the ablated
cell together with its surrounding cellular network.

We analyzed the experimentally measured displacement over time for each ablation and then fit the
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data to our model with four parameters (X, X, 77, and 75) (Eq 1, Figure 2E-E"’). Surprisingly, we find
that the only parameter that changes between pk and wt is Xy, the displacement associated with the fast
timescale (Figure 2E-E"’). To interpret this result, we consider that these four fitted parameters constrain
the five mechanical model parameters (Figure 2D) but do not provide a unique solution. Since only one
measured parameter changes, we asked what is the simplest set of model parameter changes that could
have such an effect. To this end, we first note that the measured values of Xy and X, (1.8 — 2.6 um vs
6 — 8 pm, respectively) indicate k¢ > ks and therefore the overall elasticity of our rheological model is
largely determined by the elasticity of the slow relaxation k =~ k. If we also consider that the contribution
to the elasticity of the cellular patch from the ablated cells, represented by k in the model, is small, then
we can approximate k ~ k/ks and therefore Xy ~ ok/(ksky), (see Materials and Methods 5.6.2). Is the
observed phenotype in the fast timescale displacement X, due to a change in tissue stress o or a change
in the elastic constants?

To address this question, we sought to probe mechanical stress in the wt and pk mutant, independent
of the ablation recoil velocity. To do so, we used a method called ESCA (Elliptical Shape after Circular
Ablation) (Dye et al., 2021), which uses circular laser ablation and quantifies the resulting elliptical tissue
outline once the mechanical equilibrium is established (Figure 2F and Materials and Methods 5.6.2).
Analysis of the elliptical tissue outline provides information about two-dimensional stresses present in the
tissue before the ablation. In particular, we measure the magnitude of the anisotropic shear stress tensor,
normalized by the shear elastic modulus &/(2K) and the isotropic stress normalized by the area elastic
modulus /K. The stress o in the simple rheological model presented above would correspond to tissue
stress normal to the linear laser ablation axis and therefore it is a linear combination of both ¢/(2K) and
09/K. ESCA also provides an estimate of the ratio of shear and area elastic constants 2K /K.

Using ESCA, we find no significant difference between wt and pk mutants in anisotropic and isotropic
stress magnitudes, nor in the ratio of elastic constants (Figure 2F’-F” and Figure 2-Figure Supplement
1C). Since the ratio o/ks defined in the rheological model is related to the normalized tissue stresses
and elastic moduli, which do not change as shown by ESCA, we conclude that that o/k, is not different
between wt and pk. Therefore, we account for the observed changes of fast timescale displacement X
in the pk mutant with a change of the single elastic constant k;. In this scenario, iy changes together
with the ky, such that 74 = 1y /ky is conserved. This suggests that fast elasticity and viscosity are not
independent but stem from a microscopic mechanism that controls the relaxation timescale. An example
of such mechanism is turnover of the acto-myosin network, although this mechanism would be too slow to
account for the fast relaxation timescale we observe. The conclusion that only the short time response to
the ablation, and not the tissue stress, is affected in the pk mutant is consistent with the lack of a clear

phenotype in the large-scale tissue flows (Figure 1).
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Figure 2: Rheological model for the response to laser ablation: (A) Schematic of a wt wing at -8 hRPCE. Linear laser
ablation experiments were performed in the blade region enclosed by the red square. Dots on the wing cartoon indicate sensory
organs. The red line corresponds to the ablation, and the kymograph was drawn perpendicularly to the cut (yellow). Scale bar,
5 pm. (B) Initial recoil velocity upon ablation (simplified as recoil velocity in the y-axis title) along the PD axis at -8 hRPCE for
wt (gray) and pk (blue) tissues (n>9). Significance is estimated using the Mann—-Whitney U test. ***, p-val<0.001. (C) Example
of the measured displacement after laser ablation (black dots) and corresponding exponential fit of the mechanical model (red
curve). The blue and green regions highlight the displacement in the fast and slow timescale, respectively. (D) Description of the
mechanical model that was devised to analyze the tissue response upon laser ablation. After the cut, the spring with elastic constant
k is ablated (red scissor), and the tissue response is given by the combination of the two Kelvin-Voigt models arranged in series.
These two correspond to the fast response given by k; and 1y and the slow response given by ks and n,. The mechanical stress o is
constant. The membrane displacement Az (t) is calculated as a sum of the displacement (X ;) associated with the fast timescale (7y)
and the displacement (X;) associated with the slow timescale (75). (E-E’”’) Values obtained for each of the four fitting parameters
when fit to the data. (E) Displacement associated with the fast and (E’) slow timescale for wt (gray) and pk (blue). (E’’) Fast
and (E"") slow timescale for wt (gray) and pk (blue) (n>5). Significance is estimated using the Student’s t-test. **  p-val<0.01;
ns, p-val>0.05. (F) Example of a circular laser ablation used for analysis with ESCA. The left image shows the final shape of the
ablation around 2 min after cut, and the right image shows the corresponding segmented image, where the inner and outer pieces
were fit with ellipses. After the fitting, the model outputs the anisotropic and isotropic stress (equations shown on the right side).
Scale bar, 20 um. A=Anterior, P*=posterior, D=distal, P=proximal. (F’) Anisotropic stress 5/2K for wt (gray) and pk (blue)
tissues at -8 hRPCE (n>4). Significance is estimated using the Mann-Whitney U test. ns, p-val>0.05. (F’’) Isotropic stress oo /K
for wt (gray) and pk (blue) tissues at -8 hRPCE (n>4). Significance is estimated using the Mann—Whitney U test. ns, p-val>0.05.
Time is relative to peak cell elongation (hRPCE). In all plots, each empty circle indicates one cut, and the box plots summarize the
data: thick black line indicates the median; the boxes enclose the 1st and 3rd quartiles; lines extend to the minimum and maximum
without outliers, and filled circles mark outliers.

Figure 2-Source Data 1. Numerical data of Figure 2B. Figu&a 2-Source Data 2. Numerical data of Figure 2E-E’”’. Figure
2-Source Data 3 Numerical data of Figure F/-F”'. Figure 2-Supplement 1 Additional analysis of initial recoil velocity in other
core PCP mutants, tested exponential fits, and ratio of constants obtained by ESCA. Video 1 Timelapse movie of a linear laser

ablation for wt and pk mutant. SUPPLEMENTARY DATA: S4.2, S4.4.
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2.3 Dynamics of stress and cell elongation throughout blade elongation flows

in wild type and core PCP mutants

To examine the effect of PCP mutation throughout blade elongation flows, we aimed to simplify the time
intensive segmentation of the full ablation dynamics. To this end, we measured only the initial recoil
velocity at different developmental timepoints. In terms of our model, the initial recoil velocity measured
during first 0t = 0.65s can be expressed as v = (X (1 — e™%/77) + X (1 — e7%%/7)) /5t. Since the value
of 0t is comparable to the fast timescale 7y, about 63% of the Xy value relaxes over that time, while at
the same time only about 5% of the X value is relaxed. Using the measured values of X; and X, we
estimate that the fast timescale dynamics contributes about 80% of the v value. Therefore, the initial
recoil velocity is a good proxy for the fast displacement X;.

We find that the initial recoil velocity along the PD axis peaks at -8 hRPCE before declining again
by 4 hRPCE (Figure 3A), consistent with previous work (Iyer et al., 2019). The behavior of the initial
recoil velocity in the pk mutant is qualitatively similar throughout blade elongation flows, however, with
significantly lower magnitude than wt (Figure 3A). We also observed this behavior in stbm and fmi mutant
tissues (Figure 3-Figure Supplement 1A). This result indicates that X is lower in core PCP mutants
than in wt throughout blade elongation flows.

We also performed ESCA at different time-points in pk mutants and observe that anisotropic stress
(6/2K) rises early during blade elongation flows before eventually declining (Figure 3B), whereas isotropic
stress (09/K) remains fairly constant (Figure 3B’). Strikingly, ESCA does not report any difference
in measured stresses between pk and wt, nor in the ratio of elastic constants (2K/K, Figure 3-Figure
Supplement 1B) throughout blade elongation flows. To further compare the information contained in the
initial recoil velocity with the anisotropic stress measured by ESCA, we performed linear ablations also in
the perpendicular orientation. With such data, we could quantify the difference in initial recoil velocity
between the two orientations dv = vpp — v4p, which is expected to be proportional to the shear stress
along the proximal-distal wing axis. We then quantified how Jv evolves throughout the blade elongation
flows (Figure 3-Figure Supplement 1C-D). Whereas ESCA clearly shows that stresses in the tissue remain
the same in wt and pk throughout blade elongation flows, the difference in initial recoil velocity dv is
significantly lower in pk compared to wt. This result indicates that our conclusions based on the -8 hRPCE
timepoint are true throughout blade elongation flows, namely that the differences in Xy between wt and
pk stem from the fast elastic constant k; and not from the differences in mechanical stresses in the tissue.

To further probe the possible role of core PCP in epithelial mechanics, we also measured the dynamics
of the proximal-distal component of cell elongation (@) in wt and core PCP mutants (Figure 3C,
Figure 3-Figure Supplement 2E). Interestingly, in both wt and pk, anisotropic stress peaks around
-6 hRPCE (Figure 3B), whereas () peaks significantly later, between -4 hRPCE and 0 hRPCE. We have
previously related the tissue stress and cell elongation through a constitutive relation ¢ = 2K Q + ¢, where
¢ represented an active anisotropic stress component (Etournay et al., 2015). The difference in timing of
the peaks in stress and cell elongation indicate that the active stresses change over time. However, we

observe no differences between wt and core PCP in the peak of cell elongation (Figure 3D, Figure 3-Figure
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Figure 3: Dynamics of stress and cell elongation throughout blade elongation flows in wt and pk mutant: (A) Initial
recoil velocity upon ablation (simplified as recoil velocity in the y-axis title) along the PD axis throughout blade elongation flows for wt
(gray) and pk (blue) tissues (n>3). Significance is estimated using the Mann—-Whitney U test. **** p-val<0.0001; ***, p-val<0.001;
** p-val<0.01; ns, p-val>0.05. (B) ESCA results for anisotropic stress /2K for wt (gray) and pk (blue) tissues throughout blade
elongation flows (n>3). Significance is estimated using the Mann—-Whitney U test. *, p-val<0.05; ns, p-val>0.05. (B’) ESCA results
for isotropic stress o /K for wt (gray) and pk (blue) throughout blade elongation flows (n>>3). Significance is estimated using the
Mann-Whitney U test. *, p-val<0.05; ns, p-val>0.05. (C) Color-coded proximal-distal component of cell elongation @ in the blade
region between the second and third sensory organs found in the intervein region between L2 and L3. The images correspond to wt
(top row) and pk (bottom row) wings throughout blade elongation flows. Scale bar, 5 um. (D) Quantification of the proximal-distal
component of cell elongation @ in this region throughout blade elongation flows for wt (gray) and pk (blue) (n>3). Significance is
estimated using the Mann—-Whitney U test. ns, p-val>0.05. Time is relative to peak cell elongation (hRPCE). In all plots, each
empty circle indicates one experiment, and the box plots summarize the data: thick black line indicates the median; the boxes
enclose the 1st and 3rd quartiles; lines extend to the minimum and maximum without outliers, and filled circles mark outliers.

Figure 3—Source Data 1. Numerical data of Figure 3A. Figure 3—Source Data 2. Numerical data of Figure 3B-B’. Figure
3—Source Data 3. Numerical data of Figure 3D. Figure 3-Supplement 1 Extended analysis of pupal wing mechanics during blade

elongation flows. Figure 3-Supplement 2 Cell elongation quantification during blade elongation flows. SUPPLEMENTARY DATA: S4.3.

Supplement 2E), showing that core PCP also does not affect active anisotropic stresses underlying the

dynamics of cell elongation during blade elongation flows.

10



223

224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260

3 Discussion

Here, we used the Drosophila pupal wing as a model for studying the interplay between planar polarized
chemical signaling components, specifically the core PCP pathway, and the mechanical forces underlying
tissue morphogenesis. An extensive analysis of core PCP mutants shows no significant phenotype in pupal
wing morphogenesis during the blade elongation flows. We find no significant differences in overall tissue
shape change, nor in the pattern or dynamics of underlying cellular contributions. Even if a larger sample
size of pupal wings would reveal a statistically significant phenotype, as indicated by our analysis of adult
wings, the differences to the wild type would be subtle. Furthermore, we found no significant differences in
tissue mechanical stress or in cell elongation over time. Generally these results are consistent in mutants
that greatly reduce core PCP polarity (stbm and fmi) or prevent its decoupling from Fat (pk).

Interestingly, we do observe a phenotype in the initial recoil velocity upon laser ablation between core
PCP mutants and wt, but this is not reflected in tissue stresses or large scale morphogenetic flows that
shape the wing. A detailed analysis of wt and pk suggests that the phenotype arises from a difference in
the elastic constant ky underlying the fast timescale response (74 = 0.65 s) to the ablation. In our simple
model, the fast and stiff spring k; has a small contribution to the effective tissue elasticity k, which is
dominated by the slow and soft spring kg, see Results 2.2. The observation that core PCP only affects k¢
is therefore consistent with the lack of phenotype at larger scales. What is the the biophysical nature of
the fast response to laser ablation? We hypothesize that processes that react on timescaless < 1 s to a
laser ablation could be related to cortical mechanics of cell bonds or possibly changes in cell hydraulics,
and it is unclear how core PCP would affect these processes. Whether this core PCP phenotype in ky
leads to very subtle changes in tissue development not detected in our analyses here, or is only visible in
response to a laser ablation, also remains unknown and would require a much larger sample size to address.
For the adult wing, we have a sufficient sample size to reveal a weak but significant shape phenotype in
core PCP mutant wings. This result suggests that a weak phenotype arises during pupal development
that we could not reliably detect in our analysis of cell dynamics. We also cannot rule out the possibility
that there is a compensating mechanism that prevents the phenotype from appearing at larger scales.

Initial recoil velocity after a laser ablation is often used a proxy for tissue mechanical stresses. However,
our results highlight a limitation of this approach for looking at how stress changes in different genotypes,
as here we show how initial recoil velocity is influenced by differences in mechanics on small scales that
are not necessarily related to differences in overall tissue stress.

While we have shown that core PCP is not required to organize the dynamic patterns of cellular events
underlying blade elongation flows, it might still affect later stages of wing development. Furthermore, there
may still be other patterning systems acting redundantly or independently with core PCP. For example,
the Fat PCP system and Toll-like receptors have been shown to influence the orientation of cellular
rearrangements and cell divisions in other contexts (Bosveld et al., 2012; Lavalou et al., 2021; Mao et al.,
2006; Paré et al., 2014, reviewed in Umetsu, 2022). Whether and how other polarity systems influence
pupal wing morphogenesis remains unknown. Alternatively, anisotropic mechanical stress induced by

hinge contraction could itself provide a polarity cue through mechanosensitive activity of the cytoskeleton.
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Our recent work in the larval wing disc shows that the cell polarity that drives the patterning of cell
shape and mechanical stress contains a mechano-sensitive component (Dye et al., 2021). Here, we show a
detailed analysis of tissues stress dynamics and cell elongation in the pupal wing revealing that the active
cellular stresses that are relevant for pupal wing morphogenesis (Etournay et al., 2015) change in time
(Fig 3). Whether the same mechano-sensitive mechanism established in the larval wing can also account
for the dynamics of active stresses during the pupal blade elongation flows will be an important question

to answer in the future.

12



268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286

Acknowledgements

We thank Stephan Grill for giving us access to the microscope used for laser ablation. We thank the Light
Microscopy Facility, the Computer Department, and the Fly Keepers of the MPI-CBG for their support
and expertise. We would like to thank Christian Dahmann and Jana Fuhrmann for comments on the
manuscript prior to publication. This work was funded by Germany’s Excellence Strategy — EXC-2068 —
390729961 Cluster of Excellence Physics of Life of TU Dresden, as well as grants awarded to SE from the
Deutsche Forschungsgemeinschaft (SPP1782, EA4/10-1, EA4/10-2) and core funding of the Max-Planck
Society to SE and NAD. NAD additionally acknowledges funding from the Deutsche Krebshilfe (MSNZ
P2 Dresden). AK and RPG were funded through the Elbe PhD program. FSG was supported by a
DOC Fellowship of the Austrian Academy of Sciences. CD acknowledges the support of a postdoctoral
fellowship from the LabEx “Who Am I?7” (ANR-11-LABX-0071) and the Université Paris Cité IdEx
(ANR-18-IDEX-0001) funded by the French Government through its “Investments for the Future”. We
dedicate this work to our coauthor Prof. Dr. Suzanne Eaton, who tragically passed away before the

finalization of the project.
Competing Interests

The authors declare no competing interests.

13



287

288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324

References

Adler, P. N. (2012). The frizzled/stan pathway and planar cell polarity in the Drosophila wing. In Planar
Cell Polarity During Development, pages 1-31. Elsevier.

Aigouy, B., Farhadifar, R., Staple, D. B., Sagner, A., Roper, J.-C., Jiilicher, F., and Eaton, S. (2010). Cell
flow reorients the axis of planar polarity in the wing epithelium of Drosophila. Cell, 142(5):773-786.

Aigouy, B., Umetsu, D., and Eaton, S. (2016). Segmentation and quantitative analysis of epithelial tissues.
In Drosophila, pages 227-239. Springer.

Berg, S., Kutra, D., Kroeger, T., Straechle, C. N., Kausler, B. X., Haubold, C., Schiegg, M., Ales, J., Beier,
T., Rudy, M., Eren, K., Cervantes, J. 1., Xu, B., Beuttenmueller, F., Wolny, A., Zhang, C., Koethe,
U., Hamprecht, F. A.; and Kreshuk, A. (2019). Ilastik: interactive machine learning for (bio)image
analysis. Nature Methods, 16(12):1226-1232.

Blasse, C., Saalfeld, S., Etournay, R., Sagner, A., Eaton, S., and Myers, E. W. (2017). PreMosa: extracting
2D surfaces from 3D microscopy mosaics. Bioinformatics, 33(16):2563-2569.

Bosveld, F., Bonnet, I., Guirao, B., Tlili, S., Wang, Z., Petitalot, A., Marchand, R., Bardet, P.-L., Marcq,
P., Graner, F., et al. (2012). Mechanical control of morphogenesis by Fat/Dachsous/Four-jointed
planar cell polarity pathway. Science, 336(6082):724-727.

Butler, M. T. and Wallingford, J. B. (2017). Planar cell polarity in development and disease. Nature
Reviews Molecular Cell Biology, 18(6):375-388.

Capilla, A., Johnson, R., Daniels, M., Benavente, M., Bray, S. J., and Galindo, M. 1. (2012). Planar cell
polarity controls directional Notch signaling in the Drosophila leg. Development, 139(14):2584-2593.

Chung, S., Vining, M. S., Bradley, P. L., Chan, C.-C., Wharton, K. A., and Andrew, D. J. (2009). Serrano
(Sano) Functions with the Planar Cell Polarity Genes to Control Tracheal Tube Length. PLoS
Genetics, 5(11):¢1000746.

Classen, A. K., Aigouy, B., Giangrande, A., and Eaton, S. (2008). Imaging Drosophila pupal wing
morphogenesis. In Drosophila, pages 265—275. Springer.

Classen, A.-K., Anderson, K. I., Marois, E., and Eaton, S. (2005). Hexagonal packing of Drosophila wing
epithelial cells by the planar cell polarity pathway. Developmental Cell, 9(6):805-817.

Deans, M. R. (2021). Conserved and Divergent Principles of Planar Polarity Revealed by Hair Cell
Development and Function. Frontiers in Neuroscience, 15.

Devenport, D. (2014). The cell biology of planar cell polarity. Journal of Cell Biology, 207(2):171-179.

Dye, N. A., Popovié¢, M., Iyer, K. V., Fuhrmann, J. F., Piscitello-Gémez, R., Eaton, S., and Jiilicher, F.
(2021). Self-organized patterning of cell morphology via mechanosensitive feedback. eLife, 10:e57964.

Etournay, R., Merkel, M., Popovi¢, M., Brandl, H., Dye, N. A., Aigouy, B., Salbreux, G., Eaton, S., and
Jiilicher, F. (2016). TissueMiner: A multiscale analysis toolkit to quantify how cellular processes
create tissue dynamics. eLife, 5:e14334.

Etournay, R., Popovié¢, M., Merkel, M., Nandi, A., Blasse, C., Aigouy, B., Brandl, H., Myers, G., Salbreux,
G., Jiilicher, F.; et al. (2015). Interplay of cell dynamics and epithelial tension during morphogenesis
of the Drosophila pupal wing. eLife, 4:e07090.

14


https://www.sciencedirect.com/science/article/abs/pii/B9780123945921000016
https://www.cell.com/cell/fulltext/S0092-8674(10)00890-1?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS0092867410008901%3Fshowall%3Dtrue
https://www.cell.com/cell/fulltext/S0092-8674(10)00890-1?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS0092867410008901%3Fshowall%3Dtrue
https://www.cell.com/cell/fulltext/S0092-8674(10)00890-1?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS0092867410008901%3Fshowall%3Dtrue
https://link.springer.com/protocol/10.1007%2F978-1-4939-6371-3_13
https://www.nature.com/articles/s41592-019-0582-9
https://www.nature.com/articles/s41592-019-0582-9
https://www.nature.com/articles/s41592-019-0582-9
https://academic.oup.com/bioinformatics/article/33/16/2563/3104469
https://academic.oup.com/bioinformatics/article/33/16/2563/3104469
https://academic.oup.com/bioinformatics/article/33/16/2563/3104469
https://www.science.org/doi/10.1126/science.1221071?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub%20%200pubmed
https://www.science.org/doi/10.1126/science.1221071?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub%20%200pubmed
https://www.science.org/doi/10.1126/science.1221071?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub%20%200pubmed
https://www.nature.com/articles/nrm.2017.11
https://journals.biologists.com/dev/article/139/14/2584/45186/Planar-cell-polarity-controls-directional-Notch
https://journals.biologists.com/dev/article/139/14/2584/45186/Planar-cell-polarity-controls-directional-Notch
https://journals.biologists.com/dev/article/139/14/2584/45186/Planar-cell-polarity-controls-directional-Notch
https://journals.plos.org/plosgenetics/article?id=10.1371/journal.pgen.1000746
https://journals.plos.org/plosgenetics/article?id=10.1371/journal.pgen.1000746
https://journals.plos.org/plosgenetics/article?id=10.1371/journal.pgen.1000746
https://link.springer.com/protocol/10.1007%2F978-1-59745-583-1_16
https://link.springer.com/protocol/10.1007%2F978-1-59745-583-1_16
https://link.springer.com/protocol/10.1007%2F978-1-59745-583-1_16
https://www.sciencedirect.com/science/article/pii/S153458070500420X
https://www.sciencedirect.com/science/article/pii/S153458070500420X
https://www.sciencedirect.com/science/article/pii/S153458070500420X
https://doi.org/10.3389/fnins.2021.742391
https://doi.org/10.3389/fnins.2021.742391
https://doi.org/10.3389/fnins.2021.742391
https://rupress.org/jcb/article/207/2/171/54561/The-cell-biology-of-planar-cell-polarityThe-cell
https://elifesciences.org/articles/57964
https://elifesciences.org/articles/14334
https://elifesciences.org/articles/14334
https://elifesciences.org/articles/14334
https://elifesciences.org/articles/7090
https://elifesciences.org/articles/7090
https://elifesciences.org/articles/7090

325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363

Farhadifar, R., Roper, J.-C., Aigouy, B., Eaton, S., and Jiilicher, F. (2007). The influence of cell mechanics,
cell-cell interactions, and proliferation on epithelial packing. Current Biology, 17(24):2095-2104.

Founounou, N., Farhadifar, R., Collu, G. M., Weber, U., Shelley, M. J., and Mlodzik, M. (2021). Tissue
fluidity mediated by adherens junction dynamics promotes planar cell polarity-driven ommatidial
rotation. Nature Communications, 12(1).

Gho, M. and Schweisguth, F. (1998). Frizzled signalling controls orientation of asymmetric sense organ
precursor cell divisions in Drosophila. Nature, 393(6681):178—-181.

Grill, S. W., Goeénczy, P., Stelzer, E. H., and Hyman, A. A. (2001). Polarity controls forces governing
asymmetric spindle positioning in the Caenorhabditis elegans embryo. Nature, 409(6820):630—633.

Gubb, D., Green, C., Huen, D., Coulson, D., Johnson, G., Tree, D., Collier, S., and Roote, J. (1999).
The balance between isoforms of the Prickle LIM domain protein is critical for planar polarity in
Drosophila imaginal discs. Genes & Development, 13(17):2315-2327.

Guirao, B., Rigaud, S. U., Bosveld, F., Bailles, A., Lopez-Gay, J., Ishihara, S., Sugimura, K., Graner,
F., and Bellaiche, Y. (2015). Unified quantitative characterization of epithelial tissue development.
eLife, 4.

Huang, J., Zhou, W., Dong, W., Watson, A. M., and Hong, Y. (2009). Directed, efficient, and versatile
modifications of the Drosophila genome by genomic engineering. Proceedings of the National Academy
of Sciences, 106(20):8284-8289.

Iyer, K. V., Piscitello-Gomez, R., Paijmans, J., Jiilicher, F., and Eaton, S. (2019). Epithelial viscoelasticity
is regulated by mechanosensitive E-cadherin turnover. Current Biology, 29(4):578-591.

Jenny, A. (2010). Planar Cell Polarity Signaling in the Drosophila Eye. In Current Topics in Developmental
Biology, pages 189-227. Elsevier.

Lavalou, J., Mao, Q., Harmansa, S., Kerridge, S., Lellouch, A. C., Philippe, J.-M., Audebert, S., Camoin,
L., and Lecuit, T. (2021). Formation of polarized contractile interfaces by self-organized Toll-8/Cirl
GPCR asymmetry. Developmental Cell, 56(11):1574-1588.

Mao, Y., Rauskolb, C., Cho, E., Hu, W.-L., Hayter, H., Minihan, G., Katz, F. N., and Irvine, K. D. (2006).
Dachs: an unconventional myosin that functions downstream of Fat to regulate growth, affinity and
gene expression in Drosophila. Development, 133(13):2539-2551.

Matis, M. and Axelrod, J. D. (2013). Regulation of PCP by the Fat signaling pathway. 27(20):2207-2220.

MATLAB (2017). MATLAB version 9.2.0.556344 (R2017a). The Mathworks, Inc., Natick, Massachusetts.

Mayer, M., Depken, M., Bois, J. S., Jillicher, F., and Grill, S. W. (2010). Anisotropies in cortical tension
reveal the physical basis of polarizing cortical flows. Nature, 467(7315):617-621.

Merkel, M., Etournay, R., Popovi¢, M., Salbreux, G., Eaton, S., and Jiilicher, F. (2017). Triangles bridge
the scales: Quantifying cellular contributions to tissue deformation. Physical Review E, 95(3):032401.

Merkel, M., Sagner, A., Gruber, F. S., Etournay, R., Blasse, C., Myers, E., Eaton, S., and Jiilicher, F.
(2014). The balance of Prickle/Spiny-legs isoforms controls the amount of coupling between core
and Fat PCP systems. Current Biology, 24(18):2111-2123.

Mirkovic, 1., Gault, W. J., Rahnama, M., Jenny, A., Gaengel, K., Bessette, D., Gottardi, C. J., Verheyen,
E. M., and Mlodzik, M. (2011). Nemo kinase phosphorylates [-catenin to promote ommatidial

15


https://www.sciencedirect.com/science/article/pii/S0960982207023342
https://www.sciencedirect.com/science/article/pii/S0960982207023342
https://www.sciencedirect.com/science/article/pii/S0960982207023342
https://www.nature.com/articles/s41467-021-27253-0
https://www.nature.com/articles/s41467-021-27253-0
https://www.nature.com/articles/s41467-021-27253-0
https://www.nature.com/articles/s41467-021-27253-0
https://www.nature.com/articles/s41467-021-27253-0
https://www.nature.com/articles/30265
https://www.nature.com/articles/30265
https://www.nature.com/articles/30265
https://www.nature.com/articles/35054572
https://www.nature.com/articles/35054572
https://www.nature.com/articles/35054572
http://genesdev.cshlp.org/content/13/17/2315.full
http://genesdev.cshlp.org/content/13/17/2315.full
http://genesdev.cshlp.org/content/13/17/2315.full
https://elifesciences.org/articles/08519
https://www.pnas.org/content/106/20/8284
https://www.pnas.org/content/106/20/8284
https://www.pnas.org/content/106/20/8284
https://www.sciencedirect.com/science/article/pii/S0960982219300235
https://www.sciencedirect.com/science/article/pii/S0960982219300235
https://www.sciencedirect.com/science/article/pii/S0960982219300235
https://www.sciencedirect.com/science/article/abs/pii/B9780123850447000072?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S1534580721002707?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S1534580721002707?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S1534580721002707?via%3Dihub
https://dev.biologists.org/content/133/13/2539.short
https://dev.biologists.org/content/133/13/2539.short
https://dev.biologists.org/content/133/13/2539.short
https://genesdev.cshlp.org/content/27/20/2207.long
https://www.nature.com/articles/nature09376
https://www.nature.com/articles/nature09376
https://www.nature.com/articles/nature09376
https://journals.aps.org/pre/abstract/10.1103/PhysRevE.95.032401
https://journals.aps.org/pre/abstract/10.1103/PhysRevE.95.032401
https://journals.aps.org/pre/abstract/10.1103/PhysRevE.95.032401
https://www.sciencedirect.com/science/article/pii/S096098221400983X?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S096098221400983X?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S096098221400983X?via%3Dihub
https://www.nature.com/articles/nsmb.2049
https://www.nature.com/articles/nsmb.2049
https://www.nature.com/articles/nsmb.2049

364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394

rotation and connects core PCP factors to E-cadherin-S-catenin. Nature structural & molecular
biology, 18(6):665—672.

Nickoloft, J. (2016). Docker in action. Manning Publications Co.

Paré, A. C., Vichas, A., Fincher, C. T., Mirman, Z., Farrell, D. L., Mainieri, A., and Zallen, J. A. (2014). A
positional Toll receptor code directs convergent extension in Drosophila. Nature, 515(7528):523-527.

Piscitello-Goémez, R., Mahmoud, A., Dye, N. A., and Eaton, S. (2023). Sensitivity of the timing of
Drosophila pupal wing morphogenesis to external perturbations. bioRziv.

R Core Team (2020). R: A Language and Environment for Statistical Computing. https://www.R
-project.org/.

Ray, R. P., Matamoro-Vidal, A., Ribeiro, P. S., Tapon, N., Houle, D., Salazar-Ciudad, I., and Thompson,
B. J. (2015). Patterned anchorage to the apical extracellular matrix defines tissue shape in the
developing appendages of Drosophila. Developmental Cell, 34(3):310-322.

RStudio Team (2020). RStudio: Integrated Development Environment for R. https://rstudio.com.

Sagner, A., Merkel, M., Aigouy, B., Gaebel, J., Brankatschk, M., Jiilicher, F., and Eaton, S. (2012).
Establishment of global patterns of planar polarity during growth of the Drosophila wing epithelium.
Current Biology, 22(14):1296-1301.

Schindelin, J., Arganda-Carreras, 1., Frise, E., Kaynig, V., Longair, M., Pietzsch, T., Preibisch, S., Rueden,
C., Saalfeld, S., Schmid, B., Tinevez, J.-Y., White, D. J., Hartenstein, V., Eliceiri, K., Tomancak,
P., and Cardona, A. (2012). Fiji: an open-source platform for biological-image analysis. Nature
Methods, 9(7):676-682.

Ségalen, M., Johnston, C. A., Martin, C. A., Dumortier, J. G., Prehoda, K. E., David, N. B., Doe, C. Q.,
and Bellaiche, Y. (2010). The Fz-Dsh planar cell polarity pathway induces oriented cell division via
Mud/NuMA in Drosophila and zebrafish. Developmental Cell, 19(5):740-752.

Sugimura, K., Lenne, P.-F., and Graner, F. (2016). Measuring forces and stresses in situ in living tissues.
Development, 143(2):186-196.

Umetsu, D. (2022). Cell mechanics and cell-cell recognition controls by Toll-like receptors in tissue
morphogenesis and homeostasis. Fly, 16(1):233-247.

Wolff, T. and Rubin, G. M. (1998). strabismus, a novel gene that regulates tissue polarity and cell fate
decisions in Drosophila. Development, 125(6):1149-1159.

Zheng, L., Zhang, J., and Carthew, R. W. (1995). frizzled regulates mirror-symmetric pattern formation
in the drosophila eye. Development, 121(9):3045-3055.

16


https://www.nature.com/articles/nsmb.2049
https://www.nature.com/articles/nsmb.2049
https://www.docker.com
https://www.nature.com/articles/nature13953.pdf
https://www.nature.com/articles/nature13953.pdf
https://www.nature.com/articles/nature13953.pdf
https://www.biorxiv.org/content/10.1101/2023.09.22.558969v1
https://www.biorxiv.org/content/10.1101/2023.09.22.558969v1
https://www.biorxiv.org/content/10.1101/2023.09.22.558969v1
https://www.R-project.org/
https://www.R-project.org/
https://www.R-project.org/
https://www.sciencedirect.com/science/article/pii/S1534580715004268
https://www.sciencedirect.com/science/article/pii/S1534580715004268
https://www.sciencedirect.com/science/article/pii/S1534580715004268
https://rstudio.com
https://www.sciencedirect.com/science/article/pii/S0960982212006367
https://www.nature.com/articles/nmeth.2019
https://www.sciencedirect.com/science/article/pii/S1534580710004570
https://www.sciencedirect.com/science/article/pii/S1534580710004570
https://www.sciencedirect.com/science/article/pii/S1534580710004570
https://dev.biologists.org/content/143/2/186.abstract
https://www.tandfonline.com/doi/full/10.1080/19336934.2022.2074783
https://www.tandfonline.com/doi/full/10.1080/19336934.2022.2074783
https://www.tandfonline.com/doi/full/10.1080/19336934.2022.2074783
https://dev.biologists.org/content/125/6/1149.long
https://dev.biologists.org/content/125/6/1149.long
https://dev.biologists.org/content/125/6/1149.long
https://journals.biologists.com/dev/article/121/9/3045/38855/frizzled-regulates-mirror-symmetric-pattern
https://journals.biologists.com/dev/article/121/9/3045/38855/frizzled-regulates-mirror-symmetric-pattern
https://journals.biologists.com/dev/article/121/9/3045/38855/frizzled-regulates-mirror-symmetric-pattern

305 4 Supplementary Data

396 4.1 Fig 1 Supplementary

A. REORGANIZATION OF CORE AND FAT PCP DURING BLADE ELONGATION FLOWS

24 hAPF
Peak of cell elongation

Onset of blade elongation flows

CORE PCP POLARITY
(Stbm::EYFP)

Fat PCP POLARITY
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End of blade elongation flows
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B. SCHEMATIC OF THE EVOLUTION OF PCP PATTERNS IN CORE PCP MUTANT WINGS

wt wings
Core and Fat reorient
during cell flows

pk wings
Core and Fat PCP
remain aligned

stbm and fmi wings
Strong reduction of
core PCP polarity
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Figure 1-Figure Supplement 1: Reorganization of the core and Fat PCP systems during pupal blade elongation
flows: (A) Evolution of the PCP network during pupal blade elongation flows (Aigouy et al., 2010; Merkel et al., 2014). Core PCP

polarity is based on Stbm::YFP. Initially, core PCP polarity is organized towards the wing margin. As tissue flows occur, it reorients

towards the distal tip. Fat PCP polarity is based on the pattern of Ds::EGFP. Fat PCP is initially also margin-organized. By the end

of the blade elongation Fat PCP is perpendicularly oriented to core PCP. Cartoon adapted from Merkel et al. (2014). (B) Schematic

of the core (green arrow) and Fat (purple arrow) PCP patterns in wt, pk, stbm, and fmi wings (Merkel et al., 2014). During pupal

tissue flows in wt wings, core PCP reorients towards the distal tip of the wing. By the end of blade elongation flows, core and Fat

PCP are perpendicularly aligned. In pk mutant wings, core and Fat PCP remain aligned and core polarity is reduced. In stbm and

fmi wings, the core PCP network is strongly reduced (empty green arrow), whereas the Fat PCP pattern is unperturbed (purple

arrow).
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C. FINAL ACCUMULATED TOTAL SHEAR IN wt and CORE PCP MUTANT WINGS (8.7 hRPCE)
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D. ISOTROPIC TISSUE DEFORMATION IN wt AND CORE PCP MUTANT WINGS
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E. FINAL ACCUMULATED ISOTROPIC DEFORMATION IN wt and CORE PCP MUTANT WINGS (8.7 hRPCE)
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Figure 1-Figure Supplement 2: Quantification of final pupal tissue deformation and cellular contributions to isotropic
tissue area: (C) Statistical analysis of the final accumulated proximal-distal (Cum PD) tissue shear in wt (n=4), pk (n=3), stbm
(n=3), and fmi (n=2) movies. Significance is estimated using the Kruskal-Wallis test. ns, p-val>0.05. (D) Isotropic tissue deformation
is decomposed into contributions from change in cell area a, cell division rate kg4, and cell extrusion rate k.. Quantification of
accumulated isotropic tissue deformation and its components in wt (n=4), pk (n=3), stbm (n=3), and fmi (n=2) movies. The
cellular contributions are cell area changes (green), cell divisions (yellow), and cell extrusions (cyan). Solid line indicates the mean,
and the shaded regions enclose £ SEM. The time is relative to peak cell elongation (hRPCE). (E) Statistical analysis of the final
pupal accumulated tissue area change in wt (n=4), pk (n=3), stbm (n=3), and fmi (n=2) movies. Significance is estimated using an
ANOVA test. ns, p-val>0.05.

Figure 1-Figure Supplement 2 - Source Data 1. Numerical data of Figure 1-Figure Supplement 2C. Figure 1-Figure
Supplement 2 - Source Data 2. Numerical data of Figure 1-Figure Supplement 2D. Figure 1-Figure Supplement 2 - Source

Data 3. Numerical data of Figure 1-Figure Supplement 2E.
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F. WING REGIONS USED FOR ANALYSIS OF SHEAR DURING BLADE ELONGATION FLOWS
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G. TISSUE SHEAR DECOMPOSITION IN wt AND CORE PCP MUTANT WINGS
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Figure 1-Figure Supplement 3: Regional analysis of tissue shear in the hinge and four blade subregions: (F) Images of
a wt wing at -7, 1, 5, and 9 hRPCE (relative to peak cell elongation (hRPCE), corresponding to 16, 24, 28, and 32 hAPF in this
movie). The green region corresponds to the hinge, and the four blade subregions are shown in an orange color palette. Scale bar,
100 pm. (G) Total accumulated proximal-distal (Cum PD) tissue shear (dark blue curve) and its decomposition into cell elongation
changes (green curve) and cell rearrangements (magenta curve) for the hinge and four blade subregions for wt (n=4), pk (n=3),
stbm (n=3), and fmi (n=2). Solid line indicates the mean, and the shaded regions enclose £ SEM. Time is relative to peak cell
elongation (hRPCE).

Figure 1-Figure Supplement 3 - Source Data 1. Numerical data of Figure 1-Figure Supplement 3G.
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H. FINAL TOTAL SHEAR AND DECOMPOSITION FOR THE BLADE REGIONAL ANALYSIS (8.7 hRPCE)
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Figure 1-Figure Supplement 4: Statistics of final shear in the blade subregions and its cellular

contributions.: (H) Quantification of the final accumulated proximal-distal (Cum PD) total shear (top row), shear caused
by cell elongation changes (middle row). and shear caused by cell rearrangements (bottom row) in the hinge (left column) and four
blade subregions for wt (n=4), pk (n=3), stbm (n=3), and fmi (n=2). Significance is estimated using the Kruskal-Wallis test. *,
p-val<0.05; ns, p-val>0.05.

Figure 1-Figure Supplement 4 - Source Data 1. Numerical data of Figure 1-Figure Supplement 4H.
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l. ADULT WING SHAPE QUANTIFICATION IN wt AND CORE PCP MUTANT WINGS
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Figure 1-Figure Supplement 5: Adult wing shape quantification and random sampling: (I) Quantification of the adult
wing blade major (maj) to minor (min) ratio for wt, pk, stbm, and fmi wings (n>47). Scale bar, 500 pm. Each empty circle indicates
one wing, and the box plots summarize the data: thick black line indicates the median; the boxes enclose the 1st and 3rd quartiles;
lines extend to the minimum and maximum without outliers, and filled circles mark outliers. Significance is estimated using the
Kruskal-Wallis test. ****  p-val<0.0001; ns, p-val>0.05. (J) Percentage of statistically significant tests obtained by comparing
random sampling of wt and the three PCP mutant adult wings. The statistical analysis was run 10000 times with all the sample
sizes studied (3, 4, 5, 6, 7, 8, 9, 10, 20, and 40). The random sample size was the same for all genotypes. The statistical significance
was computed using the wt genotype as a reference group.

Figure 1-Figure Supplement 5 - Source Data 1. Numerical data of Figure 1-Figure Supplement 5I. Figure 1-Figure
Supplement 5 - Source Data 2. Numerical data of Figure 1-Figure Supplement 5J.
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A. INITIAL RECOIL VELOCITY UPON ABLATION IN OTHER CORE PCP MUTANT WINGS AT -8 hRPCE
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C. RATIO OF CONSTANTS OBTAINED BY ESCA AT -8 hRPCE
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Figure 2-Figure Supplement 1: Initial recoil velocity upon linear laser ablation for stbm and fmi mutant
wings, exponential fits of cell response upon laser ablation, and ratio of elastic constants obtained by ESCA
at -8 hRPCE: (A) Initial recoil velocity upon ablation (simplified as recoil velocity in the y-axis title) along the PD axis for wt
(gray), stbm (green), and fmi (purple) mutant wings at -8 hRPCE (n>9). Significance is estimated using the Kruskal-Wallis test.
% p-val<0.001; **, p-val<0.01. (B) Example of exponential fits of the cell response to laser ablation in three different wt wings at
-8 hRPCE. The left plots shows the double exponential plot used with the Kelvin-Voigt model (red), and the slow exponential curve
generated using the parameters from the double exponential fit (blue). The right plots show a single exponential fit (orange). These
plots show that the double exponential fit captures both the fast and slow response to laser ablation. (C) Ratio of elastic constants
(2K/K) for wt and pk (blue) at -8 hRPCE (n>4). Significance is estimated using the Mann-Whitney U test. ns, p-val>0.05. Time
is relative to Peak Cell Elongation (hRPCE). In (A) and (C), each empty circle indicates one cut, and the box plots summarize the
data: thick black line indicates the median; the boxes enclose the 1st and 3rd quartiles; lines extend to the minimum and maximum
without outliers, and filled circles mark outliers.

Figure 2-Figure Supplement 1 - Source Data 1. Nume?gal data of Figure 2-Figure Supplement 1A. Figure 2-Figure
Supplement 1 - Source Data 2. Numerical data of Figure 2-Figure Supplement 1B. Figure 2-Figure Supplement 1 - Source
Data 3. Numerical data of Figure 2-Figure Supplement 1C .
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A. INITIAL RECOIL VELOCITY ALONG PD AXIS IN OTHER CORE PCP MUTANT WINGS
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C. INITIAL RECOIL VELOCITY ALONG THE AP AXIS FOR wt AND pk MUTANT WINGS
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D. PROXY FOR SHEAR STRESS CALCULATED FROM THE DIFFERENCE IN INITIAL RECOIL VELOCITIES ALONG PD AND AP AXES,
COMPARED WITH THE ANISOTROPIC STRESS FROM ESCA
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Figure 3-Figure Supplement 1: Study of pupal wing mechanics over time: (A) Initial recoil velocity upon ablation (simplified
as recoil velocity in the y-axis title) along the PD axis for wt (gray), stbm (green), and fmi (purple) mutant wings throughout blade
elongation flows (n>4). Significance is estimated using the Kruskal-Wallis test. **** p-val<0.0001; ***, p-val<0.001; **, p-val<0.01;
* p-val<0.05; ns, p-val>0.05. (B) Ratio of elastic constants (2K/K) for wt and pk (blue) throughout blade elongation flows (n>3).
Significance is estimated using the Kruskal-Wallis test. ns, p-val>0.05. Time is relative to peak cell elongation (hRPCE). (C) Left:
Schematic of a wt wing at -8 hRPCE. Linear laser ablation experiments were performed in the blade region enclosed by the red
square. Dots on the cartoon indicate sensory organs. Red line corresponds to the ablation; the kymograph was drawn perpendicularly
to the cut (yellow). Scale bar, 5 pm. Right: Initial recoil velocity upon ablation (simplified as recoil velocity in the y-axis title)
along the AP axis for wt (gray) and pk (blue) mutant wings throughout blade elongation flows (n>3, n=2 in wt¢ wings at 0 h).
Significance is estimated using the Mann—Whitney U test. *, p-val<0.05; ns, p-val>0.05. (D) Proxy for shear stress calculated as
the difference between the initial recoil velocity along the PD (vpp) and AP (vap) axes for wt (gray) and pk (blue) mutant wings
(left plot), compared to the anisotropic stress (¢/2K) outputted by ESCA (right plot). Filled colored dots correspond to the mean
value, and the error bars report the SEM. Significance is estimated using the Kruskal-Wallis test. ** p-val<0.01; *, p-val<0.05;
ns, p-val>0.05. Time is relative to peak cell elongation (hRPCE%SIn (A), (B) and(C), each empty circle indicates one experiment,
and the box plots summarize the data: thick black line indicates the median; the boxes enclose the 1st and 3rd quartiles; lines
extend to the minimum and maximum without outliers, and filled circles mark outliers.

Figure 3-Figure Supplement 1 - Source Data 1. Numerical data of Figure 3-Figure Supplement 1A. Figure 3-Figure



E. CELL ELONGATION @ IN OTHER CORE PCP MUTANT WINGS
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Figure 3-Figure Supplement 2: Quantification of cell elongation in the blade region throughout blade elongation
flows: (D) Quantification of @ in the blade throughout blade elongation flows for wt (gray), stbm (green), and fmi (purple) mutant
wings (n>4). Significance is estimated using the Kruskal-Wallis test. **, p-val<0.01; *, p-val<0.05; ns, p-val>0.05. Time is relative
to peak cell elongation (hRPCE). In (A), (B) and(C), each empty circle indicates one experiment, and the box plots summarize the
data: thick black line indicates the median; the boxes enclose the 1st and 3rd quartiles; lines extend to the minimum and maximum
without outliers, and filled circles mark outliers.

Figure 3-Figure Supplement 2 - Source Data 1. Numerical data of Figure 3-Figure Supplement 2E.
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399 4.4 Video 1

400 Shown here is an example of a linear laser ablation, cutting 3-4 cells, in wt (left) or pk pupal wings. The

401 movie goes dark during the ablation itself. Thereafter, the tissue displaces. Anterior is up; proximal is left.
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402 5 Materials and Methods

403 5.1 Key resources table

RESOURCE SOURCE IDENTIFIERS
Experimental models: Organisms/strains

D. melanogaster wt: w™; EcadGFP;; Huang et al. (2009)

D. melanogaster pk: w; EcadGFP, pk®%;; Gubb et al. (1999) BDSC 44229
D. melanogaster stbm: w; EcadGFP, stbm%;;  Wolff and Rubin (1998) BDSC 6918
D. melanogaster fmi: w; EcadGFP, fmi™%;;  Wolff and Rubin (1998) BDSC 6967
Chemicals

Euparal Carl Roth 7356.1
Holocarbon oil 700 Sigma-Aldrich H8898
Isopropanol (2-propanol) Sigma-Aldrich 1.01040
Software and algorithms

Fiji (v. 2.0.0-rc-68/1.52¢) Schindelin et al. (2012)

Nastik (v. 1.2.2) Berg et al. (2019)

MATLAB (v. 9.2.0.1226206 (R2017a)) MATLAB (2017)

PreMosa Blasse et al. (2017)

R (v. 3.4.1) R Core Team (2020)

RStudio (v. 3.6.1) RStudio Team (2020)

TissueMiner (v. TM_1.0.2) Etournay et al. (2016)

Other equipment

Coverslip Paul Marienfeld GmbH 0107052
Microscope slides Paul Marienfeld GmbH 1000200
Dumont #55 Forceps Fine Science Tools 11295-51
Vannas Spring Scissors Fine Science Tools 15000-08
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5.2 Fly husbandry

Flies were maintained at 25°C and fed with standard fly food containing cornmeal, yeast extract, soy flour,
malt, agar, methyl 4-hydroxybenzoate, sugar beet syrup, and propionic acid. Flies were kept at 25°C in a
12 h light /dark cycle. Vials were flipped every 2-3 days to maintain a continuous production of pupae and
adult flies. All experiments were performed with male flies, since they are slightly smaller and therefore

the wings require less tiling on the microscope to be imaged than females.

5.3 Long-term timelapse imaging of pupal wing morphogenesis
5.3.1 Acquisition

White male pupae were collected, slightly washed with a wet brush, and transferred to a vial containing
standard food. At 16 hAPF, the pupal case was carefully dissected so that the wing would be accessible.
The pupae was then mounted onto a 0.017 mm coverslip on a self-built metal dish with a drop of Holocarbon
oil 700 (Classen et al., 2008). Pupal wing morphogenesis was imaged every 5 min for approximately 24 h,
as in Etournay et al. (2015). Wings that did not develop after 4-5 h of imaging were discarded and not
analyzed.

Two different microscopes were used for acquisition of long-term timelapses. All wt, pk, and stbm
movies were acquired using a Zeiss spinning disk microscope driven by ZEN 2.6 (blue edition). This
microscope consists of a motorized XY7Z stage, an inverted stand, a Yokogawa CSU-X1 scan head, and a
temperature-controlled chamber set to 25°C. The sample was illuminated with a 488 nm laser, and the
emission was collected using a 470/40 bandpass filter, through a Zeiss 63x 1.3 W/Gly LCI Plan-Neofluar
objective and a Zeiss AxioCam Monochrome CCD camera with a 2x2 binning. The whole wing was
imaged in 24 tiles with an 8% overlap. Each tile consisted of 50-60 stacks with a Z-spacing of 1 ym. The
laser power was set to 0.1 mW.

The two fmi movies were acquired with an Olympus IX 83 inverted stand driven by the Andor iQ 3.6
software. The microscope is equipped with a motorized xyz stage, a Yokogawa CSU-W1 scan head and an
Olympus 60x 1.3 Sil Plan SApo objective. The setup was located inside a temperature-controlled chamber
set to 25°C. The sample was illuminated with a 488 nm laser, and the emission was collected using a
525/50 bandpass filter. The whole wing was imaged by tiling with 8 tiles with a 10% overlap. Each tile
consisted of 50-60 stacks with a distance of 1 ym between them. The laser power was set to 0.75 mW.

Table 1 summarizes the date when the long-term timelapses were acquired and the age of the pupae

during the imaging.

5.3.2 Processing, segmentation, tracking and database generation

Raw stacks were projected, corrected for illumination artifacts, and stitched using PreMosa (Blasse et al.,
2017). The stitched images of individual timepoints were cropped to fit the wing size, registered using the
Fiji plugin “Descriptor-based series registration (2D/3D + t)”, and converted to 8 bit with Fiji (Schindelin
et al., 2012). The segmentation was performed with the Fiji plugin TissueAnalyzer (Schindelin et al., 2012;
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Table 1: Date of acquisition of all long-term timelapses.

DATE OF START END
GENOTYPE

ACQUISITION [hAPF| [hAPF]
March 30, 2016 16 39.83
April 2, 2016 16 36.58
wt April 3, 2016 16 36.50
April 13, 2016 16 32.58
June 20, 2018 16 41.17
April 9, 2016 16 39.00
pk June 28, 2016 16 36.00
June 29, 2016 16 39.92
November 25, 2015 16 40.67
stbm November 28, 2015 16 35.33
December 11, 2014 16 37.58
October 20, 2018 16 39.17

fmi
July 20, 2019 16 38.17

Aigouy et al., 2010; Aigouy et al., 2016). Segmentation errors were identified and manually corrected by
looking at the cell divisions and deaths masks.

Subsequent processing and quantifications were performed using TissueMiner (Etournay et al., 2016).
Before generating the relational database, we rotated the movies so that the angle formed by a manually
drawn line connecting the sensory organs would be 0. We manually defined the regions of interest, such
as the blade, hinge, and the anterior and posterior regions, using the last frame of the movie. Next,
we generated the relational database containing information about the cellular dynamics during blade
elongation flows using TissueMiner (Etournay et al., 2016).

We queried and worked with the data using the Dockerized version of RStudio (Nickoloff, 2016), which
loads all packages and functions required to work with TissueMiner. Movies were aligned by the peak of
cell elongation by fitting a quadratic function around the cell elongation values 40 frames before and after
the absolute maximum of cell elongation in the blade region for each movie. The maximum of this curve

was identified and set as the timepoint 0 hRPCE.
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5.4 Adult wing preparation and analysis of wing shape

Adult male flies were fixed in isopropanol for at least 12 h. One wing per fly was dissected in isopropanol,
transferred to a microscope slide and covered with 50% euparal in isopropanol. Wings were mounted with
50-70 pL 75% euparal /isopropanol.

wt, pk, and stbm wings were imaged using a Zeiss widefield Axioscan Z1 microscope equipped with a
Zeiss 10x 0.45 air objective. fmi wings were imaged using a Zeiss widefield Axiovert 200M microscope
equipped with a Zeiss 5x 0.15 Plan-Neofluar air objective.

Wing blade parameters were quantified using a custom-written Fiji macro (provided as Source Code 1)
(Schindelin et al., 2012). The shape or major-to-minor ratio was calculated using a custom RStudio script

(R Core Team, 2020; RStudio Team, 2020).

5.4.1 Subsampling and statistical analysis

Random sampling was done using a custom written RStudio pipeline (R Core Team, 2020; RStudio Team,
2020). A group of a given sample size was randomly selected with replacement for each group (wt, pk,
stbm, and fmi), and a Kruskal-Wallis test was ran to compare them. This analysis was repeated 10000

times. The sample sizes analyzed were 3, 4, 5, 6, 7, 8, 9, 10, 20, and 40.

5.5 Quantification of the PD component of cell elongation @)

Prior to all laser ablation experiments, we acquired a stack of 50 pum thick that was projected using
PreMosa (Blasse et al., 2017). We cropped a region that enclosed the region that was ablated, segmented
cells using TissueAnalyzer (Aigouy et al., 2010; Aigouy et al., 2016), and generated a relational database
with TissueMiner (Etournay et al., 2016).

The definition of cell elongation was first presented in (Aigouy et al., 2010) and it describes the angle

and magnitude of the tensor. The cell elongation tensor is given by

€xx €Exy

Gwy —€xzx
where
1
€xz = —/005(2(;5) dA (3)
Ac
and

€gy = Aic/sm(w) dA. (4)

Cell elongation is normalized by the cell area (A.) of each cell. The magnitude of cell elongation is:
e= (e, +é )1/2 (5)

zz+ Ty

Here we plot €, as @), which we describe as the proximal-distal component of cell elongation.
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5.6 Laser ablation experiments

Pupae were dissected and mounted as described for the long-term timelapses. Ablations were always
performed in the same region of the wing blade, found in the intervein region between the longitudinal
veins L3 and L4 and between the second and third sensory organs. This region was chosen because these
landmarks are easily visible in all timepoints. Laser ablations were performed using a Zeiss spinning disk
microscope equipped with a CSU-X1 Yokogawa scan head, an EMCCD Andor camera, a Zeiss 63x 1.2
water immersion Korr UV-VIS-IR objective, and a custom-built laser ablation system using a 355 nm,
1000 Hz pulsed ultraviolet (UV) laser (Grill et al., 2001; Mayer et al., 2010). The imaging and cutting
parameters for line and circular laser ablations are shown in Table 2. All laser ablation experiments
were performed between January 2018 and July 2020, after the delay in pupal wing morphogenesis was

identified.

Table 2: Parameters used to perform laser ablations.

LINEAR ABLATIONS CIRCULAR ABLATIONS

Exposure time 3] 0.05 0.05
488 nm laser intensity |%] 50 50
Time interval [s] 0.09 2.55
Pulses per shot 25 25
Shots per pym 2 2
Shooting time [s] 0.67 147.28
Thickness of stack ablated [pm] 1 20

5.6.1 Linear laser ablations to calculate the initial recoil velocity

We performed both types of linear ablations in only one plane of the tissue, in order to minimize the
time required for ablation and therefore be able to acquire the initial recoil velocity upon ablation (no
imaging is possible during ablation). The length of the linear laser ablations was 10 pm, ablating 3-4 cells.
We drew kymographs perpendicularly to the cut to follow the two edges of one ablated cell using Fiji
(Schindelin et al., 2012). The initial recoil velocity was calculated as the average displacement of two
membranes of the same cell that occurred during the black frames of the ablation itself. This calculation
was made using a self-written MATLAB script (MATLAB, 2017). Scripts used to make kymographs
and analyze the laser ablations are provided as Source Code 2-4. The image acquired prior to the laser
ablation was used to compute @ in that region, as described in Subsection 5.5, and the time corresponding

to the maximum of cell elongation was defined as 0 hRPCE.
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5.6.2 Elliptical Shape after Circular Ablation (ESCA)

Circular laser ablations used for ESCA were 20 pum in radius (approximately 10 cells). This radius was
selected such that it would fit into the same blade region throughout blade elongation flows. Due to
the bigger size of these cuts and the curvature of the tissue, we cut the tissue along a stack of 20 pym
thick. Approximately 2 min after the ablation, we acquired a stack of 50 pm. This image was projected
using PreMosa (Blasse et al., 2017) and preprocessed by applying a Gausian blur (c=1) and background
subtraction filters (rolling ball radius = 30) in Fiji (Schindelin et al., 2012). The next steps were performed
as in Dye et al. (2021): the image of the final shape of the cut was segmented using Ilastik (Berg et al.,
2019) by defining three regions: membrane, cell, and dark regions. The segmented image was thresholded
to obtain a binary image of the final shape of the cut. We fitted two ellipses to this image: one to the inner
piece and another one to the outer outline of the cut. Based on the shape of these ellipses, the method
outputs the anisotropic % and isotropic stress % as a function of their respective elastic constants, and
the ratio of elastic constants % A small number of experiments were fitted poorly (defined as an error
per point greater than 0.3) and were therefore excluded from analysis. Prior to the circular ablation, a
stack of 50 pm was acquired and used to calculate cell elongation before ablation (Subsection 5.5). The

time corresponding to the maximum of cell elongation was set to be 0 hRPCE.

5.6.3 Kymograph analysis and fit to model

The ablations used to calculate the mechanical stress along the PD axis for wt and pk were further
analyzed with the rheological model. To do so, we processed the kymographs by applying a Gaussian
blur (0=1) (Schindelin et al., 2012), and then we segmented these kymographs with Ilastik (Berg et al.,
2019). Using a self-written Fiji macro (Schindelin et al., 2012), we extracted the intensity profile for
each timepoint. Next, we wrote an R script (R Core Team, 2020; RStudio Team, 2020) to identify the
membrane displacement over time and obtained a unique curve per kymograph, which could be fitted
with our model. We modelled a local patch of tissue as a combination of a spring with spring constant
k, representing the ablated cells, and two KV elements with spring constants ky and k, and viscosity
coefficients 1, and 7, representing the unablated cells, as shown in (Fig 2C-D). Because the local tissue
strain in the experimental measurement is expressed by the displacement of the bond nearest to the
ablation, in the rheological model we represent tissue strain by displacements of the two KV elements.
In principle, the strain can be recovered by normalising the displacements by the width of ablated cells.
Displacements of the two KV elements are defined as a change in the distance between the end points
of the KV elements x;(t), relative to their initial values z;(0), where i € {f, s} for fast (f) and slow (s)
element.

Mechanical stress in the tissue is represented by the ¢ acting on our model, and we assume that o is

not changed by the ablation. Before the ablation, the model is in mechanical equilibrium and we can write

o= (k+k)z(0) , (6)

where z(0) is the initial distance between the two end points of the model, and k = kyks/ (ks + ks) is the

elastic constant of the two KV elements connected in series. Upon ablation, the spring k is removed and
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stresses in the model are imbalanced. The distance between the end points of the model z(¢) then evolves
towards the new equilibrium position. The distance x(t) can be decomposed as x(t) = zf(t) + z,(t), where
x¢(t) and x4(t) are the time-dependent distances between end points of the two KV elements, representing

their strains. The dynamics of z(t) is then obtained by writing the force balance equation for the two KV

elements
o= kpzs(t) + nfd%(t) ; (7)
o = ko (t) + s dx; t(t) : (8)
We solve for z;(t) and z,(t) to obtain
wp(t) = %(1 — e 7Y 4 ap(0)e /T (9)
2s(t) = kisu — e fa (0)e T (10)
where
z5,s(0) = U%f_ﬁ) : (11)

where k = k/(k + k) is the fraction of the overall model elasticity k + k destroyed by the ablation. The

displacement relative to the initial configuration Axz(t) = x(t) — x(0) is therefore
Aty = Xp (1= e ) 4 X, (1= e7/m) (12)
where we introduced the long time displacements associated with the two KV elements

OR
X =
fis kf,s

(13)

For simplicity, in the main text we refer to the long time displacements Xy and X of the two KV elements

simply as displacements.

5.7 Statistical analysis

Statistical analysis was done using R (R Core Team, 2020; RStudio Team, 2020). We first tested normality
of the data using the Shapiro-Wilk test. When data were normal, we used Student’s t-test to test statistical
significance between two groups and ANOVA test for multiple groups. When data were not normally
distributed, significance was tested using the Mann-Whitney U test for two groups and Kruskal-Wallis

test for multiple groups. Statistical test results are shown on the figure captions.

5.8 Source Data files

Figure 1-Source Data 1: Numerical data for Figure 1D-D’’, accumulated proximal-distal tissue shear
during blade elongation flows in the blade region for wt and corePCP mutants.
Figure 1-Figure Supplement 2-Source Data 1: Numerical data for Figure 1-Figure Supplement

2C, final accumulated total shear for wt and core PCP mutants.
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Figure 1-Figure Supplement 2-Source Data 2: Numerical data for Figure 1-Figure Supplement
2D, accumulated isotropic tissue deformation in wt and core PCP mutants.

Figure 1-Figure Supplement 2-Source Data 3: Numerical data for Figure 1-Figure Supplement
2E, final accumulated isotropic deformation in wt and corePCP mutants.

Figure 1-Figure Supplement 3-Source Data 1: Numerical data for Figure 1-Figure Supplement
3G, tissue shear decomposition in subregions of the blade in wt and core PCP mutants.

Figure 1-Figure Supplement 4-Source Data 1: Numerical data for Figure 1-Figure Supplement
4H, final accumulated tissue shear and its decomposition for the subregions of the blade in wt and core
PCP mutants.

Figure 1-Figure Supplement 5-Source Data 1: Numerical data for Figure 1-Figure Supplement
51, adult wing shape quantification in wt and core PCP mutants.

Figure 1-Figure Supplement 5-Source Data 2: Numerical data for Figure 1-Figure Supplement
5J, random sampling of adult wings.

Figure 2-Source Data 1: Numerical data for Figure 2B, initial recoil velocity upon ablation along
the PD axis for wt and pk tissues.

Figure 2-Source Data 2: Numerical data for Figure 2E, values for fitted parameters of the rheological
model.

Figure 2-Source Data 3: Numerical data for Figure 2F’-F”, values for anisotropic and isotropic
stress deteremined with ESCA.

Figure 2-Figure Supplement 1-Source Data 1: Numerical data for Figure 2-Figure Supplement
1A, initial recoil velocity upon ablation along the PD axis for wt, stbm, and fmi wings.

Figure 2-Figure Supplement 1-Source Data 2: Numerical data for Figure 2-Figure Supplement
1B, exponential fits to the response to laser ablation.

Figure 2-Figure Supplement 1-Source Data 3: Numerical data for Figure 2-Figure Supplement
1C, ratio of elastic constants obtained with ESCA in wt and pk mutant tissues.

Figure 3-Source Data 1: Numerical data for Figure 3A, initial recoil velocity upon ablation along
the PD axis throughout blade elongation flows for wt and pk mutant tissues.

Figure 3-Source Data 2: Numerical data for Figure 3B-B’, ESCA results for anisotropic and
isotropic stress in wt and pk mutant tissues throughout blade elongation flows.

Figure 3-Source Data 3: Numerical data for Figure 3D, PD component of cell elongation Q
throughout blade elongation flows for wt and pk mutant tissues.

Figure 3-Figure Supplement 1-Source Data 1: Numerical data for Figure 3-Figure Supplement
1A, initial recoil velocity upon ablation along the PD axis throughout blade elongation flows for wt, stbm,
and fmi tissues.

Figure 3-Figure Supplement 1-Source Data 2: Numerical data for Figure 3-Figure Supplement
1B, ESCA report of ratio of elastic constants throughout blade elongation flows for wt and pk.

Figure 3-Figure Supplement 1-Source Data 3: Numerical data for Figure 3-Figure Supplement
1C, initial recoil velocity along the AP axis for wt and pk.

Figure 3-Figure Supplement 1-Source Data 4: Numerical data for Figure 3-Figure Supplement
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1D, proxy for shear stress calculated as the difference between the initial recoil velocities along the PD
and AP axes for wt and pk, and ESCA report of anisotropic stress throughout blade elongation flows for
wt and pk.

Figure 3-Figure Supplement 2-Source Data 1: Numerical data for Figure 3-Figure Supplement
2E, PD component of cell elongation Q throughout blade elongation flows for wt, stbm, and fmi tissues.

Appendix 1-Figure 1-Source Data 1: Numerical data for Appendix 1-Figure 1A, right, cell
elongation during blade elongation flows for old vs new flies.

Appendix 1-Figure 1-Source Data 2: Numerical data for Appendix 1-Figure 1B, shear rate and
its decomposition in one wt movie from 2016 and three movies (one wt and two fmi) from 2018 or later.

Source Code 1: Fiji macro used to quantify size and shape of adult wings. Inputs raw image of an
adult wing and outputs text document containing quantifications of area, perimeter, major axis length,
minor axis length, and other measurements not used in this manuscript.

Source Code 2: Fiji macro used to draw kymographs from a laser ablation experiment. Inputs stack
of images from a timelapse laser ablation experiment. Outputs kymograph image that is later used to
compute the initial recoil velocity upon ablation (Source Code 3).

Source Code 3: Matlab script used to calculate the initial recoil velocity upon laser ablation in linear
cuts. Inputs include the path to a folder containing the kymograph for each cut, as well as the pixel size
in microns and time interval between image acquisition. Outputs a mat file containing the initial recoil
velocity calculated as the average between the recoil velocities of the two membranes of the ablated cell.

Source Code 4: Matlab script used to concatenate all calculated initial recoil velocities for a given
dataset. Inputs the path to a folder containing the mat files output from first script (Source Code 3).

Outputs a list of recoil velocities for each analyzed laser ablation experiment.
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1 Appendix 1

During the course of this work, we identified a delay in the onset of blade elongation flows compared to
previous work (Figure 1-Appendix 1A) (Etournay et al., 2015; Piscitello-Gomez et al., 2023). In the past,
cells reached their maximum of cell elongation at 22.94+0.4 hAPF, while now they reach it at 28 hAPF.
Although we do not know the cause of this delay, we have ruled out differences in temperature (either
on the microscope or during development), nutrition (plant vs yeast-based foods), genetic background,
presence of the parasite Wolbachia, or circadian gating (Piscitello-Gomez et al., 2023). To deal with this
variation and combine data acquired over the years, we present cell dynamics data aligned in time by
the peaks of cell elongation, and we refer to this timepoint as 0 hRPCE (relative to peak cell elongation)
(Figure 1-Appendix 1A). We investigated the cell dynamics underlying blade elongation flows in the
delayed flies and observed that the shear rates were comparable with the older flies (Figure 1-Appendix

1B). Thus, it is reasonable to shift the curves by aligning them to a new reference time.
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A. CELL ELONGATION IN BLADE REGION IN 2016 vs. 2018 wt FLIES
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B. TISSUE SHEAR RATES OF 2016 AND 2018 wt FLIES, AND 2018 AND 2019 fmi FLIES
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Figure 1-Appendix 1: Delay and time alignment of old and newer flies: (A) Left: snapshots of the blade region of long-term
timelapses of wt pupal wing morphogenesis acquired in different years. Scale bar, 10 um. Right: cell elongation norm during blade
elongation flows for old flies (orange palette, 2016 flies) and new flies (green curve, 2018 fly). Top plot: cell elongation magnitude
for each movie not aligned in time. The peak of cell elongation is delayed from around 23 hAPF to 28 hAPF. Bottom plot: cell
elongation magnitude after alignment in time to the peak of cell elongation. Time is now expressed in hours relative to peak cell
elongation (hRPCE). (B) Cell dynamics underlying anisotropic tissue deformation for 2016 wt (n=4, top left), 2018 wt flies (n=1,
top right), and 2 fmi flies imaged in 2018 (bottom left) and 2019 (bottom right). The vertical dashed line marks the timepoint
where cell rearrangements flip from AP- to PD-oriented per movie. The two dotted lines mark the start and the end of the analyzed
wt long-term timelapses acquired in 2016. The time is relative to the peak of cell elongation (hRPCE).

Appendix 1-Figure 1 - Source Data 1. Numerical data of Appendix 1-Figure 1A. Appendix 1-Figure 1 - Source Data 2.
Numerical data of Appendix 1-Figure 1B.
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