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The average ratio of the normalized diffusivities
of Leftys and Nodals measured here is ℜ ≈ 14,
providing biophysical support for these modeling
studies (see text S8 for comparison of reactiondiffusion systems). The different diffusivities in
the Nodal/Lefty biological system have counterparts in chemical reaction-diffusion systems. For
example, patterns can be generated in a starchloaded gel by combining an activator (iodide)
with an inhibitor (chlorite) in the presence of
malonic acid (30). In this in vitro system, diffusion of the activator is hindered by binding to
the starch matrix and is thought to result in a
higher (factor of ~15) diffusivity of the inhibitor.
These models and our measurements raise the
possibility that differential binding interactions
and a ratio of at least a factor of 5 to 15 of inhibitor and activator diffusivities might be a general
feature of reaction-diffusion–based patterning.
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Mechanical Control of Morphogenesis
by Fat/Dachsous/Four-Jointed
Planar Cell Polarity Pathway
Floris Bosveld,1* Isabelle Bonnet,1* Boris Guirao,1* Sham Tlili,1† Zhimin Wang,1
Ambre Petitalot,1 Raphaël Marchand,1 Pierre-Luc Bardet,1 Philippe Marcq,2
François Graner,1 Yohanns Bellaïche1‡
During animal development, several planar cell polarity (PCP) pathways control tissue shape
by coordinating collective cell behavior. Here, we characterize by means of multiscale imaging
epithelium morphogenesis in the Drosophila dorsal thorax and show how the Fat/Dachsous/
Four-jointed PCP pathway controls morphogenesis. We found that the proto-cadherin Dachsous
is polarized within a domain of its tissue-wide expression gradient. Furthermore, Dachsous
polarizes the myosin Dachs, which in turn promotes anisotropy of junction tension. By combining
physical modeling with quantitative image analyses, we determined that this tension anisotropy
defines the pattern of local tissue contraction that contributes to shaping the epithelium mainly
via oriented cell rearrangements. Our results establish how tissue planar polarization coordinates
the local changes of cell mechanical properties to control tissue morphogenesis.
issue morphogenesis requires the coordination of cell behaviors during development. Planar cell polarity (PCP) pathways,
which coordinate the polarization of cells in the
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tissue plane, have been shown to play a fundamental role in morphogenesis of vertebrates and
invertebrates (1). It remains largely unknown
how PCP pathways control local cell mechan-
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diffusion coefficients of the fusion proteins by
fitting a three-dimensional diffusion model to
recovery profiles (text S6 and figs. S19 to S21).
We obtained effective diffusion coefficients of
0.7 T 0.2 mm2/s for Cyclops-GFP, 3.2 T 0.5 mm2/s
for Squint-GFP, 11.1 T 0.6 mm2/s for Lefty1-GFP,
and 18.9 T 3.0 mm2/s for Lefty2-GFP (Fig. 4B,
figs. S18 to S23, and text S6). Thus, increased protein diffusivities reflect increased ranges, indicating
that differential diffusivity is a major contributor
to the differences in Nodal and Lefty range.
To test whether the experimentally determined
values for diffusivity and clearance accurately
predict the measured distribution profiles, we numerically simulated signal secretion from a localized source, diffusion, and clearance (12, 14, 26)
in a three-dimensional geometry appropriate for
blastula embryos (text S7). Using the measured
values for diffusivity and clearance, these simulations yielded distribution profiles similar to the
experimentally determined protein distributions
(fig. S26) and thus provided independent support
for the validity of the experimental approaches.
Our results have two major implications.
First, differential diffusivity underlies differences
in activator/inhibitor range. The differences in
range (Cyclops < Squint < Lefty1 < Lefty2) are
reflected in the differences in effective diffusion coefficients (Cyclops < Squint < Lefty1 <
Lefty2). There is a similar trend in half-lives,
but the differences in diffusivity are much more
pronounced than the differences in clearance.
During embryogenesis, the sources of Nodal
and Lefty overlap, but Nodal signaling is active
near the source and is inhibited by Lefty farther
away. Our results suggest that the lower mobility of Nodal allows its accumulation close to
the site of secretion, whereas the high mobility
of Lefty leads to rapid long-range dispersal and
prevents accumulation near the source. Thus,
the differential diffusivity of Nodal and Lefty
signals serves as the biophysical basis for the
spatially restricted induction of cell fates during
embryogenesis.
Second, the previously described network
topology of the Nodal/Lefty system and the
biophysical properties of Nodals and Leftys
measured here support the activator/inhibitor
reaction-diffusion model of morphogenesis: A
less diffusive activator (Nodal) induces both its
own production and that of a more diffusive
inhibitor (Lefty) (3, 4). The Nodal/Lefty reactiondiffusion system is further constrained by prepatterns and rapid cell fate specification; thus,
the system results in graded pathway activation
during mesendoderm induction and exclusive
pathway activation on the left during left-right
specification (see text S2 for detailed discussion). Mathematical models have postulated that
the inhibitor in reaction-diffusion systems must
have a higher diffusion coefficient than the activator. Several models suggest that clearancenormalized inhibitor and activator diffusion
coefficients differ by a factor of at least 6, that is,
ℜ = (D/k1)inhibitor/(D/k1)activator > 6 (8, 16, 27–29).
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a tissue-wide polarity (7, 8, 10, 12–15). Through
a poorly understood mechanism involving Fat
signaling and the DHHC palmitoyltransferase
Approximated (16), this polarity promotes the
asymmetric distribution of the myosin Dachs,
which controls division orientation and apical
cell size (12, 16–19). The role of the Fat/Ds/Fj
pathway in tissue morphogenesis has been studied
by using indirect measurements such as the shape
of clones and division orientation (19, 20); conversely, measurements of tissue dynamics have
so far characterized its role in tissue rotation (21).
Here, we assessed whether, where, and how the
Fat/Ds/Fj pathway affects local cell mechanical
properties to drive tissue deformations.
We implemented a multiscale imaging method to record morphogenesis of the Drosophila
dorsal thorax during metamorphosis (22). This
monolayered epithelium is composed of a posterior region, the scutellum, and of a large anterior region, the scutum (Fig. 1A and fig. S1, A
and B). Cells were labeled with E-Cadherin:
green fluorescent protein (GFP), and the tissue
was imaged from 11 hours after pupa formation

(hAPF) to 36 hAPF by acquiring high-resolution
three-dimensional stacks tiling the thorax at each
time-point (Fig. 1A and movie S1). This multiscale imaging enabled us to follow ~104 cells over
several cell cycles with unprecedented dynamics: 5 min resolution over 26 hours of development and 0.32 mm resolution over the ~750 ×
700 mm2 of the tissue. At the cell-scale, the spatial and temporal resolutions facilitated the determination and the tracking of cell apex areas,
cell shapes, divisions, cell rearrangements, and
apoptoses (Fig. 1, B to D; fig. S1, C and D; and
movie S2). At the tissue scale, we measured local tissue flow over the whole tissue by means
of image correlation, using a length scale of 10
to 20 cells and a time scale of 2 hours. This revealed the different periods of development (fig.
S2 and movie S3). In particular, between 17:20
and 21:20 hAPF the velocity map showed morphogenetic movements both in the scutum and
the scutellum (Fig. 1E, shaded regions). This tissue
flow promoted tissue contraction and elongation
in the lateral scutum and the medial scutellum,
resulting in their anterior-posterior and medial-
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ical properties to drive global tissue deformation. The Fat/Dachsous(Ds)/Four-jointed(Fj) PCP
pathway plays fundamental roles in the regulation
of tissue growth, the orientation of cell polarity
across the tissue, and the regulation of morphogenesis (1, 2). fat and ds encode proto-cadherins,
whereas fj encodes a Golgi kinase modulating
Fat/Ds binding (3–8). In many Drosophila tissues,
ds and f j are expressed in tissue-wide opposing gradients (4, 5, 9, 10). Fat and Ds are reported to be homogeneous at the cell membrane
(10, 11). Yet, the heterophilic binding of Fat and
Ds between adjacent cells is proposed to generate

Fig. 1. The Drosophila dorsal thorax as a system for morphogenesis. In all figures, yellow circles, macrochaetae; cyan
dashed line, midline. (A) Dorsal thorax tissue labeled with
E-Cad:GFP. Yellow region, scutellum; dashed black line, scutum. The black box cut by the midline defines the two “hemiscutella”. (B to D) Maps of proliferation (B), apex area (C),
and anisotropy (D), defined as 1 minus the ratio of minor and
major axes of the fitting ellipse. White cells are sensory organ precursor cells. (E) Velocity field averaged between 19
and 21 hAPF, represented as arrows. Gray regions are scutum
and scutellum flows. (F) Deformation rates averaged between
19 and 21 hAPF, represented as ellipses. Red, elongation; Blue,
contraction. Anterior (A). Posterior (P). Scale bars, 100 mm, 9 ×
10−2 mm/min [(E), blue arrow], 2.4 × 10−3 min−1 [(F), blue bar].
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lateral elongations, respectively (Fig. 1F, scutellum
in yellow). Collectively, our multiscale imaging and measurements provide a resource to investigate how signaling pathways control tissue
morphogenesis.
Looking for regulators of these morphogenetic movements, we observed that ds and fj were
both expressed in the scutellum (fig. S3), their
opposing gradients forming an inverted V-shaped
domain pointing toward the midline (thereafter
referred to as L−shape) in each hemi-scutellum
(Fig. 2A and fig. S3). To understand the role of
Fat/Ds/Fj signaling in tissue morphogenesis, we
thus focused on the contraction and elongation
taking place in the scutellum. The average tissue
deformation rate map between 17:20 and 21:20
hAPF revealed that tissue deformation was not
homogenous along the ds and fj gradients (Fig.
2B and fig. S4). This suggests that Fat/Ds/Fj
activation might vary along the ds and f j gradients and emphasizes the need to define where
the Fat/Ds/Fj pathway is active to investigate
its role in morphogenesis. Given the evidence
indicating that the subcellular localization of
the myosin Dachs is controlled by Fat activity
(17, 18, 23), we generated a Dachs:GFP (D:GFP)
rescue construct and imaged it in the scutellum
(movie S4). This revealed that (i) D:GFP was polarized in the L-shaped domain, where the opposing
expression gradients of ds and fj meet (Fig. 2C);
and (ii) within the regions of D:GFP planar polarization, cell boundaries enriched in D:GFP
were aligned with each other, leading to D:GFP
planar polarity lines (Fig. 2C, arrowheads).
Loss of ds or fat function as well as overexpression of fj disrupted D:GFP polarization
(fig. S5, A to D). In agreement with the fact
that D:GFP was mostly polarized in the region
where the ds and fj gradients were opposed,
clonal overexpression of either ds or fj induced
repolarization of D:GFP only in regions where fj
or ds were expressed, respectively (fig. S5, E
and F). We then analyzed the subcellular localization of Fat, Ds, and Fj in relation with the
Dachs polarization domain (fig. S6, A to C’’)
and established that Ds was polarized in regions
where D:GFP was polarized (Fig. 2D and fig.
S6, A to A’’). Ds polarization required the fj gradient and Fat activity but was independent of
Dachs activity (fig. S6, D to G’). Both Ds and
D:GFP polarized toward high levels of fj expression and colocalized at the junctions (Fig. 3, A
to C’’). Furthermore, D:GFP can pull down the
Flag:Ds intracellular domain (Fig. 3D). Altogether, our results revealed that Ds is planar
polarized in the region where the opposing gradients of ds and fj meet. In turn, the interaction
between Ds and Dachs promotes the polarization of Dachs (fig. S7, model).
The ectopic accumulation of Dachs reduces
cell apex area, suggesting its possible implication in mechanical apex constriction (19). To
directly assess whether the Fat/Ds/Fj pathway
modulates cell mechanical properties via Dachs
polarization, we performed laser ablation of junc-
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tons and observed that the tension of junctions
enriched in D:GFP was on average twofold
higher as compared with junctions devoid of D:
GFP (Fig. 3E, fig. S8, and movie S5). To confirm that Dachs polarization leads to anisotropic
junction tension, we generated fat clones that induced an increased polarization and an accumulation of Dachs in mutant junctions facing
the wild-type ones (fig. S9, A and C). Such junctions displayed an increased tension that depends
on Dachs activity (fig. S9B). Last, MyosinII
was not polarized at the fat clone boundaries
and did not exhibit a stronger anisotropy than
the one due to cell shape itself, along the Dachs
polarity lines (fig. S9, D to H). This shows that
Dachs polarity regulates the anisotropy of junction tension and suggests that the opposing ds
and f j gradients generate a tension anisotropy
along Ds and Dachs polarity lines.

To investigate whether the tension anisotropy
along the Dachs polarity lines control tissue
morphogenesis, we developed a physical model
that provides a general method to analyze the
morphogenetic contribution of a specific signaling pathway within elaborate morphogenetic
movements. In our case, it predicted that Dachs
tension anisotropy is sufficient to modulate the
local contraction rate (supplementary text). It
provided a quantitative test to determine whether
Dachs contributes to morphogenesis: Upon subtraction of the contraction rate of any mutant
condition abrogating Dachs function or polarization from the contraction rate of the wild-type
condition, the resulting difference in contraction
rate is expected to be aligned with the Dachs polarity pattern.
To analyze the role of Dachs polarization,
we first quantified the Dachs polarity pattern

Fig. 2. Ds and Fj expression
gradients locally polarize
Dachs and Ds. Panels show
right-side hemi-scutellum.
(A) Quantification of the average gradients of Ds and
fj-lacZ (n = 7 hemi-scutella).
(B) Mean deformation rates
(n = 5 hemi-scutella) between
17:20 and 21:20 hAPF. Deformation rates represented
as ellipses. Red, elongation;
Blue, contraction. (C and D)
Dachs:GFP (D:GFP) and Ds localization. Arrowheads: D:GFP
(C) and Ds (D) polarity lines.
Yellow ellipses indicate average macrochaete positions T
SD. Scale bars, 10 mm, 10−3
min−1 [(B), blue bar].

Fig. 3. Ds and Dachs colocalize and Dachs polarization is associated with tension anisotropy. (A
and B) Cells located in a region of the Fj gradient
expressing D:GFP and lacking D:GFP (D:GFP–) (A),
or overexpressing ds (dsUP cells marked by mRFP,
not shown) (B) accumulate D:GFP and Ds at junctions facing the higher Fj concentration (green
arrowheads), whereas they are absent at junctions
facing the lower Fj concentration (red arrowheads).
Yellow arrows: direction of polarization. Yellow dots:
dsUP cells abutting the wild-type (WT) cells (B). (C to
C”) D:GFP [(C) and (C’’)] and Ds [(C’) and (C’’)]
colocalize (arrowheads). (D) Anti-Flag blot of GFPimmunoprecipates from cells expressing Flag:Dsintra
and GFP; Flag:Dsintra; Flag:Dsintra and D:GFP; Molecular weight (MW) markers in kilodaltons. Although a nonspecific GFP binding was observed, a
larger amount of Flag:Dsintra was reproducibly coprecipitated with D:GFP. (E) Plot of the mean speed of
vertex relaxation after ablation of junctions with high
or low D:GFP. Scale bars: 10 mm.
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given pathway to morphogenesis without making
assumptions on its magnitude and its spatial dependence. Last, given the multitude of cell shapes,
cell sizes, and division patterns occurring in the
thorax epithelium, future work on this tissue should
reveal how multiple signaling pathways are integrated to regulate proliferation, planar polarization, and morphogenesis.
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Fig. 4. Dachs polarity lines promote local contractions mainly via cell rearrangements. Averaged
maps between 17:20 and 21:20 hAPF. (A and B)
Localization of D:GFP (A) and map of D:GFP magnitude and anisotropy (B) quantified by Fourier
Transform (FT, n = 3 hemi-scutella). (C to F’)
Maps of subtractions of dachsRNAi (n = 5 hemiscutella) from WT (n = 11 hemi-scutella) and of
dsRNAi (n = 5 hemi-scutella) from WT (n = 11 hemiscutella) for contraction rates [(C) and (D)] and for
cell rearrangements [(E) and (F)]. Bars indicate
amplitudes and orientations of the differences of
contraction rates or cell rearrangements. Maps of
the alignment coefficients between the D:GFP FT
pattern and the differences in contraction rates [(C’)
and (D’)], or between the differences in contraction
rates and cell rearrangements within the D:GFP FT
pattern [(E’) and (F’)] for WT and dachsRNAi [(C’) and
(E’)] and for WT and dsRNAi [(D’) and (F’)]. Local
alignment scores [(C’) and (D’), orange; (E’) and
(F’), purple] go from 0 (fully anticorrelated), to
1 (fully correlated), through 0.5 (noncorrelated).
Significant data are green (B), blue [(C) and (D)],
and red [(E) and (F)] bars; other are gray bars [(B)
to (F)]. The average score A is calculated over
nongray regions. Scale bars, 10 mm, 5.5 × 10−4
min−1 [(C) and (D), blue bars], 1 mm2 min−1 [(E)
and (F), red bars].

(Fig. 4, A and B, green bars, and fig. S10). We
then knocked down Dachs or Ds function by
expressing dachs (dachsRNAi ) or ds (dsRNAi ) hairpins during pupal development and averaged
between 17:20 and 21:20 hAPF the map of differences of the local contraction rates between
wild-type and dachsRNAi or between wild-type and
dsRNAi pupae. We observed significant differences
in the local contraction rates between wild-type
and dachsRNAi tissues or between wild-type and
dsRNAi within the L-shaped domain of D:GFP
polarization (Fig. 4, C and D, blue bars, and fig.
S11, A to C). The orientations of the significant
differences were aligned with the local orientations of the D:GFP anisotropy distribution (Fig.
4, C’ and D’). These results demonstrate that
Dachs polarization regulates tissue morphogenesis by increasing the rate of contraction along
its polarity lines.
We then studied how Dachs polarization
controls the cell dynamics that makes up the local
tissue contractions. Our analyses of cell division
rate and orientation argue against a major contribution of division orientation (fig. S12). We
therefore quantified the respective contributions
of cell rearrangements and cell shape changes to
tissue contraction rates (fig. S13). In the wildtype tissue, Dachs polarization correlates with the
cell rearrangement pattern both in magnitude and
orientation (fig. S14, A to C’, red bars), whereas
it poorly correlates with cell shape changes (fig.
S14, D and D’, cyan bars). Accordingly, both the
differences in tissue contraction rates between
wild-type and dachsRNAi and between wild-type
and dsRNAi were mainly associated with a decrease
in the contribution of cell rearrangements to tissue
contractions in the regions of Dachs polarization and, to a lesser extent, to cell shape changes
(P < 10−12) (Fig. 4, E to F’, and figs. S11, A’ to C”,
and fig. S15). Similar results for tissue contraction rate and cell dynamics were obtained in
fat RNAi and f j UP mutant conditions (fig. S16).
Accordingly, ds RNAi, fj UP, fat RNAi, and dachs RNAi
pupae manifest similar defects in the adult scutellum shape (fig. S17).
Altogether, we found that Ds polarization
promotes Dachs polarization within a domain
of the opposing tissue-wide ds and fj gradients.
Their local polarization produces an anisotropic
distribution of junction tensions, which increases
the contraction rates along the lines of Ds and
Dachs planar polarization to shape the epithelial
tissue mainly through oriented cell rearrangements (fig. S18). The Dachs myosin has the necessary domains to be an actin-binding motor
(fig. S9) and, in complex with Dachsous, may
directly contribute to junction contractility, favoring cell rearrangements. Because MyosinII also
contributes to junction tension and cell rearrangements (24), future work should dissect the
respective roles of Dachs and MyosinII in these
processes. Morphogenesis is accomplished by the
concerted activity of multiple signaling pathways.
Our subtractive method of tissue deformation rates
is general enough to isolate the contribution of a
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