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Abstract

How genetic programs generate cell-intrinsic forces to shape embryos is actively studied,
but less so how tissue-scale physical forces impact morphogenesis. Here we address the
role of the latter during axis extension, using Drosophila germband extension (GBE) as a
model. We found previously that cells elongate in the anteroposterior (AP) axis in the
extending germband, suggesting that an extrinsic tensile force contributed to body axis
extension. Here we further characterized the AP cell elongation patterns during GBE, by
tracking cells and quantifying their apical cell deformation over time. AP cell elongation
forms a gradient culminating at the posterior of the embryo, consistent with an AP-oriented
tensile force propagating from there. To identify the morphogenetic movements that could
be the source of this extrinsic force, we mapped gastrulation movements temporally using
light sheet microscopy to image whole Drosophila embryos. We found that both mesoderm
and endoderm invaginations are synchronous with the onset of GBE. The AP cell elonga-
tion gradient remains when mesoderm invagination is blocked but is abolished in the
absence of endoderm invagination. This suggested that endoderm invagination is the
source of the tensile force. We next looked for evidence of this force in a simplified system
without polarized cell intercalation, in acellular embryos. Using Particle Image Velocimetry,
we identify posteriorwards Myosin |l flows towards the presumptive posterior endoderm,
which still undergoes apical constriction in acellular embryos as in wildtype. We probed this
posterior region using laser ablation and showed that tension is increased in the AP orienta-
tion, compared to dorsoventral orientation or to either orientations more anteriorly in the
embryo. We propose that apical constriction leading to endoderm invagination is the source
of the extrinsic force contributing to germband extension. This highlights the importance of
physical interactions between tissues during morphogenesis.
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Author Summary

Embryos change shape dramatically during development. The genetic programs that drive
the active behavior of cells underlying these changes are well understood, but little is
known about how movements of neighboring tissues influence the shaping of a given tis-
sue. We address this question for the anteroposterior elongation of the body axis (germ-
band) of Drosophila embryos. We had previously shown that during elongation, the
germband cells stretch along the anteroposterior axis, in addition to undergoing active
rearrangements; this suggested that extrinsic tensile forces might be at play. In the current
study we find that the start of main body elongation is synchronous with the invagination
of both the mesoderm and the endoderm. We analyze mutants and find that cell stretching
disappears in embryos lacking endoderm invagination but remains in those lacking meso-
derm invagination. We then measure tension using laser ablation in acellular embryos that
lack active cell rearrangements in the germband but undergo the initial stages of endoderm
invagination. We find that tension is higher in the anteroposterior direction close to the
invaginating endoderm. Our results indicate that endoderm invagination generates a ten-
sile force that is transmitted to the germband, and contributes to its elongation. This study
reveals how tissues interact during embryo morphogenesis.

Introduction

During development, many tissues extend in one orientation while narrowing in the orthogo-
nal one. These so-called convergence and extension movements elongate the anteroposterior
axis in bilateral animals during gastrulation, where they have been most studied [1-4]. Defects
in convergence and extension movements at gastrulation have been linked to neural tube
defects in mouse and human embryos [5]. Convergence and extension movements are also
important later in embryo morphogenesis, for example for the elongation of the cochlear tube
[6], the kidney tubules [7], and the limb and jaw cartilages [2].

Intracellular forces are key in convergence and extension and in most cases studied, drive
polarized cell rearrangements [1,2]. These require planar polarization of proteins at cell mem-
branes [3,8]. Planar polarization of actomyosin was first shown in Drosophila germband exten-
sion (GBE) to result in the selective shortening of dorsoventrally (DV) oriented cell contacts
[9,10]. The cell biology of this process has since been extensively characterized, and planar
polarization of several other components including Bazooka (the homologue of Par-3) and E-
cadherin have been found to be required for active cell rearrangements [11-20]. These polari-
ties are controlled by the anteroposterior (AP) segmentation cascade in Drosophila, the most
downstream genes being the pair-rule genes, encoding transcription factors such as Even-
skipped and Runt [9,10,21]. Recent work has found that a combinatorial code of Toll-like
receptors is required for transducing the AP positional information from these transcription
factors into the planar polarities required for polarized cell intercalation [22]. Recently, acto-
myosin-driven shortening of cell contacts has also been shown to be essential for convergence
and extension movements in vertebrates [7, 23-25].

However, cell-autonomous behaviors might not be sufficient to fully explain axis elongation
[26]. Stresses generated by neighboring morphogenetic movements or by the constrained
geometry of the embryo could contribute to axis extension [27-29]. Evidence for extrinsic
forces influencing tissue elongation has been reported: in Caenorhabditis elegans, body wall
muscle contractions guide embryonic elongation [30]; in Drosophila oogenesis, the traction
force produced by the follicle rotation is required for egg chamber elongation [31]; in the
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Drosophila developing wing, the contraction of the hinge produces a tensile stress that orients
the cell behaviours required for wing blade elongation [32,33].

In the Drosophila embryo, we found previously that in addition to polarized cell intercala-
tion, AP cell elongation contributes to GBE [34]. These cell shape changes are not a conse-
quence of cell rearrangements: in the absence of polarized cell intercalation, the germband cells
elongate even more in AP, a behavior most parsimoniously explained by an extrinsic tensile
force acting on the tissue [34]. This gives us the opportunity to investigate how extrinsic factors
can contribute to axis extension. Here, we search for the source of the extrinsic force acting on
the germband by measuring the deformation of cells as a function of time, in the absence and
presence of other morphogenetic movements. We find that blocking posterior endoderm
invagination abolishes AP cell elongation. Furthermore, we present evidence that apical con-
striction leading to invagination of the posterior endoderm primordium produces a tensile
force propagating from the posterior of the embryo. We conclude that this gastrulation move-
ment at the posterior produces an AP tensile force contributing to the elongation of the main
axis in Drosophila.

Results

The Patterns of AP Cell Elongation Form a Gradient Increasing Towards
the Posterior Tip of the Embryo

We analyzed apical cell shape changes using custom-made algorithms as previously [34,35].
We imaged embryos labeled with the junctional marker ubi-DE-cad-GFP on their ventral side
by confocal time-lapse microscopy, acquiring images every 30 s at 20.5 + 1°C, starting movies
around morphological stage six and finishing around stage eight (Fig 1A, 1A’, 1C and 1C’). We
segmented apical cell contours based on the fluorescent signal and linked cells in time, storing
the coordinates of the centroid of each cell and of a polygon describing its outline, at each time-
point (Fig 1D and 1D’). To measure the cell shape changes, our algorithms consider small cell
neighborhoods consisting of a central cell surrounded by one ring of its immediate neighbors
(Fig 1B). Cell shapes for this neighborhood are measured by fitting an ellipse to each cell: strain
rates are calculated over a 2 min window (£2 timepoints, see Fig 1B). To analyze specifically
the AP component of cell shape change (the component that will contribute to axis extension),
the strain rates were projected onto the AP embryonic axis. In our summary plots, we call this
strain rate “AP cell length change,” expressed in proportion per minute (pp/min) (Fig 1E-1F’)
and shorten it to “AP cell elongation” in the text thereafter. Note that from our measures of
strain rates, we can also extract DV cell elongation and cell area change (see below). To con-
sider only the deformation of cells from the germband (the tissue undergoing convergence and
extension), we excluded any tracks from mesoderm and mesectoderm cells (Fig 1D and 1D’).
These methods allow us to examine the patterns of AP cell elongation in living embryos, which
we proposed to be a signature of an extrinsic force contributing to axis extension [34].

We had previously analyzed AP cell elongation in field of views that included the cephalic
furrow as an anterior landmark (the cephalic furrow forms between the head and the germ-
band) [34] (Fig 1A, 1A’ and 1C). These views show the anteriormost region of the ventral side
of the germband and are thereafter called “anterior views” for simplicity. When visualizing AP
cell elongation as a function of time and position along the AP axis in spatiotemporal heat
maps, we noticed that the signal was higher towards the posterior edge of the field of view [34]
(average for five movies, Fig 1E; individual movies, S1A Fig; tracking information, S1C and
S1C’ Fig). This prompted us to image the ventral side of embryos more posteriorly, using the
tail end of the embryo (as detected in apical optical sections) as a posterior landmark (Fig 1A’
and 1C’). Plotting spatiotemporal maps for these “posterior views” revealed that AP cell

PLOS Biology | DOI:10.1371/journal.pbio.1002292 November 6, 2015 3/27



el e
@ PLOS | BIOLOGY Invaginating Endoderm Pulls on the Extending Ectoderm

A Lateral views C Anterior view

0 50 100 150  200pm 450  -100  -50  Oym

o wildtype wildtype
? ] f
Lo_: 0 '
= =« (_ APcell
E 3 length
5 Q] 59 change
8 N7 o N 4
g ] g (pp/min)
4o 4w |>0.06
(O O] i
g ] o] 0.04
] 52_' 5 ° =
g £ 0.02
= 0] = o
] 0
o_-
100 150 200 250 -150 -100 -50 0
g ant. post. ant. post.
T EN g Distance from cephalic furrow (um)  Distance from posterior end of embryo (um)

ol Nt i il o

Ventral view

H
B F Anterior view F Posterior view
t-2 t+2 5 ] = .
£ 0.075- wildtype € 0.075- wildtype
o é @
O 9 0.050- 8 0.050-
c C
QU — «s m
< £
O O O © 0.025: © 0.025-
=) S
= c
3 0.000- /—\ 3 0.000-
=== Positive cell shape change (strain rate, pp/min) 8_0 025- . | | | 8 0.025-
) . ) L7 10 20 30 X790y 10 20 30
== Negative cell shape change (strain rate, pp/min) Time after GBE onset (mins) Time after GBE onset (mins)

Fig 1. Cell shape change analysis during Drosophila axis extension. (A) Scanning electron microscopy micrographs (from Flybase, [36]) showing lateral
views of gastrulating Drosophila embryos at stage six, seven, and eight. Anterior is to the left. The part of the germband undergoing convergent extension is
labelled in purple and the main direction of extension indicated with a yellow arrow. The following landmarks or morphogenetic events are indicated: PC, pole
cells; CF, cephalic furrow; ATF, anterior transverse furrow; PTF, posterior transverse furrow; PMI, posterior midgut invagination (also called posterior
endoderm invagination). The box represents the ventral surface that we optically sectioned by confocal microscopy. (A’) Scanning electron microscopy
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micrograph showing a ventral view of a gastrulating embryo at stage eight, with the approximate position of the anterior and posterior field of views that we
analyzed. Both views are bissected by the ventral furrow (VF) through which the mesoderm invaginates. (B) Schematics representing the small
neighborhood of cells considered by the tracking algorithms. Cell shape changes (strain rates) are calculated by comparing two timepoints before and after a
given time. A strain rate is the ratio of the change in length to the original length, divided by the time interval, with units of proportion per minute (pp/min). The
cell shape change is represented here by two orthogonal vectors, showing elongation in one direction (blue, positive) and shrinkage in the perpendicular
direction (red, negative). (C, C’) Example frames of movies of wild-type embryos at t = 10 min after GBE onset labeled with ubi-DE-cad-GFP, showing an
anterior (C, wtLB009) and a posterior view (C’ wtCL051010). (C) For anterior views, the cephalic furrow (arrow) is used as an anterior landmark, and the
scale shows distance from this landmark. The purple shading shows the region removed from the analysis, where cells stretch behind the cephalic furrow.
(C’) For posterior views, the posterior-most edge of the embryo seen in the confocal stack is used as posterior landmark (arrow), with distance from it
indicated in the scale. (D, D’) Outcome of tracking for anterior (D) and posterior views (D’), showing the polygons describing the cell outlines and the cell
centroids from which are drawn the tracks giving the cell positions for the previous 2.5 min (5 timepoints). The tracks shown are track retained for the
analysis, after removing tracks from mesodermal cells, mesectoderm cells, and for anterior views, from cells deformed by the cephalic furrow (corresponding
to purple region in C). (E, E’) Spatiotemporal heat maps summarizing AP cell length change contributing to GBE, over the first 30 min of GBE (y-axis) and as
a function of cell position in the AP axis (x-axis), for anterior (E) and posterior views (E’), averaged for five and four embryos, respectively. (F, F’) Graphs
summarizing AP cell length change as a function of time for the first 30 min of GBE, for anterior (F) and posterior views (F’), averaged for five and four
embryos, respectively. The ribbon’s width shows the standard error (see Materials and Methods). Data associated with this figure can be found in S1 Data.

doi:10.1371/journal.pbio.1002292.9001

elongation becomes even stronger closer to the posterior tip of the embryo (average for four
movies, Fig 1E’; individual movies, S1B Fig; tracking information, S1D and S1D’ Fig; example
S1 Movie). Indeed, although AP cell elongation peaks around 10 min after GBE onset in both
views, the magnitude is doubled in posterior views: 0.04 pp/min (average for four movies, Fig
1F’) compared to 0.02 pp/min in anterior ones (average for five movies, Fig 1F). Note that to be
able to make fair comparisons between anterior and posterior views, we removed the tracks of
ectodermal cells deformed by the cephalic furrow in anterior views (purple shaded region in
Fig 1C, resulting tracks in Fig 1D), since these unrelated cell deformations would otherwise
contribute to our measure of total AP cell elongation, as they did in our previous study [34].
All anterior views presented in this paper have been reanalyzed with this exclusion. We esti-
mated that in wild-type embryos, the two fields of view overlapped by about 80 microns (Fig
1A’), and we concluded that the patterns of AP cell elongation detected in posterior views fully
included the patterns seen in anterior views (Fig 1E and 1E’).

The AP cell elongation patterns appeared to form a gradient increasing from the anterior to
the posterior. To ascertain this, we examined a short period around the peak of AP cell elonga-
tion, from 7.5 min to 12.5 min after GBE onset (Fig 2). This confirmed that AP cell elongation
increased steeply towards the posterior of the embryo (Fig 2A-2D), forming a gradient over a
distance of about 150 pm in posterior views (average for four movies, Fig 2D). Although the
gradient is clearest in posterior views, some AP gradation was already detectable in anterior
views (average for five movies, Fig 2C), consistent with the notion that we are visualizing the
beginning of the gradient in anterior views. In posterior views, we also looked at snapshots of
the gradient earlier in GBE, at 2.5, 5, and 7.5 min: the gradient was at first shallow and confined
to the more posterior part of the field of view; it then expanded towards the anterior and
became steeper with time (Fig 2E). These results suggested that a tensile stress deformed the tis-
sue from a posterior source, starting at the onset of GBE and propagating towards the anterior
of the embryo over time.

We also analyzed cell area change in addition to AP cell elongation (S2A and S2A’ Fig).
When passively responding to planar extrinsic forces, cell apical areas are expected to change
in opposite ways depending on whether cells are compressed or pulled: when pulled, cell areas
should increase; in contrast, when compressed, cell areas should decrease. We had already
noted in our previous study that AP cell elongation was accompanied by an increase in cell
area in anterior views, supporting the idea that the germband was experiencing a planar tensile
stress [34] (S2A Fig). This trend is even clearer for the posterior views: the patterns of AP cell
elongation are matched by patterns of cell area increase, suggesting that the germband cells
elongated in response to a tensile rather than compressive stress (compare S2A’ Fig with Fig
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Fig 2. AP cell elongation patterns form an AP gradient. (A, B) AP cell length change shown for each analyzed cell, for timepoints 7.5, 10, and 12.5 min
after GBE onset in anterior (A, wtLB009) and posterior views (B, wtCL051010). The color of the dot at the center of each cell corresponds to the scale bar
shown. (A’, B’) Spatial maps summarizing AP cell length change over the 7.5—-12.5 min time interval, as a function of the position of cells in the AP (x-axis)
and DV (y-axis) embryonic axes, for anterior (A’) and posterior views (B’) (average for five and four embryos per views, respectively). (C, D) Graphs
summarizing AP cell length change over the 7.5—-12.5 min time interval, as a function of cell position in the AP axis, for anterior (C) and posterior views (D).
(E) Graphs summarizing AP cell length change (y-axis), at 2.5, 5, and 7.5 min after the onset of GBE, as a function of cell position in the AP axis (x-axis) for
posterior views (average for four wild-type embryos). The ribbon’s width shows the standard error (see Materials and Methods). Data associated with this
figure can be found in S2 Data.

doi:10.1371/journal.pbio.1002292.g002

E’). Note that in our analyses, we can observe changes in only the two planar axes defining the
apical cell areas, but we expect the third axis, the cell length in Z, to increase or decrease in
response to planar stress to keep the cell volume constant [37,38].

Around the onset of GBE, the germband cells are also subjected to a pull in the perpendicu-
lar direction, along DV, in response to the invagination of the mesoderm on the ventral side of
the embryo [34] (mesoderm invaginates through a ventral furrow visible in Fig 1A’, 1C and
1C’). In both anterior and posterior views, we found that DV elongation of ectodermal cells in
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response to mesoderm invagination have patterns completely distinct from the AP cell elonga-
tion patterns that we are focusing on in this study: first, they are most prominent close to GBE
onset and have disappeared by 10 min into GBE (whereas the AP cell elongation patterns peak
just after 10 min), and second, they occur uniformly along the AP axis of the embryo (whereas
the AP cell elongation patterns occur in a posterior gradient) (S2B-S2C” Fig). Note that AP
and DV cell elongation patterns are both accompanied by an increase in cell area (S2A and
S2A’ Fig), consistent with the idea that they are both the consequence of tensile forces. We con-
cluded that germband cells are subjected to two independent tensile forces, one in the DV
direction caused by mesoderm invagination (see also below), and one in the AP direction com-
ing from the posterior of the embryo.

Together, our analysis of wild-type Drosophila embryos indicated that AP cell elongation
formed an AP gradient consistent with a stress propagating from the posterior. We asked next
what the origin of this tensile force was.

The Gradient of AP Cell Elongation during Axis Extension Is Still Present
in Absence of Mesoderm Invagination

A stress propagating from the posterior seemed at odds with our previous model suggesting a
role for mesoderm invagination in generating AP patterns of cell elongation [34]. This model
was based on the analysis of anterior views, where we had previously found that AP cell elonga-
tion contributing to axis extension was reduced in twist (twi) mutants, which are defective for
mesoderm invagination. Although we had proposed at the time that mesoderm invagination
might contribute to the extrinsic tensile force deforming the germband, it was difficult to for-
mulate a model for how it could do so [29,34]. We reanalyzed the data from anterior views
after exclusion of the region deformed by the cephalic furrow (see above). We confirmed our
previous results: in anterior views, AP cell elongation was significantly reduced in twi mutants
compared to wild type (average for five movies, Fig 3A and 3A’; individual movies, S3A Fig;
example S2 Movie). Next, we acquired new movies imaging the posterior ventral side of the
embryo, using the posterior end of the imaged embryo as a landmark, as before for wild type.
To our surprise, we found robust AP cell elongation in posterior views of twi embryos, with no
statistical difference between the rate of AP cell length change between these mutant embryos
and wild type (average for three movies, Fig 3B and 3B’; individual movies, S3B Fig). Elongat-
ing cells tended to increase in area in these posterior views, suggesting that they elongated in
response to a tensile stress, as in wild type (S3C’ Fig). Note that in these cell area plots, the cell
area increase in response to mesoderm invagination is absent (0 to 5-7 min), in posterior as in
anterior views, demonstrating that the embryos we imaged are indeed defective for mesoderm
invagination (compare S2A Fig with S3C Fig, and S2A’ Fig with S3C’ Fig). Further demonstrat-
ing this, DV cell elongation is gone in anterior and posterior views of twi mutant embryos
(S3D, S3D”, S3E and S3E” Fig, compare with S2B, S2B”, S2C and S2C” Fig). This shows that
whereas the early DV stretch of ectodermal cells is gone as expected in twi mutants (because
there is no mesoderm invagination to pull the ectoderm in DV), the AP stretch of ectodermal
cells is still present in posterior views (S3E and S3E’ Fig). This confirmed that DV and AP cell
elongation were produced by two independent tensile forces, and that mesoderm invagination
caused DV cell elongation in the germband. Refuting our previous model [34], this also indi-
cated that mesoderm invagination did not cause the AP cell elongation contributing to GBE.
As before for wild type, we examined the gradient of AP cell elongation between 7.5 and
12.5 mins and confirmed that there is a significant difference with wild type for anterior views
but no clear statistical difference when comparing posterior views (Fig 3C-3G”). This discrep-
ancy suggested that the relative position of anterior and posterior fields of view are different in
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Fig 3. The AP cell elongation gradient is present in twi mutant embryos. (A) Spatiotemporal map summarizing AP cell length change contributing to
GBE, over the first 30 mins of GBE (y-axis), and as a function of cell position in the AP axis (x-axis), for twi mutants in anterior views (average for five
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change shown for each analyzed cell, for timepoints 7.5, 10, and 12.5 min after GBE onset in twi mutant embryos, for movie frames of an anterior (C,
twiLB012) and a posterior view (D, twiCL140411). The color of the dot at the center of each cell corresponds to the scale bar shown. (C’, D’) Spatial maps
summarizing AP cell length change over the 7.5-12.5 mins time interval, as a function of the position of cells in the AP (x-axis) and DV (y-axis) embryonic
axes, for anterior and posterior views in twi mutants (average of five and three embryos per view, respectively). (E, F) Graphs comparing AP cell length
change over the 7.5-12.5 min time interval, as a function of cell position in the AP axis, for wild-type (blue) and twi mutant (red) embryos, for anterior and
posterior views. (G—G”) Graphs summarizing AP length change (y-axis), at 2.5, 5, and 7.5 min after the onset of GBE, as a function of cell position in the AP
axis (x-axis) for wild-type (blue) and twi mutant (red) embryos, for posterior views (average for four and three embryos per genotype, respectively). Data
associated with this figure can be found in S3 Data.

doi:10.1371/journal.pbio.1002292.g003

wild-type and twi mutants, leading to the detection of the AP cell elongation gradient in poste-
rior views, but not in anterior views, in twi mutants. This is likely to be the result of several fac-
tors, one of which might be a difference in curvature on the ventral side of the embryo between
the two genotypes. Indeed, we find that the outlines of twi embryos are less curved than wild-
type ones in anterior views, and the embryos are wider, consistent with the notion that twi
embryos are flatter (54 Fig). A flatter ventral surface in twi mutants would make the posterior
views more posteriorly located in twi mutants, because the position of the posterior landmark
we use (the tip of the embryo in optical sections) will be influenced by curvature. A flatter sur-
face could be a direct consequence of the failure of mesoderm invagination and the absence of
a keel-like shape in twi mutants. Absence of invaginating mesoderm could not only affect the
curvature of the embryo, but also change its mechanical properties and, for example, make it
flatten more under a coverslip during imaging. Both factors would make the anterior and pos-
terior fields of view further apart in twi mutants compared to wild type.

We concluded that a gradient of AP cell elongation was present in twi mutants and grossly
similar to wild type in posterior views, showing that an event other than mesoderm invagina-
tion must be responsible for the AP extrinsic force deforming the germband.

The Start of Posterior Endoderm Invagination Is Synchronous with GBE
Onset

We reasoned that candidates for generating a tensile stress at the posterior would be morphoge-
netic movements taking place at, or just before, the onset of GBE, because germband cells start to
elongate in AP from the beginning of GBE [34] (Fig 1E and 1E’). To identify such events, we mea-
sured the timings of gastrulation movements relative to the start of GBE (Fig 4). Because some
movements take place on the ventral surface (mesoderm invagination) and others on the dorsal
surface (endoderm invagination, dorsal folding) (Fig 4A, see also Fig 1A and 1A”), we used light
sheet microscopy (SPIM, selective plane illumination microscopy) to image the whole embryo
volume through developmental time [39]. We labelled the cells with plasma membrane markers
such as Spider-GFP and Resille-GFP and took timepoints every 30 sec (at 28-30°C). We examined
three wild-type movies and three twi mutants defective for mesoderm invagination (Fig 4B).

We mapped the onset of GBE by identifying the first posteriorward displacement of ventral
cells (Fig 4C and 4C’, and S3 Movie) and used the corresponding time-point as time zero for all
the movies. To check that the development rates of all embryos imaged were comparable, we
used patterned mitoses in the head as a developmental timer (Fig 4D- 4D”)[40]. We found
that these mitoses start at 8.5 min, 10.5 min, and 11.5 min after GBE onset in the three wild-
type movies and at 10.5 min, 11 min, and 12 min in the three twi movies (Fig 4B). This showed
that there were no obvious differences in development rates between embryos and illustrates
the temporal reproducibility of Drosophila early development.

Next, we mapped the timings of morphogenetic movements visible in the movies (Fig 4A)
(for a review of the anatomy of these movements, see [29]). We concluded that the two mor-
phogenetic movements most synchronous with GBE onset were mesoderm and posterior
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Fig 4. Temporal relationships between morphogenetic movements during Drosophila gastrulation.
(A) Diagram showing the sites of the different morphogenetic movements on lateral views of stage six and
eight embryos (see also Fig 1A and 1A’). The invaginating mesoderm and endoderm layers are shown in
yellow and red, respectively. At stage six, these layers are in the process of invagination from the surface to
the interior of the embryo, and by stage eight, both of these layers are fully internalized. PC, pole cells; CF,
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cephalic furrow; ATF, anterior transverse furrow; PTF, posterior transverse furrow; GBE, germband
extension. (B) Graph summarizing the temporal mapping of the head mitoses and four morphogenetic events
relative to the onset of GBE, for three wild-type and three twi mutant movies. (C—H’) All views are taken from
a wild-type embryo labeled with the whole-membrane markers resille-GFP and spider-GFP and imaged by
light sheet microscopy (SPIM). For each morphogenetic movement, two movie frames are shown, before and
after the temporally mapped event. The position of the pole cells (PC) at the posterior of the embryos are
indicated by a bracket. All embryos shown are at either late stage five or early stage six, except the embryo in
D, which is at stage eight. At these early stages, embryonic cells are arranged in a single columnar layer
surrounding a large yolk cytoplasm, visible as a bright signal in lateral views. (C, C’) Lateral views showing
the mapping of individual cells (yellow dots) 1 min before (C) and 1.5 min after (C’) the onset of GBE. The
arrowheads indicate the position of the cells before the start of GBE. (D—-D”) Lateral views with a

box highlighting the mitotic domain 2 in the head [40], with close-up in (D’) showing a cell about to divide and
(D”) the two resulting daughter cells 3.5 min later. (E, E’) Lateral views showing the mapping of cells (red
dots) 2 min before (E) and 2 min after (E’) the onset of apical constriction in the endoderm primordium. The
close-ups show that the cells between the pair of red dots constricted their apices, causing the dots to move
closer together. (F, F’) Ventral view showing the ventral furrow 2.5 min before (F) and 1.5 min after (F’)
mesoderm sealing. (G, G’) Lateral view showing the mapping of the apical surface of a cell in comparison to
its original position (green dots) on the dorsal surface 2.5 min before (G) and 4 min after (G’) the initiation of
the posterior transverse fold (one of the two dorsal folds). The close-up shows the basalwards displacement
of the apical surface. (H, H’) Lateral view showing the movement of individual cells (magenta dots) 1 min
before (H) and 3 min after (H’) dorsal contraction. The arrowheads show the cells’ positions before
contraction. Data associated with this figure can be found in S4 Data.

doi:10.1371/journal.pbio.1002292.g004

endoderm invaginations (Fig 4B). We mapped the onset of posterior endoderm invagination
(also called posterior midgut invagination) by identifying in which movie frame the cells initi-
ated apical constriction at the posterior of the embryo (Fig 1E and 1E’ and S3 Movie). Posterior
midgut invagination preceded GBE by —3.5, -2, and —1.5 min in the three wild type, and by -2,
-1.5, and 0.5 min in the three twi mutant embryos (Fig 4B). To map a clearly identifiable step
of mesoderm invagination, we recorded the timepoint when the right and left sides of the
mesoderm first met to begin forming the internal mesodermal tube, thereafter called “meso-
derm sealing” (Fig 4F and 4F and S4 Movie). The times relative to the onset of axis extension
were —0.5 min, —0.5 min, and +0.5 min for the 3 wild type movies (twi embryos fail to form a
mesodermal tube) (Fig 4B). This confirms a remarkable synchrony between mesoderm sealing
and GBE onset, which we had noted before [34] (see Discussion). We also looked at morphoge-
netic movements that occur on the dorsal side of the embryo. Dorsal folding occurs in two ste-
reotyped locations under the control of the AP patterning system [41]. Although these folds
start forming just before the onset of axis extension in wild type embryos, they initiate after
GBE onset in two out of three twi embryos (Fig 4G and 4G’). Since AP cell elongation at the
posterior end of the embryo are already high in twi mutants at GBE onset (Fig 3B), this sug-
gests that the dorsal folds are not initiating these (although they could later contribute). Other
dorsal movements include a dorsal contraction (Fig 4H, 4H’ and 4B) and the onset of amnio-
serosa cell flattening [42]. These occur respectively too early and too late, relative to the onset
of GBE, to be key influences.

We conclude from this temporal mapping of morphogenetic movements that both meso-
derm sealing and endoderm invagination are synchronous with the onset of GBE. Since we
have refuted a role of mesoderm invagination in producing the gradient of AP cell elongation
contributing to axis extension (see previous section), posterior endoderm invagination was the
main candidate to generate a tensile stress during GBE.

The Gradient of AP Cell Elongation Requires an Intact Posterior
Endoderm Invagination

To test a role of posterior endoderm invagination in AP cell elongation during axis extension,
we examined folded gastrulation (fog) and torso-like (tsI) mutants that abolish endoderm
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invagination. Fog is a zygotic gene required for the apical constriction of the endoderm primor-
dium cells arranged in a disc at the posterior, which leads to posterior midgut invagination
[43]. The expression of fog in the posterior midgut primordium requires the zygotic gap genes
huckebein and tailless, which themselves require the activity of the maternal gene s, an
upstream component of the terminal patterning system [44]. In anterior views, no obvious AP
cell elongation gradient was detected at the onset of GBE in fog mutants (compare S5B Fig with
Fig 1E). However, fog mutants proved problematic to analyze because their extending germ-
band form ectopic folds (arrows in S5A and S5B Fig and S7 Movie). These folds occur because
the posterior end of the germband does not move away in these mutants, but polarized active
cell intercalations still elongate the germband [43]. Folding stretched the germ-band cells
locally and produced strong AP cell elongation, as seen on spatiotemporal maps from approxi-
mately 7 min after GBE onset (S5B Fig). As a consequence, the total AP cell elongation could
not be meaningfully compared between wild-type and fog mutants.

To prevent folding, we analyzed one of the mutants that abolishes posterior midgut invagi-
nation, s/, in combination with a mutant abolishing most of the active polarized cell intercala-
tions in the trunk, Kruppel (Kr) [21,34]. To ask if ts] was required for the gradient of AP cell
elongation, we compared Kr single mutants with these Kr; ts/ double mutants. In posterior
fields of views, AP cell elongations are slightly higher in Kr compared to wild type (Fig 5A).
This was expected, since AP cell elongation increases in the absence of cell intercalation, pre-
sumably because in wild type, polarized cell intercalation acts to release some of the tensile
stress in the germband [34]. The patterns of AP cell shape changes are, however, comparable in
both genotypes (average for three movies, Fig 5B, compare with Fig 1E’; individual movies S5C
Fig; example S5 Movie). As in wild type, the AP cell shape changes are accompanied by an
increase in cell area, consistent with a tensile rather than compressive stress (Fig 5H; individual
movies in S5D Fig). In double mutants Kr; tsl however, very little AP cell length change was
detected (average for three movies, Fig 5C and 5D; individual movies S5E Fig; example S6
Movie). Note that the residual AP cell length change detected on the averaged spatiotemporal
map (Fig 5C) was mainly present in one of the three individual movies (krtsICL040713, S5E
Fig), and this signal was not accompanied by an increase in cell area, as would be expected for a
tissue under tensile stress (S5F Fig). Consistent with this, there was no significant increase in
cell area detected in double mutants Kr; tsl in the other two movies or in the averaged data
(S5 Fig and Fig 5I). This indicated that the ectodermal cells in the posterior region of Kr; tsl
mutants embryos were not under tensile stress.

We also examined in more detail the AP cell elongation gradient around its peak (from 7.5
to 12.5 min), in Kr versus Kr; tsl mutants. The steep gradient of AP cell elongation was abol-
ished in Kr; tsl mutants (Fig 5E-5G). We concluded that posterior midgut invagination was
required for the AP cell elongation contributing to axis extension in Drosophila.

Constriction of the Apical Surface of the Posterior Endoderm Primordium
in Acellular Embryos Produces an AP Tensile Stress

To understand more precisely how posterior endoderm invagination could produce a stress
that in turn leads to a gradient of AP cell elongation, we analyzed a simplified system, in the
form of acellular mutant embryos. Several mutations are known that produce embryos, which
fail to cellularize. In one such mutant, an endoderm-like invagination is still visible on the dor-
sal side of the embryo, suggesting that apical constriction of the endoderm primordium still
occurs in acellular embryos [45]. Consistent with this notion, another acellular mutant was
shown recently to undergo apical constriction of the mesoderm primordium, albeit at a slower
rate (about 60% of the wild type) [46]. To confirm that apical constriction also happened for
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Fig 5. The AP cell elongation gradient is present in Kr but not Kr; tsl double mutants. (A) Graph comparing AP cell length change contributing to GBE
as a function of time for the first 30 min of GBE, in wild-type (blue) and Kr mutants (red), in posterior views (average for four wild-type and three Kr embryos).
In this graph and thereafter, the ribbon’s width indicates the standard error and the grey-shaded boxes show where a difference is statistically significant

(p <0.05, see Materials and Methods). (B, C) Spatiotemporal maps summarizing AP cell length change over the first 30 min of GBE (y-axis) and as a function
of cell position in the AP axis (x-axis), for Kr and Kr; ts/ mutants (average for three embryos of each genotype; individual movie plots in S5 Fig). (D) Graph
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summarizing AP cell length change as a function of time for the first 30 min of GBE for Kr (blue) and Kr; ts/ mutants (red). (E, F) AP cell length change shown
for each analyzed cell for timepoints 7.5, 10, and 12.5 min after GBE onsetin a Kr (KrCL051112) and Kr; tsl mutant embryo (KrtsICL040713). The color of the
dot at the center of each cell corresponds to the scale bar shown. (E’, F’) Spatial maps summarizing AP cell length change over the 7.5-12.5 min time
interval, as a function of the position of cells in the AP (x-axis) and DV (y-axis) embryonic axes (average for three embryos per genotype). (G) Graph
comparing AP cell length change over the 7.5-12.5 min time interval, as a function of cell position in the AP axis for Kr (blue) and Kr; tsl mutant (red) embryos
(average for three embryos per genotype). (H, 1) Spatiotemporal maps summarizing cell area changes with same axes as B, C for Kr and Kr; ts/ mutant
embryos. Data associated with this figure can be found in S5 Data.

doi:10.1371/journal.pbio.1002292.g005

the endoderm primordium, we made movies of these acellular mutants expressing sqh-GFP
[46], to visualize the actomyosin cytoskeleton (sqh encodes the non-muscle Myosin II Regula-
tory Light Chain) (S8 Movie). We observed a concentration of Myosin II in the region where
apical constriction would normally occur in the presumptive posterior endoderm, close to
where the pole cells (PC) are attached, in both live and fixed embryos (Fig 6A and 6B, and S6D’
Fig). We find that the acellular embryos go through the initial steps of wild-type endoderm
invagination [43], with first the formation of a flattened plate at the posterior (S6D’ Fig), then
constriction of the embryo’s surface leading to some degree of invagination (Fig 6A-6C) (see
also Fig 3a in [46]).

In live embryos, we noticed that the concentration of Myosin II at the posterior is accompa-
nied by flows of Myosin II towards it (S8 Movie, top panel). This suggested that apical constric-
tion of the presumptive endoderm surface could exert a tensile stress on the surrounding apical
surface of the embryo. We also saw flows towards the ventral region, presumably in response
to apical constriction of the presumptive mesoderm. We confirmed the direction of these flows
by tracking the Myosin II signal at the surface of the acellular embryos using Particle Imaging
Velocimetry (PIV). In our example movie showing the whole lateral surface of the presumptive
germband, we can clearly see by PIV both ventralward (towards mesoderm) and posteriorward
(towards posterior endoderm) flows of Myosin II signal (S8 Movie, bottom panel). To confirm
the existence of posterior flows, we acquired more movies of the posterior end of the embryo
and visualized the flows by PIV. We found that all embryos analyzed showed posteriorward
tflows towards the presumptive posterior endoderm (n = 8, 2 examples in Fig 6A’-6B’).

To understand better how the Myosin II flows relate to the surface membranes of the acellu-
lar embryos, we compared the localization of Myosin II with those of the E-cadherin com-
plexes. Just before gastrulation movements started, E-cadherin and Myosin II colocalized in a
hexagonal-like pattern (estimated stage 5; S6A, S6A’, S6C and S6C” Fig). These presumably cor-
respond to the regions of the surface membrane that, in wild-type embryos, would normally
invaginate and become furrow canals encircling each syncytial nucleus (for example, see [47]).
Once gastrulation movements started in acellular embryos, this relatively regular organization
became disrupted: E-cadherin and Myosin II still colocalized but now formed a meshwork at
the surface of the embryo (estimated stage 7; S6B, S6B’, S6D and S6D’ Fig). Since E-cadherin
complexes are presumably associated with membranes, we infer that Myosin II flows that we
observe track the movement of surface membranes in these embryos.

The presence of posteriorward flows of Myosin II signal in acellular embryos suggested that
apical constriction of the presumptive endoderm was able to pull the apical surface behind it
and could generate an AP tensile stress, which in wild-type embryos could contribute to axis
extension. We reasoned that acellular embryos provided an excellent system in which to physi-
cally probe this tension, since it is unlikely to exhibit more complex morphogenetic behaviours
such as polarized cell intercalation, and so we could rule out a contribution of the latter to mea-
sured tensions. No planar polarization of Myosin II was recognizable in these embryos, con-
firming that the apical surface of the embryo was unlikely to undergo intercalation-like
movements (S6A-S6D’ Fig).
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PLOS Biology | DOI:10.1371/journal.pbio.1002292 November 6, 2015 15/27



el e
@ PLOS | BIOLOGY Invaginating Endoderm Pulls on the Extending Ectoderm

also seen here move towards the ventral presumptive mesoderm (see S8 Movie). Arrows represent the displacement from the previous timepoint, scaled by
a factor of four. Magnitude is shown using a heat scale, with fastest flows in red. Times shown are from the start of the movies. Scale bars are 20 microns. (C)
Cross section of the posterior of an acellular embryo stained for Myosin Il (see S6 Fig), showing the concentration of Myosin Il where the apical surface has
contracted and the beginning of an invagination. PC are indicated. (D) Schematics showing the position of the laser cuts performed on the lateral surface of
the presumptive germband in acellular embryos (approximately to scale). The cuts are along a line 20 microns long, positioned either at the anterior (ant.) or
at the posterior (post.) of the embryo, either orthogonal to the posterior flows (magenta, called DV thereafter for simplicity) or parallel to them (blue, called AP
thereafter). (E) Dot plot with box plot overlaid showing the normalized relaxation velocities (corrected for displacement) for each category of cuts (n = 13 for
ant. AP; n=11, ant. DV; n = 16, post. AP; n = 12, post. DV). A two sample t test was used for the statistics (comparison ant. AP and ant. DV, ns: p = 0.070;
comparison ant. AP and post. AP, ns: p =0.1225; *: p =0.0173; **: p = 0.0011). For the box plots, the central red line is the median, the edges of the box are
the 25th and 75th percentile, the whiskers extend to the most extreme points not considered outliers, and outliers are plotted individually (Data points
considered outliers are those more than 2.7 standard deviations from the mean). Data associated with this Figure can be found in S6 Data.

doi:10.1371/journal.pbio.1002292.g006

To directly test our hypothesis that apical constriction of the endoderm primordium gener-
ated a tensile stress at the posterior, we carried out line ablations at the surface of the embryo.
Using a near-infrared laser, we made 20 micron-long incisions oriented parallel to the AP or
DV embryonic axes and at the posterior or the anterior of the presumptive germband, on the
lateral side of sgh-GFP-labelled acellular embryos (Fig 6D and S6E Fig). If, as we proposed, a
tensile stress propagated from the posterior endoderm, we predicted that the DV cuts at the
posterior should show a faster relaxation than any of the other three types of cuts. We used
fine-grained PIV to track the movement of the Myosin II network, as a proxy for surface
motion, and measured the velocities of recoil in a small region around the cuts, subtracting the
velocity of that region before the cut to correct for translation (see Materials and Methods)
(S6F-S6G’ Fig). We found that, as predicted, the average relaxation velocity of the DV cuts at
the posterior was significantly higher than for any of the other cuts (Fig 6E). At the posterior,
there was a clear anisotropy in the relaxation velocities, the DV-oriented cuts relaxing much
faster than the AP-oriented cuts, whereas at the anterior, there was no statistically significant
anisotropy. This provided evidence for an increased AP-oriented tension at the posterior of the
embryo, in response to apical constriction leading to invagination of the endoderm primor-
dium in acellular embryos.

Discussion

We have investigated the origin of the patterns of planar cell shape changes that we hypothe-
sized previously were the signature of an extrinsic force acting during Drosophila axis extension
[34]. We showed that the AP-oriented elongation of cell apices contributing to GBE are stron-
gest at the posterior end of the embryo and decrease gradually towards the anterior. AP cell
elongation is accompanied by an increase in cell area, suggesting that this gradient of cell shape
change arises in response to a planar tensile stress coming from the tail end of the embryo. We
found that the patterns of AP cell elongation and cell area increase are eliminated in the
absence of posterior endoderm invagination (but not mesoderm invagination), suggesting that
this morphogenetic movement is the source of the extrinsic force deforming the germband.
We show that in acellular embryos, the cortical Myosin II meshwork flows towards the con-
tracting posterior endoderm region, and that this is accompanied by an increased tension at
the posterior. We conclude from these experiments that the apical constriction and invagina-
tion of the posterior endoderm primordium generates a tensile stress propagating to the germ-
band and causing the AP cell elongation gradient that contributes to Drosophila axis extension
(Fig 7).

We can think of two alternative explanations that could challenge this conclusion. First, AP
cell elongations could be a secondary consequence of active cell intercalation. However, in AP
patterning mutants such as Kr, where active polarized cell intercalation is diminished, AP cell
elongation is increased rather than decreased [34]. This indicates that active cell intercalation
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tensile force from endoderm drives AP cell elongation

genetically-programmed polarised intercalation

ST YB-®

Fig 7. Schematic summary. Our findings indicate that apical constriction and invagination of the endoderm primordium (red region) causes a tensile stress
that is propagated to the germband and elongates the cells in AP (pink). Passive AP cell elongation and genetically-programmed polarized cell intercalation
(blue) contribute together to Drosophila GBE (green arrow). endo, endoderm.

doi:10.1371/journal.pbio.1002292.g007

germband extension

(and AP patterning) is not required for AP cell elongation. Also, cell intercalation rates are
high throughout the trunk [34], whereas AP cell elongation is found in a gradient culminating
at the posterior (this paper). Therefore, these differing spatial patterns suggest that these two
cell behaviours have independent origins. Also in acellular embryos, we observe posteriorward
flows of the apical cortex associated with increased tension at the posterior, in absence of polar-
ized cell intercalation. Together, this argues that polarized cell intercalation is not responsible
for the gradient of AP cell elongation we observe.

Another possibility is that AP cell elongations are cell-autonomous, that is the result of an
active spreading of the germband cells under the control of a genetic program. AP patterning is
not required (see above), and the other patterning systems known to operate in the early
embryo are the DV and terminal systems [44]. The observed gradient of AP cell elongation is
orthogonal to the DV patterning axis and extends outside the terminal domain, so it cannot be
explained simply by the activity of either of these systems. We conclude that the most parsimo-
nious explanation is that the AP cell elongation patterns we observe are passive cell behaviours
that occur in response to mechanical stresses.

We have found that the AP cell elongation gradient is still present in twi mutants in poste-
rior views, refuting our previous model for a role of the mesoderm in producing these cell
shape changes, which was based on analyzing anterior views [34]. We think that the source of
the discrepancy is that the anterior and posterior views we imaged are further apart in twi
mutants compared to wild-type, which means that the AP cell elongation gradient was mostly
missed in twi anterior views. We identify at least one factor, curvature, to explain this differ-
ence. The difficulty in registering fields of view between these two genotypes precludes a more
detailed comparison of the AP cell elongation gradient. Therefore, we cannot rule out a subtle
contribution of mesoderm invagination to GBE. For example, mesoderm invagination, by
changing the shape and perhaps the mechanical properties of the germband, might affect how
the stress from endoderm invagination propagates throughout the ectoderm. This has some
support from the analysis of the AP cell elongation gradient’s slope at specific timepoints,
which appear shallower in fwi mutant (see for example timepoint 7.5 min in Fig 3G”). To be
able to compare the gradient of AP cell elongation between the two genotypes, we will need to
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perform apical cell deformation analysis in whole embryo movies such as the SPIM movies
presented in this paper, in order to circumvent the problem of registering fields of view.

Our experiments identify the endoderm primordium as a source of tensile force. Using acel-
lular embryos allowed us to explore how mechanical stresses could be produced by the poste-
rior endoderm. Although they do not have cells, these mutant embryos are able to undergo the
initial steps leading to both mesoderm [46] and endoderm invagination (this study). The apical
surfaces of the embryo corresponding to the mesoderm and endoderm primordia are seen to
enrich Myosin II, contract, and begin to invaginate ([46], this study), as in wild-type embryos
[48]. A rigorous quantitative analysis on the mesoderm has demonstrated that the apical forces
of constriction are transmitted to the underlying cytoplasm deep in the tissue and are sufficient
to promote invagination, showing that cell individualization is dispensable, at least for the ini-
tial phases of invagination [46]. Our qualitative study suggests that the forces generated by api-
cal constriction are also transmitted in the plane at the surface of acellular embryos. Using PIV,
we visualized surface flows of Myosin II towards the mesoderm and endoderm primordia. Our
laser ablation experiments indicate that the flows towards the endoderm primordium are
accompanied by an increase in tension at the cortical surface of the acellular embryo. This sug-
gests that apical cell constrictions of the endoderm primordium and the beginning of invagina-
tion are able to produce planar forces that pull the adjoining apical surfaces of the germband.

How do stresses transmitted from the apical cortex of constricting endodermal cells trans-
late into a gradient of AP cell elongation in the elongating germband? Epithelial cells of the
germband are thought to be connected mechanically to each other through the actomyosin
cytoskeleton interacting with components of the apical adherens junctions such as the E-cad-
herin complexes [29,49]. Thus, tensile stresses caused by apical constriction should propagate
through tissues and can conceivably result in mechanically stretching cells over some distance.
We find here that germband cells elongate in AP over a distance of at least 150 um from the
site of endoderm constriction (See Fig 1E’). The gradation in AP cell elongation in response to
endoderm invagination that we observe might be explained by friction or resistance from the
cellular environment. These would prevent forces being instantaneously propagated through-
out the germband. Since the germband tissue has to go around the posterior tip of the embryo
to elongate, geometry might also have an impact on how forces are transmitted. Finally, we
cannot exclude that spatial variation in stiffness of germband cells along the AP axis could
cause them to respond differently to mechanical stress.

Endoderm and mesoderm invagination are both triggered by apical constrictions powered
by apical networks of actomyosin [48]. We previously detected a stretch of the ectodermal cells
in DV behind the invaginating mesoderm [34]. We confirm this in this paper, showing that
DV elongation of the germband cells occurs for the first 5-7 min of GBE in wild-type. This is
abolished in twi mutants in which mesoderm invagination is defective. Thus, germband cells
are subjected to two independent tensile forces: one in the DV direction (around the onset of
GBE) caused by mesoderm invagination, and another in the AP direction (during early GBE),
caused by posterior endoderm invagination. Together, these observations show that the epithe-
lial cells in the germband can respond passively to tensile stress generated in adjacent tissues
apically constricting and invaginating, by stretching along the direction of stress.

The directionality of apical cell elongation is strongly constrained to AP for the patterns
linked to endoderm invagination and to DV for those linked to mesoderm invagination.
Indeed, the patterns of AP cell length change caused by endoderm invagination are not accom-
panied by much change in DV cell length and vice versa for mesoderm invagination (Compare
S2C and S2C”Fig). Since both AP and DV cell elongation patterns are accompanied by an
increase in cell area (S2A’Fig), this implies that the germband cells must shorten their z-axis if
they are to maintain a constant cell volume. The maintenance of a constant cell volume
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throughout gastrulation appears likely, based on recent measurements [37,38]. We cannot
access the Z dimension with our analyses of apical cell surface deformation and so verifying
that cells do shorten along their z-axis will require tracking and analyzing cell shape changes in
3-D.

We had shown previously that the AP cell elongation patterns that we are observing in the
germband contribute to axis extension [34]. This was shown by measuring strain rates (defor-
mation) for the whole tissue and decomposing these into the strain rates caused by the cell
length change and the strain rates caused by polarized cell intercalation [34,35]. We found that
although the predominant behavior extending the germband is polarized cell intercalation, AP
cell length changes are contributing significantly (about one-third of the total deformation)
early in GBE. A question that remains is why AP cell elongation is temporally limited to early
GBE, peaking around 10 min after the onset of GBE (Fig 1F and 1F). In fact, AP cell elongation
ceases rather abruptly at around 15 min after GBE onset (Fig 1E’). SPIM movies indicate that
this developmental time (taking into account the difference in temperature for the acquisition
of these movies, see Materials and Methods) corresponds to when the posterior midgut invagi-
nation becomes cup-shaped and appears to drop down from the surface of the embryo (S3
Movie; see schematics in Fig 4A and Fig 7). A possibility is that force generation from endo-
derm invagination ceases at this time, perhaps because apical constrictions in the primordium
are completed. Alternatively, the presence or not of AP cell elongation in the germband could
be a function of the balance between how much the actively elongating germband can push
and how much endoderm invagination can pull. In other words, early, the pull from endoderm
invagination might be stronger than the push from the extending germband, causing a stress in
the germband tissue, which manifests as AP cell elongation. Late, the push from GBE versus
the pull from endoderm invagination might be balanced: germband cells would not experience
stress anymore and would cease to elongate.

In addition to producing cell shape changes contributing to axis extension, does the endo-
derm-generated tensile force have other roles in axis extension? The posterior pole of the
embryo does not move dorsally in fog and ¢sl mutants and is associated with a buckling of the
germband [43]. A possible interpretation of this phenotype is that the actively extending germ-
band cannot intrinsically “push” round the corner (or displace presumptive endoderm). So
endoderm invagination may have the role of guiding the germband around the posterior tip to
overcome the obstacles posed by the surrounding tissues and the embryo geometry. The tensile
stress from the endoderm might also facilitate polarized cell intercalation. Whereas DV-short-
ening of junctions is known to be caused by the intrinsic activity of the actomyosin cytoskele-
ton, it remains unclear how the AP-oriented nascent junctions elongate at the end of
intercalation [9-19,22,26]. A possibility is that the extrinsic tensile force from the endoderm
facilitates this AP junctional elongation either by directly exerting tension on the junctions or
by indirectly “making space” for cells to intercalate, or in other words by displacing the bound-
ary ahead of the self-deforming tissue [50]. It is also possible that an AP tensile stress could
contribute to the nonreversibility of cell intercalation.

Finally, it is remarkable that three morphogenetic movements principally driven by cell-
autonomous behaviours, GBE by polarized cell intercalation, and mesoderm and endoderm
invagination by apical constriction, are happening so synchronously (Fig 4B). Furthermore,
these movements are controlled by three distinct patterning systems: AP, DV, and terminal,
respectively, that are understood to function independently of each other at these early stages
[44]. It is unclear how the embryo can synchronize these three movements so precisely. One
possibility is that there is a yet-undiscovered genetic cross talk between these pathways. How-
ever, our findings suggest an alternative explanation, that mechanical coupling between the
invaginations of gastrulation and axis extension helps this synchronization. In vertebrate
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embryos, convergence and extension movements also happen at the same time as other mor-
phogenetic deformations, for example epiboly [3] or neurulation [5], so understanding how
morphogenetic movements interact is going to be important to fully understand how embryos
are shaped.

Materials and Methods
Fly Strains

Transgenic strains were spider-GFP, resille-GFP [51], ubi-DE-cad-GFP [52] and sqh-GFP[53].
Mutant alleles were Kr [1], twi [1], tsI [4], the ts] deficiency Df[3R]ED6076 (Flybase and Bloom-
ington Stock Centre), and the acellular mutant characterized in [46].

Apical Cell Surface Imaging, Tracking, and Deformation Analysis

Anterior movies are taken from [34]. Posterior movies were acquired as follows: late stage five
embryos labeled with ubi-DE-cad-GFP were imaged ventrally every 30 sec at 20.5 £ 1°C, using
a spinning disc confocal. Cell tracking, cell shape, and cell area analyses were performed as
before using custom software (oTracks) written in IDL [34,35]. Best-fit ellipses are used to rep-
resent cell shapes and to calculate cell deformation. For statistics, we used a mixed-effects
model as before [34].

Whole Embryo Imaging

Late stage five embryos labeled with spider-GFP and/or resille-GFP were mounted in 1.5% low
melting point agarose and imaged using mSPIM [39]. Embryos were rotated to image four per-
pendicular views, which were reconstructed into a whole embryo image stack post-acquisition
[54]. Image stacks were acquired every 30 sec at 28-30°C for 60 min. Reconstructed movies of
three wild-type and three twi mutants were viewed in 4-D in custom software (Browser and
Tracer) written in Interactive Data Language (IDL, Exelis) [55] to map timings of morphoge-
netic movements. Scatter graphs were plotted in Prism (GraphPad).

PIV and Laser Ablation in Acellular Embryos

PIV was performed to visualize Myosin II flows at the embryo scale and also at a smaller scale
to analyze relaxation of the tissue after laser ablation in acellular embryos.
Further details on the Materials and Methods are in SI Text.

Supporting Information

S1 Data. Excel file for graphs in Fig 1 and S1 Fig. Data for each graph is given in a separate
sheet containing raw data values of x- and y-axes, along with the corresponding cell and
embryo identifier for each data point when appropriate (cell identifier and embryo name,
respectively). Each sheet is labelled with the relevant figure panel number.

(XLSX)

S2 Data. Excel file for graphs in Fig 2 and S2 Fig. Data for each graph is given in a separate
sheet containing raw data values of x- and y-axes, along with the corresponding cell and
embryo identifier for each data point when appropriate (cell identifier and embryo name,
respectively). Each sheet is labelled with the relevant figure panel number and, when a graph
depicts more than one data set (e.g., different timepoints), the data set label.

(XLSX)
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S3 Data. Excel file for graphs in Fig 3 and S3 Fig. Data for each graph is given in a separate
sheet containing raw data values of x- and y-axes, along with the corresponding cell and
embryo identifier for each data point when appropriate (cell identifier and embryo name,
respectively). Each sheet is labelled with the relevant figure panel number and, when a graph
depicts more than one data set (e.g., different genotypes), the data set label.

(XLSX)

$4 Data. Excel file for graph in Fig 4B. Times of GBE are shown in minutes for each morpho-
genetic event (rows) and embryo (columns).
(XLSX)

S5 Data. Excel file for graphs in Fig 5 and S5 Fig. Data for each graph is given in a separate
sheet containing raw data values of x and y-axes, along with the corresponding cell and embryo
identifier for each data point when appropriate (cell identifier and embryo name, respectively).
Each sheet is labelled with the relevant figure panel number and, when a graph depicts more
than one data set (e.g., different genotypes), the data set label.

(XLSX)

S6 Data. Excel file for graph in Fig 6E. Normalized relaxation speeds (um/s) are given for
each data point for each ablation class.
(XLSX)

S1 Fig. AP cell length change in individual movies of wild-type embryos for anterior and
posterior views and cell tracking information. (A, B) Spatiotemporal maps summarizing AP
cell length change over the first 30 min of GBE (y-axis), and as a function of cell position in the
AP axis (x-axis), for anterior and posterior views, for each movie collected. The position in the
AP axis is measured from the anterior and posterior landmarks defined in Fig 1. Note that the
cells analyzed for the anterior field of views do not include those deformed by the cephalic fur-
row (See Fig 1C and 1D). (C) Graph showing the total number of cells analyzed per timepoint
(y-axis), as a function of time after GBE onset (x-axis), for all five movies of anterior views. (C’)
Example movie frame from wtLB009 showing how long a given cell has been tracked at time-
point 30 min after GBE onset. The cells that have been tracked longest (30 min) are shown in
red in the heat scale, while the cells that have just started to be tracked are shown in blue. (D,
D’) Same as C, C, but for posterior views. For D, the number of movies is four, and for D’, the
example movie frame corresponds to wtCL051010. Scale bars are 50 microns. Data associated
with this Fig can be found in S1 Data.

(TIF)

S2 Fig. Cell area change and comparison of AP and DV cell length change in wild-type
embryos for anterior and posterior views. (A, A”) Spatiotemporal maps summarizing cell
area change as a function of time after GBE onset (y-axis) and position in the AP axis, for ante-
rior (A) and posterior views (A’), averaged for five and four wild-type embryos, respectively.
The increase of cell area from 0 to 5-7 min is caused by the germband cells stretching in DV
behind the invaginating mesoderm (absent in twi maps, see S3C and S3C’ Fig). (B-C”) Com-
parison of AP and DV cell length change for anterior (B-B”) and posterior views (C-C”). (B,
C) Graphs summarizing AP (blue) and DV (red) cell length change as a function of time after
GBE onset (x-axis), for anterior and posterior views. (B’, C’) Spatiotemporal maps summariz-
ing AP cell length change as a function of time after GBE onset (y-axis) and position in the AP
axis, for anterior and posterior views. (B”, C”) Corresponding maps for DV cell length change.
The signal from 0 to 5-7 min is caused by the germband cells stretching in DV behind the
invaginating mesoderm (absent in twi maps, see S3D” and S3E” Fig). Data associated with this
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Fig can be found in S2 Data.
(TIF)

S3 Fig. Cell area change and comparison of AP and DV cell length change in twi mutant
embryos for anterior and posterior views. (A, B) Spatiotemporal maps summarizing AP cell
length change over the first 30 min of GBE (y-axis) and as a function of cell position in the AP
axis (x-axis) for twi mutant embryos, for anterior (A) and posterior views (B), for each movie
collected per genotype. The position in the AP axis is measured from the anterior and posterior
landmarks defined in Fig 1. Note that the cells analyzed for the anterior field of views do not
include those deformed by the cephalic furrow (See wild-type example in Fig 1C and 1D). (C,
C’) Spatiotemporal maps summarizing cell area change as a function of time after GBE onset
(y-axis) and position in the AP axis, for anterior (C) and posterior views (C’), averaged for five
and three twi mutant embryos, respectively. (D-E”) Comparison of AP and DV cell length
change for anterior (D-D”) and posterior views (E-E”) for twi mutant embryos. (D, E) Graphs
summarizing AP (blue) and DV (red) cell length change as a function of time after GBE onset
(x-axis), for anterior and posterior views. (D’, E’) Spatiotemporal maps summarizing AP cell
length change as a function of time after GBE onset (y-axis) and position in the AP axis, for
anterior and posterior views. (D”, E”) Corresponding maps for DV cell length change. Data
associated with this Figure can be found in S3 Data.

(TIF)

$4 Fig. Embryo shapes comparisons between anterior views of wild-type and twi mutant
embryos. (A, B) Movie frames at timepoint 10 min after GBE onset for the anterior views, for
wild-type (A) and twi mutant embryos (B). (C, C’) Drawn outlines of the five wild-type and
five twi mutant embryos: the curvatures in twi embryos are less pronounced and the embryos
wider compared to wild type.

(TIF)

S5 Fig. Ectopic folds during axis extension in fog mutant embryos and individual movies
for Kr and Kr; tsl mutants. (A) Frames from a movie of a fog mutant embryo, at 5, 10, and 20
min after GBE onset. Folds start forming at ectopic sites early in axis extension. In this exam-
ple, two deep folds form on one side of the embryo (arrows). (B) Corresponding spatiotempo-
ral map summarizing AP cell length change over the first 20 mins of GBE (y-axis) and as a
function of cell position in the AP axis (x-axis). The two folds seen in the movie are detected as
AP cell length change on either side of the folds (indicated by arrows), from about 7 min
onwards. There is no data available at the position of the folds, because the cells cannot be
tracked. Note that outside the fold-induced signal, there is no obvious AP cell elongation gradi-
ent detectable in this mutant embryo. (C, E) Spatiotemporal maps summarizing AP cell length
change over the first 30 mins of GBE (y-axis) and as a function of cell position in the AP axis
(x-axis), for Kr (C) and Kr; tsl mutants (E), for each of the three movies collected per genotype.
(D, F) Corresponding spatiotemporal maps summarizing cell area changes for each genotypes.
(TIF)

S6 Fig. Myosin II and E-cadherin localization in acellular embryos. Scale bars are 20 microns
for all panels. (A-D’) Posterior lateral views of fixed acellular embryos stained against E-cad-
herin and Myosin II (using antibody against mono-phosphorylated MRLC). Two stages are
shown, just before gastrulation movements start (estimated stage five; A, A’, C, C’) and during
gastrulation (estimated stage seven; B, B’, D, D’). For each stage, a projection of confocal sec-
tions shows the signal close to the surface (0-2 um, A-B’) and a little deeper (> 3 um, C-D’).
The confocal sections used for each projection are shown by a red bracket in the reconstructed
cross-section underneath each panel. The position of the cross-sections is indicated by a red
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line in each panel. PC are indicated. (E) Example of a laser ablation experiment for a DV-ori-
ented cut at the posterior of an acellular embryo. Confocal images of the Myosin II signal are
collected every 0.742 ms (timepoints displayed are indicated on panels) for 20 frames before
and 120 frames after the cut (time zero, no image is acquired during ablation). Note that the
images shown here are destriped and denoised (see supplementary Materials and Methods).
The cut is seen as a gap in the Myosin II meshwork. The timepoints just before and after the
cut are overlaid to show the displacement of the signal (merge). The gap caused by ablation
continues to open for approximately 10-15 sec. Later on, new Myosin II signal moves in, even-
tually “repairing” the gap by about 1 min post-ablation. (F-G’) PIV analysis of Myosin II flows
for the ablation experiment shown in E, overlayed on Myosin II signal (the images shown here
are destriped but not denoised). The optical flows are represented with green arrows, which
show displacement between the timepoint shown and the previous one, scaled by a factor of 25
(only 1 arrow in every 3 x 3 grid is visualized). Only the flow component perpendicular to the
cut are visualized and analyzed. The velocity of optical flows are analyzed within a small region
around each cut (white polygon), and shown for the —0.74 s timepoint before the cut (F, and
close-up in F) and the 1.5 s timepoint after the cut (G, and close-up in G’). Magenta arrows
represent the average velocity of the optical flows for each side of the ablation line (dashed) for
this region. The average velocities before the cut are subtracted from those after the cut to cor-
rect for translation (see supplementary Materials and Methods) giving the normalized relaxa-
tion speed shown in Fig 6E.

(TIF)

S1 Movie. Example posterior view wild-type movie (wtCL051010) (left panel) and corre-
sponding cell shape strain rates on tracked cells (right panel). Data is shown from 0 to 30
min of GBE. Left panel: Projected confocal z-stack of a wild-type embryo labelled with ubi-DE-
cad-GFP. Right panel: Tracked cell outlines (grey), after exclusion of unwanted mesodermal
and mesectodermal cells, with color-coded scale of blue to red, 0-0.06 pp/min, illustrating AP
cell shape change of each analyzed cell at that time point.

(MOV)

$2 Movie. Example posterior view twi movie (twiCL140411) (left panel) and corresponding
cell shape strain rates on tracked cells (right panel). Data is shown from 0 to 30 min of GBE.
Left panel: Projected confocal z-stack of a twi embryo labelled with ubi-DE-cad-GFP. Right
panel: Tracked cell outlines (grey), after exclusion of unwanted mesodermal and mesectoder-
mal cells, with color-coded scale of blue to red, 0-0.06 pp/min, illustrating AP cell shape
change of each analyzed cell at that time point.

(MOV)

$3 Movie. Example lateral view from mSPIM movie illustrating the temporal mapping of
GBE (yellow), endoderm invagination (red), dorsal fold formation (green) and dorsal con-
traction (magenta). Lateral slice of reconstructed mSPIM movie of a wild-type embryo labeled
with the whole-membrane markers resille-GFP and spider-GFP from 10 min before, to 10 min
after the start of GBE. Anterior end is to the left, ventral side is to the bottom of the movie.
Mapping of AP movement of individual ventral cells situated at the anterior and posterior of
the germband (yellow dots), the two yellow cells initially move towards and then away from
each other, the latter indicating the onset of GBE; mapping of apical constriction of two groups
of cells at the posterior end of the embryo either side of the PC (red dots) indicating the onset
of endoderm invagination; mapping of the apical surface of a dorsal cell in comparison to its
initial position (green dots) on the dorsal surface indicating the initiation of the posterior dor-
sal fold; mapping of the movement of individual dorsal cells situated at the anterior and
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posterior of the dorsal side (magenta dots), cells get closer together indicating a dorsal contrac-
tion. See also Fig 4.
(MOV)

S$4 Movie. Example ventral view from mSPIM movie illustrating the temporal mapping of
mesoderm sealing. Ventral slice of reconstructed mSPIM movie of a wild-type embryo labeled
with the whole-membrane markers resille-GFP and spider-GFP from 10 minutes before, to 10
min after the start of GBE. The ventral furrow can be seen during the process of apical constric-
tion and subsequent mesoderm sealing. In this example mesoderm sealing starts towards the
anterior (left) and quickly propagates towards the posterior (right). See also Fig 4.

(MOV)

S5 Movie. Example posterior view Kr movie (KrCL051112) (left panel) and corresponding
cell shape strain rates on tracked cells (right panel). Data is shown from 0 to 30 min of GBE.
Left panel: Projected confocal z-stack of a Kr embryo labelled with ubi-DE-cad-GFP. Right
panel: Tracked cell outlines (grey), after exclusion of unwanted mesodermal and mesectoder-
mal cells, with color-coded scale of blue to red, 0-0.06 pp/min, illustrating AP cell shape
change of each analyzed cell at that time point.

(MOV)

S6 Movie. Example posterior view Kr; tsl movie (KrtslCL040713) (left panel) and corre-
sponding cell shape strain rates on tracked cells (right panel). Data is shown from 0 to 30
min of GBE. Left panel: Projected confocal z-stack of a Kr; tsl embryo labelled with ubi-DE-
cad-GFP. Right panel: Tracked cell outlines (grey), after exclusion of unwanted mesodermal
and mesectodermal cells, with color-coded scale of blue to red, 0-0.06 pp/min, illustrating AP
cell shape change of each analyzed cell at that time point.

(AVI)

S7 Movie. Anterior view fog movie. Projected confocal z-stack of a fog embryo labelled with
ubi-DE-cad-GFP illustrating formation of folds during GBE in this mutant. Data is shown
from 0 to 30 min of GBE.

(MOV)

S8 Movie. Acellular embryo movie and PIV analysis of flows. Data is shown from 0 to 32
min from the start of gastrulation movements. Top panel: Z-projected confocal stack of an
acellular embryo expressing sgh-GFP to label Myosin II. Bottom panel: same embryo as in top
panel, with visualization of Myosin II flows by PIV overlayed.

(AVI)
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