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Epithelial cells generate functional tissues in developing embryos through collective movements and shape
changes. In some morphogenetic events, a tissue dramatically reorganizes its internal structure—often generating
high degrees of structural disorder—to accomplish changes in tissue shape. However, the origins of structural
disorder in epithelia and what roles it might play in morphogenesis are poorly understood. We study this
question in the Drosophila germband epithelium, which undergoes dramatic changes in internal structure as cell
rearrangements drive elongation of the embryo body axis. Using two order parameters that quantify volumetric
and shear disorder, we show that structural disorder increases during body axis elongation and is strongly
linked with specific developmental processes. Both disorder metrics begin to increase around the onset of axis
elongation, but then plateau at values that are maintained throughout the process. Notably, the disorder plateau
values for volumetric disorder are similar to those for random cell packings, suggesting this may reflect a limit
on tissue behavior. In mutant embryos with disrupted external stresses from the ventral furrow, both disorder
metrics reach wild-type maximum disorder values with a delay, correlating with delays in cell rearrangements.
In contrast, in mutants with disrupted internal stresses and cell rearrangements, volumetric disorder is reduced
compared to wild type, and shear disorder depends on specific external stress patterns. Together, these findings
demonstrate that internal and external stresses both contribute to epithelial tissue disorder and suggest that the

maximum values of disorder in a developing tissue reflect physical or biological limits on morphogenesis.
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I. INTRODUCTION

Epithelial tissue sheets comprise confluent packings of
cells that undergo dramatic changes in overall shape and in-
ternal structure during development. The shapes and packings
of cells in embryonic epithelia are diverse and can be regular
and ordered or highly irregular and disordered. Moreover,
the cell packings of a single tissue can change dramatically
during development, mediated by changes in cell shapes and
movements within the tissue [1-3]. For example, cells in
the Drosophila germband epithelium initially tend to take on
roughly regular, hexagonal shapes [4], which are optimized
tilings for the densest arrangement of cells [5], but become
more irregular as the tissue remodels during body axis elon-
gation [4]. However, it is not well understood what biological
factors regulate tissue disorder or how tissue disorder might
influence tissue behavior and function.

Convergent extension of the Drosophila germband ep-
ithelium during body axis elongation is a powerful model
for studying the biological and physical factors that reg-
ulate epithelial structure and remodeling [6—-13]. Internal
stresses from planar polarized actomyosin contractility and
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external stresses from neighboring developmental events both
contribute to rapid elongation of the germband along the
anterior-posterior (AP) axis of the embryo [7-12,14—18]. This
global tissue elongation is mediated by oriented cell rear-
rangements and cell shape changes that allow the tissue to
remodel and flow [8,10,13-15,19,20]. Although it has been
observed that cell shapes change and become more disordered
during axis elongation [4,13], the mechanisms driving this
disorder and the resulting impacts on tissue elongation remain
poorly understood.

The cell rearrangements and cell shape changes that medi-
ate tissue remodeling are thought to be driven by an interplay
between local, internal stresses and global, embryo-scale
stresses. Internal stresses are generated by a planar polarized
pattern of actomyosin contractility that is thought to arise
from AP patterning systems [6,7,21] along with mechanosen-
sitive feedback mechanisms [9,18]. In addition, the germband
experiences external stresses from ventral furrow formation
(VFF) pulling along the dorsal-ventral (DV) axis and pos-
terior midgut invagination (PMI) pulling along the AP axis
[10-12,15,16,20,22,23]. A recent study has proposed that the
stretch from the ventral furrow provides a mechanical cue to
enrich myosin planar polarity and facilitate germband exten-
sion [18]. Together, these internal and external stresses are
thought to control tissue structure and remodeling, but it has
been difficult to decouple the effects of each.

Tissue structure is likely to influence biological and me-
chanical behaviors of the tissue. Work from our group and
others has shown that the average cell shape in a tissue is a
good predictor of whether the tissue will remodel and flow,
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similar to a fluid, or instead resist remodeling, similar to an
elastic solid [13,24-28]. Recent studies have demonstrated
links between metrics for the heterogeneity in local tissue
structure, i.e., structural disorder, and transitions in solidlike,
liquidlike, and gaslike behavior of cultured tissues and devel-
oping embryos [29]. However, it remains unclear if and how
structural order or disorder in a tissue might facilitate tissue
remodeling.

Here, we study structural disorder in the developing
Drosophila germband epithelium by analyzing volumetric and
shear order parameters. We show that structural disorder in
the germband increases during axis elongation in character-
istic steps that coincide with developmental events in the
embryo. We uncover that internal and external stress patterns
contribute in distinct ways to volumetric and shear disorder,
which are in turn linked with the rates and final extents of
tissue remodeling. We find that the maximum magnitudes of
structural disorder in the germband are in the range expected
for purely random cell packings that have minimum cell-cell
spacings, suggesting geometrical constraints on tissue disor-
der in this context. Overall, this work uncovers the biological
and physical mechanisms that contribute to epithelial tissue
disorder and highlight a central role for tissue disorder in
epithelial remodeling and morphogenesis.

II. RESULTS

A. Structural disorder increases in the germband epithelium
during body axis elongation

To explore how structural disorder evolves in developing
epithelial tissues, we analyzed volumetric and shear disorder
in the developing Drosophila embryo during body axis elon-
gation. In Drosophila, the embryonic body axis rapidly dou-
bles in length along the anterior-posterior (AP) axis through
convergent extension movements of the germband epithelium
[Fig. 1(a)] [6]. Tissue elongation is mediated in large part by
rapid rearrangements of epithelial cells within the germband
[Fig. 1(b)] [8,19]. To analyze epithelial tissue structure, we
fluorescently labeled cell membranes, imaged the embryo by
confocal microscopy, segmented the time-lapse movies, and
triangulated the centroids of cells within the ventrolateral re-
gion of the germband [Fig. 1(c)] (see Materials and Methods).

To explore tissue structural disorder, we quantified the
local volume and shear deformations in the triangulated tis-
sue, as previously described [29]. Briefly, for the nth triangle
in the tissue triangulation, the volume and shear invariants,
vol, and shear,, are calculated by comparing a deformed
state to a reference state and determining the deformation
[Fig. 1(d)]. vol, reflects how the triangle area deviates from
the average area at each time point [Fig. 1(e)], and shear,
reflects the distortion from an equilateral triangle of the same
area [Fig. 1(f)]. Both invariants would be minimized if the
triangulation comprises equilateral triangles of uniform area,
i.e., a regular, isotropic honeycomb lattice has no volumetric
or shear disorder. Triangles with small values of vol, have
areas close to the average area of all the triangles analyzed
at that time point, while triangles with much larger or smaller
areas than the average have large positive or negative values of
vol,, respectively. Triangles with small values of shear, have
geometries similar to an equilateral triangle, while triangles

with large values of shear, display strong distortions relative
to an equilateral triangle. We find that the variation across the
germband of vol, [Fig. 1(g)] and shear, [Fig. 1(h)] tends to
increase over time during axis elongation (see also Fig. S1 of
the Supplemental Material [30] ).

To quantify the growing structural disorder, we calculated
two structural order parameters, ®o, and Pge,r (Materi-
als and Methods) [29]. The volumetric order parameter,
®yo = {[In (vol,)]?), represents density fluctuations across
the tissue. The shear order parameter, @geor = (In(shear,)),
represents the irregularity of triangles and will be nonzero
for configurations in which triangles deviate from equilateral
triangles, both due to the variability between triangles and
any overall stretch in the tissue. Prior to axis elongation,
both order parameters take on small, relatively constant values
[Figs. 2(a)-2(c)], indicating low levels of structural disorder
in the germband. Around the onset of axis elongation, @y
and ®gpeor both begin to increase [Figs. 2(a)-2(c)], indicating
growing structural disorder associated with tissue elongation.
The values of ®,, and Py, are not strongly affected by
the specific choice of analysis region (Figs. S2 and S3 [30])
or embryo mounting procedure (Fig. S4 [30]). Moreover, the
overall trends are not strongly affected by the tissue trian-
gulation method used (Fig. S5 [30]). Of note, the qualitative
trends in @, are independent of whether disorder is measured
for the tissue triangulation or for the cell areas themselves
(Fig. S5 [30]).

We find that ®,, and Pg,e, increase in characteris-
tic patterns that are consistent among wild-type embryos
[Figs. 2(a)-2(c)]. We identified patterns in the growing disor-
der by finding points in the disorder versus time curves where
there are abrupt changes in slope. The first increase in disorder
is an increase in Py, 3—4 min before the onset of axis
elongation, which occurs in the absence of changes in @
[Figs. 2(a)-2(c)]. Notably, this increase in germband shear
disorder occurs just after the neighboring ventral furrow forms
[Fig. 2(d)] and has its own increase in ®gpeor [Fig. 2(e) and
Fig. S6 [30]], suggesting that shear disorder in the germband
is influenced by external stresses from the ventral furrow
stretching the germband.

Just after the onset of axis elongation, which begins at t =
0 min, volumetric disorder begins to increase. The increase in
d,,; aligns with the start of cell rearrangements [Fig. 2(f)], in
which cells change contacts with their neighbors to promote
tissue remodeling. These rearrangement events are driven by
internal stresses from planar polarized actomyosin, suggesting
that cell shape changes associated with rearrangement events
contribute to volumetric disorder. Around the same time,
Dgear temporarily plateaus, corresponding to tissue-scale re-
orientation of cell shapes from being stretched along the DV
axis to being stretched along the AP axis (Fig. S7 [30]), likely
due to competing effects of the ventral furrow pulling along
the DV axis and the posterior midgut pulling along the AP
axis.

Notably, we find that both ®,, and Dge,r plateau at
t = 5-10 min at maximum values that are then maintained
throughout the rest of the process. &, reaches a maximum
5 min after the onset of axis elongation, which corresponds
to the timing of the maximum rate of cell rearrangement
in the germband [Fig. 2(f)]. ®gpear plateaus a few minutes

043004-2



SIGNATURES OF STRUCTURAL DISORDER IN THE ...

PRX LIFE 2, 043004 (2024)

(a) ® 05 ©
—% ‘_’ *‘ o ' © ventrolateral orientation
& 1.8} 016 ® _ germband ROI
o) = 2-3 cell spacing
2 1.6f 10.12 g'é
= O~

L o
o 14 0.08 £ g -
$12 0.04 § A
2 = cephalic ventral
° U T e T Tl furrow furrow
time (min)

triangulation of cell centers

F
—)

deformation
gradient

reference deformed
(9 = -5 min
vol = det(F)
(h)
shear. = tr(F'F) _
" det(F)

FIG. 1. Structural disorder in the germband epithelium of the
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developing Drosophila embryo. (a) During body axis elongation, the

germband epithelium (GB) undergoes convergent extension, narrowing along the dorsal-ventral (DV) axis and extending to twice its length

along the anterior-posterior (AP) axis. (b) Tissue elongation (black) is

facilitated by cellular rearrangements (green) that drive internal structural

remodeling. The mean and standard deviation between four embryos is plotted. (c) Embryos are imaged in a ventrolateral orientation, and an
ROI for analyses is selected such that it is two to three cells away from the cephalic and ventral furrows. (d) Structural disorder in the tissue can
be characterized by triangulating cell centroids and comparing to a reference configuration. (e) Volumetric disorder: each triangle is compared
to a reference triangle with an area equal to the average triangle area at that time point. (f) Shear disorder: each triangle is compared to a
reference triangle that is an equilateral triangle of equal area. (g), (h) Triangulation of the germband at t = —5, 5, and 20 min. The color of
each triangle represents its volumetric (density variation) or shear (irregularity compared to an equilateral triangle) deformation. Scale bar,

100 pm.

later. These disorder plateaus begin well before the end of
axis elongation, while the tissue is still rapidly remodeling,
suggesting that the maximum disorder plateaus might reflect
a biological or physical constraint in the germband.

Taken together, these results demonstrate that structural
disorder increases in the germband around the onset of axis
elongation before reaching maximum plateau values that
are then maintained through the rest of the process. Before
reaching these plateaus, structural disorder increases in char-
acteristic patterns or signatures, which are correlated with
developmental events in the embryo.

04

B. External stresses from the ventral furrow influence germband
structural disorder but not the maximum disorder reached

The timing of the initial increase in ®ge,r suggests a link
between structural disorder in the germband and stresses from
furrow formation in the neighboring ventral region of the em-
bryo. To test this directly, we studied tissue disorder in snail
twist (sna twi) mutant embryos in which ventral furrow for-
mation (VFF) is disrupted [Fig. 3(d)]. Initially, the germband
of sna twi embryos displays lower values of ®,, and ®Dgpenr
compared to wild-type embryos [Figs. 3(a)-3(c) and Fig. S8
[30]], indicating more ordered tissue structure. The initial
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FIG. 2. Structural disorder grows in the germband epithelium during

axis elongation. (a) The volumetric order parameter ®,, and shear

order parameter Py, averaged across embryos (N = 4 embryos). Shaded error bars represent standard deviation. Vertical dashed lines

represent time points at which abrupt slope changes occur. The position

s of the n changes in slope are identified using n + 1 linear fits and

minimizing the residuals. Vertical shaded regions around these lines represent values where the root-mean-squared deviation is within 10%.
(b), (c) Individual ®,, and Dy, curves over time for four wild-type embryos. Characteristic patterns or signatures of disorder are shared
among embryos. (d) Schematics of axis elongation highlighting key developmental events in the germband (green) and neighboring regions of
the embryo. (e) The first increase of @y, in the germband (black) immediately follows an increase of @, in the neighboring ventral furrow
region (blue). (f) The initial increase and final plateau in ®,, align with the onset of cell rearrangement events and the time point of maximum

rearrangement rate, respectively.

increase in Pgpear Observed around ¢ = —3 min in wild-type
embryos is not present in sna twi embryos, demonstrating that
this increase in shear disorder is driven by the ventral furrow.
Instead, in sna twi embryos, ®gpesr and Dy, begin to increase
just after r = 0 min.

Despite starting out more ordered, @ghe,r and Py, in the
germband of sna twi embryos reach the same maximum
plateau values as in wild-type embryos, but with a time de-

lay [Fig. 3(a)]. Once they begin to increase, the rates of
disorder growth are comparable in sna twi and wild-type
embryos [Figs. 3(f) and 3(g)], resulting in time delays of
3.25 min for @y, and 6 min for Pg, for reaching the
plateau values [Fig. 3(a)]. sna twi embryos also display
a delay in cell rearrangements, reaching the same maxi-
mum rearrangement rate as wild-type embryos but with an
~3 min delay [Fig. 3(e)]. These delays in sna twi embryos
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FIG. 3. Structural disorder growth in the germband epithelium is delayed by disruption of ventral furrow invagination in sna twi mutant
embryos. (a) Average ®,, and Py, in the germband of sna twi mutant embryos (N = 3) (red) compared to wild type (N = 4) (black).
Shaded error bars represent standard deviation between embryos. Vertical red dashed lines indicate positions of slope changes in curves from
sna twi embryos. For reference, dashed, vertical black lines represent the timing of slope changes at the maximum disorder plateau in wild-type
embryos. The maximum plateau values of &, and Py, are delayed by 3.25 and 6 min, respectively, compared to wild-type embryos. (b),
(c) Volumetric (cyan) and shear (purple) deformation for the tissue triangulation at # = —10 and 20 min. (d) Schematics of key developmental
events in sna twi mutant embryos with disrupted ventral furrow invagination. Disrupting the ventral furrow alters the external stress patterns
acting on the germband. (e) Cell rearrangement rate in sna twi (red) and wild-type (black) embryos. Vertical dashed lines represent the slope
change signature in ®,, that marks the time point of reaching the maximum @, in sna rwi (red) and wild-type (black) embryos [cf. panel
(a)]. In sna twi embryos, the delay in reaching maximum @, aligns with a delay in reaching the maximum rearrangement rate. (f) Rate of
volumetric disorder growth [average slope of &, () between slope changes] in wild-type and sna twi embryos. (g) Rate of shear disorder
growth [average slope of Py, (f) between slope changes] in wild-type and sna rwi embryos. WT 1st and WT 2nd correspond to the first and
second shear disorder increases in Fig. 2(a).

suggest that the ventral furrow might facilitate rapid axis polarity [Fig. 3(d)]. In either case, our results suggest that the

elongation in wild-type embryos, an idea consistent with re- maximum plateau values of structural disorder we observe in
cent reports [18]. both wild-type and sna twi embryos reflect biological or phys-
Notably, the maximum plateau values of ®gper and Py ical constraints in the tissue that can be reached via different

are the same in sna twi and wild-type embryos, indicating that developmental trajectories.
external stresses from the ventral furrow do not affect the final

structural disorder in the germband. One possible explanation C. Internal stresses from myosin planar polarity play central
is that loss of external stresses from the ventral furrow could roles in generating structural disorder in the germband
be compensated for by other mechanisms. Alternatively, it As external stresses from the ventral furrow were not

is possible that the ventral furrow only influences germband  sufficient to explain the structural disorder increases in the
tissue disorder during the first mmut'es of axis elpngatlon germband, we wondered if internal stresses associated with
before other factors dominate, such as internal myosin planar actomyosin contractility in the germband might be respon-
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sible for structural disorder in the tissue. To explore this
possibility, we investigated two different mutants that disrupt
AP patterning systems required for myosin planar polarity in
the germband. Kriippel (Kr) mutants have partially disrupted
AP patterning and display disrupted myosin planar polarity
and reduced cell rearrangement in the central region of the
germband [Fig. 4(a)]. In contrast, bicoid nanos torso-like (bcd
nos tsl) mutants have more fully disrupted AP patterning,
displaying disrupted myosin planar polarity in the germband
as well as disrupted posterior midgut invagination [Fig. 4(b)].
Both mutants are expected to have disrupted internal stresses
within the germband, while bcd nos tsl is expected to addi-
tionally have disrupted external stresses along the AP axis.

Both mutants display low values of ®,, prior to axis elon-
gation, similar to that in wild-type embryos [Fig. 4(c); see
also Figs. S9 and S10 [30]]. &, begins to increase around
the same time as in wild-type embryos, just after r = 0, and
increases at a slower rate, consistent with internal stresses
and/or cell rearrangements driving this disorder. Notably, the
bcd nos tsl mutant does not reach the maximum disorder val-
ues observed in wild-type embryos [Fig. 4(c)]. The volumetric
disorder reductions [Fig. 4(g)] are associated with strongly
reduced cell rearrangements in these embryos [Fig. 4(f)].
These results show that volumetric disorder is strongly linked
with AP patterning. The results from Kr mutants demonstrate
that internal stresses and cell rearrangements associated with
myosin planar polarity contribute to volumetric disorder. The
stronger effects in bcd nos tsl mutants might be explained
by more severely disrupted myosin planar polarity and/or
disrupted posterior midgut invagination.

To distinguish between these possibilities, we performed
our analyses on a previously published movie of a torso (for)
mutant embryo with a cauterization perturbation [20]. Poste-
rior midgut invagination, but not myosin planar polarity, is
disrupted in for mutants, and the cauterization perturbation
further reduced external stresses along the AP axis. We found
that this embryo displays volumetric disorder similar to in
wild-type embryos (Fig. S11 [30]), suggesting that planar
polarized myosin is sufficient to promote high levels of vol-
umetric disorder in the germband even in a situation with
reduced external stress along the AP axis. Taken together,
these results reveal a key role for internal stresses in driving
volumetric disorder in the germband.

Both Kr and bcd nos tsl mutants also display low val-
ues of ®gpeor prior to axis elongation, similar to wild-type
embryos, before beginning to increase around the onset of
axis elongation [Fig. 4(c)]. In Kr mutants, shear deformations
are not evenly distributed across the germband, being more
concentrated at the posterior end where midgut invagination
is pulling on the germband [Fig. 4(d)]. This effect is less
pronounced in wild-type embryos in which cell rearrange-
ments can help relax this stretch. Kr mutants reach about the
same maximum plateau value of @y, as wild-type embryos
[Fig. 4(c)], suggesting that internal myosin planar polarity
is not essential for generating high levels of shear disorder
and that external stresses might play a more dominant role.
To explore the role of external stresses further, we examined
Dypeor in the for mutant movie with disrupted posterior midgut
invagination; ®gpe,r takes on low to moderate values that do
not increase during axis elongation, supporting the idea that

external stresses play a key role in reaching high levels of
Dgpear (Fig. S11 [30]).

Given the strong stretching observed in the germband of Kr
mutants, we examined how tissue-level stretching contributes
to Dgpenr by calculating an alternative shear order parameter
in which shear,, the mean value of shear, at each time point,
is subtracted from the value of shear, for each triangle, prior
to calculating the order parameter, Pspearair = (In(|shear, —
shear,|)). A stretched hexagonal lattice has @geqrar = 0. For
wild-type and sna twi mutant embryos, this alternative ap-
proach does not yield significantly different results (Fig. S12
[30]), indicating that variation in the extent of triangle stretch-
ing dominates over the average stretching of the whole tissue.
In Kr mutants and to a lesser extent in bcd nos tsl mutants, we
see reductions in Pgpeqrar compared to Pgpe,r at later times,
indicating that overall tissue stretch has larger contributions
to Dgpeqr in these contexts (Fig. S12 [30]).

In bcd nos tsl mutants, ®gpe, increases rapidly just prior
to the onset of axis elongation before plateauing early at a re-
duced level of shear disorder [Fig. 4(c)]. Given the disruption
of myosin planar polarity and posterior midgut invagination
in these embryos, these results support the idea that this early
increase in shear disorder is driven by the ventral furrow
and then maintained throughout the rest of axis elongation.
Interestingly, bed nos tsl mutants appear to be more rapidly
stretched by the ventral furrow compared to wild-type em-
bryos, with a faster shear disorder increase [Figs. 4(c), 4(e)
and 4(h)], suggesting that the germband may be more compli-
ant in bed nos tsl mutants.

Taken together, these results demonstrate central roles for
internal stresses associated with myosin planar polarity in tis-
sue structural disorder. The effects of internal stresses and cell
intercalation are most clear in the signatures of @, although
other factors also contribute. In addition, both internal stresses
associated with myosin planar polarity and external stresses
associated with posterior midgut invagination and ventral fur-
row invagination contribute to @,y in the germband.

D. Linking structural disorder to tissue elongation

To combine and visualize all of our data on structural
disorder, we plotted the trajectories that wild-type and mutant
embryos take in the ®,, and Py, parameter space dur-
ing axis elongation. We find that each embryo group takes
a distinct path through the parameter space as volumetric
and shear disorder grow. However, all trajectories appear to
converge towards and not exceed the values of ®,, ~ 0.20
and ®gpeor & —1.5 [Fig. 5(a)], which correspond to the plateau
values in wild type. It was unclear why volumetric and shear
disorder plateau and what sets these plateau values.

One possibility is that tissue elongation requires a con-
comitant increase in disorder. In this case, structural disorder
is essentially a readout of the history of tissue remodeling via
cell rearrangements and/or cell stretching. However, this is
not consistent with the observation that both @, and Pgpear
plateau at ¢ = 5-10 min in wild-type embryos, well before the
tissue has fully elongated [Fig. 5(b) and Fig. S13 [30]].

A second possibility is that structural disorder is instead a
readout of the current rate of tissue remodeling. In this case,
structural disorder should be directly related to the instanta-
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FIG. 4. Structural disorder growth is disrupted in mutant embryos with disrupted AP patterning. (a) Schematics of key developmental
events in Kr mutant embryos with disrupted myosin planar polarity in anterior and central regions of the germband. Disrupting myosin planar
polarity alters the anisotropic internal stress patterns in the germband. (b) Schematics of key developmental events in bcd nos tsl mutant
embryos with disrupted myosin planar polarity in the germband and disrupted posterior midgut invagination. Disrupting posterior midgut
invagination alters the external stress patterns acting on the germband. (c) Average ®,, and @y, in the germband of Kr (purple) (N = 3) and
bcd nos tsl (yellow) (N = 5) mutants compared to wild type (black). Shaded error bars represent standard deviation between embryos. Vertical
dashed lines indicate locations of slope changes within each embryo group. (d) Volumetric (cyan) and shear (purple) deformation for the tissue
triangulation at # = —10 and 5 min in Kr mutants. (e¢) Volumetric (cyan) and shear (purple) deformation for the tissue triangulation in bcd nos
ts] mutant embryos at ¢+ = —10 and 5 min. (f) Cell rearrangement rates in Kr, bcd nos tsl, and wild-type embryos. Rates of volumetric (g) and
shear (h) disorder growth [average slope of @, (f) between slope changes] for wild-type, Kr, and bed nos tsl embryos. Wild-type 1st and
wild-type 2nd correspond to the first and second shear disorder increases in Fig. 2(a).
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FIG. 5. Linking volumetric and shear disorder patterns to tissue elongation. (a) Trajectories through the ®ger —

3 . .
-10 0 time (min) 10

®,,,; parameter space over

time during axis elongation. The extent of tissue elongation is indicated by the color of each data point. Stars, point toward which volumetric
and shear disorder converge. (b) Tissue elongation over time for wild type (green), sna twi (red), Kr (purple), and bcd nos tsl (yellow).
Mean = standard deviation between embryos. The procedure for analyzing tissue length is provided in the Methods section. (c) Average tissue
elongation rates between t = 5 and 20 min for each group. The sum of elongation rates for sna twi and bcd nos tsl embryos is represented by the
dashed magenta line. (d) Tissue elongation rate vs plateau values of &, and Dgpe,,. (e), (f) Randomly generated tilings of cell packings using

densities and minimum spacings characteristic of the germband. Over

laid volumetric and shear deformations for the resulting triangulation.

(g) The plateau value of @, in the wild-type germband (green) overlaps the range of values for random cell packings with densities and
minimum spacings characteristic of the germband (gray horizontal band). The small, intermediate plateau of @, in the germband (green)
overlaps with the range of values for random cell packings with densities and minimum spacings characteristic of the germband (gray horizontal
band). The final plateau exceeds values for random packings, likely due to anisotropy in the germband.

neous rates of tissue elongation or cell rearrangement. The
maximum value of disorder would then be set by embryonic
mechanics that control tissue deformation rates. Supporting
this idea, we found that ®,, reaches a maximum at the same
time that the maximum rate of cell rearrangement is achieved
in wild-type embryos at t = 5 min [cf. Figs. 2(a) and 2(f)].
However, after this time point, ®,, maintains its plateau
value, while the cell rearrangement rate slowly decreases [cf.
Figs. 2(a) and 2(f)]. Moreover, the average tissue elongation

rates from r = 5-20 min for wild type, sna twi, and Kr take
on different values, while ®, and Py, have similar plateau
values [Figs. 5(c) and 5(d)]. Thus, disorder is not simply
related with either the extent or the instantaneous rate of tissue
remodeling.

A third possibility is that the observed disorder plateaus
might reflect some type of geometrical [31] or maximum
entropy constraint [32]. In this case, disorder might increase
due to tissue remodeling but then reach a maximum value
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set by limits on tissue disorder, even as the tissue continues
remodeling. To explore this possibility, we needed a reference
for comparing the magnitudes of @, and Pgpeor Observed in
the germband. We started by comparing our results to model
tissues with random cell packings. We generated tilings of ran-
dom cell packings using ranges of cell densities and minimum
centroid spacings that we measured in the germband movies
(Materials and Methods) [Figs. 5(e) and 5(f) and Fig. S14
[30]] and quantified the range of values of @, and Pgpe,, for
the resulting packings [Fig. 5(g) and Fig. S14 [30]].

Notably, the maximum plateau value of @, for the wild-
type germband falls within the range we calculated for random
packings with minimum cell centroid spacings characteris-
tic of the germband [Fig. 5(g)]. Without restricting centroid
spacing, a purely random cell packings had disorder values
well above those in the germband [Fig. S14(b) [30]]. This
indicates that, in terms of density fluctuations, cell packings
in the germband are initially more ordered than random cell
packings and become more disordered as the tissue remodels,
up until having features similar to those of a random packing.
This suggests that random packings with a minimum cell
centroid spacing may represent a limit on tissue disorder in
this context.

In contrast, ®gpe,r in the germband reaches larger values
than calculated for random cell packings [Fig. 5(g)]. This is
consistent with tissue-level cell stretching in the germband
that can produce higher shear deformations than expected for
random, isotropic packings. Interestingly, the values of ®gpear
for random packings do match the small, intermediate plateau
we observe in wild-type embryos, during a period when cells
in the tissue are reorienting [Fig. 5(g)]. In addition, the values
of Pgpeqr in for mutant embryos, which have disrupted pos-
terior midgut invagination but normal myosin planar polarity,
overlap the range of values for random packings (Fig. S11
[30]). This suggests that random packings may also represent
a limit on shear disorder in relatively isotropic tissues, and
that tissue-level anisotropy from external or internal stresses
can modulate this.

Finally, we asked how volumetric and shear disorder pat-
terns are ultimately linked with the axis elongation process.
Although tissue elongation rates were not simply related to
either @y or Pgpeqr [Fig. 5(d)], we noted that the embryos
that elongated the most (wild type, sna twi, Kr) had relatively
high ®,, and/or Pgpe,, while the embryos that elongated
significantly less (bcd nos tsl) had reduced values of both &,
and Qgpear [Figs. S5(a)-5(c)]. This suggests a combination of
volumetric disorder and shear disorder are central to tissue
remodeling. Intriguingly, the sum of tissue elongation rates for
sna twi (with disrupted ventral furrow) and bcd nos tsl (with
disrupted myosin planar polarity and posterior midgut invagi-
nation) is nearly identical to the tissue elongation rate for wild
type [Fig. 5(c)]. This suggests that internal stresses associated
with myosin planar polarity, external stresses from posterior
midgut invagination, and external stresses from ventral furrow
invagination may contribute in an additive fashion to axis
elongation, although they are not additive in disorder. Taken
together, these results demonstrate that rapid tissue elongation
is linked with strong patterns of growing volumetric and shear
disorder and suggest that there are physical limits on tissue
disorder in this context.

III. DISCUSSION

Here we showed that volumetric and shear structural dis-
order increase in the germband epithelium during body axis
elongation in Drosophila. We find characteristic signatures
of disorder that are shared among wild-type embryos and
are correlated with developmental events involving changing
patterns of internal and/or external stresses acting on the
germband. By studying mutant embryos with altered patterns
of internal and external stresses, we show that internal stress
patterns associated with myosin planar polarity and cell rear-
rangement are strongly linked with signatures in ®,,) and also
contribute to Pgpe,r, While external stress patterns associated
with ventral furrow and posterior midgut invagination have
large contributions to @gpe,r. Although the structural disorder
metrics begin to increase around the onset of axis elongation,
they both quickly plateau at values that are then maintained.
These plateau values are similar to those for random cell
packings, suggesting this may reflect a limit on tissue behav-
ior. Finally, we find that high volumetric and shear disorder
is linked with rapid tissue elongation, although the precise
balance between volumetric and shear disorder is distinct in
the germband of wild-type and mutant embryos that elongate
significantly.

We report links between cell intercalations driven by inter-
nal stresses and both @, and Pgpeor. Around a quartet of cells
involved in a single cell rearrangement, there are volumetric
and shear deformations as cells change shape in order to form
a vertex where four or more cells meet (Fig. S15 [30]). When
averaged across the tissue, these intercalation-associated de-
formations contribute to the increases in structural disorder
over time. Notably, these effects are distinguishable in the
delays or reductions of volumetric disorder in Kr and bcd
nos tsl but not for mutant embryos. In addition, external
stresses associated with VFF and PMI contribute to struc-
tural disorder, with the effects most clearly distinguishable
in the reductions of g, in sna twi, bed nos tsl, and tor
mutant embryos.

Our findings demonstrate that structural disorder grows
during germband extension and is an important feature of
this remodeling tissue. This extends prior work on topological
disorder, which showed that the germband initially contains
cells that are predominantly hexagonal in shape prior to axis
elongation, before topological disorder increases during axis
elongation [4]. In contrast, in the developing Drosophila
wings and notum, cell rearrangements and junction fluc-
tuations can increase geometric order, converting initially
disordered cell packings into more hexagonally packed cells
[33,34]. In proliferating epithelia, cell divisions can also con-
tribute to topological disorder during development [35]. Our
results add to a growing body of work implicating geometric
or structural signatures in jamming transitions, cell migra-
tion, wound healing, development, and cancer metastasis
[13,24-29,31,36-40]. We find that the initial growth of struc-
tural disorder in the germband is correlated with the onset of
rapid cell rearrangements and tissue remodeling, consistent
with a possible solidlike-fluidlike transition [13]. However,
the following nearly steplike disorder increases appear more
like signatures of structural changes associated with specific
developmental events.
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It remains unclear if structural disorder is primarily an
indicator of tissue remodeling or instead also feeds back to
influence tissue remodeling. In particular, it is not known if the
current structural order (disorder) in a tissue might facilitate
(hinder) cell rearrangement and tissue remodeling. We find
that after the germband reaches a maximum plateau value of
volumetric disorder in wild-type and sna twi embryos, the cell
rearrangement rates slowly begin to decrease. This suggests
that cell rearrangement promotes disorder and that this disor-
der then might hinder further rearrangement. This is consistent
with ideas from recent findings that disordered packings of
cells extend more slowly than more ordered packings in some
contexts [41,42]. Future studies will be needed to fully address
how tissue disorder impacts tissue remodeling and flow.

Our findings suggest that there are limits on the maximum
structural disorder in the germband. The maximum volumetric
disorder observed in the germband of wild-type and mutant
embryos matches that of random tilings of cells with densi-
ties and minimum cell centroid spacings characteristic of the
germband. In this study, we have compared germband cell
packings to random tilings based on Voronoi tessellations and
random sequential addition of seeds, but we note that there
are many procedures for generating random tilings that could
be explored in future work. In our random cell packings,
volumetric disorder is strongly influenced by the minimum
spacing between cell centroids (Fig. S14 [30]), suggesting that
a minimum spacing between cells might underlie the limits
on structural disorder we observe in the germband. This mini-
mum spacing might arise because the apical domain is tightly
regulated and maintained by epithelial cells or because nuclei
might influence cell packings. Consistent with this possibility,
recent reports highlight the importance of nucleus size and
packings [43,44].

Our findings support the notion that internal stresses from
myosin planar polarity and external stresses from ventral fur-
row and posterior midgut invagination all contribute to tissue
remodeling. There have been conflicting reports on the role of
the ventral furrow in germband extension. It has recently been
proposed that the stretch from ventral furrow invagination
recruits myosin to cell junctions in the germband in a pla-
nar polarized fashion via mechanical feedback mechanisms,
which then promote tissue flow [18]. However, other studies
have shown that myosin planar polarity acts downstream of
AP patterning systems [6,7,21] and that the germband dis-
plays cell rearrangements and tissue elongation even when
the ventral furrow is disrupted [10,13,45,46]. Here, we find
delays in disorder, cell rearrangement, and tissue elongation
in sna twi mutant embryos, suggesting that the ventral furrow
facilitates but is not required for tissue remodeling.

Taken together, our results identify growing structural dis-
order as a key feature of tissue remodeling. It remains unclear
how structural disorder impacts tissue mechanics and might
in turn influence patterns of cell rearrangements and tissue
elongation during morphogenetic events. Moreover, it is not
known how spatiotemporal patterns of cellular contractile
and adhesive machineries drive structural disorder and might
be influenced by tissue structure through mechanosensitive
mechanisms. Future work will be needed to clarify these
questions and explore how tissue disorder ultimately impacts
tissue behavior and function.

IV. MATERIALS AND METHODS
A. Fly lines and genetics

Fly stocks were from the Bloomington Drosophila Stock
Center (BDSC) unless otherwise noted. Wild-type control
embryos were yw with one maternal copy of an sgh-
gap43:mCherry transgene [47] to label cell membranes and
two maternal copies of sqh-GFP:ZipWT to label myosin II
[48] (not used in this study). The Kriippel (Kr) mutant fly
stock was a gift from Eric Wieschaus [6]. Kr embryos were
zygotic Kr' mutants with a sqh-gap43:mCherry transgene.
The movies of snail twist (sna twi) and bicoid nanos torso-
like (bcd nos tsl) mutant embryos were from Wang et al.
[13]. sna twi embryos were zygotic sna'’%® rwiP/5%° mutants
and expressed Spider:GFP to visualize cell outlines. The bcd
nos tsl maternal mutant embryos were the progeny of bed”!
nos™” ts1'*6 homozygous females and expressed Resille:GFP
to visualize cell outlines. The movie of the torso (tor) mutant
embryo with cauterization was from supplementary video 11
in [20]. The for maternal mutant embryos were progeny of
tor* homozygous females and expressed Ecad:GFP to visual-
ize cell outlines.

B. Embryo preparation

Embryos were generated at 23 °C. Embryos were collected
at stage 6, dechorionated in 50% bleach for 2 min, washed
with water for 2 min, and mounted on a custom-made imaging
chamber in a 50:50 mixture of halocarbon oils 27 and 700
between an oxygen-permeable membrane (Y SI Incorporated)
and a glass coverslip. Embryos are gently pushed against the
coverslip so that a small fraction of the embryo is flat against
the coverslip. The images shown are projections of z-slices
several microns from the coverslip at the level of adherens
junctions.

C. Confocal time-lapse imaging

Imaging was performed at room temperature (approx-
imately 18+ 1°C) on a Zeiss LSM 880 laser-scanning
confocal microscope. Embryos were placed in a ventrolateral
or ventral orientation for imaging. A 561 nm diode laser
was used for imaging mCherry, and a 488 nm argon laser
excitation was used for GFP. Imaging was performed using
the Airyscan FAST module and a C-Apo 40X/1.2 NA water-
immersion objective (Carl Zeiss, Germany). Movies were
acquired as 9.1 um z-stacks with a 0.7 um z-step every 15 s.
The first image was captured at the most apical surface of the
embryo. Movies were rotated and z-projections taken using
the Fiji distribution of ImageJ [49,50]. Each z-projection was
performed by taking a maximum intensity projection of three
consecutive z-slices at the apical junctional plane of the tissue.

Separate movies were captured for imaging the germband
and ventral furrow regions of the embryo. Embryos for
germband movies were oriented ventrolaterally, and embryos
for ventral furrow movies were oriented ventrally. Regions of
interests for each movie were defined, and cells were seg-
mented based on cell membrane markers. For movies of the
germband, the confocal imaging field of view is chosen so that
the cephalic furrow is just visible at one edge and the ventral
furrow is just visible at another edge of the field during time
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periods of the movies. Our analysis ROI is defined as follows:
two to three cells away from the cephalic furrow at the anterior
side of the ROI, two to three cells away from the ventral
furrow at the ventral side of the ROI, the boundary between
the germband and amnioserosa or the imaging field of view at
the dorsal side of the ROI, and the boundary of the imaging
field of view on the posterior side of the ROIL. Our results are
not significantly affected by increasing or decreasing the size
of the ROI (Figs. S2 and S3 [30]), and they are similar to
results obtained by applying our analyses to previously pub-
lished images from in foto microscopy of embryos mounted
in agarose [51] (Fig. S4 [30]). For the ventral furrow movies,
analysis concludes prior to tissue invagination and focuses on
in-plane stretching.

D. Cell segmentation analysis

Cell outlines were identified using a custom MATLAB code
that implements a watershed algorithm [52] combined with a
mask. The segmentation output was imported into the SEGGA
tissue segmentation and analysis software [45] using a custom
MATLAB script, and manual corrections were performed using
the SEGGA GUI. In the final segmentation, each cell is rep-
resented as a polygon with straight edges. Custom MATLAB
scripts were used to further process and analyze data.

E. Tissue elongation

For all measurements of germband tissue length, the same
ROI used for analyzing disorder was used for analyzing tissue
length. Briefly, all cells that stay within the ROI for the whole
movie are identified and tracked. Changes in the length of this
group of cells along the AP (horizontal) axis over time are
reported, relative to the length at 7 = 0.

F. Aligning movies

To compare movies, t = 0 min was taken as the onset of
germband extension, which was identified by finding the time
point corresponding to the minimum germband tissue length,
when considering the group of cells that were in the ROI at
all time frames. In addition, manual inspection confirmed that
the cephalic furrow formation process is well-aligned by this
definition of ¢+ = 0 in each movie.

G. Rearrangement rate analysis

Cells within the ROI were tracked and cell rearrangement
events identified using SEGGA [45]. The number of rear-
rangements per cell in each time frame was calculated by
dividing the number of cell neighbors lost in each time frame
by the number of cells analyzed in that frame.

H. Calculation of ®,, and ®g., and identifying changes
in slope in these disorder metrics

The tissue was triangulated by finding the centers of all
cells in the ROI and connecting adjacent centers. If four or
more segments from a grouping of cells meet at a single
node, an additional node was added at this point to create the
triangulation [53]. Using this triangulation, ®y, and Pgpear
were calculated as shown previously [29]. Briefly, the vol-

umetric and shear order parameters are defined as @, =
([In(vol,)1?) and @gpear = (In(shear,)). The volumetric and
shear deformations for individual triangles are calculated
from the deformation gradient, F, where vol,, = det(F) and
shear, = [tr(FTF) /det(F)] — 2. The deformation gradient
is defined by the current and reference configurations F =
T, T ;'. The current configuration for each triangle, n, is de-
fined by the three vertices that link adjacent cells and is
T, = |:xnl —Xn0  Xn2 — Xn0
Ynl — YnO Yn2 — YnO
defined by an equilateral triangle with an area, A, equal to the

average value for the time frame andis 7', = JA [(1] \[(13/)2/2)].

Time points of changes in slope in @y () and Pgpeq () Were
identified by first visually identifying the number of slope
changes (n) and then using a custom MATLAB script to fit
(n 4+ 1) linear fits to the volumetric and shear order parameter
curves. This process was repeated for every iteration of possi-
ble time intervals until the sum of the residuals for all (n + 1)
linear fits were minimized. Error bars for the timing of these
slope changes correspond to where the root-mean-squared
deviation was within 10%.

]. The reference configuration is

I. Random cell tiling simulation

We generated randomly organized cell packings and calcu-
lated @0 and Pgpe,r for these random packings. To do this,
we seeded points within a known area to act as the nucleation
centers, i.e., random sequential addition (RSA). The number
of nucleation points was varied to match the range of cell
densities observed in germband movies. Additionally, we per-
formed this analysis with and without varying the minimum
distance between nucleation points to match the minimum
spacing of cell centers observed in germband movies of
3—4 um; this may help to account for biological mechanisms
that maintain cell size and shape and/or incompressibility of
cell nuclei or other internal cellular structures. We generated
five unique Voronoi tilings and moved the seed points to
the center of mass for each Voronoi cell (centroidal Voronoi
diagram algorithm) [54]. We did this for each set of param-
eters and analyzed five different ROIs for each image. Each
image was processed with the same pipeline as the germband
movies. Briefly, the images were segmented with our algo-
rithm and manually corrected in SEGGA before calculating
<Dvol and (Dshear'

Data plotted represent mean value &+ standard deviation
unless otherwise noted.

The data in this paper are available from the corresponding
author upon reasonable request.

Custom MATLAB scripts are available from the correspond-
ing author upon reasonable request.
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