












mediated by Rho kinase and actin polymerisation mediated by Dia
are major effectors of the small GTPase RhoA (Rho1 – FlyBase)
(Bishop and Hall, 2000; Wheeler and Ridley, 2004). AS cells
expressing a dominant-negative form of RhoA did not fluctuate,

nor did they consistently reduce their apical surface area, and as
development progressed the tissue tore apart (see Movie 10 and
Fig. S5A in the supplementary material). They did not form Sqh-
mCherry foci, nor was there localisation at cell-cell junctions (see
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Fig. 4. Cell shape fluctuations and myosin dynamics in embryos with perturbed myosin and actin activity. (A-D)Analysis of AS cell
fluctuations of ASGal4/UAS-ctMLCK Drosophila embryos. (A)Still images from a time-lapse movie of an example ASGal4/UAS-ctMLCK; ubiECad-
GFP embryo at 0, 60 and 120 minutes after the onset of AS contraction (staging of perturbed embryos was according to the end of germ-band
retraction and the morphogenesis of the posterior spiracles). (B-D)Analysis of cell radius fluctuations as described for Fig. 1D-F. Data were pooled
from three embryos (average cells per embryo, 79.3; average minutes per cell, 147.5; sampled every 30 seconds). (B)Average fluctuation amplitude.
(C)Histogram of fluctuation strength (total number of cycles, 4022). (D)Average cycle length (number of valid cycles, 1524). (E,F)Analysis of AS cell
fluctuations of ASGal4/UAS-DiaCA embryos. (E)Still images from a time-lapse movie of an example ASGal4/UAS-DiaCA; ubiECad-GFP embryo at 0,
60 and 120 minutes after the onset of AS contraction. (F)Analysis of cell radius fluctuations as described for Fig. 1E, here for ASGal4/UAS-DiaCA

embryos. Data pooled from four embryos [average cells per embryo, 58.2; average minutes per cell, 93.6; sampled every 30 seconds; total number
of cycles (F), 2188]. Note that there were very few cycle length data for these embryos because the fluctuation strength was almost always below
threshold (F). (G)Ten-minute time series of an example cell from an ASGal4/UAS-ctMLCK embryo, sampled every 10 seconds, showing fluctuations
in cell radius (black line) and medial Sqh-mCherry fluorescence intensity (red line). (H)Average shape of normalised cell radius (black line, ±95%
confidence intervals) and medial Sqh fluorescence (red line, ±95% confidence intervals) cycles for equivalent cells and time points (total number of
cycles, 89) shortly after germ-band retraction. (I)Ten-minute time series for an example cell from an ASGal4/UAS-DiaCA embryo, sampled every 10
seconds, showing cell radius (black line) and medial Sqh fluorescence intensity (red line). No fluctuations were detected. (J,K)ASGal4/UAS-ctMLCK
(J) and ASGal4/UAS-DiaCA (K) embryos stained for phospho-Myosin light chain 2 (green) and E-Cadherin (red) shortly after germ-band retraction
(top row) and during the fast phase of DC (bottom row). (L)Comparison of the fluorescence intensities of total apical and sub-apical phospho-
myosin in wild-type and ASGal4/UAS-DiaCA embryos. Error bars indicate s.d.
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Fig. S5B in the supplementary material). Residual movements of
AS cells seemed to be a passive consequence of other
morphogenetic movements occurring in the embryo.

Altogether, these results show that the presence and signature of
cell fluctuations and the shape of cellular membranes depend on
the relative strengths, dynamics and localisation of cellular actin-
myosin. We suggest that the progressive accumulation of myosin
as DC proceeds increases cell contractility.

Dpp and AS cell fluctuations
The results presented above raise the important question of what
causes the changes in actin-myosin localisation over time, leading
to an increase in cell contractility. One possibility is that these
changes are the result of an autonomous programme of AS cell
contraction. Alternatively, signals from the epidermis could activate
myosin and/or actin activities.

It has been proposed that the damping of AS cell fluctuations
over time is a consequence of the assembly of the supracellular
actin cable at the leading edge (LE), which would act in a ratchet-
like mechanism (Solon et al., 2009). In this model, contraction of
the cable would prevent the relaxation of AS cells after a
contraction cycle. We tested this by asking how the amplitude and
cycle length of fluctuations progress in a mutant in which the
supracellular actin cable and zippering processes are defective.
Dpp, a member of the BMP/TGF family of secreted signals, is
expressed in the dorsal-most epidermal (DME) cells during stage
11, and also later on, during stage 13. Zygotic mutants for the Dpp
receptor thickveins (tkv) exhibit defects in DC (Riesgo-Escovar and
Hafen, 1997); specifically, DME cells have defects in dorsoventral
elongation, the LE does not maintain an actin-myosin cable and
zippering movements are absent (García Fernández et al., 2007)
(Ricos et al., 1999). The proposal for the role of the actin-myosin
cable suggests that these embryos should not show a damping of
fluctuations.

Live imaging (see Movie 11 in the supplementary material)
revealed that in these mutants, AS cells exhibited a spatial and
temporal pattern of shape fluctuations that shared strong similarities
with that of the wild type (Fig. 5A-D). Importantly, AS cells

displayed a decrease in the amplitude and cycle length of fluctuations
as they transited from the early to the slow phase of DC. AS cells
exhibited a wild-type evolution in cell shape, from anisotropic during
the early phase to a more isotropic shape during the slow and fast
phases (see Fig. S3 in the supplementary material), indicative of an
increase in apical tension. Eventually, AS cells in tkv mutants
contracted completely. In spite of these similarities, fluctuation
amplitude and cycle length during the early phase were lower in tkv
mutants than in wild-type embryos (Fig. 5B,D).

Thus, the damping of cell shape fluctuations, the changes in cell
shape that are a signature of increased apical tension, and the
eventual contraction of AS cells still occur in tkv mutants, even
though these embryos were able to maintain neither an actin cable
at the LE nor epidermal cell elongation, and did not develop
zippering movements. Although these results do not rule out the
possibility that segments of actin cable remain functional in tkv
mutants, nor that in wild-type embryos the epidermis, the actin
cable and zippering movements contribute to the patterned
contraction of AS cells, they suggest to us that AS cells have a
robust intrinsic programme of contraction.

DISCUSSION
The molecular basis for cell fluctuations
The process of DC relies on the coordination of the elongation of
epidermal cells and contraction of the AS. Throughout the early
stages of this process the AS cells exhibit fluctuations of their
apical area (Solon et al., 2009) (this work). We have shown that
this fluctuating behaviour is driven by transient actin-myosin
accumulations at the apical cortex of cells, involving the assembly,
contraction and disassembly of large-scale actin and myosin
structures. The formation and disassembly of foci could result from
the self-organising properties of myosin and actin and the presence
of specific regulators, which are known to spontaneously form
active networks, asters and rings in vitro (Backouche et al., 2006;
Haviv et al., 2006). Tension generated by the contraction of
neighbouring cells (Solon et al., 2009) (this work), the sudden loss
of tension due to detachment of actin from the cell membrane,
spontaneous catastrophic collapse (Howard, 2009), and the
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Fig. 5. Cell shape fluctuations in tkv mutants. (A)Still images from a time-lapse movie of a tkv; ubiECad-GFP zygotic mutant Drosophila embryo
at 0, 60 and 120 minutes after the onset of AS contraction. (B-D)Analyses as described for Fig. 1D-F. Data were pooled from four embryos (average
cells per embryo, 36.2; average minutes per cell, 123.3; sampled every 30 seconds). (B)Average fluctuation amplitude. (C)Histogram of the
strength of fluctuation (total number of cycles, 2720). (D)Average cycle length (total number of valid cycles, 1785).
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stretching of the apical membrane resulting in the influx of ions
such as calcium (Salbreux et al., 2007), could all contribute to the
timing and location of fluctuations.

Junctional and medial actin-myosin populations
Differences in the absolute and relative strengths of actin-myosin
structures in distinct subcellular populations provide an explanation
for the patterns that we have observed in wild-type and mutant
embryos. Our observations show that throughout DC the amounts
of myosin increase in two subcellular populations: in a cortical ring
and in a medial apical network. The amount of myosin at cell-cell
junctions determines the shape of cell membranes: low levels lead
to wiggly membranes and increasing levels of junctional myosin
lead to the straightening of the membranes. The amount of actin-
myosin in the medial population determines the fluctuating
behaviour of cells: low levels lead to low-frequency fluctuations
and no tissue contraction, as seen in the early phase of DC;
intermediate levels lead to high-frequency fluctuations and slow
tissue contraction, as seen in the slow phase of DC; and high levels
lead to a coherent, but dynamic, sheet of actin-myosin across cells
that was strongly contractile, as seen in the wild-type fast phase.

Increasing the amounts of both junctional and medial myosin in
ASGal4/UAS-ctMLCK embryos led to premature apical contraction,
precocious straight cell membranes and isotropic cell shapes, which
are a signature of high cortical tension (Lecuit and Lenne, 2007). By
contrast, in ASGal4/UAS-DiaCA embryos, low junctional myosin
levels throughout DC gave rise to wiggly apical membranes.
However, these cells showed precocious apical contraction and no
discernible apical shape fluctuations. We observed an increase in
myosin levels at a sub-apical position, which suggests to us that in
these cells contraction is not only apical but spans the sub-apical and
lateral axis. This sub-apical and lateral contraction of AS cells could
be an impediment to apical shape fluctuations, as apical contraction
must be accommodated by basal or lateral expansion.

Overactivating myosin led to apical blebbing in AS cells.
Blebbing results from an increase in the ratio of cortical tension to
cortex-membrane adhesion (Charras and Paluch, 2008) and is
associated with transient actin-myosin accumulations similar to
those observed here (Charras et al., 2008). We looked for, but could
find no evidence of, blebs in AS cells in wild-type embryos. We
suggest that dynamic actin-myosin structures are the more general
property of cells, which in combination with high cortical tension
or weak cortex-membrane adhesion can lead to blebs.

The supracellular organisation of fluctuations
Previous results have shown that neighbours oscillate mainly in anti-
phase (Solon et al., 2009). Our results reveal a more subtle picture,
with anti-phase correlation predominantly in one orientation and in-
phase correlation perpendicular to this. This combination results in
interesting patterns, with rows or patches of cells that become
synchronised for short periods of time and represent an emergent
property of the system. We expect that some sort of multicellular
pattern is inevitable because of the requirement to maintain a
coherent epithelium while cells fluctuate. However, the patterns also
suggest that cell fluctuations can become entrained locally and for
short periods. Our analysis of the dynamics of cell shape suggests that
cell contraction is the active process, but that fluctuating behaviour
of a cell can be influenced and the timing of active contraction altered
by the forces generated by immediate neighbours and more distant
cells. Thus, the organisation of apical contractions and expansions at
the multicellular scale arises from the feedback in both directions
between intrinsic cell behaviour and mechanical context.

Amnioserosa contraction
We wanted to understand how changes in actin-myosin behaviour
at a subcellular scale resulted in the patterned contraction of the
AS. There is a gradual increase in the rate of contraction of
individual cells that strongly accelerates with the onset of zippering
behaviour (Gorfinkiel et al., 2009). These changes were correlated
primarily with a shortening of fluctuation cycle length. Our results
suggest that these changes result from an increase in both apical
medial and junctional myosin levels. The overall increase in
myosin levels and the formation of a continuous actin-myosin
network could provide the molecular basis for the transition of the
AS to a more solid tissue (Ma et al., 2009).

What causes the increase in apical myosin levels? One
possibility is that it is induced by a chemical or mechanical signal
from the epidermis. A radial gradient of fluctuations (Solon et al.,
2009) and of the rate of contraction of AS cells (Gorfinkiel et al.,
2009) suggests that the epidermis is providing some information
for the patterned contraction of the AS. However, the analysis of
tkv mutants shows that even when the mechanical properties of
DME cells have been altered and Dpp signalling is compromised
(B. García Fernández, PhD thesis, New University of Lisbon,
2007) (Ricos et al., 1999), AS cells change their fluctuation
behaviour in a similar pattern to the wild type and finally
contract. This reveals that several processes that are individually
redundant ensure DC. DC could result from an AS-autonomous
programme of increasing medial and junctional myosin (and/or
actin), through changes in the dynamics of actin and myosin
activity, of intracellular trafficking or of cell adhesion.
Alternatively, apical myosin might increase as a result of the
fluctuating behaviour of AS cells and the build-up of tension due
to neighbour contractions. Whatever the mechanism, it is likely
that an increase in myosin activity involves activation of the Rho
GTPase, which has a central role both in integrating mechanical
and structural cues and in regulating myosin-based tension
(Ingber, 2008) (this work).

The function of cell fluctuations in dorsal closure
AS cells fluctuate at low frequencies for a long period during early
DC without any tissue contraction. High-frequency fluctuations
drive moderate cell and tissue contraction during the slow phase,
before they disappear in the transition to rapid tissue contraction.
This raises the question of whether fluctuations have a function, as
it is at least theoretically possible that contraction could be
achieved in a smooth manner. One can speculate that cell
fluctuations would be a way to maintain a basic level of cell
activity that could be turned easily into morphogenetically relevant
behaviours (Farhadifar et al., 2007; Rauzi et al., 2008). Cell
fluctuations could, more simply, be an epiphenomenon of the self-
organised dynamics of actin and myosin. Alternatively, pulsatile
contraction might ensure that differences in apical tension are
equilibrated between neighbouring cells, ensuring coordination in
the contraction of cells across the tissue. Our analysis of neighbour
relations suggests that fluctuations allow for a certain degree of
coordination between cells. A combination of empirical
investigation and modelling will be crucial to understand the
importance of fluctuations per se during morphogenesis.

Note added in proof
Recent work shows that the formation of transient actomyosin
networks correlates with the apical constriction of AS cells (David
et al., 2010). The results are compatible with the frequency data
measured in our study.
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