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Summary 

Actin cortex patterning and dynamics are critical for cell shape changes. These dynamics 
undergo transitions during development, often accompanying changes in collective cell 
behavior. While mechanisms have been established for individual cells’ dynamic behaviors, 
mechanisms and specific molecules that result in developmental transitions in vivo are still 
poorly understood. Here, we took advantage of two developmental systems in Drosophila 
melanogaster to identify conditions that altered cortical patterning and dynamics. We 
identified a RhoGEF and RhoGAP pair whose relocalization from nucleus to cortex results in 
actomyosin waves in egg chambers. Furthermore, we found that overexpression of a different 
RhoGEF and RhoGAP pair resulted in actomyosin waves in the early embryo, during which RhoA 
activation precedes actomyosin assembly and RhoGAP recruitment by ~4 seconds. Overall, we 
showed a mechanism involved in inducing actomyosin waves that is essential for oocyte 
development and is general to other cell types. 
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Introduction 

 Actomyosin contractility plays a key role in generating force during cell shape change 
and tissue morphogenesis. Proper shape requires that patterns of forces are tailored to the 
specific developmental context, and the forces required can even change within the same 
tissue at different stages of its morphogenesis1–3. A key regulator controlling these specific 
patterns of forces is the small GTPase RhoA. RhoA promotes actomyosin contractility by 
activating the Rho-associated protein kinase (ROCK), which activates non-muscle myosin II, and 
the Diaphanous family of formins, which induce unbranched actin assembly. RhoA can cycle 
between an active GTP-bound state and inactive GDP-bound state. This cycling is controlled by 
a battery of Rho guanine nucleotide exchange factors (RhoGEFs) and GTPase activating proteins 
(RhoGAPs), which promote GTP loading and hydrolysis, respectively (Figure 1A)4, often with 
several GEFs and GAPs existing in the same cell with different spatial and temporal behavior5,6. 
These RhoGEFs and RhoGAPs are themselves developmentally regulated and function in 
modular and combinatorial ways to spatially and temporally control actomyosin distribution7. 
 The RhoA signaling system has been shown to exhibit feedback and excitability, 
including oscillatory and wave-like behaviors. Evidence suggests that RhoA can promote its own 
activation, creating an autocatalytic positive feedback loop that will drive the system to peak 
activity after crossing a threshold. Possible mechanisms for this positive feedback include 
cortical advection and/or contraction concentrating RhoA and its effectors8,9, and contraction-
independent recruitment or activation of RhoA10–12. Delayed negative feedback terminates the 
RhoA signal, often requiring the activity of a RhoA GAP10,13–17. The timing or spatial position of 
this termination creates a refractory period or ‘dead’ zone where RhoA cannot be easily 
reactivated. Such zones lead to hallmarks of excitability, such as annihilation of waves upon 
collision. While the theory of excitability is well established and some examples of the signaling 
circuits that lead to excitability have been defined8,14,15,18, the specific sets of molecules that 
drive events in development and how the regulatory principles compare across cell types are 
still poorly understood. 
 There are developmental events during which there is a clear transition to excitable 
actomyosin behavior. In the Drosophila female germline, nurse cells that lack apical-basal 
polarity transition from having a stable actomyosin cortex to exhibiting traveling actomyosin 
waves. The germline develops as a cyst of interconnected cells with the nurse cells connected 
to the oocyte through actin-rich bridges called ring canals (Figure 1B), through which cytoplasm 
is transported to the oocyte in a process known as nurse cell dumping (hereafter referred to as 
'dumping’). In this system, actomyosin waves emerge after the nurse cells transfer most of their 
volume and are required to enable the transport of remaining cytoplasm to the oocyte. We 
previously identified a RhoGAP, RhoGAP15B, that is involved in regulation of wave behavior13, 
but the identity of a cognate RhoGEF that functions in this process was unknown. Nurse cells 
display a size hierarchy and stereotyped dumping onset order, with cell size decreasing and 
dumping proceeding later from posterior (nearer the oocyte) to anterior (farther from the 
oocyte)13,19. Actomyosin waves have been shown to appear in the same order as cell size 
decrease (Figure 1B, blue), but it is unknown what triggers the actomyosin waves and whether 
they emerge through a switch-like or gradual transition. 
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 Dynamic actomyosin also plays a role in epithelial cells. During Drosophila gastrulation, 
presumptive mesoderm cells exhibit apical constriction, during which actomyosin contractility is 
targeted to the middle of the apical cell surface (medioapical)20,21. Mesoderm cells do not 
exhibit actomyosin waves, but stationary pulses of actomyosin assembly and disassembly. This 
is in contrast to other apically constricting cells that exhibit actomyosin waves across the 
apex22,23. Similar to the Drosophila germline, mesoderm cells exhibit a spatial pattern of 
actomyosin across the tissue, with actomyosin assembly initiating earlier and with higher levels 
along the ventral midline and with more dynamic behavior in more lateral mesoderm cells24–27 
(Figure 1C). Actomyosin pulses appear to be activated by RhoGEF2, a RhoGEF that is specific to 
RhoA. A RhoGAP, Cumberland GAP (C-GAP, also known as RhoGAP71E), terminates RhoA 
signaling to disassemble the actomyosin patch14. Whether these different dynamics between 
cells reflect differences between the specific GEFs and GAPs involved, epithelial vs. non-
epithelial cell type, distinct RhoA activity, or GEF and GAP activity is unclear. 
 Here, we investigated the regulatory systems that are used to alter actomyosin state in 
the Drosophila germline and early embryo. We identify a RhoGEF, Pebble (the Drosophila 
Epithelial cell transforming 2 (Ect2) homologue), involved in nurse cell actomyosin wave 
formation and show that actomyosin wave induction is associated with Ect2/Pebble and 
RhoGAP15B nuclear release. We show that co-overexpressing a different RhoGEF and RhoGAP 
pair, RhoGEF2 and C-GAP, can induce actomyosin waves in epithelial cells and the early embryo, 
suggesting that such excitable behavior does not depend on specific RhoGEF and RhoGAP 
proteins or cell size/type and instead might depend on the structure of the RhoA regulatory 
network. Furthermore, analysis of actomyosin waves in the embryo supports similar regulatory 
logic for RhoGEF2 and C-GAP induced waves as that shown for actomyosin waves in C. elegans, 
Xenopus, and starfish, suggesting a common regulatory logic for the RhoA system across diverse 
systems, cell types, and molecular identities of RhoGEFs and RhoGAPs. 
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Figure 1: The RhoA pathway regulates actomyosin contractility in embryos and egg chambers.  
A. Subset of the components and interactions in the RhoA pathway in Drosophila. When GTP-
bound, RhoA activates both Rho kinase (Rok) and the formin Diaphanous (Dia), which lead to 
myosin regulatory light chain (MRLC) phosphorylation, F-actin assembly, and actomyosin 
contractility. GEFs and GAPs activate and inactivate RhoA, respectively, and are themselves 
developmentally regulated. B. In the egg chamber (shown with anterior at left and ring canals in 
orange), actomyosin waves appear in nurse cells (blue) starting from the most posterior cells 
and appearing later in the more anterior ones. RhoGAP15B plays the role of the GAP; no GEF 
has so far been identified for these waves. C. Actomyosin pulses appear in the embryo in the 
rows of cells surrounding the ventral midline (orange line), with activity higher and appearing 
earlier near the midline28. RhoGEF2 and C-GAP form a regulatory pair for RhoA in this system. 
These cells are 5-10 µm in diameter, significantly smaller than the nurse cells, which are 30-40 
µm in diameter when waves appear. For B and C, blue color represents the gradient of 
actomyosin appearance, where darker color implies earlier appearance.  
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Results 

Wild-type Ect2 expression is required for actomyosin waves in nurse cells 

To investigate mechanisms that promote the transition from uniform contractility to 
actomyosin waves in nurse cells, we sought to identify RhoGEFs involved in dumping. First, we 
assessed embryo size upon germline-specific depletion of individual RhoGEFs by RNA 
interference (see Methods for details), as incomplete dumping can lead to smaller 
embryos13,29,30. We previously used RNAi screening to identify a RhoGAP (RhoGAP15B) required 
for dumping13, which we included in the screen as a positive control along with the adducin 
homologue hu li tai sho (hts)30. Short-embryo phenotypes were rare even for positive controls, 
presumably because knockdowns were incomplete. Of the RhoGEF lines that occasionally 
resulted in short embryos (Figure 2A-B), we chose to focus on Ect2 because both Ect2-RNAi 
lines resulted in a higher phenotypic frequency than our negative control, Ect2 has been shown 
to induce actomyosin waves and pulses in other systems16,31,32, and Ect2’s localization 
suggested its function in dumping (see below). Ect2 is most commonly associated with the 
regulation of RhoA in cytokinesis33; however, we confirmed that knockdowns affected dumping 
by live imaging using a GFP-tagged version of the regulatory light chain of non-muscle myosin II 
(Spaghetti squash, Sqh). Of the candidate RhoGEFs in Figure 2A, knockdown of Ect2 most 
frequently led to erratic or blocked waves and to a failure of dumping similar to that seen upon 
knockdown of RhoGAP15B13 (Figure 2C-E; Supplemental Figure S1A-F; Video S1). 
 
To further support the role of RhoGAP15B and Ect2 as a GAP/GEF pair regulating actomyosin 
waves, we depleted each gene using egg chambers heterozygous for an allele of RhoGAP15B in 
which the RhoGAP domain was deleted via CRISPR (see Methods) or egg chambers 
heterozygous for pbl3, a null allele of Ect234. We chose to focus on heterozygous rather than 
homozygous mutants both because homozygous pbl3 is lethal and we expected heterozygous 
mutants to reduce gene dosage in a way that would be comparable to RNAi. In both 
heterozygous mutants, waves appeared less continuous than in wild-type chambers, and waves 
often did not appear at all in pbl3 (Supplemental Figure S1H,I; Video S1). Additionally, 
overexpression of Ect2 in the germline (Ect2-OE) resulted in nurse cell waves that were shorter-
lived than in wild type and frequently led to incomplete dumping (Figure 2F; Supplemental 
Figure S1G; Video S1), suggesting that the levels and/or regulation of Ect2 dynamics are 
important for the dumping process. 
 
Prior work has shown that nurse cell dumping proceeds in two phases: in the first, transport is 
driven by cell size and pressure differences, with myosin roughly uniform along the cortex, 
while the second phase requires actomyosin waves to complete dumping13. In all knockdowns 
studied here, cytoplasmic transport occurs at least to some extent, consistent with this two-
phase model of dumping. RhoGAP15B reduction does not obviously perturb dumping until the 
first cells begin to develop actomyosin contractions, after which cells often fuse and dumping is 
blocked13 (Figure 2D; Supplemental Figure S1H; Video S1). Nurse cells with reduced Ect2 levels 
transfer some of their contents in the first phase of dumping but frequently fail to develop 
waves and transition to the second phase (Figure 2E; Supplemental Figure S1I; Video S1), 
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consistent with the two-phase model and suggesting Ect2 is important for wave onset. Stalled 
cytoplasmic transfer upon RhoGAP15B or Ect2 perturbation is unlikely to be the result of 
blocked ring canals. Although ring canals connecting nurse cells and the oocyte are formed 
from stalled cytokinetic furrows, and Ect2 plays a role in furrow constriction35,36, ring canals did 
not appear obstructed or different from wild-type canals in either RhoGAP15B-RNAi13 or pbl3 
heterozygous mutants (not shown). 
 
Ect2, possibly alongside other GEFs, is thus involved in the regulation of actomyosin waves in 
the nurse cells. Together with our previous identification of RhoGAP15B and our analysis of a 
new RhoGAP15B allele here, our results suggest that both Ect2 and RhoGAP15B regulate 
actomyosin wave formation. Because actomyosin reorganizes during nurse cell dumping, we 
next examined whether the localization of these two proteins changes with the onset of 
actomyosin waves.  
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Figure 2: Ect2 and RhoGAP15B are required for proper regulation of actomyosin waves.  

A. Results from a RhoGEF RNAi screen in fly lines for which short embryos were occasionally 
observed. Green rows are positive controls; gray row is a negative control. Two different Ect2 
lines were screened, with slightly different frequencies of short embryos. Egg chambers from 
lines with short-embryo frequencies above that of the negative control were also imaged live to 
determine if knockdown affected waves. B. Examples of short embryos (red boxes) next to 
normal-length embryos for negative control (Rh3-RNAi), a positive control (RhoGAP15B-RNAi), 
and two separate examples of Ect2-RNAi. C. Maximum-intensity projections (MIPs) of myosin 
signal from a movie of a wild-type egg chamber in which multiple cells display myosin waves. 
Orange arrows point to a wave propagating across the cortex of one cell. D. MIPs from a 
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RhoGAP15B-RNAi egg chamber. Dumping begins normally, but stalls as a subset of cells 
becomes smaller than others, and several cells display erratic waves (cyan arrows) that do not 
propagate fully across the cortex. E. MIPs from an Ect2-RNAi egg chamber. Cells round up 
slightly as usual preceding actomyosin wave appearance, but few myosin accumulations appear 
and dumping stalls. Asterisks mark myosin signal from stalk cells, which are external to the 
germline. F. MIPs from an Ect2-OE egg chamber. Similar to RhoGAP15B-RNAi, dumping stalls as 
some cells develop small, erratic myosin accumulations (cyan arrows). Scale bars for C-F: 20 µm. 
Time stamps are in min:sec. C’-F’ show color-coded projections of the same egg chambers as in 
C-F through 2 minutes, starting at the earliest time point shown. Color bar in C’ indicates order 
of frames. All MIPs are through slightly over half of the egg chamber, and in all images, the 
oocyte, not shown, is to the right.  
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Supplemental Figure S1: Ect2 and RhoGAP15B perturbations block nurse cell dumping. 

A. MIPs of myosin signal in a wild-type egg chamber showing reduction in cell volume and 
appearance of nonuniform myosin intensity in the third and fourth time points. B. MIPs from 
the same egg chamber as in Figure 1D, showing dumping stalling as erratic waves form in the 
smaller cells in the egg chamber. C. MIPs from the same egg chamber as in Figure 1E, showing 
dumping stalling without large-scale wave formation. D. MIPs from the same egg chamber as in 
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Figure 1F. Note the reduction in nurse cell cluster size in A that is not seen to the same degree 
in B-D. E-G. Images of egg chambers after dumping has stalled for (E) RhoGAP15B-RNAi, (F) 
Ect2-RNAi, and (G) Ect2-OE egg chambers. E and F are single optical sections from near the 
midplane, while G is a maximum-intensity projection. H, I. MIPs of myosin signal in egg 
chambers heterozygous for an allele of RhoGAP15B missing its RhoGAP domain (abbreviated as 
∆RhoGAP) or for pbl3, a null allele of Ect2. Scale bars: 20 µm in A-D; 50 µm in E-I. Time stamps 
are min:sec. 
 
 
Nuclear exit of RhoGEF/Ect2 and RhoGAP15B is associated with actomyosin wave onset 
 

To determine whether Ect2 and RhoGAP15B levels or localization change when the 
actomyosin cortex transitions from uniform to wave-like behavior, we imaged labeled versions 
of both proteins during the dumping process. Prior to wave onset, Ect2 was localized to the 
nucleus in nurse cells, but exited the nucleus and became enriched at the cortex as dumping 
proceeded (Figure 3A,A’; Video S2). RhoGAP15B showed the same transition from nucleus to 
cortex: although there was cortical enrichment prior to dumping onset, the nuclear signal 
decreased significantly while the intensity increased at the cortex with time (Figure 3B,B’; Video 
S2). To quantify these observations, we measured the ratio of cortical to nuclear intensity of 
each protein around dumping onset (‘early’) and near wave onset (‘late’), finding that the 
intensity ratio increased approximately 9-fold for Ect2 and 3-fold for RhoGAP15B (Figure 3C). 
 
To determine if the timing of Ect2 nuclear exit correlates with the timing of wave onset, we 
asked whether exit of Ect2 from the nucleus in different cells might follow the same posterior-
to-anterior order as wave onset. Slight Ect2 overexpression sometimes affected wave behavior 
and led to cell fusion, complicating quantitative analysis. However, PCNA, a sliding clamp for 
DNA polymerase, normally localizes to the nucleus in interphase cells37 but has been shown to 
exit the nucleus in the same order as dumping onset13. Because PCNA is not expected to 
interfere with the RhoA pathway, it serves as an ideal proxy for RhoGAP15B and Ect2 exit from 
the nucleus. Indeed, PCNA exits nuclei in the same order as Ect2 but does so 10-15 minutes 
later (Supplemental Figure S2A). Grouping PCNA exit time by the number of cytoplasmic bridges 
between nurse cells and the oocyte revealed the same order as wave onset, in which cells 
nearest the oocyte show leakage of contents from the nucleus first (Figure 3D). Further, a 
heatmap of the ranked order in which PCNA exits the nucleus and the order in which waves 
begin in nurse cells shows that rank pairs are distributed around a diagonal line (Figure 3E). 
Both findings suggest exit of proteins from the nucleus and wave onset are correlated in the 
order they occur at the level of individual nurse cells, consistent with the hypothesis that 
relocalization of GEF and GAP from the nucleus to the cortex could trigger wave-like 
actomyosin behavior. 
 
To test whether the onset of myosin wave dynamics might reflect the gradual release of Ect2 
and RhoGAP15B from the nucleus, we examined nurse cells at higher spatial and temporal 
resolution to determine whether the onset of waves is gradual or switch-like. Myosin signal 
starts as a relatively static, reticular pattern before small flickers of brighter intensity appear 
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apparently randomly over the network. As dumping progresses, faint bands of myosin appear 
from these flickers, subsequently becoming larger, more intense, and associated with greater 
cell deformation over time (Supplemental Figure S2B; Video S3). The Sqh::GFP construct used 
here expresses tagged myosin in all cell types, including the overlying somatic follicle cells that 
surround the nurse cell cluster. However, although these cells display their own myosin 
dynamics, we confirmed the flickers and waves studied here are present in the nurse cells using 
germline-specific Gal4 to express UAS-driven, GFP-tagged Zipper (myosin heavy chain; 
Supplemental Figure S2C-E, Video S4). In contrast, Zipper::GFP expressed specifically in the 
follicle cells showed neither waves nor the network-like myosin pattern seen in nurse cells prior 
to wave onset (not shown). Overall, the gradual onset of actomyosin waves specifically in the 
nurse cells supports a model in which GAP/GEF release induces a gradual transition to and 
strengthening of waves.  
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Figure 3: Ect2 and RhoGAP15B exit the nucleus prior to and in the same order as wave 
appearance. 

A. MIPs of Ect2::EGFP signal in an egg chamber at three time points in dumping, with 
corresponding zoom-ins of a single optical section from the boxed region in A’. B. MIPs of 
RhoGAP15B::sfGFP signal from three separate egg chambers just after the start of dumping, 
early in dumping, and late in dumping, roughly analogous to the three time points in A based 
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on size and shape of the nurse cell cluster. Single optical sections from each egg chamber are 
shown in B’. C. Ratio of cortical to nuclear intensity of RhoGAP15B and Ect2 early and late in 
dumping. Sample sizes: 23 cells from 5 egg chambers (RhoGAP15B) and 35 cells from 7 egg 
chambers (Ect2). p-values are 0.008 and 6 x 10-4 for GAP and GEF, respectively (Mann-Whitney 
U test). D. Time after dumping onset at which PCNA becomes noticeably cytoplasmic (details in 
Methods), grouped by number of ring canals separating a nurse cell from the oocyte. As with 
wave order, cells nearer the oocyte show earlier leakage of contents from the nucleus. Inset: 
schematic of egg chamber with groups of nurse cells colored by distance from the oocyte, 
corresponding to boxplot colors. E. Heat map of order of PCNA exit from the nucleus versus 
order of wave onset. Data for D,E come from 11 egg chambers, with 14, 20, 16, and 5 cells for 
distances 1, 2, 3, and 4 from the oocyte, respectively. All scale bars: 50 µm. For box plots, 
center line denotes median, plus sign mean, box edges 25th and 75th percentile, and whiskers 
standard deviation. In C, colored dots show mean ratio per egg chamber; gray points are 
individual cells. In D, only individual points outside mean +/- standard deviation are shown.  
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Supplemental Figure S2: PCNA serves as a proxy for Ect2 release from the nucleus as myosin 
gradually becomes more wave-like. 
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A. MIPs of Ect2 (top row) and PCNA (middle row) during dumping for one representative egg 
chamber, with merged image in the bottom row. Colored arrows point to approximate exit 
from the nucleus, with blue, red, or green arrows corresponding to cells one, two, or three ring 
canals from the oocyte, respectively. PCNA exits the nucleus roughly 10-15 minutes after but in 
the same order as Ect2. B. Three MIPs of myosin signal in an egg chamber with six subsequent 
frames, spanning one minute total, shown in different colors. From an initially uniform cortical 
distribution, myosin first shows temporary spatial accumulations or ‘flickers’ (top panel, 
arrows). Later in dumping, the flickers develop into faint waves (middle panel, arrows) that 
become progressively more persistent and intense (bottom panel, arrows). C. Germline-specific 
myosin signal (myosin heavy chain, Zipper::GFP; left) and ubiquitously-expressed myosin signal 
(Sqh::mCherry; right) in an egg chamber just prior to wave onset. D. Images from the same egg 
chamber following wave onset. E. Zoom-in on the cell highlighted by the arrow in D. Arrows in 
D,E point to waves. Scale bars: 50 µm (A-C) and 20 µm (D,E).  
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Manipulation of a different RhoGEF and RhoGAP pair in the early embryo enables titration of 
RhoA activity 

The importance of Ect2 and RhoGAP15B function in actomyosin wave propagation, as 
well as the correlation of Ect2 and RhoGAP15B cortical relocalization to the timing and 
progression of wave onset, suggested that increased cortical availability of these proteins is 
responsible for the transition in actomyosin behavior in nurse cells. To more broadly investigate 
how changing availability of GEF and GAP affects the mode of actomyosin behavior and 
whether this phenomenon is common to a broader set of GEFs, GAPs, and cell types, we next 
examined the effects of changing GEF and GAP levels in the early embryo around the time of 
gastrulation. 
 
We have previously shown that we can modulate RhoA activity by modulating the expression of 
RhoGEF2 or C-GAP14,24. Therefore, we sought to calibrate the RhoA signaling level of mesoderm 
cells for various expression levels of GEF and GAP. We used medioapical myosin in mesoderm 
cells as a proxy for RhoA activity level, because its presence is dependent on RhoA activity14, 
medioapical myosin disappears within tens of seconds of Rok inhibition38, and myosin intensity 
is correlated with apical contractility39. The fraction of mesoderm cell apical area covered by 
myosin was correlated with the size and intensity of a GFP-tagged anillin Rho-binding domain8 
(anillinRBD), consistent with myosin spot size reflecting RhoA activity (Supplemental Figure 3A-
D). We then measured the fraction of the mesoderm cells’ apical surface covered by myosin 
spots by segmenting the myosin signal in projections of these cells. We found that 
overexpressing C-GAP or knocking down RhoGEF2 reduced coverage fraction, consistent with 
reduced RhoA activity (Video S4). In contrast, overexpressing RhoGEF2 resulted in larger and 
more prominent coverage of myosin spots across the tissue, consistent with increased RhoA 
activity (Figure 4A,B and Supplementary Figure 3A-C; Video S4). Knocking down C-GAP 
appeared to increase the amount of the cell surface covered by myosin (Figure 4A), although 
this change disrupted spot formation and was not reflected in our quantification (Figure 4B). 
This discrepancy may result from the more diffuse myosin signal upon C-GAP knockdown14 
being omitted by our segmentation workflow (see Methods). While imaging RhoGEF2-
overexpression (‘RhoGEF2-OE’) embryos, we noticed differences between the two existing fly 
lines (referred to here as RG2-OE(5) and RG2-OE(6b)) carrying the same overexpression 
construct on different chromosomes; of the two, RG2-OE(6b) had more severe effects (see 
Methods for details). For quantification of myosin coverage, only RG2-OE(5) embryos were 
used. Finally, we observed that co-overexpressing RhoGEF2 and C-GAP (‘double-OE’) 
suppressed the spot size changes of either overexpression alone (Figure 4B,C). Thus, 
individually modulating GEF and GAP expression levels leads to a continuum of different RhoA 
activity levels as expected based on the known function of these genes as activator and 
inhibitor, respectively.   
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Figure 4: Myosin area coverage in mesoderm cells scales with net RhoA activity 

A. Representative MIPs of myosin signal approximately 7.5 minutes after pulse appearance in 
five genotypes. B. Fraction of the mesoderm cells’ apical surface covered by myosin spots ~7.5 
minutes after pulse appearance. From left to right, n = 17, 21, 11, 9, 24, and 11 embryos. C. 
Myosin (top), membrane (middle), and merged (bottom) signal from an embryo overexpressing 
RhoGEF2 and C-GAP. All scale bars: 10 µm. KD = knockdown; OE = overexpression. In all images, 
myosin is in green and membranes are in magenta.  
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Supplemental Figure S3: RhoA and myosin change upon perturbation to RhoGEF2 and C-GAP 
levels. 

A. MIPs of myosin (left), RhoA (center, visualized by the Rho-binding domain of anillin), and 
merged channels (right) in a wild-type embryo. Both proteins appear as spots within a 
supracellular network. B. Upon RhoGEF2 overexpression, both proteins form larger spots. C. 
Reorganization into spots is also seen in RhoGEF2-OE embryos in which gastrulation defects are 
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more severe. D. Upon overexpression of both regulators, myosin and RhoA reorganize into 
traveling waves rather than spots. The bright region in the RhoA signal is the residual 
cellularization front. E. Time series from a wild-type embryo showing myosin pulsing and 
becoming more prominent over time. F. Myosin pulses in C-GAP-OE embryos are smaller and 
build up less over time. G. Myosin pulses in RhoGEF2-OE embryos are larger but still 
accumulate over time. H. Myosin in double-OE embryos is organized in traveling waves instead 
of medioapical pulses. Asterisks in E-H highlight cells with prominent examples of pulses or 
waves. Images in E-H are surface projections of the myosin channel and a single optical section 
of the membrane channel. Scale bars: 20 µm (A-D); 5 µm (E-H).  

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 6, 2023. ; https://doi.org/10.1101/2023.11.06.565883doi: bioRxiv preprint 

https://doi.org/10.1101/2023.11.06.565883
http://creativecommons.org/licenses/by/4.0/


 20 

Co-overexpression of RhoGEF2 and C-GAP leads to robust actomyosin wave formation 
 
If RhoA activity and myosin behavior are determined by the ratio of GEF to GAP 

(analogous to the net RhoA activity), overexpressing RhoGEF2 in a C-GAP-OE background would 
suppress the C-GAP-OE phenotype. While co-overexpression did suppress myosin spot size 
changes (Figure 4B,C), we found that co-overexpressing RhoGEF2 and C-GAP in embryos 
(hereafter termed ‘double-OE embryos’) resulted in traveling myosin and RhoA waves both 
apically and laterally in mesoderm cells (Figure 5A; Supplemental Figure 3D-H; Video S5). 
Actomyosin waves did not promote sustained apical constriction, but instead transiently 
deformed cells. Thus, co-overexpression of RhoGEF2 and C-GAP, despite resulting in 
intermediate RhoA activity based on myosin spot size, resulted in a unique actomyosin behavior 
for mesoderm cells.  

 
The onset of actomyosin waves was variable, often beginning in syncytial embryos and/or 
causing defects in cellularization, in contrast to the normal medioapical pulses, which began 
only after cellularization was complete. In the most severe cases, only observed in double-OE 
embryos, incipient cells tore apart before fully forming and left a continuous cortex spanning 
much of the embryo’s surface (referred to here as ‘post-breakdown embryos’). As this 
breakdown occurred, waves organized into large, repeating propagating fronts, which 
annihilated upon collision (Video S6). We quantified the frequency with which different 
severities of phenotypes occurred in RhoGEF2-OE or double-OE embryos (Figure 5B,C with 
different classes of phenotype shown in Supplemental Figure 4). While there was some overlap 
in phenotypes observed between RhoGEF2-OE and double-OE embryos, double-OE embryos 
were unlikely to have myosin pulses and often never completed cellularization. 

 
Because temporal delays between components could be read out as spatial displacements 
between the wavefronts, actomyosin waves in the post-breakdown embryo were a convenient 
system for investigating the order of protein recruitment. In addition, this system allowed us to 
assess the excitable behavior of waves induced by RhoGEF2 and C-GAP double-OE, because we 
could observe wave collisions, spiral waves, and other behaviors that are indicative of excitable 
behavior. Double-OE(6b) embryos (containing the stronger of the two RhoGEF2-OE insertions) 
more often displayed cellularization failure and traveling waves than double-OE(5) embryos, so 
we focused on this genotype. Imaging double-OE(6b) embryos expressing both myosin and 
anillinRBD following cellularization failure showed both proteins organized into wavefronts, 
with RhoA preceding myosin (Figure 5D; Video S6). By measuring the wave speed and the 
distance between the two peaks, we estimated the delay time between RhoA and myosin to be 
3.6 +/- 1.0 s, with a wave speed of 0.35 +/- 0.06 µm/s (mean +/- standard deviation; Figure 5F). 
This result is consistent with RhoA activation inducing actomyosin assembly and with a prior 
study that found a delay of approximately 10 seconds between RhoGEF2 and myosin pulses in 
intact mesoderm cells14. Additionally, the wave speed measured here is similar to 
measurements of ~0.3 µm/s for the wave speed in nurse cells13. Although waves in intact cells 
in less severely-impacted embryos traveled at a lower speed than those in the cortex of post-
breakdown embryos, the time delay between RhoA and myosin was not significantly different 
between the two types of waves (Supplemental Figure 5A-C). 
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In addition to its requirement in myosin-based contractile force generation, F-actin has also 
been implicated as a source of negative feedback in other systems displaying cortical 
excitability10,15,16. To better understand the relation of F-actin to myosin in our system, we 
imaged double-OE(6b) embryos expressing the labeled actin-binding domain of Utrophin 
(UtrABD) alongside myosin and repeated the analysis above. Interestingly, while on average the 
myosin signal led that of F-actin by 1.1 +/- 0.6 s (mean +/- s.d.), with wave speeds of 0.42 +/- 0.1 
µm/s; Figure 5E-G; Video S6), in a minority of waves, the order was reversed (Supplemental 
Figure 5D). In fixed double-OE(6b) embryos, C-GAP and F-actin displayed similar patterns both 
in intact cells and in the open cortex of post-breakdown embryos (Supplemental Figure 5E,F), 
supporting prior studies and models in which F-actin recruits the GAP to form a negative 
feedback loop10,15–17. Overall, our data suggest that RhoGEF2 and C-GAP can induce excitable 
actomyosin behavior, similar to Ect2 and RGA-3/4 in C. elegans, Xenopus, and starfish and to 
Ect2 and RhoGAP15B in nurse cells.   
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Figure 5: Wave phenotype severity scales with GAP and GEF availability, with severe waves 
revealing the order of RhoA pathway components 

A. Projections of myosin signal for a wild-type embryo (left) and double-OE embryo (right), 
colored by time, spanning about 30 seconds. B. Frequency of different classes of phenotypes 
for RhoGEF2-OE and double-OE embryos (see Supplemental Figure 4 for details). n = 19, 10, 17, 
and 43 embryos for genotypes from left to right. C. Subset of data from B, with frequency of 
different classes of phenotypes for double-OE embryos grouped by temperature; 
overexpression strength is expected to increase with higher temperature40. From left to right, n 
= 17, 14, and 23 embryos. D. RhoA (left; visualized by GFP::AnillinRBD8), myosin (middle), and 
merged image (right) at two timepoints from an embryo following cellularization failure. RhoA 
leads myosin slightly in space, likely reflecting its earlier recruitment. Arrow indicates wave 
direction. E. F-actin (left; visualized using UtrABD::GFP), myosin (center), and merged image 
(right) from a different embryo, in which myosin slightly leads F-actin. F. Wave speed in 
embryos after cellularization failure. Difference in wave speed between the two conditions is 
not significant (p = 0.22, Mann-Whitney U test). G. Delay time between pairs of components 
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from the same embryos as in F. Components in box plots in F and G are the same as for the box 
plots in Figure 3C; n = 46 waves from 6 embryos for RhoA-to-myosin and 61 waves from 9 
embryos for actin-to-myosin comparisons. Both delays are significantly different from zero (p-
values of 0.031 and 0.0039 for RhoA-myosin and myosin-actin delays, respectively; one-sample 
Wilcoxon signed-rank test). Scale bars: 10 µm (A); 5 µm (D,E).  
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Supplemental Figure S4: Phenotype classes observed in RhoGEF2-OE and double-OE embryos. 

MIPs of myosin (green) and membranes (magenta) at three time points for each of the four 
phenotype classes scored in Figure 5B,C. A. Accumulation of abnormally large medioapical 
spots (‘large spots’). B. Waves that form early before transitioning into stable spots and/or a 
network (‘coalescing waves’). C. Waves that appear in some cells after cellularization finishes in 
part of the embryo (‘mild waves’). These cells are usually pulled towards one pole of the 
embryo due to cortical instability from cellularization failure at other locations. D. Waves that 
appear in embryos in which incipient cells break down before cellularization is complete in any 
part of the embryo (‘severe waves’). Third panel shows a large-scale wave deforming the open 
cortex (arrow) next to the border between open cortex and partially-formed cells (dashed line). 
Scale bars: 10 µm. All timestamps are min:sec.  
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Supplemental Figure S5: Waves in intact cells and those in open cortex vary in speed but not 
RhoA-myosin delay, and C-GAP localization is similar to that of F-actin 

A. Spatial separation between peaks of the RhoA and myosin wavefronts in intact cells and in 
the open cortex after cellularization fails. B. Wave speed for the same two classes of waves. C. 
RhoA-to-myosin delay time for the two classes of waves. All data for A-C are from double-
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OE(6b) embryos; the same waves and embryos are used for all three plots. n = 19 waves from 4 
embryos for intact cells and 46 waves from 6 embryos for open cortex. Using the Mann-
Whitney U test and individual waves as samples, p ~ 2.9 x 10-5, 1.2 x 10-10, and 0.72 for A, B, and 
C, respectively. Box plot components are as in Figure 3C, but without colored points for embryo 
means. D. MIPs of myosin (top), F-actin (middle), and merged channels (bottom) at four time 
points in a double-OE(6b) embryo. F-actin leads myosin slightly in the pair of converging waves 
outlined in orange. E. F-actin and C-GAP signals from a fixed embryo in which tears were just 
beginning to form in the epithelial layer. F. The same signals from an embryo in which the cells 
had almost entirely broken down, leaving an open cortex to the right of the image. Scale bars: 
10 µm (D); 20 µm (E,F). 
 
 
Discussion 
 
 We discovered that increasing availability of both members of a RhoGEF/RhoGAP pair 
can induce cortical actomyosin waves in different Drosophila cell types. We identified 
Ect2/Pebble as a RhoGEF involved in nurse cell actomyosin waves during oogenesis, and we 
showed that Ect2 and RhoGAP15B are released from the nucleus during development in the 
same order in which cells transition from uniform to wave-like contractility. Similarly, in the 
early embryo, co-overexpressing a different regulatory pair (RhoGEF2 and C-GAP) leads to 
waves in epithelial cells and in the open cortex following cellularization failure (Figure 6). By 
analyzing waves induced in the post-breakdown embryo and comparing the localization of 
different members of the RhoA pathway, we suggest these waves are similar to pulses and 
waves in other systems controlled by a different GEF-GAP pair (Ect2 and RGA-3/4). This 
similarity suggests the RhoA signaling network’s structure and feedback loops give rise to 
similar regulatory logic for RhoA-mediated excitability across different cell types, GEF/GAP 
pairs, and developmental contexts. 
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Figure 6: Increase in GAP and GEF levels can induce waves in the actomyosin cortex. 

(Left) In nurse cells during dumping, Ect2 and RhoGAP15B form a regulatory pair. Both proteins 
exit the nucleus as dumping progresses, associated with a switch in actomyosin behavior from 
uniform to wave-like. (Right) In mesoderm cells during ventral furrow formation, RhoGEF2 and 
C-GAP regulate RhoA. Overexpressing either regulator affects the size of actomyosin pulses, 
while overexpressing both together converts pulses into waves. 

Precisely regulated cortical excitability is required for development 

Regulation of actomyosin contractility through RhoGAP and RhoGEF activity is critical in many 
developmental contexts6,41–48, suggesting GAP/GEF localization changes might drive changes in 
contractility. Indeed, in nurse cells, although much of cytoplasmic transfer occurs prior to wave 
onset, the emergence of contractile waves is required for complete cytoplasmic transfer, with 
perturbations of RhoGAP15B or Ect2 disrupting the wave-mediated phase of transport. 
 
Although our correlative data do not determine whether release of regulators from the nucleus 
is necessary for wave formation, prior studies of Ect2 suggest a causal role is possible: Ect2 is 
required both for mitotic rounding and contraction of the cytokinetic ring35,36,49. In this context, 
Ect2 is released from the nucleus shortly before nuclear envelope breakdown, whereupon it 
promotes myosin wave behavior across the cortex, presumably through the reported wave-like 
Rok recruitment13. Nurse cells are post-mitotic by dumping onset; instead, they begin to 
undergo a form of programmed cell death mediated by the surrounding somatic cells50. In 
particular, nuclear envelope integrity is compromised, and many components, including PCNA 
and β-galactosidase attached to a nuclear localization sequence, have been shown to exit the 
nucleus at this point13,51,52 (Figure 3A,B; Supplemental Figure 2A). Thus, cell death-associated 
loss of nuclear envelope integrity likely releases both GEF and GAP into the cytoplasm, possibly 
leading to a change in myosin behavior in a process similar to that seen during mitosis. 
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Speeding or delaying release of Ect2 and RhoGAP15B from the nucleus relative to cell size 
decrease, either by perturbing the nurse cells themselves or by interfering with the somatic 
cells responsible for their breakdown, would be an interesting next step to directly test whether 
nuclear release of these regulators is required for wave onset. However, we showed that 
decreasing overall levels of either Ect2 or RhoGAP15B disrupts wave onset, suggesting that 
RhoA signaling output is sensitive to the cytoplasmic levels of these proteins. 
 
In ventral furrow formation, actomyosin pulses present a different excitable behavior that is 
also required for development but regulated by a different RhoGAP/RhoGEF pair. In GEF/GAP 
overexpression or knockdown embryos, the furrow is either blocked or formed with abnormal 
size or shape14,24, and when both regulators are overexpressed and waves appear, furrowing is 
blocked entirely (Video S5). Given the ability of mesoderm cells to generate traveling waves, 
why are medioapical spots prevalent in the mesoderm rather than waves or some other 
behavior involving movement of myosin? One possibility is a difference in the activity level of 
RhoA itself: there could be less RhoA or a higher ratio of GAP:GEF in the mesoderm cells. 
However, neither injection of constitutively active RhoA nor knockdown of C-GAP leads to 
waves14, and overexpression of RhoGEF2 alone typically leads to larger pulses rather than 
waves24 (Figures 4A and 5B). An alternative hypothesis is that confinement of RhoA, myosin, 
and/or other components of the RhoA pathway limits their movement across the apical cell 
cortex and prevents advection of components, leading to a pulse rather than a traveling wave53. 
Nurse cells and other common model systems for RhoA waves and pulsatile contractions are 
larger, typically lack epithelial polarity, and have few, if any, cell neighbors. In contrast, the 
epithelial cells forming the ventral furrow have well-defined cell-cell junctions and many 
neighbors. Consistent with this hypothesis, knockdown of alpha-catenin to disrupt adherens 
junctions in the mesoderm leads to a contractile instability in which regions of high myosin 
draw in nearby myosin and spot positioning is less consistent54. Although disrupting adherens 
junctions does not induce waves, an interesting future direction would be to test whether wave 
formation in adhesion mutants is more sensitive to RhoGEF and/or RhoGAP overexpression. 
Furthermore, double-OE embryos in which some cells form before cellularization fails often 
contain a few rounded cells with traveling waves that heavily deform their shapes, similar to 
nurse cells (Video S6, final portion), suggesting that removal of cell-cell junctions might ease the 
formation of traveling waves. Finally, differences in levels of downstream effectors could also 
affect whether a system displays waves or pulses: recent work in C. elegans has shown 
depletion of formin and anillin can convert isolated pulses into oscillatory pulses or noisy, wave-
like behavior55. 

The cell cortex can transition between different excitable behaviors upon changes to GEF and 
GAP levels 

The transition from isotropic to wave-like myosin in nurse cells is progressive rather than 
switch-like, with myosin initially organized into small, transient concentrations, reminiscent of 
pulses, before forming waves that become more intense over time (Supplemental Figure 2B; 
Video S3). Progression could be driven by a gradual increase in levels of RhoGAP15B and Ect2 as 
they are released from the nucleus (Figure 3A,B; Video S2), consistent with modeling that 
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suggests changing levels of RhoA regulators or feedback strengths can alter the type of 
behavior observed53,56. The exact mechanism by which higher levels of both GEF and GAP 
induce waves is unclear. However, previous studies suggest GAP activity increases RhoA flux 
while GEF activity increases RhoA activity57,58, with an increase in both potentially placing the 
cortex in a state that favors waves. 
 
In yeast cells, polarity sites containing Cdc42-GTP, a Cdc42-GEF, and other proteins have been 
shown to oscillate and compete with one another until a stable site forms59, while in starfish 
blastomere division, transient waves of RhoA and F-actin appear across the cortex before 
disappearing as a stable cytokinetic furrow appears16. In both cases, transitions between 
oscillatory or wave-like behavior and stable structures occur, though with different GTPases 
and in different contexts. A mathematical model for the transition from waves to furrow in the 
starfish suggests that increasing levels of the GEF (Ect2) at the furrow allows it to outcompete 
the waves, eventually resulting in a single static structure56, providing an example in which 
change in GEF availability drives transitions in cortical behavior. It is unclear whether a change 
in RhoGEF2 and/or C-GAP levels over time in wild-type mesoderm cells drives the transition 
from oscillatory myosin spots to increasing myosin levels39, or if changes in endocytosis and/or 
a physical scaffold like the spectrin cytoskeleton are needed60,61. 
 
Although post-breakdown double-OE embryos did not transition between qualitatively 
different types of contractility (e.g. pulses to waves), they still displayed a progression in the 
exact pattern of wave-like behavior. Waves at earlier times were often smaller and tended to 
annihilate quickly. As time progressed, large planar waves frequently emerged and organized 
into repeating trains of wavefronts, occasionally with transient spiral-wave patterns (Video S6). 
This progression is similar to that observed in cAMP signaling in fields of aggregating 
Dictyostelium cells, in which short-lived circular waves emerge from spontaneous excitation, 
with some regions eventually dominating and leading to highly-ordered waves in the cell field62. 
The similarity between the open embryo cortex and cAMP signaling waves further points to 
general features of excitable systems rather than patterns specific to cell types or specific 
proteins. 

Other systems displaying cortical excitability suggest potential feedback mechanisms 

The origin of the feedback loops underlying excitability in the nurse cells and early embryo are 
still an area of future interest. Excitability often results from fast positive feedback coupled to 
delayed negative feedback18, and prior studies have suggested several possible mechanisms for 
such feedback loops in the context of cortical excitability. Active RhoA could feed back 
positively on itself, as suggested in C. elegans and MCF-7 cells10,11, possibly through interaction 
with a RhoGEF. Interestingly, Ect2 and RhoGEF2 have different mechanisms of activation. Ect2 
is regulated during cytokinesis by the centralspindlin complex63–65, while RhoGEF2 is activated 

by G12/13 and a transmembrane protein T4866.  Thus, this regulatory logic appears to transcend 
structural and regulatory differences of individual RhoGEF proteins. Alternatively, concentration 
by advection of components into regions of higher contractility could cause a mechanical form 
of positive feedback, as suggested in the Drosophila germband8. While no clear advection of 
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myosin in mesoderm cells was observed, we occasionally observed flows of myosin or F-actin in 
nurse cells and in the post-breakdown embryo.  
 
In starfish, frogs, and C. elegans, inhibition of F-actin has been shown to either disrupt 
localization of the RhoGAP RGA-3/4 or lead to an increase in RhoA wave amplitude, suggesting 
F-actin could mediate negative feedback by recruitment of a GAP10,15,16. Experiments combining 
Xenopus oocyte extract with a reconstituted artificial actomyosin cortex showed appearance of 
both waves and oscillations of RhoA and F-actin, with F-actin following RhoA by 15-25 seconds. 
Combined with observations that waves first appeared in regions of low F-actin, these 
experiments further support an inhibitory role of F-actin67. Indeed, F-actin recruits C-GAP in the 
Drosophila salivary gland17, and F-actin and C-GAP appear in similar locations at the waves and 
at lateral cell membranes in fixed double-OE(6b) embryos (Supplemental Figure 5E,F), 
suggesting this form of delayed negative feedback could be important in the early embryo. 
Activated Cdc42 was also seen to form traveling waves during bud polarization in yeast, with 
wave mobility reduced upon disruption of F-actin or reduction in Cdc42-GAPs68. A similar 
regulatory logic was also proposed for actin waves in migrating cells69, suggesting the 
requirement of both GEF and GAP in traveling waves might extend to other GTPases and 
organisms as well. Both RhoGAP15B and C-GAP are structurally different from each other and 
from the RGA-3 and RGA-4 paralogues, with both C-GAP and RGA-3/4’s only known structural 
domain being the GAP domain70,71. Thus, it is not clear what is leading to the delayed 
recruitment of these proteins and how the different proteins function analogously. Directly 
investigating whether C-GAP or RhoGAP15B bind F-actin and testing whether RhoA feeds back 
onto itself would be important future steps to clarify the feedback loops at work in these 
systems.  
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Materials and Methods 

 
Fly stocks and crosses 
 All fly lines used in this study are listed in Supplementary Table 1 along with the crosses 
used for each figure. For crosses involving RNAi or overexpression, males of the Gal4 driver line 
were crossed to females containing the knockdown/overexpression construct. For crosses used 
for egg chamber experiments, ovaries were dissected from F1 females. For embryo 
experiments, F2 embryos were collected and imaged. Unless otherwise noted, flies were raised 
at room temperature (approximately 22°C) for egg chamber experiments and 25°C for embryo 
experiments. For Figure 5B, some F1 flies for the RhoGEF2-OE(5) embryos were raised at 25°C, 
and some F1 flies for the double-OE(6b) embryos were raised at 18°C or 25°C. 

To generate the RhoGAP15B allele missing the RhoGAP domain (RhoGAP15B∆GAP), we 
used CRISPR-Cas9 as previously described24,72 to generate a pair of deletions spanning ~5600 
base pairs, including the entire RhoGAP domain but none of the sequence of CG13000, a small 
gene overlapping but in the opposite orientation to RhoGAP15B. Two gRNA sequences, 
GACACCAGGCAAAGCTGACGAGG and AAATTGGTCCTATTGGCCGGAGG (identified using the Find 
CRISPR tool from Harvard Medical School: https://www.flyrnai.org/crispr/), were cloned into 
the pCFD5 vector. Vector construction was carried out by VectorBuilder (the vector ID 
VB210122-1208bzj can be used to find more information on the vector). The plasmid was then 
injected into y,w; nos-Cas9 flies by BestGene Inc. (Chino Hills, California), with surviving adults 
crossed to Dr/TM3 flies. Successful deletion was screened for using PCR; the forward primer 
sequence was CCCAGCAACAATATCAACC, and the reverse primer sequences were 
GCATCTCAACGGGACGTA and ACTCTGCCTGTGGATGGT for the cut and uncut sequences, 
respectively. 

Interestingly, while RNAi-mediated knockdown of RhoGAP15B in the germarium using 
the maternal triple driver Gal4 line73 entirely prevented formation of viable egg chambers (not 
shown), flies homozygous for the RhoGAP15B∆GAP allele are viable. The exact reason for this 
viability is not clear, though it’s possible the lack of RhoGAP15B’s RhoGAP activity is 
compensated for by other proteins, or that some region of RhoGAP15B still present in the 
RhoGAP15B∆GAP protein plays a role in the germarium. Regardless, we focused in this study on 
RhoGAP15B∆GAP heterozygotes as an alternative method to RNAi for depleting RhoGAP15B’s 
RhoGAP activity. 
 
Microscopy 
 Images were acquired on a Zeiss LSM710 inverted point-scanning confocal microscope, 
using a 40x/1.2 NA C-Apochromat water objective (except for zoomed-out images of egg 
chambers in Supplementary Figure 1E,F, which were acquired using a Plan-Apochromat 25x/0.8 
water objective). Lasers used include a 488-nm argon ion, a 561-nm diode, and 594- or 633-nm 
HeNe lasers. Pinhole sizes ranged from 1 to 3 Airy units (usually 1-2 Airy units for embryo 
images and 3 for egg chamber movies), with z-spacings ranging from 0.5-1.5 µm for embryo and 
1-3 µm for egg chamber images. 
 
Egg chamber culturing and imaging 
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 Egg chamber dissections and ex vivo culturing were performed following an established 
protocol74. Prior to dissection, flies of 2-4 days of age were transferred to a new vial containing 
a layer of dry yeast. Ovaries were removed from ~3 flies into Schneider’s Drosophila medium 
(Gibco, #21720001); individual egg chambers were then separated and transferred to glass-
bottomed dishes (MatTek, #P35G-1.5-14-C) in 200 µL of Schneider’s medium. If used, CellMask 
Deep Red Plasma Membrane stain (Invitrogen, #C10046) was added at 1:1000 dilution. 
 
Embryo mounting and imaging 
 Embryos were collected from apple-juice agar plates covered by plastic cups. Embryos 
were staged in Halocarbon 27 oil (Genesee Scientific, #59-134) and those of the relevant stage 
were dechorionated in 50% bleach solution, rinsed twice in water, then mounted on a glass 
slide covered in glue (Scotch tape resuspended in heptane) inside a channel created between 
two #1.5 coverslips used as spacers. Embryos were oriented with the ventral side facing away 
from the glue, then the channel was covered with a #1 coverslip. The chamber was then filled 
with Halocarbon 27 oil, after which embryos were imaged. 
 
Fixation and immunofluorescence 
 Embryos were dechorionated in 50% bleach then fixed in 4% paraformaldehyde 
(Electron Microscopy Sciences, #15714) in heptane and phosphate buffer for 60 minutes. The 
vitelline membrane was removed by hand using a needle and embryos were stained with 
Alexa568-conjugated phalloidin (Invitrogen, #A12380) overnight at 4°C. Embryos were 
incubated for 2-2.5 hours at room temperature with a rat anti-HA antibody (Roche, 
#11867423001) at a 1:1000 dilution, then for 1.5 hours at room temperature with goat anti-rat 
Alexa647 antibody (Invitrogen, #A21247) at a 1:500 dilution, after which embryos were 
mounted in Aqua-Poly/Mount (Polysciences, Inc., #18606-100) and the slide allowed to cure for 
at least four hours. 
 
RhoGEF RNAi screen 
 The screen for RhoGEFs that play a role in actomyosin waves in nurse cells was 
performed in two stages. First, each of the 26 Drosophila RhoGEFs was independently knocked 
down by short-hairpin RNA interference, accomplished by crossing mat67>Gal4; mat15>Gal4 
driver males to UAS-[RhoGEF-RNAi] females. F1 flies were collected in apple-juice plate cages 
and maintained at 27°C. Each day for three days, embryos on the plates were observed by eye; 
lines for which short, misshapen embryos were seen on more than one day were recorded. This 
round of the screen was repeated, and lines recorded in both rounds were set up a third time. 
100-300 embryos per day for three days were counted from this round of the screen (Figure 2A) 
to determine frequency of the short-embryo phenotype. Because the phenotype had extremely 
low penetrance and 85-90% of embryos were normal length even among known positive 
controls, each of these lines was then imaged live (using a mat67>Gal4; sqh::GFP driver) to 
determine whether waves in nurse cells were perturbed. Of these, Ect2-RNAi gave the most 
consistently unusual waves; of note, CG30440-RNAi egg chambers were already smaller than 
wild-type egg chambers prior to dumping onset, suggesting any potential issues occurred an 
earlier developmental stage. Images in Figure 2B were acquired with the camera of an iPhone 
aligned with one eyepiece of a Stemi-2000 stereo microscope (Zeiss). 
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Image analysis and quantification 
 Image processing and figure preparation were performed using FIJI75 and the Adobe 
Illustrator 2023 software. Quantification was performed using either FIJI or Matlab (R2021a) 
using custom-written scripts. 
 
RhoGAP15B / Ect2 relocalization 
 Relocalization of RhoGAP15B and Ect2 from the nucleus to the cytoplasm/cortex was 
determined by measuring the mean intensity of either Ect2::EGFP or RhoGAP15B::sfGFP in 
manually-drawn regions of interest (ROIs) in a single slice 9-12 µm below the top surface of the 
nucleus. ROIs were drawn using FIJI’s Polygon Selection tool for the nuclei and the Segmented 
Line tool with a line width of 3 pixels for the cortex. ‘Early’ timepoints were taken from nurse 
cells prior to visible volume decrease (approximately at dumping onset), while ‘late’ timepoints 
were taken around the start of wave onset or when the nucleus was no longer clearly 
distinguishable from the cytoplasm by eye. The mean intensity in each ROI was calculated and 
the ratio taken for each cell at each timepoint. 
 
PCNA leakage and wave onset determination 
 To determine the order of nuclear breakdown, PCNA::GFP was used as a proxy for Ect2 
as it was less perturbative to the egg chambers. ‘Nuclear exit’ was defined as the time at which 
the cytoplasm-to-nucleus intensity ratio 9-12 µm below the nucleus surface exceeded 7.5%, 
which roughly corresponded to the median ratio at which PCNA was determined by eye to be 
‘in the cytoplasm’ for several cells. ‘Wave onset’ was determined by eye using the CellMask 
stain to visualize fluctuations in membrane position associated with traveling actomyosin 
waves. Since there is variability in the rate at which nurse cells transfer their contents in 
different egg chambers, as well as differences in the number of visible cells in different movies, 
times of nuclear exit and wave onset were ranked, and the ranks were pooled into a heatmap 
(Figure 3E); rank-ordering measurements also reduces potential error stemming from 
estimating wave onset by eye. 
 
RhoGEF2-OE and double-OE lines 
 The two RhoGEF2 overexpression fly lines used in this study contain the same insertion 
(T7-tagged RhoGEF2 under UASp control) on the second (RG2-OE(6b)) or third (RG2-OE(5)) 
chromosome (FlyBase reference FBrf0191631). Double-OE(5) and double-OE(6b) fly lines were 
made using each of the two insertions. Flies containing the RG2-OE(6b) insertion tended to 
have more severe phenotypes than their RG2-OE(5) counterparts: waves appeared more often 
upon expression of RhoGEF2 alone when using that line, and cellularization failed earlier and 
more often when RhoGEF2 was co-overexpressed alongside C-GAP in the double-OE(6b) line 
than the double-OE(5) line (Figure 5B,C). Unless otherwise mentioned, all double-OE embryos 
shown in figures and videos contain the RG2-OE(6b) insertion. 
 
Embryo overexpression phenotype scoring 
 Scoring of phenotypes in RhoGEF2 and/or C-GAP overexpressing embryos was 
performed manually according to the classes defined in the main text and in Supplemental 
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Figure 4). Phenotype scores were recorded, then imported into Matlab to generate bar plots 
(Figure 5B,C).  
 
Wave speed and delays between wave components 
 Waves with clear signal in both channels were identified manually and an ROI along 
their path for 3-5 frames drawn by hand. Line widths of ~10-80 pixels, depending on wave 
width perpendicular to the propagation direction, were chosen to minimize noise-induced 
fluctuation in the signal while avoiding capturing signal from other nearby waves. Wave speed 
was calculated by measuring the position of the wave front at the start and end of the ROI and 
dividing by the elapsed time. Plots of the intensity of both proteins along the ROI were 
generated using the ‘RGB_Profiler’ plugin (https://imagej.nih.gov/ij/plugins/rgb-profiler.html), 
from which the lag distance between peaks in the two channels was measured by hand. Delay 
time was calculated as the ratio of lag distance to wave speed.  
 
Myosin area fraction measurement 

To calculate the myosin coverage fraction in different genotypes, maximum intensity 
projections were made through approximately 10 µm from the ventral surface of each embryo. 
A single timepoint was extracted from each image sequence, corresponding to roughly 7.5 
minutes after the first myosin pulse appeared. Due to variability in constriction rate among 
genotypes, timepoints ranged from 6 to 9 minutes after the first visible pulse, chosen to 
standardize the degree of constriction between embryos. Double-OE embryos never began to 
form a furrow, with myosin first appearing during cellularization, so instead timepoints were 
chosen shortly before cell breakdown occurred. 

The ‘Pixel classification + Object classification’ workflow of Ilastik was used to create a 
mask of myosin spots for embryos during gastrulation. Images were blinded before program 
training began. The program was trained on 3 zoomed-in images from each genotype and an 
additional 3 pairs of zoomed-out images from different genotypes. Sigmas of 1,1.6,3.5 and 5 
were selected. During pixel classification training several spots of different sizes and shapes 
were selected for foreground and several undesired features were selected as background. For 
thresholding the image the settings of hysteresis, 0 smooth, and threshold of core .3, final .35 
as well as a broad size filter (min: 2, max: 1000000) to accept any size spot were selected. For 
object classification, multiple correct and incorrect objects of various shapes and sizes were 
selected for each image. 

Some data (1 of 22 RhoGEF2-knockdown embryos and 2 of 13 double-OE embryos) 
resulted in poor outputs where background was clearly interpreted as foreground, nearly the 
entire embryo was selected as foreground, or nearly all myosin spots clearly identifiable by eye 
were not identified by Ilastik. These images were excluded from analysis. 

The output masks were then used to calculate fractional coverage of the mesoderm 
cells. The membrane channel of each image was used to select ROIs of approximately 4 cells 
wide covering the mesoderm cells or to select regions 4 cells wide in double-OE embryos. These 
regions were used on the output predictions to calculate the fraction of pixels inside the ROI 
corresponding to foreground (the myosin coverage fraction). 
 
Statistical tests 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 6, 2023. ; https://doi.org/10.1101/2023.11.06.565883doi: bioRxiv preprint 

https://imagej.nih.gov/ij/plugins/rgb-profiler.html
https://doi.org/10.1101/2023.11.06.565883
http://creativecommons.org/licenses/by/4.0/


 36 

 All statistical tests were performed using the ranksum() (for Mann-Whitney U test) and 
signrank() (for Wilcoxon signed-rank test) functions in Matlab. Samples used in the tests were 
the mean values per egg chamber or embryo, except for the tests in Supplemental Figure 5A-C. 
For these measurements, individual embryos showed a mix of wave types and the relevant 
question was whether waves in intact cells and in open cortex had different characteristics, so 
the waves, which were assumed to be independent, were used as samples.  

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 6, 2023. ; https://doi.org/10.1101/2023.11.06.565883doi: bioRxiv preprint 

https://doi.org/10.1101/2023.11.06.565883
http://creativecommons.org/licenses/by/4.0/


 37 

References 
 
1. Lecuit, T., Lenne, P.-F., and Munro, E. (2011). Force generation, transmission, and 

integration during cell and tissue morphogenesis. Annu. Rev. Cell Dev. Biol. 27, 157–184. 
10.1146/annurev-cellbio-100109-104027. 

2. Heisenberg, C.-P., and Bellaïche, Y. (2013). Forces in Tissue Morphogenesis and Patterning. 
Cell 153, 948–962. 10.1016/j.cell.2013.05.008. 

3. Kasza, K.E., and Zallen, J.A. (2011). Dynamics and regulation of contractile actin–myosin 
networks in morphogenesis. Curr. Opin. Cell Biol. 23, 30–38. 10.1016/j.ceb.2010.10.014. 

4. Etienne-Manneville, S., and Hall, A. (2002). Rho GTPases in cell biology. Nature 420, 629–
635. 10.1038/nature01148. 

5. Pietro, F. di, Osswald, M., Heras, J.M.D. las, Cristo, I., López-Gay, J., Wang, Z., Pelletier, S., 
Gaugué, I., Leroy, A., Martin, C., et al. (2023). Systematic analysis of RhoGEF/GAP 
localizations uncovers regulators of mechanosensing and junction formation during 
epithelial cell division. Curr. Biol. 33, 858-874.e7. 10.1016/j.cub.2023.01.028. 

6. Greenberg, L., and Hatini, V. (2011). Systematic expression and loss-of-function analysis 
defines spatially restricted requirements for Drosophila RhoGEFs and RhoGAPs in leg 
morphogenesis. Mech. Dev. 128, 5–17. 10.1016/j.mod.2010.09.001. 

7. Denk-Lobnig, M., and Martin, A.C. (2019). Modular regulation of Rho family GTPases in 
development. Small GTPases 10, 122–129. 10.1080/21541248.2017.1294234. 

8. Munjal, A., Philippe, J.-M., Munro, E., and Lecuit, T. (2015). A self-organized biomechanical 
network drives shape changes during tissue morphogenesis. Nature 524, 351–355. 
10.1038/nature14603. 

9. Munro, E., Nance, J., and Priess, J.R. (2004). Cortical Flows Powered by Asymmetrical 
Contraction Transport PAR Proteins to Establish and Maintain Anterior-Posterior Polarity in 
the Early C. elegans Embryo. Dev. Cell 7, 413–424. 10.1016/j.devcel.2004.08.001. 

10. Michaux, J.B., Robin, F.B., McFadden, W.M., and Munro, E.M. (2018). Excitable RhoA 
dynamics drive pulsed contractions in the early C. elegans embryo. J. Cell Biol. 217, 4230–
4252. 10.1083/jcb.201806161. 

11. Priya, R., Gomez, G.A., Budnar, S., Verma, S., Cox, H.L., Hamilton, N.A., and Yap, A.S. (2015). 
Feedback regulation through myosin II confers robustness on RhoA signalling at E-cadherin 
junctions. Nat. Cell Biol. 17, 1282–1293. 10.1038/ncb3239. 

12. Budnar, S., Husain, K.B., Gomez, G.A., Naghibosadat, M., Varma, A., Verma, S., Hamilton, 
N.A., Morris, R.G., and Yap, A.S. (2019). Anillin Promotes Cell Contractility by Cyclic 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 6, 2023. ; https://doi.org/10.1101/2023.11.06.565883doi: bioRxiv preprint 

https://doi.org/10.1101/2023.11.06.565883
http://creativecommons.org/licenses/by/4.0/


 38 

Resetting of RhoA Residence Kinetics. Dev. Cell 49, 894-906.e12. 
10.1016/j.devcel.2019.04.031. 

13. Imran Alsous, J., Romeo, N., Jackson, J.A., Mason, F.M., Dunkel, J., and Martin, A.C. (2021). 
Dynamics of hydraulic and contractile wave-mediated fluid transport during Drosophila 
oogenesis. Proc. Natl. Acad. Sci. 118, e2019749118. 10.1073/pnas.2019749118. 

14. Mason, F.M., Xie, S., Vasquez, C.G., Tworoger, M., and Martin, A.C. (2016). RhoA GTPase 
inhibition organizes contraction during epithelial morphogenesis. J. Cell Biol. 214, 603–617. 
10.1083/jcb.201603077. 

15. Michaud, A., Leda, M., Swider, Z.T., Kim, S., He, J., Landino, J., Valley, J.R., Huisken, J., 
Goryachev, A.B., von Dassow, G., et al. (2022). A versatile cortical pattern-forming circuit 
based on Rho, F-actin, Ect2, and RGA-3/4. J. Cell Biol. 221, e202203017. 
10.1083/jcb.202203017. 

16. Bement, W.M., Leda, M., Moe, A.M., Kita, A.M., Larson, M.E., Golding, A.E., Pfeuti, C., Su, 
K.-C., Miller, A.L., Goryachev, A.B., et al. (2015). Activator–inhibitor coupling between Rho 
signalling and actin assembly makes the cell cortex an excitable medium. Nat. Cell Biol. 17, 
1471–1483. 10.1038/ncb3251. 

17. Segal, D., Zaritsky, A., Schejter, E.D., and Shilo, B.-Z. (2018). Feedback inhibition of actin on 
Rho mediates content release from large secretory vesicles. J. Cell Biol. 217, 1815–1826. 
10.1083/jcb.201711006. 

18. Novák, B., and Tyson, J.J. (2008). Design principles of biochemical oscillators. Nat. Rev. Mol. 
Cell Biol. 9, 981–991. 10.1038/nrm2530. 

19. Imran Alsous, J., Villoutreix, P., Berezhkovskii, A.M., and Shvartsman, S.Y. (2017). Collective 
Growth in a Small Cell Network. Curr. Biol. 27, 2670-2676.e4. 10.1016/j.cub.2017.07.038. 

20. Martin, A.C., Kaschube, M., and Wieschaus, E.F. (2009). Pulsed contractions of an actin–
myosin network drive apical constriction. Nature 457, 495–499. 10.1038/nature07522. 

21. Roh-Johnson, M., Shemer, G., Higgins, C.D., McClellan, J.H., Werts, A.D., Tulu, U.S., Gao, L., 
Betzig, E., Kiehart, D.P., and Goldstein, B. (2012). Triggering a Cell Shape Change by 
Exploiting Preexisting Actomyosin Contractions. Science 335, 1232–1235. 
10.1126/science.1217869. 

22. Solon, J., Kaya-Çopur, A., Colombelli, J., and Brunner, D. (2009). Pulsed Forces Timed by a 
Ratchet-like Mechanism Drive Directed Tissue Movement during Dorsal Closure. Cell 137, 
1331–1342. 10.1016/j.cell.2009.03.050. 

23. Blanchard, G.B., Murugesu, S., Adams, R.J., Martinez-Arias, A., and Gorfinkiel, N. (2010). 
Cytoskeletal dynamics and supracellular organisation of cell shape fluctuations during 
dorsal closure. Development 137, 2743–2752. 10.1242/dev.045872. 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 6, 2023. ; https://doi.org/10.1101/2023.11.06.565883doi: bioRxiv preprint 

https://doi.org/10.1101/2023.11.06.565883
http://creativecommons.org/licenses/by/4.0/


 39 

24. Denk-Lobnig, M., Totz, J.F., Heer, N.C., Dunkel, J., and Martin, A.C. (2021). Combinatorial 
patterns of graded RhoA activation and uniform F-actin depletion promote tissue curvature. 
Development 148, dev199232. 10.1242/dev.199232. 

25. Bhide, S., Gombalova, D., Mönke, G., Stegmaier, J., Zinchenko, V., Kreshuk, A., Belmonte, 
J.M., and Leptin, M. (2021). Mechanical competition alters the cellular interpretation of an 
endogenous genetic program. J. Cell Biol. 220, e202104107. 10.1083/jcb.202104107. 

26. Heer, N.C., Miller, P.W., Chanet, S., Stoop, N., Dunkel, J., and Martin, A.C. (2017). 
Actomyosin-based tissue folding requires a multicellular myosin gradient. Development 
144, 1876–1886. 10.1242/dev.146761. 

27. Fuentes, M.A., and He, B. (2022). The cell polarity determinant Dlg1 facilitates epithelial 
invagination by promoting tissue-scale mechanical coordination. Development 149, 
dev200468. 10.1242/dev.200468. 

28. Carmon, S., Jonas, F., Barkai, N., Schejter, E.D., and Shilo, B.-Z. (2021). Generation and 
timing of graded responses to morphogen gradients. Development 148, dev199991. 
10.1242/dev.199991. 

29. Wheatley, S., Kulkarni, S., and Karess, R. (1995). Drosophila nonmuscle myosin II is required 
for rapid cytoplasmic transport during oogenesis and for axial nuclear migration in early 
embryos. Development 121, 1937–1946. 10.1242/dev.121.6.1937. 

30. Gerdes, J.A., Mannix, K.M., Hudson, A.M., and Cooley, L. (2020). HtsRC-Mediated 
Accumulation of F-Actin Regulates Ring Canal Size During Drosophila melanogaster 
Oogenesis. Genetics 216, 717–734. 10.1534/genetics.120.303629. 

31. Naganathan, S.R., Fürthauer, S., Nishikawa, M., Jülicher, F., and Grill, S.W. (2014). Active 
torque generation by the actomyosin cell cortex drives left–right symmetry breaking. eLife 
3, e04165. 10.7554/eLife.04165. 

32. Wigbers, M.C., Tan, T.H., Brauns, F., Liu, J., Swartz, S.Z., Frey, E., and Fakhri, N. (2021). A 
hierarchy of protein patterns robustly decodes cell shape information. Nat. Phys. 17, 578–
584. 10.1038/s41567-021-01164-9. 

33. Basant, A., and Glotzer, M. (2018). Spatiotemporal Regulation of RhoA during Cytokinesis. 
Curr. Biol. 28, R570–R580. 10.1016/j.cub.2018.03.045. 

34. Jürgens, G., Wieschaus, E., Niisslein-Volhard, C., and Kluding, H. (1984). Mutations affecting 
the pattern of the larval cuticle in Drosophilamelanogaster. Wilhelm Rouxs Arch. Dev. Biol. 
193, 283–295. 

35. Tatsumoto, T., Xie, X., Blumenthal, R., Okamoto, I., and Miki, T. (1999). Human Ect2 Is an 
Exchange Factor for Rho Gtpases, Phosphorylated in G2/M Phases, and Involved in 
Cytokinesis. J. Cell Biol. 147, 921–928. 10.1083/jcb.147.5.921. 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 6, 2023. ; https://doi.org/10.1101/2023.11.06.565883doi: bioRxiv preprint 

https://doi.org/10.1101/2023.11.06.565883
http://creativecommons.org/licenses/by/4.0/


 40 

36. Matthews, H.K., Delabre, U., Rohn, J.L., Guck, J., Kunda, P., and Baum, B. (2012). Changes in 
Ect2 localization couple actomyosin-dependent cell shape changes to mitotic progression. 
Dev. Cell 23, 371–383. 10.1016/j.devcel.2012.06.003. 

37. McCleland, M.L., Shermoen, A.W., and O’Farrell, P.H. (2009). DNA replication times the cell 
cycle and contributes to the mid-blastula transition in Drosophila embryos. J. Cell Biol. 187, 
7–14. 10.1083/jcb.200906191. 

38. Coravos, J.S., and Martin, A.C. (2016). Apical Sarcomere-like Actomyosin Contracts 
Nonmuscle Drosophila Epithelial Cells. Dev. Cell 39, 346–358. 
10.1016/j.devcel.2016.09.023. 

39. Xie, S., and Martin, A.C. (2015). Intracellular signalling and intercellular coupling coordinate 
heterogeneous contractile events to facilitate tissue folding. Nat. Commun. 6, 7161. 
10.1038/ncomms8161. 

40. Brand, A.H., Manoukian, A.S., and Perrimon, N. (1994). Chapter 33 Ectopic Expression in 
Drosophila. In Methods in Cell Biology, L. S. B. Goldstein and E. A. Fyrberg, eds. (Academic 
Press), pp. 635–654. 10.1016/S0091-679X(08)60936-X. 

41. Nishimura, T., Honda, H., and Takeichi, M. (2012). Planar Cell Polarity Links Axes of Spatial 
Dynamics in Neural-Tube Closure. Cell 149, 1084–1097. 10.1016/j.cell.2012.04.021. 

42. Itoh, K., Ossipova, O., and Sokol, S.Y. (2014). GEF-H1 functions in apical constriction and cell 
intercalations and is essential for vertebrate neural tube closure. J. Cell Sci. 127, 2542–
2553. 10.1242/jcs.146811. 

43. Popov, I.K., Ray, H.J., Skoglund, P., Keller, R., and Chang, C. (2018). The RhoGEF protein 
Plekhg5 regulates apical constriction of bottle cells during gastrulation. Development, 
dev.168922. 10.1242/dev.168922. 

44. Kerridge, S., Munjal, A., Philippe, J.-M., Jha, A., de las Bayonas, A.G., Saurin, A.J., and Lecuit, 
T. (2016). Modular activation of Rho1 by GPCR signalling imparts polarized myosin II 
activation during morphogenesis. Nat. Cell Biol. 18, 261–270. 10.1038/ncb3302. 

45. Silver, J.T., Wirtz-Peitz, F., Simões, S., Pellikka, M., Yan, D., Binari, R., Nishimura, T., Li, Y., 
Harris, T.J.C., Perrimon, N., et al. (2019). Apical polarity proteins recruit the RhoGEF Cysts to 
promote junctional myosin assembly. J. Cell Biol. 218, 3397–3414. 10.1083/jcb.201807106. 

46. Tan, P.Y., and Zaidel-Bar, R. (2015). Transient Membrane Localization of SPV-1 Drives 
Cyclical Actomyosin Contractions in the C. elegans Spermatheca. Curr. Biol. 25, 141–151. 
10.1016/j.cub.2014.11.033. 

47. Barrett, K., Leptin, M., and Settleman, J. (1997). The Rho GTPase and a Putative RhoGEF 
Mediate a Signaling Pathway for the Cell Shape Changes in Drosophila Gastrulation. Cell 91, 
905–915. 10.1016/S0092-8674(00)80482-1. 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 6, 2023. ; https://doi.org/10.1101/2023.11.06.565883doi: bioRxiv preprint 

https://doi.org/10.1101/2023.11.06.565883
http://creativecommons.org/licenses/by/4.0/


 41 

48. Häcker, U., and Perrimon, N. (1998). DRhoGEF2 encodes a member of the Dbl family of 
oncogenes and controls cell shape changes during gastrulation in Drosophila. Genes Dev. 
12, 274–284. 10.1101/gad.12.2.274. 

49. Rosa, A., Vlassaks, E., Pichaud, F., and Baum, B. (2015). Ect2/Pbl Acts via Rho and Polarity 
Proteins to Direct the Assembly of an Isotropic Actomyosin Cortex upon Mitotic Entry. Dev. 
Cell 32, 604–616. 10.1016/j.devcel.2015.01.012. 

50. McCall, K. (2004). Eggs over easy: cell death in the Drosophila ovary. Dev. Biol. 274, 3–14. 
10.1016/j.ydbio.2004.07.017. 

51. Cooley, L., Verheyen, E., and Ayers, K. (1992). chickadee encodes a profilin required for 
intercellular cytoplasm transport during Drosophila oogenesis. Cell 69, 173–184. 
10.1016/0092-8674(92)90128-Y. 

52. Timmons, A.K., Mondragon, A.A., Schenkel, C.E., Yalonetskaya, A., Taylor, J.D., Moynihan, 
K.E., Etchegaray, J.I., Meehan, T.L., and McCall, K. (2016). Phagocytosis genes 
nonautonomously promote developmental cell death in the Drosophila ovary. Proc. Natl. 
Acad. Sci. 113, E1246–E1255. 10.1073/pnas.1522830113. 

53. Staddon, M.F., Munro, E.M., and Banerjee, S. (2022). Pulsatile contractions and pattern 
formation in excitable actomyosin cortex. PLOS Comput. Biol. 18, e1009981. 
10.1371/journal.pcbi.1009981. 

54. Martin, A.C., Gelbart, M., Fernandez-Gonzalez, R., Kaschube, M., and Wieschaus, E.F. 
(2010). Integration of contractile forces during tissue invagination. J. Cell Biol. 188, 735–
749. 10.1083/jcb.200910099. 

55. Yao, B., Donoughe, S., Michaux, J., and Munro, E. (2022). Modulating RhoA effectors 
induces transitions to oscillatory and more wavelike RhoA dynamics in Caenorhabditis 
elegans zygotes. Mol. Biol. Cell 33, ar58. 10.1091/mbc.E21-11-0542. 

56. Goryachev, A.B., Leda, M., Miller, A.L., von Dassow, G., and Bement, W.M. (2016). How to 
make a static cytokinetic furrow out of traveling excitable waves. Small GTPases 7, 65–70. 
10.1080/21541248.2016.1168505. 

57. Goryachev, A.B., and Pokhilko, A.V. (2006). Computational Model Explains High Activity and 
Rapid Cycling of Rho GTPases within Protein Complexes. 

58. Miller, A.L., and Bement, W.M. (2009). Regulation of cytokinesis by Rho GTPase flux. Nat. 
Cell Biol. 11, 71–77. 10.1038/ncb1814. 

59. Howell, A.S., Jin, M., Wu, C.-F., Zyla, T.R., Elston, T.C., and Lew, D.J. (2012). Negative 
Feedback Enhances Robustness in the Yeast Polarity Establishment Circuit. Cell 149, 322–
333. 10.1016/j.cell.2012.03.012. 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 6, 2023. ; https://doi.org/10.1101/2023.11.06.565883doi: bioRxiv preprint 

https://doi.org/10.1101/2023.11.06.565883
http://creativecommons.org/licenses/by/4.0/


 42 

60. Jewett, C.E., Vanderleest, T.E., Miao, H., Xie, Y., Madhu, R., Loerke, D., and Blankenship, J.T. 
(2017). Planar polarized Rab35 functions as an oscillatory ratchet during cell intercalation in 
the Drosophila epithelium. Nat. Commun. 8, 476. 10.1038/s41467-017-00553-0. 

61. Krueger, D., Pallares Cartes, C., Makaske, T., and De Renzis, S. (2020). βH‐spectrin is 
required for ratcheting apical pulsatile constrictions during tissue invagination. EMBO Rep. 
21, e49858. 10.15252/embr.201949858. 

62. Ford, H.Z., Manhart, A., and Chubb, J.R. (2023). Controlling periodic long-range signalling to 
drive a morphogenetic transition. eLife 12, e83796. 10.7554/eLife.83796. 

63. Verma, V., and Maresca, T.J. (2019). Microtubule plus-ends act as physical signaling hubs to 
activate RhoA during cytokinesis. eLife 8, e38968. 10.7554/eLife.38968. 

64. Ratheesh, A., Gomez, G.A., Priya, R., Verma, S., Kovacs, E.M., Jiang, K., Brown, N.H., 
Akhmanova, A., Stehbens, S.J., and Yap, A.S. (2012). Centralspindlin and α-catenin regulate 
Rho signalling at the epithelial zonula adherens. Nat. Cell Biol. 14, 818–828. 
10.1038/ncb2532. 

65. Yüce, O., Piekny, A., and Glotzer, M. (2005). An ECT2-centralspindlin complex regulates the 
localization and function of RhoA. J. Cell Biol. 170, 571–582. 10.1083/jcb.200501097. 

66. Kölsch, V., Seher, T., Fernandez-Ballester, G.J., Serrano, L., and Leptin, M. (2007). Control of 
Drosophila Gastrulation by Apical Localization of Adherens Junctions and RhoGEF2. Science 
315, 384–386. 10.1126/science.1134833. 

67. Landino, J., Leda, M., Michaud, A., Swider, Z.T., Prom, M., Field, C.M., Bement, W.M., 
Vecchiarelli, A.G., Goryachev, A.B., and Miller, A.L. (2021). Rho and F-actin self-organize 
within an artificial cell cortex. Curr. Biol. 31, 5613-5621.e5. 10.1016/j.cub.2021.10.021. 

68. Ozbudak, E.M., Becskei, A., and van Oudenaarden, A. (2005). A System of Counteracting 
Feedback Loops Regulates Cdc42p Activity during Spontaneous Cell Polarization. Dev. Cell 9, 
565–571. 10.1016/j.devcel.2005.08.014. 

69. Allard, J., and Mogilner, A. (2013). Traveling waves in actin dynamics and cell motility. Curr. 
Opin. Cell Biol. 25, 107–115. 10.1016/j.ceb.2012.08.012. 

70. Schmutz, C., Stevens, J., and Spang, A. (2007). Functions of the novel RhoGAP proteins RGA-
3 and RGA-4 in the germ line and in the early embryo of C. elegans. Dev. Camb. Engl. 134, 
3495–3505. 10.1242/dev.000802. 

71. Schonegg, S., Constantinescu, A.T., Hoege, C., and Hyman, A.A. (2007). The Rho GTPase-
activating proteins RGA-3 and RGA-4 are required to set the initial size of PAR domains in 
Caenorhabditis elegans one-cell embryos. Proc. Natl. Acad. Sci. 104, 14976–14981. 
10.1073/pnas.0706941104. 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 6, 2023. ; https://doi.org/10.1101/2023.11.06.565883doi: bioRxiv preprint 

https://doi.org/10.1101/2023.11.06.565883
http://creativecommons.org/licenses/by/4.0/


 43 

72. Gratz, S.J., Harrison, M.M., Wildonger, J., and O’Connor-Giles, K.M. (2015). Precise Genome 
Editing of Drosophila with CRISPR RNA-Guided Cas9. In CRISPR: Methods and Protocols 
Methods in Molecular Biology., M. Lundgren, E. Charpentier, and P. C. Fineran, eds. 
(Springer), pp. 335–348. 10.1007/978-1-4939-2687-9_22. 

73. Mazzalupo, S., and Cooley, L. (2006). Illuminating the role of caspases during Drosophila 
oogenesis. Cell Death Differ. 13, 1950–1959. 10.1038/sj.cdd.4401892. 

74. Jackson, J.A., Imran Alsous, J., and Martin, A.C. (2023). Live Imaging of Nurse Cell Behavior 
in Late Stages of Drosophila Oogenesis. In Drosophila Oogenesis Methods in Molecular 
Biology., M. S. Giedt and T. L. Tootle, eds. (Springer US), pp. 219–232. 10.1007/978-1-0716-
2970-3_11. 

75. Schindelin, J., Arganda-Carreras, I., Frise, E., Kaynig, V., Longair, M., Pietzsch, T., Preibisch, 
S., Rueden, C., Saalfeld, S., Schmid, B., et al. (2012). Fiji: an open-source platform for 
biological-image analysis. Nat. Methods 9, 676–682. 10.1038/nmeth.2019. 

  

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 6, 2023. ; https://doi.org/10.1101/2023.11.06.565883doi: bioRxiv preprint 

https://doi.org/10.1101/2023.11.06.565883
http://creativecommons.org/licenses/by/4.0/


 44 

Video captions 

 
Video S1: Effects of RhoGAP15B and Ect2 perturbation on actomyosin waves in nurse cells. 
Maximum-intensity projections of Sqh::GFP for egg chambers of the following six genotypes: 
wild-type, RhoGAP15B∆RhoGAP/+, RhoGAP15B RNAi, pbl3/+, Ect2 RNAi, and Ect2-OE, 
corresponding to egg chambers used for Figure 2 and Supplemental Figure 1. All RNAi and 
overexpression constructs are germline-specific. Scale bars: 50 µm; time stamps are hr:min:sec; 
t=0 is used only for reference and is not standardized between movies. Time steps are different 
between movies and range from 12 to 30 seconds. 
 
Video S2: Ect2 and RhoGAP15B exit the nucleus as dumping proceeds. First movie: MIP of Ect2 
under control of the sqh promoter during dumping, showing exit from the nucleus in posterior 
nurse cells before anterior ones. Second movie: a similar pattern is seen with RhoGAP15B. Scale 
bars: 50 µm; time stamps are hr:min:sec. Time step is 1 minute for the first movie and 2.5 
minutes for the second. 
 
Video S3: Myosin contractions increase in intensity and become more wave-like as dumping 
proceeds. Two concatenated time series of the same egg chamber, showing progression in 
myosin contractility from local spots to waves that propagate across the cell. Scale bars: 50 µm; 
time stamps are hr:min:sec. 
 
Video S4: Waves are observed in egg chambers expressing germline-specific Zip::GFP. MIPs 
from egg chambers expressing germline-specific Zip::GFP (left) and ubiquitous Sqh::GFP (right), 
showing waves are inside nurse cells, despite some overlying follicle-cell specific myosin 
dynamics. All movies are from the same egg chamber; scale bars: 50 µm in the first two movies 
and 20 µm in the last; timestamps are hr:min:sec. Time step in the last movie is 12 seconds and 
20 seconds in the first two. 
 
Video S5: Myosin behavior in mesoderm cells cells in the genotypes explored in this study. 
Myosin pulses appear in wild-type, C-GAP-OE, and RhoGEF2-OE embryos, although pulse size 
and degree of furrow formation vary with genotype. The two bottom double-OE embryos show 
relatively mild examples of the traveling wave phenotype, although cells begin to rip apart in 
the bottom-right movie. Scale bars: 20 µm; time stamps are min:sec. Time steps are different 
between movies and range from roughly 7 to 18 seconds. 
 
Video S6: Large traveling waves that annihilate upon collision appear in the cortex remaining 
after cellularization failure in double-OE embryos. First movie: myosin signal in a double-OE(5) 
embryo, with remnant cells to the right. Second movie: zoom-in of myosin waves in a double-
OE(6b) embryo, highlighting spiral wave patterns coexisting with planar waves, followed by a 
whole-embryo view of trains of planar waves. Third movie: myosin and RhoA in a double-
OE(6b) embryo, from cellularization failure through emergence of large-scale planar waves, in 
which RhoA wavefronts can be seen to lead myosin wavefronts. Fourth movie: myosin and F-
actin in a double-OE(6b) embryo, with remnant cells to the right. Myosin very slightly leads F-
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actin in most waves as they gradually become organized into trains of wavefronts. Scale bars: 
20 µm; time stamps are hr:min:sec. Time steps vary between movies and range from 9 to 25 
seconds. 
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