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Abstract

Interactions in which individuals benefit others at a cost to themselves are rife within the
animal kingdom', from stalk cells in slime mold fruiting bodies? to social insect colonies where
sterile workers live for the queen®. The development of an egg cell occurs within similarly self-
sacrificing communes. Across species, oocytes develop within cysts alongside nurse-like germ
cells; a key juncture in oogenesis occurs when these sister cells transport their cytoplasm to the
oocyte prior to fertilization*®. As a result, the oocyte grows as its sister cells regress and die®.
Long observed in insects, recent work shows that development of the mammalian egg cell occurs
through similar intercellular transport processes’®. Although critical for fertility and embryonic
life, the biological and physical mechanisms underlying such altruistic fluid transport remain
poorly understood, owing to a lack of time-resolved quantitative data. Here, we combined ex vivo
live imaging of germline cysts with mathematical modeling to investigate the dynamics and
mechanisms that enable directional and complete cytoplasmic transport in Drosophila
melanogaster egg chambers. We discovered that during ‘nurse cell dumping’, most cytoplasm is
transported into the oocyte independently of changes in myosin-ll contractility, with dynamics
predicted by Young-Laplace’s law, suggesting pressure-driven transport induced by baseline cell
surface tension. A minimal flow network model inspired by the famous two-balloon experiment
correctly predicts transport directionality and time scale. Long thought to trigger transport
through ‘squeezing’®'?, increased actomyosin contractility is required only once cell volume is
reduced by ~75%, in the form of cell peristaltic contractile waves that permit continued flow. Our
work thus demonstrates how biological and physical mechanisms cooperate to enable proper cell

and tissue level behaviours during a conserved act of cytoplasmic transport in early development.

Main text

The Drosophila oocyte develops within an egg chamber, a multicellular structure that comprises a
germline cyst of 16 cells that are interconnected through intercellular bridges called ring canals and
covered by an epithelium (Fig. 1a)'"-13. After the oocyte grows to ~50% of the egg chamber’s volume, all

15 sister germ cells, called nurse cells, transport the entirety of their contents directionally into the oocyte
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in a process called ‘nurse cell (NC) dumping’; with a diameter of ~10 um, ring canals are large enough to
permit passage of most cytoplasmic contents (Fig. 1b; Extended Data Fig. 1a; Supplementary Video 1)'.
It is thought that NC dumping is driven by global cortical contractile forces generated through interactions
of non-muscle myosin Il (myosin) with actin filaments (henceforth actomyosin), i.e. through an increase in
pressure, cytoplasm is ‘squeezed’ out of the NCs and into the oocyte®'?. While mutants in the myosin
regulatory light chain (RLC), encoded for by the spaghetti squash (sqh) gene, do not complete NC
dumping' 8, the mechanisms underlying the complete and directional pattern of intercellular transport
are unknown, and actomyosin’s role in promoting this process is unclear.

Using ex vivo live imaging of egg chambers with simultaneously labeled membranes
(Ecad::GFP), myosin (sqh::mCH), and cytoplasm (Clip170::GFP), we determined the dynamics of NC
dumping and corresponding patterns of actomyosin activity. First, through size measurements of the
oocyte and the 15 NCs (Extended Data Fig. 1a-d), we found that NC dumping unfolds over the course of
~100 minutes, a period ~3-fold longer than previously reported indirect estimates'”'8. We also found that
NCs empty ~75% of their volume into the oocyte through spatially uniform shrinkage of the cells, in the
absence of nonuniform cell shape changes and membrane blebbing that imply local contractile force
generation. In contrast, transport of the remaining cytoplasm is accompanied by dynamic and persistent
NC shape deformations (Fig. 1c, d; Extended Data Fig. 2; Supplementary Video 2).

Similarly, we found that NC dumping onset occurs without changes to myosin level and
localization pattern as compared to the previous developmental stage. NCs’ cortical myosin reorganizes
from a uniform to a nonuniform dynamic cortical pattern only ~40 minutes into NC dumping, coincident
with the onset of dynamic cell shape deformations (Fig. 1e; Supplementary Video 3; Extended Data Fig.
3a, b); no such changes were observed in control membrane makers (Extended Data Fig. 3c). NC
dumping therefore unfolds in two distinct phases, only the latter of which coincides with changes to
actomyosin-mediated cell contractions.

We next explored mechanisms whereby directional intercellular fluid flow can occur in the
absence of peristalsis-like cell deformations mediated through dynamic actomyosin contractility. To that
end, we first determined the spatiotemporal pattern of intercellular cytoplasmic transport and found that

NC dumping unfolds in a hierarchical manner that correlates with the NCs’ size and arrangement. At NC
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85  dumping onset, the oocyte is the largest cell in the egg chamber; however, the NCs, which are arranged
86 in four layers (L1-L4; Fig. 2a), also exhibit a descending cell size order according to their distance from
87  the oocyte'®2!. Our data show that NCs directly connected to the oocyte, i.e., L1 cells, are first to

88  transport their contents into the oocyte, followed in order by smaller NCs in layers L2-L4 (Fig. 2b, c).

89 Driven by our experimental observations, in which smaller cells empty their contents into larger
90  ones prior to changes in myosin localization and cell shape deformations, we developed a pressure-

91 driven networked-flow model that was inspired by the two-balloon problem: if two identical balloons

92 inflated to different volumes are allowed to exchange air, the smaller balloon will empty its contents into
93 the larger balloon that grows at its expense (Fig. 2d). This seemingly counter-intuitive phenomenon can
94 be explained by the Young-Laplace law, which states an inverse relationship between pressure p and
95 radius R for a sufficiently large balloon; taking into account the hyperelastic behaviour of rubber, the

96  pressure inside the inflated balloon is then given by:

o7 p= %V(l _ (%)) (1)

98  where R, is the radius of the uninflated balloon and y its surface tension (Fig. 2d)??%3. To apply this

99  description to our biological system, we assumed that the cells are roughly spherical?* and that
100 membranes are incompressible and adequately described by a passive neo-Hookean material under
101 static loading?® (Methods).
102 The two-balloon problem is then readily extended to the germline cyst that can be represented as
103 a 16-cell network (Fig. 2e), where the pressure-driven flux J;; from cell j to i through a cylindrical ring
104  canal of radius 7;; and length L is given by:
105 Jij = Gii(pj — p1) (2)
106 with a hydraulic conductance G;; « r;}/L for Poiseuille-type flow (26). Tension in this description arises
107  from a combination o in-plane tension of the plasma membrane and tension present in the actomyosin
108 cortex. Using experimentally determined cell sizes at onset of NC dumping as initial conditions20, we
109 numerically solved the transport equations for the evolution of cell volumes V; in the 16-cell tree:

av;
110 E:Z]ij :ZGU(P] - ;) (3)

(@.j) (i.j)
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111 where the sum runs over connected cell neighbors i and j.

112 Despite its minimal character, the flow-network model robustly captures qualitatively essential
113 features of the experimentally observed transport dynamics (Extended Data Fig. 4a, b; Methods).

114 Specifically, the model correctly predicts both the hierarchical pattern of intercellular transport and

115  timescale of NC dumping (Fig. 2f). By also accounting for natural cell-to-cell variability in effective cell
116  surface tension?’, the proposed model successfully captures experimentally observed complex transport
117 patterns along the 16-cell tree. For example, our data show the L4 NC transiently increasing in size

118 during NC dumping, which can occur if the L3 cell to which it is connected shrinks sufficiently such that it
119 becomes smaller than the L4 cell. Such transient back flow away from the oocyte is a feature of NC

120  dumping that has been documented before?® and is predicted by our model (Extended Data Fig. 4c,

121 Supplementary Video 4).

122 A novel insight into NC dumping provided by the model is the high sensitivity of intercellular

123  transport to changes in ring canal size through quartic scaling of the hydraulic conductance. By

124 reconstructing ring canal growth dynamics, we show that ring canals reach ~10-fold their initial size

125  throughout oogenesis, consistent with previous studies'?, but also that they do so rapidly prior to the

126 onset of NC dumping (Extended Data Fig. 5a). NC dumping onset, thought to be a sudden event, is thus
127 possibly triggered by an increase in effective ring canal size, which sharply accelerates ongoing

128 cytoplasmic transport from nurse cells into the oocyte (Extended Data Fig. 5b). Notably, prior to NC

129  dumping, microtubules that emanate from the microtubule organizing center (MTOC) in the oocyte and
130  extend into the NCs through ring canals?® are disassembled and reassembled along the oocyte cortex®,
131 thus further increasing the effective radius of the ring canals prior to the onset of rapid transport

132  (Extended Data Fig. 5c).

133 Our model and the Young-Laplace law predict that lowering of the effective NC surface tension
134  will slow down the rate of intercellular transport but will not affect transport directionality or hierarchical
135  order. To further test that NC dumping onset and transport directionality are not caused by changes in
136  actomyosin contractility, we quantified the spatiotemporal pattern of NC dumping in sgh’ mutant germline
137  clones, where endogenous Sqgh mRNA and protein levels are reduced by ~90%3'32, We found that while

138 Sgh depleted germline cysts exhibit a ‘dumpless’ phenotype, i.e., do not complete NC dumping (Fig.
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139 2g)'%, the hierarchical transport pattern observed during Phase | in WT is largely maintained (Fig. 2h, i;
140  Supplementary Video 5). This observation is consistent with myosin contributing to the baseline level of
141 cortical tension, but not the direction or order of intercellular cytoplasmic transport. Indeed, we find that
142 NC dumping in sgh’ mutants, while maintaining the order of transport observed in WT, proceeds more
143 slowly, suggesting that it is driven by surface tension-generated pressure differences (Fig. 2i, inset).

144 The fact that sgh’ mutants are dumpless suggests that physical mechanisms alone (i.e., passive
145  surface tension and the relationship between pressure and radius) are insufficient for complete

146  cytoplasmic transport, and that actomyosin dynamics and regulation are critical. Through live imaging of
147  egg chambers with labeled myosin (sqh::mCH) and actin (F-tractin::TdTomato and Utr::GFP), we found
148  that during Phase Il of NC dumping, actomyosin contractility is highly dynamic, exhibiting a diversity of
149  spatiotemporally organized cortical waves, such as colliding myosin wave fronts, rotating cortical bands,
150  and myosin rings travelling between the cell’s poles, which dynamically deform NC shape (Fig. 3a-€;

151 Supplementary Video 6). We also found that actomyosin waves in the NCs travel at ~0.3 um/s, a speed
152 comparable to that of Rho-actin contraction waves observed in frog and starfish oocytes and embryos®.
153 Notably, the intercellular pattern of actomyosin wave onset mirrors that of cytoplasmic transport, starting
154 in NCs closer to the oocyte, i.e., those that shrink first, before appearing in further cells (Fig. 3f).

155 Dynamic actomyosin behaviours like those observed here are regulated through RhoA activation
156  and inhibition and feedback through advection®*3°. RhoA is a small GTPase activated by guanine

157  nucleotide exchange factors (GEFs) and inhibited by GTPase-activating proteins (GAPs)*®37. Binding to
158  downstream effectors, such as the Rho-associated and coiled-coil kinase (ROCK; Rok in Drosophila),
159  results in increased contractility through myosin RLC phosphorylation (Fig. 3g)*#-4°. Our data show that
160 similar to myosin, Rok, Utrophin, and F-Tractin also exhibit wave-like behaviour (Extended Data Fig. 6a-c;
161 Supplementary Video 7), suggesting that dynamic RhoA regulation, rather than constitutive caspase

162  cleavage-mediated activation of Rok*!, underlies myosin’s observed dynamics. Furthermore, through a
163  genetic screen, we identified RhoGAP15B, the Drosophila homolog of ARAP1/3, as a critical regulator of
164  wave dynamics®; the RhoGAP domain of the human RhoGAP15B homolog exhibits highest specificity
165  towards RhoA“*2, consistent with RhoGAP15B regulating actomyosin contractility. We found that while

166 RhoGAP15B depletion in the germline cyst led to a ‘dumpless’ phenotype (Fig. 3h), onset of NC dumping
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167  and the hierarchical pattern of transport during Phase | were unaffected, although there was greater

168  variability in knockdown egg chambers (Fig. 3i). Instead, RhoGAP15B depletion led to disruption of

169 myosin wave dynamics and concomitant cell-scale shape deformations otherwise observed during Phase
170 II'in WT; cells displayed erratic myosin activity associated with smaller and more transient cell protrusions
171 (Fig. 3j, k; Supplementary Video 8). We confirmed that incomplete NC dumping in RhoGAP15B

172 knockdowns is not attributable to obstructed or diminished ring canal sizes, or disrupted actin cables

173 (Extended Data Fig. 7)*3. Taken together, these data suggest that incomplete cytoplasmic transport is
174  due to disrupted wave dynamics in Phase Il of NC dumping.

175 A clue to actomyosin’s role in completing NC dumping came from directly visualizing inter- and
176  intracellular cytoplasmic flow using reflection-mode microscopy. Following actomyosin wave onset and
177 concomitant NC shape deformations (Fig. 4a), cytoplasm was observed squeezing through spaces

178 between NC nuclei and membranes and completing multiple revolutions around the nucleus as

179 intercellular anterior-to-posterior transport continued (Fig. 4b, c; Supplementary Video 9). In contrast,

180 intracellular flow in RhoGAP15B knockdowns appeared erratic and lacked the persistent radial motions
181 around NC nuclei necessary for bringing cytoplasm in contact with a ring canal (Fig. 4d, e). As a result,
182  RhoGAP15B knockdowns exhibited interrupted anterior-to-posterior intercellular flow, more frequent

183  transport of cytoplasm away from the oocyte (Fig. 4f, g; Supplementary Video 10), a greater degree of
184 layer 4 expansion (Fig. 3i), and incomplete NC dumping. Given that actomyosin waves first appear in a
185  nurse cell once it has emptied most of its cytoplasmic contents (Fig. 3f, Extended Data Fig. 2e), we

186  hypothesize that wave-mediated NC deformations prevent blockage and enable complete NC dumping by
187  creating spaces between shrunken NC plasma membranes and nuclei, thus creating a path that connects
188  anterior to posterior ring canals for continued directional transport (Fig. 4h).

189 To conclude, the above analysis demonstrates how physical and biological mechanisms jointly
190  facilitate oocyte development. Our experiments and theory show that tension-driven flows provide robust
191 and highly tunable fluid-mechanical control over directional intercellular cytoplasmic flow and that

192  subsequent wave-like actomyosin contractions are essential to complete transport. Our data and

193 proposed model contrast with current hypotheses for NC dumping in which cytoplasm is driven out of the

194 NCs through a global increase in pressure mediated through cytoskeletal force generation?®; in such a
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195 model, NC pressure in cells closest to the oocyte is decreased through loss of cytoplasm into the oocyte,
196  allowing further transport from more distal cells. Such a model however does not mechanistically explain
197  the directionality and hierarchical flow observed during NC dumping and postulates that actomyosin

198  contractility increase at the onset of NC dumping, which our data show does not occur until the NCs have
199 emptied most of their cytoplasmic contents into the oocyte.

200 Our results also reveal a previously unknown function for actomyosin dynamics during oogenesis
201 and expands the repertoire of roles played by surface cortical waves and excitable myosin dynamics in
202  development354+46_The observed diversity of actomyosin waves reported here is similarly novel, and

203  opens up avenues for investigating the dynamics of wave propagation on complex and deformable

204  surfaces — an area of research long active within acoustics and optics for example, but only recently

205  explored in biological contexts*’. Sisterly sacrifice among germ cells has been shown to occur in insects
206  and in mammals*®7; we therefore expect the above results to translate to other organisms. Lastly, from a
207 broader conceptual perspective, our study highlights the complementary important roles of physical and
208 biological processes in driving proper cell and tissue level behaviours during early development.

209
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Figure 1 | Nurse cell (NC) dumping unfolds in two distinct phases. a, 3D-rendered confocal image of
an egg chamber comprising 15 anterior (A) NCs (Nuclear pore complex, NPC; gray) and one posterior (P)
oocyte (black) connected through ring canals (Pavarotti, Pav; red). b, Schematic illustration of NC
dumping: NCs shrink as their cytoplasm flows into the oocyte through ring canals over ~100 minutes
(Extended Data Fig. 1a). ¢, 3D-rendered time-lapse confocal images of an egg chamber expressing
Clip170::GFP. Blowups show a cell first shrinking uniformly (cyan arrowheads; Phase 1) before
undergoing spatially nonuniform shape deformations and bleb-like protrusions (yellow arrowheads; Phase
I) that imply local force generation. Scale bar in a and ¢ = 40 ym. d, Quantification of changes in cell size

(gray) and changes cell shape (i.e. fractional deviation from a circle; Extended Data Fig. 2c) prior to NC
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342  dumping (Pre-), and during Phases | and Il. Onset of non-uniform deformations (dashed cyan line) occurs
343  ~40 minutes into NC dumping for the samples analysed (N = 4). e, Coefficient of variation of cortical Sgh
344  intensity during ‘NC dumping’, showing a transition (dashed red line) from uniform (N = 412; Phase 1) to
345  non-uniform (N = 122; Phase 1) distribution at ~40 minutes into NC dumping, concomitant with onset of
346  dynamic cell shape deformations.
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Figure 2 | A pressure-driven networked-flow model explains dynamics of Phase | of NC dumping.
a, 3D-reconstruction of a germline cyst showing the NCs' arrangement into four layers relative to the
oocyte (Oo). During NC dumping, cytoplasm flows in direction of increasing cell size. b, Kymograph of
Sqh intensity in WT, illustrating hierarchical onset of NC dumping across the layers; dashed arrow
indicates direction of flow. Scale bars = 30 min, 50 um; black indicates highest intensity. c, Plot of
normalized NC volumes (V/V,) during NC dumping for each layer from live imaging; f = 0 is onset of NC
dumping; solid line indicates average; envelopes show standard error (N = 15, 12, 9, 5 cells for layers 1,
2, 3, and 4, respectively). d, Plots of Young-Laplace’s law and the corrected pressure law for elastic
balloons. Pressure is at its maximum, pmax, at radius Rp; Rois the uninflated balloon radius; r12is the

radius of the pipe connecting balloons 1 and 2. Schematic illustrates the two-balloon problem, where the
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smaller balloon (cyan) empties into the larger balloon (gray). e, Network representation of the germline
cyst in a showing cells’ relative sizes; cells are shown as nodes and ring canals as edges. f, Plot of
normalized NC volumes from simulations using the best fit parameter set (solid line); envelopes show
standard error constructed from the ten nearest sets in parameter space (N = 11). Time is scaled by the
physical constants of the model. g, sgh’ germline mutant showing NCs in the first (blue arrowhead) and
second (red arrowhead) layers emptying into the oocyte. h, Kymograph of CellMask intensity in sgh’
mutants, showing cytoplasmic transport from the first two layers. Scale bars = 30 min; 70 ym. i, Plot as in
¢ of normalized NC volumes over time in sqgh’ germline clones; (N = 14, 17, 7, 6 cells for layers 1, 2, 3,
and 4, respectively); inset shows WT cell volume trajectories from ¢ (solid lines), re-scaled in time and
overlaid with sgh” mutant data (dashed lines), demonstrating slower yet hierarchical cytoplasmic transport

in the mutants.
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410 Figure 3 | Phase Il of NC dumping requires Rho-regulated wave-like actomyosin dynamics. a, Heat
411 map of an egg chamber expressing sqgh-mCH; blowups show NCs with dynamic actomyosin cortical

412 waves as colliding fronts (top) and rotating bands (bottom) in two adjacent cells, with respective

413  kymographs of Sgh intensity around NCs’ perimeter (b, c¢). d, Heat map of an egg chamber expressing
414  sqh::mCH and Clip170::GFP (cyan); blowups show a NC with an actomyosin ring (arrowhead) traversing

415  the cell’'s opposing poles and deforming cell shape, with kymograph of Sgh intensity in e. f, Box-and-
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416  whisker plot of median time at which nonuniform and persistent cell deformations are first observed

417  following onset of NC dumping in each layer (center line = median; edges = upper and lower quartiles;
418  whiskers extend to extrema; N = 20, 22, 16, 5 cells for layers 1, 2, 3, and 4). g, The Rho/ROCK signaling
419 pathway regulates phosphorylation of the myosin regulatory light chain (MRLC) and actomyosin

420  contractility. h, Comparison between wild-type (WT; top) and RhoGAP15B-depleted (bottom). Scale bar =
421 50 pm. i, Plot of normalized NC volumes during NC dumping for each layer from live imaging of

422 RhoGAP15B knockdowns; t = 0 is onset of NC dumping; solid line indicates average; envelopes show
423 standard error (N =7, 6, 3, 2 cells for layers 1, 2, 3, and 4, respectively). The trajectory for Layer 4 stops
424 at t ~ 50 minutes due to membrane breakdown. j, RhoGAP15B-depleted germline expressing sqh.:mCH
425 and Clip170::GFP; blowup shows smaller short-lived cell protrusions as opposed to cell-scale

426  deformations observed in WT. i, Kymograph of Sgh intensity along the perimeter of a cell in a

427 RhoGAP15B knockdown at a comparable time to b, ¢, and e, illustrating disrupted wave dynamics; black
428 indicates highest intensity. Scale bar in a, d, and j = 40 ym; scale bar in blowups = 20 ym; kymograph
429 scale barsin b, ¢, e, and k =5 min; 10 ym.
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445 Figure 4 | Physical and biochemical mechanisms conspire to complete NC dumping. a, Time-lapse
446  images from reflection-mode microscopy showing cytoplasm (cyan) flowing around a NC nucleus (H2A,
447  white) as persistent actomyosin waves deform cell shape. b, lllustration of cytoplasmic flow observed in a,
448  where arrows point in the direction of cytoplasmic flow. ¢, Erratic and short-lived cytoplasmic flow in a

449  germline RhoGAP15B knockdown, illustrated in d, highlighting the lack of revolutionary motions observed
450 in WT. Scale bars in a and ¢ = 20 ym. e, Histogram of the duration of observed intracellular cytoplasmic
451 flow events in WT and RhoGAP15B knockdowns (WT: N = 28 events; RnoGAP15B-RNAi: N = 82). f, Bar
452 plot of proportion of time anterior-to-posterior (A-P) versus posterior-to-anterior (P-A) flows were observed

453  in WT (30 minutes) and in RhoGAP15B-RNAi (54 minutes). g, Schematic of hypothesized model for the
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454  contribution of surface tension-driven and actomyosin-dependent flows to directional and complete NC
455  dumping. Arrows show direction of intercellular flow; dashed arrow indicates interrupted flow; arrowheads

456 point to actomyosin-mediated cell deformations that permit continued intercellular flow in shrunken NCs.
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