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Abstract5

Animal embryos pass through an early stage called the blastoderm, in which cells are arranged in a continuous layer6

at the periphery of the embryo. Despite the broad evolutionary conservation of this embryonic stage, the cellular7

behaviours that lead to blastoderm formation vary across animals, and themechanisms that regulate these behaviours8

are poorly understood. In most insects, pre-blastoderm development begins as a syncytium: that is, many nuclei9

divide andmove throughout the single shared cytoplasm of the embryo. Then these syncytial nuclei mustmove from10

their scattered positions within the cytoplasm to form a single layer at the cortex. Recent work showed that in the11

fruit flyDrosophila melanogaster, some of these early nuclear movements are caused by pulses of cytoplasmic flows12

that are coupled to synchronous divisions. Here, we show that the cricketGryllus bimaculatus has an altogether13

different solution to the problem. We quantified nuclear dynamics during the period of syncytial cleavages and14

movements that lead to blastoderm formation inG. bimaculatus embryos with transgenically labeled nuclei. We15

found that: (1) cytoplasmic flows were unimportant for nuclear movement, and (2) division cycles, nuclear speeds,16

and the directions of nuclear movement were not synchronized across the embryo as inD. melanogaster, but instead17

were heterogeneous in space and time. Moreover, several aspects of nuclear divisions andmovements were correlated18

with local nuclear density. We show that previously proposed models for the movement ofD.melanogaster syncytial19

nuclei cannot explain the behaviours ofG. bimaculatus syncytial nuclei. We introduce a novel geometric model20

based on asymmetric local pulling forces on nuclei, which recapitulates the density-dependent nuclear speeds and21

orientations of unperturbedG. bimaculatus embryos, without invoking the common paradigms of localized polarity22

cues or cell lineage as determinants of nuclear activity. Our model also accurately predicts nuclear behavior in23

embryos physically manipulated to contain regions of atypical nuclear densities. We show that this model can be24

used to generate falsifiable predictions about the dynamics of blastoderm formation in other insect species.25

Introduction26

Proper positioning of nuclei is essential for cellular function1,2. The task of correctly positioning nuclei is further27

specialized in syncytial cells—those with multiple nuclei sharing the same cytoplasm3–5. Naturally occurring28

syncytia include animal muscle cells, heterokaryotic fungi, plant endosperm, and early cleavage stage arthropod29

embryos6–9. Among arthropods, there have likely been multiple independent evolutionary origins of a syncytial30

phase of embryonic development7. Here, we focus on insects.31

When an insect egg is fertilized, the oocyte and spermpronuclei fuse, forming the zygotic nucleuswithin a single, large32
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cell10,11. In most insect taxa there follows a series of syncytial cleavages—nuclear divisions without cytokinesis10–12.33

As the divisions proceed, nuclei move throughout the cytoplasm of the embryo. Although some nuclei remain34

submerged in the middle of the embryo, most of them travel into the periplasm, a region of cytoplasm at the35

periphery of the embryo10,11. The nuclei in the periplasm comprise a syncytial blastoderm, a single layer of nuclei36

surrounding the cytoplasm in the interior10,11.37

Syncytial blastoderm formation has been studied most closely in the fruit flyDrosophila melanogaster13,14. After38

fertilization,D. melanogaster undergoes 13 synchronous divisions13. During cycles 4 through 6, nuclei spread out39

along the anterior-posterior (A-P) axis without entering the periplasm (a process referred to as “axial expansion”)14–17.40

Nuclear movements along the A-P axis appear to be caused by the contraction of a subset of the cortex, which41

generates a cytoplasmic flow that carries nuclei towards the poles18,19. It has also been suggested that local forces42

act on nuclei via their astral microtubules (MTs) pulling the nuclei toward the adjacent F-actin network20 and/or43

mutual repulsion among neighboring nuclei21. Then, during cycles 7 through 9, the nuclei simultaneously move44

into the periplasm (leaving a small subset behind as “yolk nuclei,” also called “vitellophages”)11,21,22. Finally, during45

cycles 10 through 13, the nuclei remain in the periplasm, arranged as a single layer16,22,23. They increase in local46

nuclear density and take on orderly geometric spacing24–29.47

Among insects with syncytially cleaving embryos, it appears to be universal that nuclei travel through the interior48

cytoplasm and into the periplasm10,11,30, yet species differ dramatically with respect to the timing, speeds, and the49

paths that their nuclei traverse while getting there10,11,30. This raises the question of how different insect embryos50

generate such embryological diversity. There is evidence from fixed preparations that some of the mechanisms51

described inD. melanogaster—namely cytoplasmic flows andMT-mediated pulling—might be operating in more52

distantly related insects31,32. To assess such possibilities, quantitative, nucleus-level data on the dynamics of syncytial53

blastoderm formation are needed for species other thanD. melanogaster. Therefore, we set out to investigate an54

informative comparator: the two-spotted field cricketGryllus bimaculatus (order: Orthoptera).55

G. bimaculatus is a powerful complement toD.melanogaster for the study of syncytial development. G. bimaculatus56

embryos are larger (approximately five-fold longer and three-fold wider)33,34 and their blastoderm formation occurs57

more slowly (14 hours at 28.5◦C versus 3 hours at 25◦C)13,35. G. bimaculatus is hemimetabolous, and its embryonic58

development differs inmany respects from that ofD.melanogaster and other model holometabolous insect species34.59

It likely retains many features of ancestral insect embryogenesis, unlike the relatively derived fruit fly model34.60

Crucially, a transgenic line of G. bimaculatus expressing a constitutive ubiquitous Histone2B-Enhanced Green61

Fluorescent Protein fusion has been generated35. The fusion protein presents a strong fluorescent contrast between62

syncytial nuclei and the surrounding cytoplasm during the entirety of pre-blastoderm development35. This enabled63

us to record, track, and analyze the movements of nuclei during syncytial development, starting frommitotic cycle64

~2-4 and ending at the formation of the blastoderm.65

We used multiview lightsheet and confocal microscopy to capture three-dimensional timelapse (3D+T) datasets and66

epifluorescence microscopy to capture two-dimensional timelapse (2D+T) datasets of syncytial development. We67

used a semi-automated approach to reconstruct nuclear tracks through space36,37, and analyzed nuclear divisions,68

speeds, and movement orientations. We show that each of these nuclear behaviours co-varies predictably with69

local nuclear density rather than with axial position, lineage, or developmental timing. We also show that the70

patterns of nuclear migration are more consistent with active movement through the cytoplasm, rather than with71

passive movement resulting from being carried along in a cytoplasmic flow. Based on our empirical description,72

and inspired by previously published work on active nuclear migration in other contexts20,38–41, we built a simple73

computational model of nuclear movement based on asymmetric pulling forces and local interactions among nuclei.74

This model recapitulates the main features of G. bimaculatus nuclear divisions, speeds, and orientations during75

syncytial development. We test the model by experimentally altering nuclear density, and find support for the76

hypothesis that changes to nuclear density cause changes to nuclear movement. Finally, we use this model to generate77

falsifiable hypotheses about blastoderm formation in other insect species.78
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Methods79

Transgenesis and animal culture: G. bimaculatus cultures were maintained as previously described34. We used an80

established nucleus-marked transgenic line ofG. bimaculatus35, in which the endogenous actin promoter drives81

expression of theG. bimaculatusHistone 2B (H2B) protein fused to Enhanced Green Fluorescent Protein (EGFP)82

(this transgenic line is abbreviated hereafter asAct-H2B-EGFP). To label cytoplasm andnuclei together, we generated83

a new transgenic insertion of amyristoylated and palmitoylated tandem dimer Tomato fluorescent protein (hereafter:84

mtdT) expressed under the control of theG. bimaculatus actin promoter. The mtdT-3xHA sequence was obtained85

from pUASTattB-mtdT-3XHA42 (Addgene Plasmid #24355), and cloned into the pXL[Gbact-GFP-pA] vector3586

in place of GFP, to create pXL[Gbact-mtdT-3xHA-pA]. We used this plasmid to generate a stable transgenic line of87

G. bimaculatus following previously described methods35. We crossed the Act-mtdT and Act-H2B-EGFP lines to88

obtain mature F1 females with both transgenes, assessed by using a fluorescence dissection microscope to check for89

red and green fluorescent protein expression in late embryogenesis. These F1 females with both transgenes matured90

to adulthood, and then were crossed to wild-type males. F2 eggs were collected for live imaging. Thus, when imaging91

the mtdT and H2B-EGFP transgenic proteins in the same embryo, both were maternally provided to the embryos.92

Collecting and culturing embryos: To collect embryos for live imaging, females were allowed to lay eggs in damp93

sand for two hours at a time, following previously described methods34. Embryos were examined on a fluorescence94

dissection microscope within five hours of collection. If there were between 2 and 8 nuclei visible, then embryos95

were mounted for microscopy as described below underMicroscopy. After imaging, embryos were placed in a 1096

mm diameter plastic petri dish (VWR 25384-342), the bottom of which had been covered with Kimwipes (VWR97

21905-026) moistened with distilled water. We incubated the dish at 28.5◦C so that embryos could continue to98

develop. We checked embryos daily and removed any dead ones. Only datasets from embryos that hatched within99

16 days of being laid were used for analysis.100

Microscopy: For 3D+T lightsheet imaging, we mounted embryos individually in a column of 1% (w/v) low-melt101

agarose (Bio-Rad1613112) in distilledwater. Suspended in themounting agarosewere 1-µmdiameter red fluorescent102

polystyrene beads (ThermoFisher F8821) at 0.015% of the stock concentration. Lightsheet imaging was conducted103

with a Zeiss Z.1 Lightsheet microscope controlled by Zen Black software (Zeiss), with the agarose column immersed104

in a bath of distilled water, temperature controlled at 28.5◦C. Embryos were imaged one at a time, positioned with105

the A-P axis oriented vertically. For each time point, z-stacks were captured at 72◦ or 90◦ increments, rotationally106

distributed about the long axis of the egg. Data were simultaneously captured with 488 nm and 568 nm lasers107

at a time interval of 90 seconds, with 100 to 200 optical sections per z-stack. Among lightsheet datasets, z-step108

size ranged from 4 to 10 µm, depending on the overall size of the field of view needed to capture the embryo. For109

3D+T imaging of cytoplasm and nuclei together, we individually mounted embryos in a glass-bottom dish (MatTek110

P06G-1.5-20-F) in a 20 µL puddle of molten 0.5% (w/v) low-melt agarose in distilled water. Then we covered the111

immobilized embryos in distilled water and imaged them on a Zeiss LSM 880 confocal microscope at 28.5◦C. For112

2D+T imaging of whole embryos, they were mounted in agarose microwells as previously described43 and imaged113

using epifluorescence on a Zeiss Cell Discoverer microscope with a 5x objective, controlled with Zen Blue (Zeiss).114

Epifluorescence datasets were captured as a z-stack at each time point. Embryo constrictions were conducted with115

a custom device that is described in the Supplemental Information. A design file of the device’s components is116

included as Supplemental File 3.117

Image processing and segmentation: Lightsheet datasets were processed using the Multiview Reconstruction plug-in118

for Fiji44,45. In epifluorescence datasets, z-slices were combined using the Extended Depth of Focus function119

(Contrast mode) in Zen Blue (Zeiss). Confocal datasets were processed in Fiji to generate maximum intensity120

projections. Nucleus tracks were generated with Ilastik37 and manually corrected with Fiji plug-in MaMuT36.121

Additional image processing details are included in the Supplemental Information.122

Measuring and simulating quantitative features of nuclear behaviour: Data analysis and simulations of nuclear123
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movements were performed using custom scripts written inMathematica (Wolfram) and Python. We calculated124

nuclear speed, local nuclear density, rate of change in number of nuclei, and movement toward nearby unoccupied125

space. See Supplemental Information for the specifics of these calculations and a detailed description of nuclear126

movement simulations. Code to simulate nuclear movements is available at the GitHub repository for this project:127

https://github.com/hoffmannjordan/gryllus_nuclear_movements.128

Preparing figures: Micrographs for presentation were processed in Fiji46. Figures were generated with Mathematica129

and assembled with Illustrator (Adobe).130

Results and Discussion131

The G. bimaculatus syncytial blastoderm forms during approximately eight hours of development at 28.5◦C,132

followed by cellularization and coalescence of the embryonic rudiment34,35 (Fig. 1A). We recordedG. bimaculatus133

syncytial blastoderm formation in toto by using 3D+T lightsheet microscopy to image H2B-EGFP transgenic134

embryos . We tracked the movements and divisions of nuclei as they expanded throughout the embryo, which135

enabled us to reconstruct nuclear lineages (Fig. 1B) and quantify nuclear density, speed, and direction of movement.136

Similar toD. melanogaster14,16,17, some nuclei appear to move in a highly directed manner toward the poles of the137

embryo (Fig. 1B, arrowhead). UnlikeD. melanogaster, however,G. bimaculatus nuclei move into the periplasm138

asynchronously, with some reaching the periplasm 240 minutes after those that first reached it (Fig. 1B).139

Nuclei are not predominantly moved by cytoplasmic flows140

We wanted to determine whether nuclei are moved passively by being carried along in a cytoplasmic flow18,19,141

or instead moved by a local active force20,21,32,39. We generated a new stable transgenic line of G. bimaculatus142

that expressed myristoylated and palmitolyated mTomato (mtdT) protein in the embryo. The mtdT protein143

is predominantly localized to the cytoplasm in the immediate vicinity of each syncytial nucleus (i.e. within the144

“energid”7,10). It was excluded from putative yolk granules (Fig. 1C, white arrowheads; SI File 2), but allowed us145

to see their outlines and follow their movements. We generated embryos that co-expressed mtdT and H2B-EGFP,146

which enabled us to image yolk granules and nuclear movements together (Fig. 1C; SI File 2). We found that yolk147

granules and adjacent nuclei do not tend to move in the same direction together, even when they are quite close in148

space (e.g. within 40 µm, as shown in Fig. 1C and SI File 2). This is inconsistent with a cytoplasmic flow that moves149

yolk granules and nuclei together. To further test the possibility of movement via cytoplasmic flows, we computed150

instantaneous pairwise correlations between the movement vectors of all pairs of nuclei. If nuclei were embedded in151

a cytoplasmic flow, we would expect nearby nuclei to move more similarly to one another than nuclei that were152

farther apart. This was not the case. Irrespective of pairwise distance, pairs of nuclei exhibit a random pattern of153

movement correlations (overall correlation of pairwise values with separation distance yieldsR2 = 0.032; Fig. 1D;154

this calculation, and those presented in Fig. 2 and Fig. 3, was done on a dataset with 310,741 nucleus-timepoints).155

These observations suggest thatG. bimaculatus syncytial nuclei are not predominantly moved by cytoplasmic flows.156

Mitotic cycle duration is positively associated with local nuclear density157

Previous work showed that syncytial nucleus divisions inD. melanogaster are synchronous, and that divisions are158

coupled to the nuclear movements that underlie blastoderm formation18,19. We asked whether a similar mechanism159

operates inG. bimaculatus embryos. For a coarse-grained measurement of proliferation, we calculated the percent160

change in the number of detectable nuclei over time (Fig. 2A). Plotted over time, this metric displays a dynamic series161

of peaks and valleys, with each peak representing a pulse of divisions. These peaks occur initially at mean intervals162

of 49 minutes, and the time between peaks increases as development proceeds. This indicates that the cell cycle163

duration is approximately 49minutes, which is amuch greater time interval than the 8 to 9minute cell cycle duration164

in aD. melanogaster embryo13. The sharpness of the peaks attenuates over time, indicating a decrease in relative165
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synchronicity (Fig. 2A). Next, we sought to determine whether the mitotic cycles are collectively going out of phase166

and/or the mitotic cycle lengths are themselves changing. We measured the cycle length of the nuclei, finding that it167

changes markedly over the course of blastoderm formation. An example lineage is shown in Fig. 2B. During four168

successive cycles, mean cycle length increases from 49 to 87 minutes (Fig. 2B). There is also considerable variation in169

cycle length among nuclei at the same cycle number (e.g. at cycle 4, SD of cycle length = 11 minutes; Fig. 2B). This170

is again in contrast toD. melanogaster embryos, in which cycle length increases over time, but all nuclei within a171

cycle have the same period22,47. We hypothesized that inG. bimaculatus, variation in local nuclear density gives rise172

to the heterogeneity of cycle length. To test this, we computed the local nuclear density and proliferation time in173

the vicinity of each nucleus throughout blastoderm formation (three example time points are shown in Fig. 2C-E).174

Within each time point, we took all possible nucleus pairs and computed the percentage of instances where the175

nucleus with the higher local density also had a high proliferation time. These percentages are: t = 300min: 91%,176

t = 353min: 88%, t = 413min: 75%. We concluded that there is a positive association between local nuclear177

density and mitotic cycle length across a range of local densities and throughout syncytial blastoderm formation.178

Nuclear speed is biphasic and negatively associated with density179

Given that a single variable—density—helped to explain both spatial and temporal variation in mitotic cycle length,180

we wondered whether the speeds of nuclear movements also followed a similar coherent pattern. We calculated181

instantaneous speed of all nuclei and then plotted those speeds over time (y) vs. position along the A-P axis182

(x) (Fig. 3A). Nuclear speed oscillates back and forth between “fast” and “slow” (> 4 to < 1 µm per minute,183

respectively). It appeared that in the central region of the embryo, farthest from the anterior and posterior poles,184

peak speeds decrease earlier and the speed oscillations dissipate sooner than at either pole (Fig. 3A, middle of A-P axis,185

t > 150min). To illustrate this further, we ordered the nuclei according to their position along the A-P axis and186

then partitioned them into three terciles, with equal numbers of nuclei in each one (labeled “anterior”, “middle”, and187

“posterior” terciles; Fig. 3B). When we plotted speed over time for the nuclei contained in each tercile, we observed188

that nuclear speed oscillates for all three terciles. In the middle tercile, however, where density is higher than in the189

other terciles at every developmental time point examined, the oscillation is less pronounced and diminishes sooner,190

than in the anterior and posterior terciles (Fig. 3C). We also noticed that the speed oscillations are qualitatively191

similar to the oscillations of the percent change in total number of nuclei (compare Fig. 2A and 3C). Therefore we192

hypothesized that each nucleus’s movements jointly depend on its local density and on the amount of time spent193

executing the cell cycle.194

To test this, we computed time-since-last-division for each nucleus within the 200 minutes of development depicted195

in Fig. 3A. We divided the nuclei into three subsets according to their local nuclear density: “low,” “medium,” and196

“high” (< 11,≥ 11 and< 29,≥ 29 density units, defined here as the number of nuclei within a 150 µm radius). We197

plotted instantaneous nuclear speed for each density bin, with time re-zeroed to begin at the most recent division of198

each nucleus. This revealed density-dependent speed oscillations for all nuclei, regardless of chronological age or199

spatial location within the egg (Fig. 3D). Nuclear speed alternated between relatively fast and slow phases, which we200

refer to as Phase A and Phase B, respectively. During Phase A, which is immediately after a division, each daughter201

nucleusmoves relatively quickly (median Phase A speed: 2.3 µmperminute) for between 20 and 28minutes. During202

Phase B, the nucleus remains largely stationary (median Phase B speed: 0.4 µm per minute) for between 10 and 20203

minutes before again dividing and repeating this process (Fig. 3D). We plotted nuclear speed (y) vs. nuclear density204

(x) for Phase A and Phase B (Fig. 3E, F), and considering that both speed and density are by definition positive,205

in each case we fitted an exponential curve with the form y = y0e
−x/x0 . This yields a “density scale” (x0) that206

captures how large of a change in density produces a given change in speed. The density scale of Phase A is 30.4207

density units (90% CI: 28.8 to 32.1). For Phase B it is 120.4 density units (90% CI: 73.4 to 167.4). In sum, we found208

that Phase A nuclear movements have overall higher speeds that are strongly associated with density, while Phase209

B nuclear movements have lower speeds that are weakly associated with local density. We concluded that nuclear210

speeds covaried with local nuclear density and time in the cell cycle.211
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In the cytoplasm, nuclei tend to move into nearby unoccupied space212

Nuclear speed alone cannot achieve axial expansion: nuclei also need tomove in appropriate directions to ensure even213

distribution of nuclei in the blastoderm. The directionality cannot be uniform for all nuclei, however, otherwise all214

nuclei would end up crowded together in a single region of the egg. To investigate what might predict directionality,215

we began by observing the global features of nuclear paths during syncytial blastoderm formation. Once syncytial216

nuclei reach the periplasm, they remain there until cellularization occurs14,35 (Fig. 1A, B), suggesting that G.217

bimaculatus nuclei, likeD. melanogaster nuclei, ultimately become anchored in the periplasm16,48–51. Compared to218

the synchronously emerging nuclei ofD.melanogaster16, however,G. bimaculatus nucleimove along trajectories that219

are varied, with some reaching the periplasm as many as 240 minutes later than others (Fig. 1A, B). We hypothesized220

that asG. bimaculatus nuclei move through the cytoplasm, they preferentially move into nearby unoccupied space,221

which might explain the diversity of traveled paths.222

To test this hypothesis, we binned nuclei into those that are in the periplasm and those that are not (Fig. 3H bottom223

right). Then, for the nuclei in each subset we calculated a “space-seeking score”, defined as the correlation of a224

nucleus’s instantaneous movement vector with the vector that is oriented toward the most open space relative to225

the positions of its neighbors in 3D space (schematized in Fig. 3H, top right; see details of this calculation in the226

Supplemental Information). We found that when they are not in the periplasm, Phase A nuclei tend to move into227

nearby open space (median space-seeking score = 0.61; Fig. 3H), whereas Phase B nuclei do not (median space-seeking228

score = 0.12; Fig. 3H). Once nuclei reach the periplasm, however, they do not tend to move into open space during229

either Phase A or Phase B (median space-seeking score = -0.21 and -0.10, respectively; Fig. 3H). Consequently, they230

remain in the periplasm once they arrive there, forming the blastoderm, rather than moving back into the central231

yolk mass. We concluded that except for when they are in the periplasm, Phase A nuclei move preferentially into232

nearby unoccupied space.233

A simulation framework of cricket syncytial development234

We asked whether the nuclear movements during G. bimaculatus blastoderm formation could be explained by235

models that had been previously proposed for nuclear movement in other contexts. We considered three such236

candidate models of nuclear movement: (1) Cytoplasmic flows that move nuclei18,19; (2) Mutual, repulsive, active237

forces among nuclei21,52; (3) Local, asymmetric, active pulling forces on each nucleus20,38–41.238

These modes of movement are not necessarily mutually exclusive14, yet for the sake of computational tractability,239

we assessed each of them in turn. The results presented in Fig. 1C and D contradicted the cytoplasmic flow model240

(1), so we did not consider it further. Similarly, we found that the empirical data contradicted the mutual repulsion241

model (2). Specifically, inmodels withmutual repulsion of nuclei, themagnitude of repulsion is highest when nuclei242

are closest to one another and it attenuates with increased distance26,40. Assuming that a nucleus’s speed is directly243

related to the magnitude of the net force it experiences predicts that a nucleus should display its lowest speed when it244

is at the lowest density, i.e. when it is maximally distant from other nuclei. This is the opposite of what we observed245

inG. bimaculatus (Fig. 3E). InD. melanogaster, however, recent work on the spacing among nuclei after syncytial246

blastoderm formation led to models of mutual nuclear repulsion26,53. To further evaluate the possibility of mutual247

nuclear repulsion in forming theG. bimaculatus blastoderm (2), we selected one of these models (that of Dutta and248

colleagues26) adapted it to 3D, and implemented it in a simulation framework of preblastoderm syncytial nuclear249

movements inG. bimaculatus. We found that it did not produce a negative relationship between nuclear density and250

speed at any of the parameter settings we assessed (additional details are included in the Supplemental Information).251

Therefore we did not consider mutual repulsion further, and instead developed a simplified geometric model of a252

local, asymmetric, active pulling force on each nucleus (3). Below we summarize the key features and assumptions253

of the model. We describe the complete details of its computational implementation in the Supplemental Materials.254

Ourmodel was inspired by research on nuclear movements in the red breadmoldNeurospora crassa, the filamentous255
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fungusAspergillus nidulans, the nematode worm Caenorhabditis elegans, andD. melanogaster, which presented256

evidence for pulling forces on astral MTs and their associated microtubule-organizing center (MTOC) on each257

nucleus20,38,39,41,54,55. In the present study, without specific empirical data on the cytoskeletal structures in theG.258

bimaculatus embryo, we abstracted the MT aster andMTOC contributions to the model as a “cloud” and “cloud259

origin”, respectively (schematized in Fig. 4A). We posited that, as in other systems38,54,56,57, cytoplasmic dyneins or260

functionally analogous molecules exert pulling forces on the astral MTs. We considered the dyneins to be uniformly261

distributed in the cytoplasm, and implemented their pulling forces as tugs on each voxel on the surface of each cloud.262

We divided each tug by a factor ofR2 whereR represented the distance from the voxel to its cloud origin. Scaling263

the relative strengths of the forces in this manner is analogous to a set of rods emanating from a point on the nucleus,264

normalized such that the total pull on a rod was proportional to its length, similar to previous work on C. elegans265

nucleus movement58. The sum of all the forces on a cloud origin causes nuclei to move through space and/or rotate.266

Larger and more asymmetric clouds therefore apply a relatively larger net pulling force (schematized in Fig. 4A). To267

assign a magnitude to the pulling forces, we calibrated by fitting a constant factor such that the maximum speed268

of simulated nuclei matches that of the nuclei in a real embryo. Similarly, we set the maximum cloud radius by269

fitting the simulated nuclear density-speed relationship to that of the real embryos. The clouds regrow after each270

division, but their growth is occluded by one another and by the internal surface of the simulated eggshell (Fig. 4B).271

If simulated nuclei proliferate in a limited volume, local density increases, which means that over time, clouds grow272

smaller (Fig. 4C, D).273

The first goal of the simulation was to determine whether pulling clouds could collectively generate the observed274

density-dependent speeds and space-seeking behaviours without either of those phenomena being encoded explicitly.275

The second goal was to determine whether the overall spatial and temporal patterns of G. bimaculatus nuclear276

movement could be recapitulated with a minimal set of hard-coded parameters. Therefore, in the simulation, we277

matched the overall embryo morphology, division cycle distribution, and bias towards the periplasm to those of278

the empirical embryo. Each nucleus cycles from a Phase A state to a Phase B state, then it divides and returns to279

Phase A. During Phase A, the nucleus’s cloud grows to its maximum size (unless spatially constrained) and exerts280

pulling forces on the nucleus. During Phase B, the cloud is absent. In both Phase A and Phase B, we added a small281

random contribution to nuclear movement by drawing from a uniform distribution with a mean random step size282

of 0.017 µm per minute. To assign a mitotic cycle duration to each nucleus, we sampled directly from the empirical283

relationship between density and cycle duration, determined by a linear fit to the data (slope = 11.18, intercept =284

-111.85). We added an attraction toward the periplasm of the simulated embryo, the magnitude of which was tuned285

to match the rate at which nuclei moved towards the periplasm in empirical data (this attraction was 25% of the286

magnitude of the net cloud-pulling force on an isolated nucleus). The model does not include terms for viscosity of287

the cytoplasm, fluid flows, pushing forces of any kind, or maternally provided signals in the yolk.288

Simulation results289

We found that the active pullingmodel qualitatively and quantitatively recapitulates many features ofG. bimaculatus290

syncytial blastoderm formation. Simulated nuclei spread out through the embryo (Fig. 4E), occupying the space291

along the A-P axis in a spatiotemporal pattern like that of real embryos (Fig. 4F, G). Simulated embryo-wide speed292

oscillations are likewise similar to empirical oscillations (Fig. 4H). The cell cycle and density-dependent nuclear293

speeds are also recapitulated (Fig. 4I-K). As in Fig. 3E and F, we fitted a curve to the speed vs. nuclear density294

relationship, which yielded density scales for Phases A and B of 26.75 density units (90%CI: 24.2 to 29.3) and 12108295

density units (90% CI: 11124 to 13092), respectively. Nuclei in the simulated embryo, like those in real embryos,296

exhibit a negative relationship between density and speed in Phase A (Fig. 4J). In Phase B, with no pulling clouds,297

nuclear speed does not vary with density at all (Fig. 4K). Last, we assessed the tendency to move into unoccupied298

space. As in real nuclei, simulated nuclei that are not in the periplasm have a tendency to move into unoccupied299

space in Phase A (median space-seeking score = 0.86) but not during Phase B (median space-seeking score = -0.04;300

Fig. 4K). Once simulated nuclei reach the periplasm, they tend to move into nearby open space during Phase A,301
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unlike those of real embryos (median space-seeking score = 0.75; compare Fig. 4K to Fig. 3F). InD. melanogaster302

there is a cellular mechanism that holds nuclei in place once they reach the periplasm16,48–51. We suggest that there303

is likely a similar mechanism at work in G. bimaculatus that has not been included in our model. In light of the304

simulation results, we concluded that a local, asymmetric, active pulling force on each nucleus is consistent with305

most of the observed nuclear behaviours inG. bimaculatus.306

Constricting embryos307

Based on the empirical data and simulation results, we hypothesized that nuclear density determines nuclear speed,308

and that the negative relationship between density and speed emerges from an asymmetric pulling mechanism. With309

the descriptive data and simulations alone, however, we could not rule out the possibility that the observed changes310

in nuclear speed were caused by a spatially localized or temporally varying signal in the cytoplasm. Therefore, to311

test our hypothesis and assess the alternatives, we experimentally altered the density of nuclei, accomplished by312

physically manipulating the geometry of embryos. We designed and built a device to constrict an embryo from the313

outside by wrapping a human hair around it and incrementally increasing the tension on the hair. Specifically, we314

constrictedG. bimaculatus embryos width-wise at the beginning of syncytial development, and then mounted them315

in a glass bottom dish for epifluorescence microscopy (Fig. 5A; see Supplemental Information for detailed methods316

and for the design file of the device’s components). With this mode of microscopy, we collected 2D+T datasets,317

imaging nuclei through approximately one-third of the z depth of the embryo. This imaging modality necessitated318

2Dmeasures of speed and density. Moreover, those measures and the total nucleus counts were not comparable on319

an absolute scale to the equivalent values in the 3D+T datasets. Thus, for these analyses, we compared between and320

within embryos that were all imaged using epifluorescence microscopy. The first zygotic nuclear division typically321

occurs approximately 60% from the anterior pole along the length of the embryo. We constricted embryos at a322

position 25% to 35% from the anterior pole (Fig. 5A). By pinching a region down to approximately one-third of the323

radius of the embryo, we generated two pseudo-compartments in the embryo, each of which was smaller than an324

unconstricted embryo (Fig. 5B). In both pseudo-compartments of the constricted embryos, the patterns of nuclear325

density over time and space differed markedly from those of unmanipulated embryos, which enabled us to decouple326

nuclear speed and density from any as-yet undetected spatially localized cytoplasmic determinants.327

First, we compared nuclear behaviour between posteriors of constricted embryos to unconstricted embryos. In effect,328

this allowed us to control for A-P position and developmental time while changing nuclear density. To compare the329

data frommultiple embryos on a single plot, we stage-matched datasets (n = 3 embryos per treatment) by the total330

number of nuclei in each embryo as a proxy for developmental time. As nuclei divide and move within a constricted331

posterior volume, the total space available to them is reduced compared to an unmanipulated embryo, which causes332

them to experience higher densities earlier in development than they would otherwise (Fig. 5C). For instance, when333

there are 200 total nuclei, median density is 20.1 density units (25th percentile = 18.1, 75th percentile = 22.2) in334

constricted embryos and 15.2 density units (25th percentile = 11, 75th percentile = 19.5) in unconstricted embryos.335

The higher density nuclei in constricted embryos move more slowly than those in stage-matched unmanipulated336

embryos where the density was lower (Fig. 5D). At 200 total nuclei, median speed was 0.68 µm per minute (25th337

percentile = 0.57, 75th percentile = 0.73) in constricted embryos and 0.93 µm per minute (25th percentile =338

0.85, 75th percentile = 1.06) in unconstricted embryos. Last, we computed all instantaneous nuclear speeds and339

densities in each constricted posterior and unconstricted dataset, finding that nuclei follow the same density-speed340

relationship in constricted and unconstricted embryos (Fig. 5E). These results are consistent with a mechanism341

where speed is determined by nuclear density, rather than A-P position or developmental time.342

The constricted embryos provided the opportunity to analyze nuclei not only under ectopically high local nuclear343

densities, but also under ectopically low densities. The latter becomes possible when, in constricted embryos, some344

nuclei traverse the constricted region and populate the formerly unoccupied pseudo-compartment (Fig. 5A). These345

nuclei move into a low density region from a comparatively high density region, creating an abrupt change in local346
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density for a subset of nuclei. With this experiment, we altered the developmental time-course of densities that the347

nuclei experienced. We quantified the nuclear speeds under these conditions, and plotted nuclear speed vs. time for348

the posterior (ectopically high density) and anterior (ectopically low density) subsets of nuclei (Fig. 5F).We observed349

that posterior nuclei undergo speed oscillations and overall decreasing speeds, similar to nuclei in unperturbed350

embryos. We also observed that 50 to 80 minutes after the start of each dataset, nuclei emerge from the constriction351

(indicated by dotted lines; Fig. 5F), whereupon they speed up as they populate the unoccupied space, slowing down352

again once local nuclear density increases, ultimately coming to match the speeds of the nuclei in the posterior353

(compare magenta to orange speed traces; Fig. 5F). We interpreted these results as further evidence that nuclear354

speed is determined by density, independent of developmental time or spatial location.355

Simulating blastoderm formation for embryos with other shapes356

We wanted to know whether our model, parameterized and validated on unmanipulated G. bimaculatus, could357

successfully predict nuclear behaviours in a constricted embryo. We used the same simulation procedure described358

above, changing only the geometry of the embryo to a constricted shape (Fig. 5G, H). The simulated pulling clouds359

completely fill the posterior compartment before any nuclei emerge through the constriction (Fig. 5G). This results360

in a distribution of nuclei over time in the simulations that is qualitatively similar to that of the real constricted361

embryos (Fig. 5H; compare to 5A). As in the real embryos, the simulated nuclei also exhibit speed oscillations that362

get slower and of smaller amplitude over time in each pseudo-compartment, but that pattern is offset in time and363

space for nuclei in the anterior, which abruptly speed up once they pass through the constriction (Fig. 5H). We364

concluded that simulations broadly recapitulated the experimental results from an atypical embryo geometry, and365

interpreted this as further support for a model of local, asymmetric, active pulling forces onG. bimaculatus syncytial366

nuclei.367

With the aim of uncovering mechanistic principles that might extend beyond this specific case, we asked whether368

this predictive model of nuclear behavior, derived from observations onG. bimaculatus, could be generalized to369

describe axial expansion in the syncytial embryos of other insects. As a first step in this direction, we asked how well370

the parameterized model would perform at simulating blastoderm formation in insect species that are either closely371

or distantly related toG. bimaculatus. The locust Schistocerca gregaria is an orthopteran insect, likeG. Bimaculatus,372

but lays eggs that are 2.5× longer and 1.5× wider than G. bimaculatus eggs34,59. The first nuclear division in S.373

gregaria also occurs closer to the posterior pole than that ofG. bimaculatus59–61. We deployed the computational374

model described earlier in the text, leaving all parameters the same except for two changes: (1) the morphology of375

the embryo was set to be an ellipsoid with the volume and approximate shape of the S. gregaria embryo59; (2) the376

position of the first division was set to 85% from the anterior pole along the length of the embryo, similar to that of377

S. gregaria59. Based on comparisons to previous work that used fixed embryo preparations, and acknowledging378

differences in imaging modality, we detected suggestive similarities between the features of nuclear positioning in379

the simulated embryo and in real locust embryos59 (Fig. 6A, B). Specifically, simulated nuclei reach the posterior380

pole of the embryo while the anterior two-thirds of the embryo are still devoid of nuclei. Simulated nuclei also form381

a gradient in their spacing, with the largest internuclear distances at the anterior of the expanding front of nuclei382

(compare Fig. 6A and B). Given these similarities, we hypothesize that a mechanism of local, asymmetric, active383

pulling forces also operates in the S. gregaria preblastoderm embryo.384

By contrast, our parameterized model run with aD. melanogaster embryo morphology and first division location,385

produces arrangements of nuclei that differ qualitatively from those of realD.melanogaster embryos. The simulated386

nuclei spread throughout the volume of the embryo bymoving in all directions, with somemoving into the periplasm387

before the rest (Fig. 6C). In real embryos, nuclei spread out predominantly along the A-P axis without moving into388

the periplasm, then form an ordered shell-like arrangement19,21 (Fig. 6D), followed by simultaneous movements389

into the periplasm21,22 (not shown). We interpret this result as evidence against the hypothesis that there is a shared390

cellular mechanism that scales with embryo size to generate preblastoderm nuclear behaviour across insect taxa20.391
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This result is also consistent with recent work onD. melanogaster, which demonstrated that cytoplasmic flows392

generate some of the preblastoderm nuclear movements19. In the future it will be fruitful to use experimentally393

validated computational models to develop hypotheses for nuclear dynamics in other poorly studied systems.394

Conclusions395

Our computational model was inspired by empirical descriptions of astral MTs and nuclear movements in other396

contexts1,20,38,41. Given the model’s effectiveness in capturingG. bimaculatus nuclear dynamics, we speculate that397

cytoplasmic dyneins interacting with astral MTs may indeed be the most likely molecular cause of the asymmetric398

pulling forces on G. bimaculatus syncytial nuclei. There is evidence that such a mechanism may also be present399

inD. melanogaster embryos but obscured by the comparatively dramatic effect of cytoplasmic flows19: nuclei in400

non-flowing cytoplasmic extracts of preblastodermD. melanogaster embryos move apart from one another in aMT-401

and centrosome-dependent manner that appears to be consistent with a pulling force on asters20. Alternatively,402

asymmetric active forces in G. bimaculatus could be generated by a molecular mechanism that does not involve403

dynein and astral MTs40. One possibility is that dynamic remodeling of the actin cytoskeleton in the immediate404

neighborhood of a nucleus could generate nucleus movements by local, asymmetric fluidization17. Another is that405

asymmetric contractile interactions within an actomyosin network at the periphery of each energid could pull an406

energid—and the nucleus embedded within it—through the rest of the cytoplasm. It is also possible that MTs and407

actomyosin contractility jointly contribute to nuclear movements14,17,62.408

The results of the present study enable us to make inferences about cytoplasmic signals that may regulate the409

cell cycle behaviours of nuclei during G. bimaculatus syncytial development. Similar to D. melanogaster20, G.410

bimaculatus nuclei speed up after each division and then slow down, which suggests that the mechanism driving411

nuclear movement is coupled to the cell cycle. In D. melanogaster, changes in the localization and activity of412

cytoplasmic Cdk1 and CycB over the course of the cell cycle affect MT and actomyosin dynamics18,19,63. We413

hypothesize that the nucleus-moving mechanism inG. bimaculatus is affected in a similar, cell cycle-coupledmanner.414

UnlikeD. melanogaster20,22,47,64, however,G. bimaculatus cycle duration appears to be locally responsive to nuclear415

density, rather than coordinated throughout the entire embryo. It has been shown that experimentally increased416

levels of CycB protein reduce the duration of interphase in D. melanogaster47, and that CycB is degraded at a417

subcellular spatial scale65. Therefore, one possibility is that inG. bimaculatus, regions with relatively high nuclear418

density locally reduce the levels of CycB (or a protein with an analogous function), which causes the duration of419

interphase to increase accordingly. If true, diffusion would not be predicted to generate uniform cytoplasmic protein420

levels on relevant time scales in the much largerG. bimaculatus embryos. In general, such a mechanism would be421

consistent with the comparatively heterogeneous cell cycle durations inG. bimaculatus.422

Our results have implications for the mechanisms governing subsequentG. bimaculatus development. Researchers423

have begun to describe some of the earliest patterning events in G. bimaculatus, including aspects of the estab-424

lishment of the A-P axis, the dorsal-ventral axis, and the bipartition of the blastodermal cells into embryonic and425

extraembryonic tissues35,66–68. The present study demonstrates that the early G. bimaculatus embryo does not426

have stereotypic divisions nor movements, but instead each nucleus’s behaviour is determined by the geometry of427

its neighbors. Collectively, these stochastic interactions, constrained by local rules, generate an emergent uniform428

spacing of blastodermal nuclei across the embryo. Accordingly, we hypothesize that any axial patterning information429

is likely to be “stored” stored in the central cytoplasmic mass or in the periplasm, and that any such putative localized430

signals do not have a detectable effect on syncytial nuclear behaviour. This hypothesis predicts that the subdivision of431

the blastoderm into the embryonic anlage and extraembryonic tissues68 is not determined during the preblastoderm432

stage, and that the two populations of cells only become separate lineages after a blastoderm has formed.433

The computational model we present for blastoderm formation enables us to make predictions about early em-434

bryogenesis in other insect species. Insect eggs have a wide range of shapes and sizes69,70, and the egg determines435
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the shape and size of the syncytial embryo10,11. In our simulations, embryo morphology—as well as the location436

of the initial zygotic division—plays a major role in determining patterns of nuclear movement over the course of437

blastoderm formation. If an asymmetric pulling mechanism drives syncytial nuclear movements in other insect438

species, we predict that patterns of syncytial nuclear behaviour will tend to co-vary predictably with egg morphology.439

For instance, in an embryo with a higher aspect ratio69,70 we would predict a front of low-density nuclei moving440

at relatively high speeds into unoccupied regions of the embryo, trailed by nuclei arranged in a density gradient441

(and exhibiting concomitant speeds and cell cycle durations). In a spherical embryo (i.e. an aspect ratio of 1) with a442

centrally located first zygotic nucleus, we would expect comparatively uniformmovements and densities over time443

and space. In smaller embryos, nuclei would reach an equilibrium spacing more quickly than in larger embryos.444

These predictions can be tested in a straightforward manner by comparing timed and fixed embryo preparations445

from insect species that are closely related, yet have embryos of different sizes and/or shapes.446

We suggest that elements of the empirical and modeling approaches in the current study could also be fruitfully447

applied to better understand nuclear behaviours in other multinucleate cell types. In mammalian muscle cells, there448

are numerous types of nuclear movement, with distinct cellular mechanisms implicated in each one4,71,72. Likewise,449

in filamentous fungi, nuclei are moved by several mechanisms, with important roles for cytoplasmic dynein and450

astral MTs3,73. Arbuscular mycorrhizal fungi have multinucleate spores with hundreds of nuclei, organized in a451

shared volume, but the cellular mechanisms underlying this arrangement are not known74,75. It will be illuminating452

to discover the ways in which MT- and F-actin-based molecular mechanisms are deployed in different distantly453

related species to generate forces on nuclei, moving them into the proper arrangement at the right time and place.454

Comparing such mechanisms across taxa will provide insight into how the conserved eukaryotic cellular machinery455

shapes developmental evolution.456
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Figure 1: Overview ofG. bimaculatus blastoderm formation and evidence that nuclei move actively, rather than being
moved along by flowing cytoplasm. A, Time points from the embryonic syncytial development ofG. bimaculatus, displayed
as z-projections of 3D stacks. Micrographs are from anH2B-EGFP transgenicG. bimaculatus embryo live-imaged using a
lightsheet microscope over eight hours of development at 28.5◦C, capturing nuclear divisions and movements throughout the
syncytial embryo. The nuclei (n) arrange into a single layer, after which cellularization occurs and the embryonic rudiment
forms. Embryos are oriented laterally with ventral to the bottom and anterior to the left. Anterior is to the left in all subsequent
figures. B, Nuclei were tracked to produce a 3D+T dataset of nuclear lineages. All nuclear tracks are displayed for an example
embryo, with the lineage descended from a single nucleus highlighted. Color scale represents time; n = number of nuclei.
Black arrowhead highlights nuclei that move in a highly directed manner toward the anterior pole. C, Example time points
from a 3D+T dataset of a transgenicG. bimaculatus embryo with nuclei and cytoplasm fluorescently marked (further details
in Methods). Left column shows the nucleus channel and the right column shows the cytoplasm channel, with the energid
cytoplasm highlighted in magenta and the nucleus highlighted in cyan. White arrowheads mark two different yolk granules
that remain in place as the nucleus moves past them. D, Pairwise correlations between the instantaneous movement vectors of
pairs of non-sister nuclei. White line indicates median and box indicates interquartile range.
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Figure 2: Mitotic cycle duration covaries with nuclear density, explaining a marked decline in division synchronicity.
A, Percent change in the total number of observable nuclei over time. Divisions become increasingly asynchronous over the
course of syncytial development. B, Example lineage of dividing nuclei, starting with one of the nuclei at the four nucleus stage
with divisions marked in turquoise. Over four division cycles, mean cycle duration increased from 49 to 87 minutes. C-E, Cell
cycle duration was positively associated with local density. Cell cycle duration was calculated in the vicinity of each nucleus by
measuring the time elapsed until the number of nuclei within a 150 µm radius increased by 25%. Top row shows three example
time points, with local cell cycle duration displayed as colored volumes, each of which contains a single nucleus. Bottom row
shows scatterplots of the local cell cycle duration times and nuclear densities at each time point; n = number of nuclei.
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Figure 3: After each division, nuclear speed covaries with local nuclear density, and nuclei move into nearby open space.
A, Positions of all nuclei along anterior-posterior axis (x), plotted over 200 minutes of syncytial development (y). Each dot
represents a single nucleus at a single time point, colored according to its instantaneous speed. The fastest nuclei are shown
in red and the slowest in blue. The first zygotic nuclear division occurred approximately 60% from the anterior pole of the
embryo. Imaging began after the second nuclear division cycle. Nuclei underwent roughly synchronous speed oscillations,
visible as alternating bands of blue and red. B, Schematic of nuclei partitioned into three terciles of equal numbers of nuclei:
anterior, middle, and posterior (turquoise, dark blue, and purple, respectively). C, Compared to the anterior and posterior
poles, speed oscillations dissipate earliest in the middle third of the embryo, where local nuclear density is highest. Center line
represents median and shaded regions represent 25th to 75th percentile of the data. D-F, Nuclei from all time points and
all regions of the embryo were grouped into three bins, according to their local density, calculated as the number of nuclei
within a 150-µm radius (“low”: < 11 nuclei, “medium”: ≥ 11 and< 29 nuclei, “high: ≥ 29 nuclei; see SI for details). D,
Nuclear speed traces after division. Plot depicts the movements after each mitosis concluded and daughter nuclei re-formed.
Nuclei move relatively quickly after a division and then slow down. We refer to these periods as “Phase A” and “Phase B”.
The biphasic pattern is most pronounced for low density nuclei (green). Center line represents median and shaded regions
represent 25th to 75th percentile of the data. E, F, The relationship between a nucleus’s instantaneous speed and its local
density. Data are shown from two periods of time post-division: t=3 to t=13.5 minutes (E) and t = 33min to t = 39min
(F). Black line represents a best-fit curve of the form y = y0e

−x/x0 , which yields a density scale (x0) of 30.4 density units
for Phase A (90% CI: 28.8 to 32.1) and 120.4 density units for Phase B (90% CI: 73.4 to 167.4). G, We calculated a nucleus’s
tendency to move into nearby open space as its movement vector’s correlation with the vector from its current position to the
centroid of its Voronoi cell (pink star; see SI for details). Nuclei were also subdivided into those in the “interior” of the embryo,
or in the periplasm (defined here as within 75 µm of the eggshell). Phase A nuclei in the interior tend to move into nearby
open space, but not when they are in the periplasm (left plot). Phase B nuclei do not tend to move into nearby open space
regardless of where they are (right plot). Center line represents median and boxes represent 25th to 75th percentile of the data.
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Figure 4: A simple model based on local pulling clouds recapitulate most features of G. bimaculatus syncytial develop-
ment. A-C, Schematic representation of a computational method for simulating syncytial development. Nuclear movements
were simulated in a 3D embryo, but it is schematized here in 2D (diagrams not to scale). See SI for further details on the
method’s implementation. A, Each nucleus (orange) moves due to a pull (grey arrow) from a “cloud” (blue) that grows from a
“cloud origin” (green) on the nucleus to a fixed maximum radius. Each voxel within the cloud pulls on the nucleus via the
origin point. The nucleus occludes symmetrical growth of the cloud, and as a consequence, the cloud is asymmetric and there
is a net pull on the nucleus that is determined by the size and shape of the cloud. B, Before a nuclear division, the cloud’s origin
divides into two daughter origins, which are assigned random positions opposite one another on the surface of the nucleus.
Then the nucleus divides, with each daughter nucleus inheriting a cloud origin, each of which in turn grows a new cloud. The
eggshell occludes the growth of clouds. C, Nuclei continue to divide and spread. Growing clouds occlude one another, which
means that as local nuclear density increases, clouds are unable to grow as large as under lower local densities. As a consequence,
nuclear speed is lower in regions with higher nuclear density. The model also includes an overall bias in movement toward
the periplasm (not shown). D, 3D renderings of pulling clouds from four selected time points of a simulation of syncytial
blastoderm formation under this model. Each cloud is colored according to the instantaneous speed of its nucleus. E, 3D
paths of simulated syncytial development, with nuclear positions tracked over time. F, G, z-projections of nuclear positions in
example real (F) and simulated (G) time points, matched by total number of nuclei (n). H, Whole-embryo nuclear speed (y) vs.
total number of nuclei (x, log scale) from a simulated (turquoise) and real (black) embryo (shaded region represents 25th to
75th percentiles). I–L, Simulated nuclei exhibit speeds and directions that co-vary with density and cycle phase, similar to the
empirical patterns (compare to Fig. 3D–G; quantities were calculated as described above). I, Simulated nuclear speed traces
after division. J, K, The relationship between a simulated nucleus’s instantaneous speed and its local density. Time intervals
represented in the Phase A and B panels are the same as those in Fig. 3E and F. Best fit density scale (x0) was 30.44 density
units for Phase A (90% CI: 28.78 to 32.11) and 120.38 density units for Phase B (90% CI: 113 to 127). L, Simulated Phase A
nuclei in the interior and periplasm tended to move into nearby open space (left plot). Simulated Phase B nuclei did not tend
to move into nearby open space regardless of where they were (right plot).
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Figure 5: Embryo constrictions demonstrate that nuclear density, rather than spatially or temporally localized signals,
determines the speed of nuclear movements. A, Three time points of an embryo that was constricted with a human hair
(see SI andMethods), imaged with epifluorescence microscopy. Scale bar represents 500 µm. B, Color key and schematic for
subsets of nuclei represented in this figure. C, Nuclear density (y, log scale) plotted against total number of nuclei (x, log scale)
for unconstricted embryos (green; n = 3) and the posterior side of constricted embryos (orange; n = 3). Center line represents
median and shaded regions represent 25th to 75th percentile of each embryo’s data. Constrictions caused higher nuclear
densities for a given number of total nuclei. D, Median nuclear speed (y) vs. total number of nuclei (x, log scale) for the same
datasets as inC. As the posterior side of constricted embryos fill with nuclei, local densities increase and nuclear speeds decrease,
as compared to unconstricted embryos. E, Nuclear speed (y) as a function of nuclear density (x) for all instantaneous nuclear
movements across the datasets shown inC andD. Embryonic constrictions do not change the relationship between density
and speed. Center line represents median and shaded regions represent 25th to 75th percentile of the data. F, Median nuclear
speed (y) over time (x) for three example constricted embryos. Posterior and anterior nuclei are shown in orange and magenta,
respectively. Vertical dotted line indicates the time point when nuclei first emerge from the constriction into the anterior
side. When nuclei pass through the constriction into the anterior side of the constriction, they speed up as they populate
the unoccupied compartment of the embryo, slowing down again once local nuclear density increases. G–I, Our model of
pulling clouds (Fig. 4A) qualitatively recapitulated empirical nuclear behaviours in a simulated constricted embryo. G, 3D
renderings of pulling clouds from four selected time points of a simulation of syncytial blastoderm formation in a constricted
embryo. Each cloud is colored according to the instantaneous speed of its nucleus, following the colormap in Fig. 4D.H,
z-projections of nuclear positions in a simulated constricted embryo. I, Median nuclear speed (y) vs. total number of nuclei
(x) for a simulated constricted embryo, plotted as in F.
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Figure 6: The parameterized model of local pulling clouds qualitatively recapitulates blastoderm formation of another
orthopteran, but not D. melanogaster. A, Selected time points of simulated blastoderm formation in an ellipsoid with the
length and width of the locust Schistocerca gregaria embryo. The location of the first division was set to 85% from the anterior
pole along the length of the embryo, similar to that of S. gregaria59. Left column: 3D renderings of pulling clouds, colored
by instantaneous speed. Right column: z-projections of simulated nuclear positions. B, Tracing of a fixed preparation of
a S. gregaria at 16 hours after egg laying (AEL) at 29◦C and imaged in a manner that captured a subset of the z depth of
the embryo59. C, Selected time points of simulated blastoderm formation in an ellipsoid with the length and width of the
D. melanogaster embryo. Left column: 3D renderings of pulling clouds, colored by instantaneous speed. Right column:
z-projections of simulated nuclear positions. D, Tracings of published micrographs ofD. melanogaster embryos from cycle 6,
7, and 8 from Baker and colleagues21 (cycles 6 and 8) and Deneke and colleagues19 (cycle 7). In both sources, a subset of the z
depth of the embryo was imaged19,21. For each cycle, the total number of nuclei is shown in parentheses16.
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