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Abstract:
Collective cell chemotaxis, the directed migration of cell groups along gradients of soluble
chemical cues, underlies various developmental and pathological processes. Here we use neural
crest cells, a migratory embryonic stem cell population whose behavior has been likened to
malignant invasion, to study collective chemotaxis in vivo. Studying Xenopus and zebrafish, we
show that the neural crest exhibits a tensile actomyosin ring at the edge of the migratory cell
group that contracts in a supracellular fashion. This contractility is polarized during collective
cell chemotaxis: it is inhibited at the front but persists at the rear of the cell cluster. The
differential contractility drives directed collective cell migration ex vivo and in vivo through
intercalation of rear cells. Thus, in neural crest cells, collective chemotaxis works by rear wheel
drive.

One Sentence Summary: A rear engine drives collective chemotaxis in mesenchymal cells.
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Main Text
Directed migration orchestrates events in development, homeostasis and disease (1-4). Most
long-range directed migration in vivo occurs by chemotaxis (2, 4-9), in which cells follow
gradients of soluble chemical cues. This has been best understood in individually migrating cells,
whereby several mechanisms have been proposed (10-13), but less studied during collective
migration.
In collective migration, leader cells have dynamic actin-based protrusions (Fig. 1A, darker red)
(1, 6), form contacts with follower cells and with the extracellular matrix, and are responsive to
chemotactic signals (3, 14, 15). Here, we ask whether cells at the group’s rear (Fig. 1A, dotted
square) may contribute to collective cell chemotaxis. To investigate the mechanism of collective
chemotaxis ex vivo and in vivo, we studied Xenopus and zebrafish cranial neural crest, an
embryonic cell population that undergoes collective cell migration (6, 16) in a manner similar to
cancer cells (17), unlike neural crest of other species or in the trunk, where less is known about
the collectiveness (18). Although contact inhibition of locomotion and cluster confinement (19,
20) are needed for cephalic neural crest directional movement in Xenopus and zebrafish, they are
not sufficient, as collective chemotaxis toward SDF1 is essential for long-range directed
movement (6).
Imaging of fluorescently-tagged actin and myosin in neural crest explants revealed the presence
of a multicellular actomyosin ring localized at the periphery of the cell group, in both the
absence and presence of an SDF1 gradient (Fig. 1B; fig. S1, A and B). Enrichment of NCadherin near the actomyosin cable at the cell junction (Fig. 1, C to F; fig. S1, C to E) suggests
this cable is supracellular. Pre-migratory neural crest and neural crest overexpressing ECadherin, but not N-Cadherin, have internalized myosin localization, rather than myosin at the
cluster periphery (fig. S1, F to J), suggesting that the switch of cadherin expression during EMT
may be required for the formation of the actomyosin cable.
To determine whether the actomyosin cable is contractile, we performed laser photoablation of
the structure, resulting in recoil of both the actomyosin cable and cell-cell junctions (fig. S2, A
and B), followed by the cable’s reformation (fig. S2, C and D). To assess contractility, we
measured actomyosin length and we found frequent shortening (Fig. 1, G and H), independent of
SDF1. These contractions were multicellular as adjacent cells contracted synchronously (Fig. 1I;
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fig S2E). A second ablation in a nearby cell after an initial ablation resulted in reduced
actomyosin recoil (fig. S2, F and G), indicating that tension of the cable is transmitted between
cells. Unlike epithelial cells, where the presence of an actomyosin cable seems to inhibit
protrusion formation (21), this does not happen in mesenchymal neural crest cells (fig. S2, H and
I).
Whilst exposure to SDF1 gradients did not affect the magnitude of actomyosin contractions (Fig.
1H), contractions occurred less frequently in front cells during collective chemotaxis without
affecting cells at the rear (Fig. 1J; fig S3A). A similar inhibition of front contractions was
observed with the chemoattractant, PDGF-A (22) (fig. S3B). Mechanistically, this contractility
gradient is likely setup by SDF1 activation of Rac1 in front cells, which inhibits RhoA and
myosin phosphorylation (fig. S4). Uniform SDF1, unlike the SDF1 gradient, did not inhibit
contractility (fig. S5A), suggesting that the cluster responds to the chemotactic gradient instead
to absolute SDF1 levels. This was further supported by the observation that rear contractility (fig.
S5B) and cluster speed (fig. S5C) were unchanged when clusters were closer to the
chemoattractant source, where higher SDF1 levels should be present.
To explore the connection between the asymmetric actomyosin contraction and collective
chemotaxis, we simultaneously measured the position of front and rear cells of explants during
migration, as well as the length of the actomyosin cable at the front and rear. Pulsatile
contraction of the cable at the rear (Fig. 1K, green lines; fig. S6A) coincided with the forward
movement of the rear (Fig. 1K, blue lines; fig. S6A). Both events immediately preceded the
movement of the front of the cluster (Fig. 1K, red lines; fig. S6A). A similar local contraction
precedes a short forward movement in the absence of SDF1 (fig. S6, B and C), but with no longrange directed movement. Together, these results suggest that supracellular actomyosin
contractility at the rear may drive collective cell chemotaxis.
We tested the role of rear contractility of the actomyosin ring on collective chemotaxis by
performing laser ablation. Chemotaxis was impaired by ablation of the actomyosin ring in rear
cells, but not by equivalent ablations in front cells, or other control ablations (Fig. 2, A to C; fig.
S7), suggesting the necessity of a rear supracellular actomyosin cable for chemotaxis. To test the
requirement of rear contractility, we used an optogenetic system (23, 24) to either increase
(optoGEF-contract) or decrease (optoGEF-relax) contractility and myosin phosphorylation in the
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actomyosin cable upon illumination with low doses of blue light (fig. S8). No effect was
observed on cell protrusions (fig. S9), focal adhesions (fig. S10), cell dispersion (fig. S11) or
phosphorylation of myosin located basally outside the cable (fig. S8K) upon illumination in the
conditions of our assay. We first tested whether high contractility at the rear is necessary for
collective chemotaxis, by photoactivating optoGEF-relax at the rear of migrating clusters
exposed to SDF1 (Fig. 2D). Inhibition of contractility in rear cells (Fig. 2D) impaired chemotaxis
(Fig. 2, E and F). By contrast, inhibition of contractility in front cells failed to affect collective
chemotaxis (fig. S12). To determine whether rear contractility is sufficient to drive collective cell
migration, we activated contractility in rear cells in the absence of SDF1 (Fig. 2G). Whilst
control neural crest did not exhibit directional migration, activated neural crest moved forward,
away from the region of photoactivation (Fig. 2, H and I).
To test whether SDF1-dependent inhibition of contractility in front cells is required for collective
chemotaxis, we activated contractility in front cells of migrating clusters exposed to SDF1 (Fig.
2J); this repressed chemotaxis (Fig. 2, K and L), suggesting that low front contractility is
essential for collective chemotaxis. Finally, we asked whether front inhibition of contractility by
SDF1 was sufficient to generate directed migration. We inhibited front contractility in the
absence of SDF1 (Fig. 2M), which resulted in directional migration (Fig. 2, N and O). These
optogenetic treatments affected contractility (fig. S13) (23) and not cell motility (fig. S14).
Together, these results suggest that collective migration requires greater contractility at the rear
than at the front of the cell cluster.
To understand how rear cell contractility might drive directed collective cell migration, we
implemented a cell-centered computational model of a cell group with contractile edge cells
(Methods; Fig. 3A; fig. S15, A to C). Cells interact through a soft core repulsion and mid-range
attraction; to model contractions, cells at the edge (either around the cluster or at the rear)
periodically attract one another with additional force (Fig. 3A, red springs). Similar to the ex vivo
data, only simulations with rear but not with uniform contractility were able to migrate forward
(Fig. 3B; fig. S15D, and Movie S1). Other migration parameters were comparable between in
silico and ex vivo clusters (fig. S15, E and F). Unexpectedly, analysis of cell movements in
silico revealed that rear cells in contractile regions intercalated forward, into the cell group (Fig.
3C). As predicted by the model, we found an equivalent intercalation at the rear of neural crest
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clusters (Fig. 3D; fig S15G). Furthermore, our simulations predicted that the effect of this local
cell rearrangement is spread through the whole cell group such that when the cluster’s rear
contracts, the rear cells intercalate, triggering a wave of cell movement that propagates from the
rear towards the front of the cluster (Fig. 3, E and F). A similar wave was observed ex vivo (Fig.
3, G and H), as predicted by the model. This suggests that rear cell intercalation might push cells
forward progressively over time, following rear contractions. Averaging cell movement over
time and subtracting cluster movement reveals an intra-cluster flow of cells in silico, whereby
rear cell intercalation causes a drift forwards through the middle of the group and cells at the
front and sides move backwards, replacing rear cells (Fig. 3I). This was then confirmed to occur
ex vivo too (Fig. 3J). Consistent with this mechanism driving cluster movement, we found a
positive correlation between the speed of ex vivo and in silico clusters during collective
migration and the amount of rear cell intercalation (Fig. 3, K and L). Non-migratory ex vivo and
in silico clusters had low intercalation; and migratory clusters had comparable cluster speeds
(Fig. 3L). We observed that contractions were normally accompanied of relaxation events (fig.
S16A, green and red bars); however we showed that ex vivo and in silico clusters were able to
migrate directionally independent of the level of rear relaxation (fig. S16, A and B, and movie
S2). Altogether, these results suggest that rear contractility drives collective cell migration by
inducing cell intercalation which pushes the group forward.
Next, we analyzed whether this model of collective cell chemotaxis explains in vivo migration of
neural crest cells. Similar to ex vivo, an actomyosin cable is present at the edge of the neural crest
in both Xenopus (Fig. 4, A and B; fig. S17, A and B) and zebrafish (fig. S18, A and B). Live
imaging of the actomyosin cable shows that it is a contractile structure in vivo in both Xenopus
(Fig. 4C; fig. S17C) and zebrafish (fig. S18, C and D) and contracts more often at the rear of the
neural crest stream than at the front (fig. S17D). Like ex vivo, rear contractility precedes forward
movement of the cluster in vivo (Fig. 4D). Less phospho-myosin was present at the front than at
the rear at the beginning of migration (fig. S17, E to H; fig. S19). To identify whether individual
neural crest cells flowed through clusters, as predicted from in silico and ex vivo results, we
tracked live cells during migration. In both Xenopus and zebrafish, cells that were initially at the
rear of the group indeed intercalated forward during migration (Fig. 4E; fig. S20, A and B).
Similar to the ex vivo and in silico data, subtracting cluster movement to in vivo cell tracks
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reveals an intra-cluster flow (Fig. 4F; fig. S20C). This suggests that rear contractility might be
driving neural crest migration in vivo.
To test whether rear contractility is required for neural crest migration in vivo, we grafted neural
crest expressing optoGEF-contract or optoGEF-relax into wild-type Xenopus embryos.
Activation of contractility at the front of the stream (Fig. 4, G to I, and movie S3) or inhibition at
the rear (Fig. 4, J to L, and movie S4) impaired neural crest migration, indicating that greater
contractility at the rear than the front was necessary for migration in the embryo. Neural crest
grafted into host embryos lacking SDF1 failed to migrate but activation of contractility at the
rear of such grafts rescued migration (Fig. 4, M to O, and movie S5), demonstrating that high
actomyosin contractility at the rear can drive directed collective migration in vivo. We conclude
that rear contractility, as produced by a supracellular actomyosin cable, can drive collective cell
chemotaxis in vivo (Fig. 4P).
Theory of active gels show how anisotropies in viscoelastic materials can generate rotating flows
similar to the cellular flows described here (25, 26). In addition, physicists have proposed that
cells can move by using tangential retrograde movement of their surfaces (27) and that this
movement is more energetically efficient that other modes of swimming (28). However, only
recently such surface retrograde propulsion has been described for the migration of single cells
(29). Our work identifies an equivalent surface retrograde propulsion for collective cell
migration, suggesting that the whole cluster behaves as a “supracell”.
It is likely that for in vivo collective chemotaxis, rear actomyosin contractility works together
with protrusions at the front to drive migration. Interestingly, peripheral actomyosin has been
similarly observed in the collective migration of other cell types including cancer cells (30, 31),
suggesting other cell types may migrate under similar principles.
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Figure legends

Fig. 1. Xenopus neural crest clusters exhibit a contractile actomyosin ring. (A) Neural crest
with protrusions (red) at the edge undergoes chemotaxis to SDF1. SDF1 stabilizes the
protrusions at the front (darker red) (7). Dotted square: rear cells. (B) Immunofluorescence of a
neural crest explant in the absence of SDF1. MLC: myosin light chain. Scale bar, 50 m. (C to
E) Immunofluorescence of a cell at the edge of a neural crest explant (C and E) and diagram (D).
Memb: membrane. Scale bar, 10 m. (F) Protein fluorescence levels (means ± SEM) along the
actin cable. Position 0 m represents the cell contact. n = 8 cells. (G) Spontaneous contraction of
the actomyosin cable. Green arrowheads: cell-cell contacts. Scale bar, 10 m. (H) Actomyosin
length (means ± SEM) measured over time. Contractions start at 0 s. n = 20 cells. (I)
Multicellular contraction of the actomyosin cable. Scale bar, 10 m. (J) Distribution of
actomyosin contractility at different angles without (-SDF1) or with (+SDF1) an SDF1 gradient.
n = 150 contractions. (K) Relative actomyosin length at the front (brown line) and rear (green
line) of a cluster, and the position of the front (red line) and rear (blue line) of the cluster.
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Fig. 2. Rear contractility is necessary and sufficient for collective chemotaxis of Xenopus
neural crest. (A) Above, examples of two neighboring cells with ablations (red arrowheads).
Scale bar, 10 m. Below, images of explants exposed to SDF1 gradients during ablations
between the indicated times. For A to C, red: front actomyosin cable ablation; blue: rear
actomyosin cable ablation. Scale bar, 50 m. (B) Position of the front of explants during
chemotaxis (means ± SEM); dashed line indicates when ablations begin. n = 6-8 clusters. (C)
Chemotaxis index (means ± SEM) of clusters. n = 6-8 clusters. ***P ≤ 0.001 (two-tailed
Student’s t-test); ns, not significant. (D to O) Experimental setup for treated explants (D, G, J
and M), representative cluster tracks (E, H, K and N) and the distance migrated (means ± SEM)
over times as indicated in Methods (F, I , L and O). n = 10-23 clusters (F), n = 10-11 clusters (I),
n = 14-18 clusters (L), n = 11-12 clusters (O). ***P ≤ 0.001 (two-tailed Student’s t-test). Scale
bar, 40 m (E and K); 20 m (H and N). Green box: initial illumination area; cross: initial cluster
position. Top of all pictures is the rear.
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Fig. 3. Modelling contractility-driven collective migration. (A) Illustration of the
computational model cluster. Yellow: edge cells; green: internal cells; red: contraction;
horizontal line: distinction between front and rear, with rear outer cells contracting (red spring).
(B) Directionality (means ± SEM) of clusters. n = 10 clusters. ***P ≤ 0.001 (two-tailed
Student’s t-test); ns, not significant. (C and D) Intercalation of a rear cell (purple) between two
adjacent cells (orange) in silico (C) and ex vivo (D) during directional migration. Scale bar, 20
m. (E to H) Wave of contraction. Speed heat map during migration in silico (E) and ex vivo
(G). Speed profile (means ± SEM) from clusters in silico (F) and ex vivo (H) at different times
during directional migration. Position 0 m represents the rear of the cluster; position 200 m
and 170 m (F and H, respectively) represents the front of the cluster. n = 5 clusters. Scale bar,
40 m. (I and J) Direction of intra-cluster cell movements shown from time-averaged cell tracks
in silico (I) and PIV ex vivo (J) after subtracting cluster movement. n = 5 clusters. Scale bar, 40
m. (K) Cluster speed and rear cell intercalation during migration. (L) Cluster speed (means ±
SEM) and rear cell intercalation (means ± SEM) of clusters. Abl: laser ablation of the
actomyosin ring in rear cells. n = 6-21 clusters. ***P ≤ 0.001 (two-tailed Student’s t-test); ns, not
significant. Top of all pictures is the rear.
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Fig. 4. Actomyosin drives collective chemotaxis in vivo in Xenopus. (A and B)
Immunofluorescence of the rear (A) and front (B) of the Xenopus neural crest stream. MLC:
myosin light chain; dashed lines: cell-cell contacts between neural crest cells. Scale bar, 10 m.
(C) Contraction of the actomyosin cable of Xenopus neural crest in vivo; green arrowheads: cellcell contacts; dashed line: cell edges. Scale bar, 10 m. (D) Actomyosin length at the front
(brown line) and rear (green line) of a Xenopus cluster in vivo, and the position of the front (red
line) and rear (blue line) of the cluster. (E) Intercalation of a rear cell (purple) between two
adjacent cells (orange) in in vivo. Scale bar, 20 m. (F) Tracks of rear neural crest cells in vivo
after subtracting the cluster movement. Scale bar, 30 m. Grey dots: initial cell positions. (G to
N) Experimental design of treated Xenopus embryos (G, J and M), representative tracks of neural
crest clusters (H, K and N) and migration index (means ± SEM) (I, L and O). Green box: initial
illumination area; cross: starting position of the explant. n = 10 clusters. ***P ≤ 0.001 (twotailed Student’s t-test). Scale bar, 50 m. (P) The model: collective cell chemotaxis is driven by
actomyosin contractility at the rear (red arrows). Top of all pictures is the rear.
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Materials and Methods
Xenopus and zebrafish embryos and micromanipulation
Xenopus laevis embryos were obtained as previously described (32). Briefly, ovulation of mature
females was induced by injecting 100 IU pregnant mare serum gonadotrophin (Intervet) and 200300 IU human chorionic gonadotrophin (Intervet). Eggs were fertilized in vitro by mixing with a
sperm solution. Embryos were staged according to Nieuwkoop and Faber (33). The zebrafish
Tg(Sox10:nuclearRFP-Gal4) line (34, 35), which labels neural crest nuclei was used for live
imaging of myosin, as described below. The Tg(Sox10:mG) line, which labels neural crest nuclei
and cell membrane (36), was used for tracking of neural crest cells in vivo and for
immunostaining. The Tg(Sox10:GFP) line, which label the neural crest cytoplasm (37), was used
for immunostaining. Zebrafish strains were maintained and bred according to standard
procedures (38). Animal licenses were approved by University College London and the UK
Home Office.
mRNA synthesis, morpholinos, microinjection and reagents
mRNA templates were generated as previously described (32). Briefly, mRNA was transcribed
with mMESSAGE mMACHINE SP6 Transcription Kit (Thermo-Fisher AM1340). SDF1
morpholino was synthesized by GeneTools (GeneTools) and used as previously described (6).
Xenopus microinjections were performed as previously described (32). Briefly, fertilized eggs
were de-jellied in a solution of 1 g L-cysteine (Sigma-Aldrich) and 500 l 5 N NaOH in 50 ml
ddH2O. Embryos were microinjected with a 5 nl solution into two blastomeres at the four-cell
stage using a calibrated needle. For cell labelling and tracking, embryos were injected with
mRNAs for nuclear RFP (300 pg) and/or membrane GFP (300 pg) and/or membrane RFP (300
pg) and/or membrane eBFP2 (300 pg). Membrane eBFP2 was made by cloning eBFP2
downstream of a membrane sequence in pCS2+ vector, with AgeI and SnaBI sites using the
primers:
Fw:
CTGTAAACCGGTGATGGTCTCCAAGGGAGAG;
Rv:
CCACGGTACGTATTACTTGTACAGCTCGTC.
Alternatively, Hoescht 33342 (1:1000, Leica B2251) was added to the imaging solution to stain
nuclei for live imaging. For optogenetic experiments, embryos were injected with mRNAs for
optoGEF-RhoA (1.3 ng), and either CIBN-GFP-CAAX (2.6 ng) or mito-GFP-CAAX (2.2 ng).
Note that these were first subcloned from their original vectors (23) to pCS2+. Other mRNAs
injected were MLC-GFP (human myosin regulatory light chain II, 50 pg), N-Cadherin (800 pg)
(39), E-Cadherin (800 pg) (39, 40) and LifeAct-Ruby (300 pg). SDF1 morpholino was injected
as previously described (8 ng) (6). Zebrafish microinjections were performed similarly to
Xenopus. Zebrafish embryos were injected with a 5 nl needle at the one-cell stage. Embryos were
injected either with mRNA for MLC-GFP (30 pg) and/or membrane eBFP2 (150 pg), or DNA
encoding UAS:MLC-GFP. The UAS:MLC-GFP construct was made using a UAS:GCaMP6
plasmid (41), removing GCAMP6 and cloning in MLC-GFP downstream of the UAS-encoding
region
by
using
BglII
and
NotI
sites
with
the
primers:
Fw:
GGCGGCAGATCTATGTCGAGCAAAAAGGCAAAG;
Rv:
TGTTGTGCGGCCGCCTTGTACAGCTCGTCCATGCC. After microinjection of UAS:MLCGFP (50 pg), zebrafish were grown to 8 hpf (75% epiboly) before being incubated in a solution
containing 5 M (T5648, Sigma-Aldrich) Tamoxifen.

2

Neural crest culture, chemotaxis assay, dispersion assay and graft experiments
For in vitro experiments, neural crest was dissected at stage 19 (33) as previously described (32).
Pre-migratory neural crest was dissected at stage 14-15 (33). Briefly, the chorion was removed
with fine forceps. Blunt forceps and a hair knife was used to remove epidermis and explant the
neural crest. Explants were plated on either a plastic or glass fibronectin-coated dish (-Dish, 35
mm high, Ibidi) and maintained in Danilchik’s for Amy (DFA) Medium.
Chemotaxis assay was performed as previously described (7)(42). Briefly, acrylic heparin beads
(Sigma-Aldrich) were incubated in 1 g/ml SDF1 (Sigma-Aldrich) overnight at 4oC, and placed
into silicon grease. Explants were placed two diameters away from the bead and migration was
recorded by time-lapse microscopy. Dispersion assay was performed as previously described
(43). Briefly, neural crest was explanted into a fibronectin-coated dish and allowed to disperse.
Dispersion was recorded by time-lapse microscopy. For incubation in uniform SDF1, explants
were incubated in a solution containing 10 ng/ml SDF1. For incubation in blebbistatin, explants
were incubated in a solution containing 100 M blebbistatin.
For graft experiments, neural crest from donor and host embryos were removed in modelling
clay, and otherwise as described above. Donor neural crest was grafted into the location of the
removed host neural crest and a glass coverslip used to maintain it. After 1 h, the coverslip was
removed, embryo position adjusted in modelling clay and migration recorded by time-lapse
microscopy for 18 h. For live imaging of the actomyosin cable in vivo, time-lapse microscopy
was performed either on grafted embryos as described above, or the host epidermis was
subsequently removed and the embryo placed on a 100 Pa polyacrylamide gel, as described
previously (32), to mimic in vivo environment.
Immunostaining
Immunostaining of flat-mounted Xenopus embryos was performed as previously described (32).
Briefly, embryos were fixed with 2% trichloroacetic acid, dorsal halves dissected, washed in
PBS, blocked with 10% normal goat serum (NGS) and stained with anti-phospho-myosin
(ab2470, Abcam, 1:100) and anti-fibronectin (1:40, 4H2, Developmental Studies Hybridoma
Bank). Embryos were washed in PBS, incubated with Alexa Fluor (Thermo-Fischer) secondary
antibodies (1:350) and DAPI (1:1000) and excess antibody removed by washing with PBS.
Embryos were then flat-mounted in a clearing mix (two volumes benzyl alcohol and one volume
benzyl benzoate; Sigma-Aldrich). Immunostaining of Xenopus neural crest explants was
performed as described above, excluding the dissection of dorsal halves. Immunostaining of
actin with Alex Fluor Phalloidin (1:500, Thermo-Fischer), vinculin (V9131, Sigma-Aldrich,
1:100) and phospho-myosin was performed as described above, with explants fixed in 4%
formaldehyde. For immunostaining zebrafish embryos, embryos were dechorionated and fixed in
4% PFA overnight at 4oC at 16 hpf (15 somites). Embryos were permeabilized for 15 min in
0.5% TritonX:PBS, blocked with 10% NGS and stained with anti-phospho-myosin (1:100, 3674,
Cell Signaling in fig. S19, B and C; or 1:100, ab2470, Abcam in fig. S19, D and E) overnight.
After extensive washing, embryos were incubated overnight in secondary antibodies, DAPI and
Phalloidin, as above, washed and then mounted in 1% soft agarose/PBS.
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Time-lapse microscopy, laser ablation and optogenetics
Time-lapse imaging. Images for chemotaxis and dispersion assays were acquired every 3 min
and 10 min, respectively, at 18oC using a compound (DM5500, Leica) microscope. Actomyosin
imaging in Xenopus was performed on confocal microscopes (LSM880 Multiphoton or
Ultraview Vox). For graft experiments and zebrafish imaging, time-lapse images were acquired
every 10 min on a confocal microscope (SP8vis, Leica). Images for immunostained explants
were acquired on a confocal microscope (Leica SPE1 or LSM880 Multiphoton). Images for
immunostained flat-mounted embryos were acquired on a confocal microscope (FV1000
Olympus). Images for immunostained zebrafish were acquired on a confocal microscope
(SP8vis, Leica).
Laser ablation. The actomyosin cable or cytosol was laser ablated using a confocal microscope
(LSM880 Multiphoton). A 740 nm laser at 80% power was used for ablation on one z plane at
40-60X magnification in regions of interest. Images were acquired every 1-3 min between
ablations to track cluster movement. For long-term ablation experiments (Fig. 2, A to C; fig S7),
multiple repetitive ablations were performed, for both many cells (10 cells per explant, on
average) and for the same cell due to the dynamic reformation of the actomyosin cable. For cellcell junction control ablations, repetitive ablations were not performed because there was no
reformation of the junction after initial ablation. All rear cells or front cells were targeted for
ablation where indicated; 4-5 central cells were targeted for cell junction ablation. To measure
recoil after ablation, images were acquired every 1 second and the size of the resulting gap in in
the actin cable (g(t)) and the distance between the lateral sides of the cell (w(t)) were measured
over time. The presented strain was calculated as sg(t) = -g(t)/c(t=0), sw(t) = w(t) / w(t=0), where
c(t=0) is the length of the actomyosin cable just before ablation.
Optogenetics. Images were acquired, and optogenetic activation was performed, on a confocal
microscope (SP8vis, Leica). Prior to imaging, explants or embryos were protected from light
with foil for 45 min. The 488-nm laser at 100% power was used to illuminate a region of interest
for translocation of optoGEF-RhoA. For ex vivo explants, the region of interest corresponded to a
single row of cells (between 6 to 15 cells) at the front or back of the explant; for in vivo
photoactivation the region of interest corresponded to a 30% of the labelled neural crest stream,
either at the front or back of the graft. For controls, cell non injected with the optoGEF-RhoA
were illuminated with the 488-nm laser at 100% power, or optoGEF-RhoA injected cells were
not illuminated.
Fluorescence resonance energy transfer (FRET)
FRET was performed as previously described (40). Briefly, DNA for the FRET probes, RaichuRac (44) or RhoA (45) were injected into eight-cell stage Xenopus embryos. After dissection and
culture of neural crest, explants were fixed with 4% PFA. FRET was detected by excitation of
CFP and collection of emission with 530 nm long-pass filters. Images were corrected for bleed
through between channels prior to background subtraction, and data analyzed with the ImageJ
plugin, RiFRET (46). Acceptor photobleaching was performed as previously described (47).
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Computational model
Cells in the model are represented by their position and velocity on a two-dimensional plane and
state (either ‘contractile’ or ‘normal’ state). Their movement is governed by an overdamped
secondary dynamics; for cell ‘a’ the velocity and position is determined by:
Δݒ
=  ݂(ܽ, ݊) + ݂ (ܽ) + ݂ − ߜݒ
Δݐ

Δݎ
= ݒ
Δݐ
The velocity is determined by direct interactions between cells (݂(ܽ, ݊)), self-propulsion
(݂(ܽ)), stochastic noise (݂ = ܨ ⋅ ߦ, where ߦ is a zero-mean Wiener process and ܨ is a model
parameter setting the relative level of noise), and dampening (ߜ) (fig. S15A). Cells interact with
their Voronoi neighbors locally through a central and symmetric interaction:
ݎ − ݎ
݂(ܽ, ݊) = [݂(|ݎ − ݎ |) + ߪ(ܽ)ߪ(݊)ܨ] ⋅
|ݎ − ݎ |
Here ߪ(ܽ) indicates the state of cell ‘a’ with value 1 if the cell is contractile and 0 if normal,
andܨ is a model parameter setting the strength of contraction. Function ݂( )ݎis a piecewise
linear function of distance between cells (fig. S15B):
ݎ− ݎ
ܨ ⋅
, ݂݅ݎ <ݎ
⎧
|ݎ|
⎪
0, ݂݅ݎ ≤ ݎ < ݎ௨௧
⎪
ݎ− ݎ௨௧
, ݂݅ݎ௨௧ ≤ ݎ < ݎௗ௦
݂(ܨ = )ݎ௧௧ ⋅
|ݎௗ௦ − ݎ௨௧|
⎨
ݎ − ݎ
⎪ ⋅ ܨ
, ݂݅ݎௗ௦ ≤ ݎ < ݎ
௧௧
|ݎ − ݎௗ௦ |
⎪
⎩
0, ݂݅ݎ ≤ ݎ
Here ܨ and ܨ௧௧ are model parameters setting the strength of cell-cell repulsion and
attraction, respectively. Propulsion of cell ‘a’ is described by:
ݒ
݂ (ܽ) = ܨ(ݏ− |ݒ |)
|ݒ |
Model parameters ݏandܨ set the speed and relative strength of propulsion.
Equations are discretized and integrated using the forward Euler method with fixed dt time steps.
The state of each cell is updated after each iteration. To determine if a cell is at the edge of the
cluster, all Voronoi neighbors are considered that are within ݎ distance of the cell. A cell is
considered to be at the edge if the direction of any two of its consecutive neighbors is more than
ߙ = 3ߨ/4 apart (fig. S15C). Edge cells that are behind the center of the cluster (rear
contractility simulations, Fig. 3A) are switched to ‘contractile’ state for 100 time steps, and
switched back to ‘normal’ state for 100 time steps. In simulations of uniform contractility all
edge cells are switched with the same periodicity. Intercalation is reduced in simulations by
increasing the adhesion parameterܨ௧௧ up to 6-fold.
Cells are initialized with zero velocities and non-overlapping randomly selected positions within
a predefined rectangular area and initial state set to ‘normal’. An initial contraction cycle is
simulated with uniform contraction around the perimeter of the cluster before the start of the
simulation experiments to enhance coherence of the group and reduce noise of the initial random
cell placement. Time steps were chosen as dt=2.16 seconds, and ݎ = 10ߤ݉ corresponds to a
typical cell radius. Parameters used for the simulations were: ݎ௨௧ = 1.500ݎ; ݎௗ௦ =
5

1.534ݎ; ݎ = 1.834ݎ; ܨ = 5; ܨ = 5; ܨ = 10; ܨ௧௧ = 0.5; ܨ = 5;  = ݏ2; ߜ =
0.1. Simulations are run for 10 000 steps, corresponding to 6h time.

Analysis of neural crest migration
The ImageJ line tool was used to measure actomyosin length. Actomyosin contraction was
defined by a 25% or greater reduction in actomyosin length over 30 s (Fig. 1, G and H).
Relaxation was defined by a 33% increase in actomyosin length over 10 min. Cell clusters were
separated into front, rear and lateral segments relative to PBS- or SDF1-coated beads (Fig. 1J).
ImageJ region of interest selectors were used to quantify protein levels. The ImageJ plugin tools
Manual Tracking and Chemotaxis Tool were used for tracking neural crest grafts, explants and
cells ex vivo and in vivo, and for tracking simulated clusters in silico. These tools were also used
to calculate distance travelled (Eucledian distance; positive values refer to movement forward;
negative values refer to movement backward, relative to the start position), directionality,
motility (accumulated distance), velocity/speed and forward migration index (also called
chemotaxis index, or ventral migration index, where appropriate). Tracks show ten representative
clusters each, except for in Fig 4, which show five representative clusters each. Quantification of
distance travelled was calculated at 70 min (Fig. 2E), 90 min (Fig. 2N) or 100 min (Fig. 2, H and
K), 30 min (fig S12D). For protrusions displayed in fig S9 the Image Calculator tool on ImageJ
was used to subtract membrane images from one another during time-lapse microscopy for
protrusion analysis. Intercalation percentage was calculated by: (R-I)/N, where R is the number
of rear cells intercalating forward, I is the number of inner cells moving to the rear, and N is the
total number of rear cells. These values were measured over 2 h. To maintain the same
orientation, some images were rotated and the background was filled with black [Fig. 2A,
bottom-left, fig. S20B; fig. S17F]. For intercalation images ex vivo (Fig. 3D) and in vivo (fig.
S20B), images of cells labelled with nuclei and membrane were desaturated and then
pseudocolored.
As previously described (32), for dispersion assays, an ImageJ custom-made Delaunaytriangulation plugin was used to calculate the distance between neighbor cells (available upon
request). To measure cell movements within groups ex vivo, particle image velocimetry (PIV)
was
applied
using
a
publicly
available
ImageJ
plugin
(https://sites.google.com/site/qingzongtseng/piv). Flow fields in silico, ex vivo and in vivo were
calculated by subtracting the movement of the cluster to the individual cell or particle tracks.
Flow fields were obtained by analyzing PIV on consecutive time frames with time interval of 30
sec to ensure tracking accuracy and median-filtered. To show the flow field, positions of virtual
particles on a grid were traced through 14 consecutive PIV fields using custom scripts; fields
from 5 independent samples, each containing a contraction event, are binned, median-filtered,
and averaged together. For in silico measurements, cell displacements were calculated from cell
tracks over 200 time steps including a contraction. The displacement fields were binned and
averaged over 100 contractions. To illustrate the time evolution of the displacement field, speed
profiles from the back along the midline of the groups were averaged in a 140 m wide band
from consecutive displacement fields. To demonstrate cellular flow in vivo, cells were tracked
manually using the ManualTracker ImageJ plugin; cells in zebrafish were tracked at 5 min
intervals over 2.5 h (fig. S20C); cells in Xenopus were tracked at 10 min intervals over 5 h (Fig.
4F).
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Statistical analysis
Normality in the spread of data was tested using the Kolmogorov-Smirnov, d’Agostino-Pearson
or Shapiro-Wilk test in Prism7 (GraphPad). Significances for datasets displaying normal
distributions were calculated in Prism7 with unpaired Student’s t-test (two tailed, unequal
variances). Significances for non-normal distributed data were calculated in Prism7 using the
Mann-Whitney U test (two-tailed). For cell values, n refers to cells from different clusters.
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Fig. S1. Actomyosin cable characterization in Xenopus neural crest. (A) A neural crest
explant expressing fluorescently-tagged myosin and actin whilst undergoing chemotaxis to
SDF1. MLC: myosin light chain. Scale bar, 50 m. (B) Immunostaining against phospho-myosin
light chain (pMLC) of neural crest explant. Scale bar, 25 m. (C and D) Diagram (C) showing
the region along the cell contact (red box) quantified for N-Cadherin fluorescence (means ±
SEM) (D); arrow (position 0 m) indicates the intercellular contact in the actomyosin cable
where N-Cadherin is accumulated. n = 6-7 cells from different clusters. (E) N-Cadherin
fluorescence levels relative to cell membrane fluorescence (means ± SEM), showing that
accumulation of N-Cadherin in the actomyosin cable at the contact is not due to an accumulation
of cell membrane. n = 10 cells from different clusters. ***P ≤ 0.001 (two-tailed Student’s t-test).
(F and G) Pictures of migratory (left panel) or pre-migratory (right panel) neural crest explants
expressing fluorescently-tagged N-Cadherin and MLC (myosin light chain) (F), and
quantification of myosin fluorescence (means ± SEM) at the cluster’s periphery and cluster’s
center (G). Note that in migratory neural crest most of the actomyosin is accumulated in the
peripheral cable, whereas in premigratory neural crest no cable is observed and the actomyosin is
present mainly in the center of the cluster. n = 6 cells from different clusters. **P ≤ 0.05 (twosided Mann-Whitney U-test). Scale bar, 10 m. (H and I) Immunostaining against pMLC
(phospho-myosin light chain) in migratory neural crest in control (left panel) or E-Cadherin
overexpression (right panel) conditions (H) and quantification of pMLC fluorescence (means ±
SEM) (I). n = 8-11 cells from different clusters. ***P ≤ 0.001 (two-tailed Student’s t-test). Scale
bar, 50 m. Note that the presence of E-cadherin impairs the formation of the actomyosin cable
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leading to accumulation of pMLC in the center of the cluster, similar to the distribution observed
in premigratory neural crest shown in fig. S1, F and G. (J) Myosin light chain (MLC)
fluorescence (means ± SEM) when E-Cadherin or N-Cadherin is overexpressed. Note that the
shift in actomyosin accumulation from the peripheral cable to the center of the cluster is only
induced by E-cadherin overexpression, but not by N-cadherin. n = 8-11 cells from different
clusters. *P ≤ 0.05, ***P ≤ 0.001 (two-tailed Student’s t-test); ns, not significant. Together these
results suggest that the E- to N- cadherin switch during neural crest EMT is involved in the
formation of the actomyosin cable in the periphery.
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Fig. S2. Actomyosin cable tension. (A) Laser photoablation of the actomyosin cable (red
arrowhead). Green arrowheads represent cell-cell contacts. Scale bar, 10 m. Note the recoil of
the cable and of the cell-cell junctions. (B) Strain of the actomyosin cable and of the cell-cell
junctions (means ± SEM) after laser ablation of the actomyosin cable after ablation at t = 0 s.
Lines indicate exponential fit, y = 0.07*exp(-0.54x) + 0.02 for actomyosin; y = -0.23*exp(0.29x) + 0.03 for cell-cell contact. n = 8-10 cells from different clusters. (C and D) Regeneration
of the actomyosin cable after laser ablation (C) and fluorescence quantification (means ± SEM)
(D). Ablation is at 0 s. n = 6 cells from different clusters. Scale bar, 10 m. (E) Histogram of the
number of adjacent cells synchronously contracting. n = 48 sets of contractions. (F) Drawing
representing the analysis of supracellular contractility in panel G. (G) Black bar: recoil velocity
(means ± SEM) of the actomyosin cable after one cell’s ablation; magenta bar: recoil velocity
(means ± SEM) of the actomyosin cable in a cell ablated within 5 cells’ distance away from the
fist ablation. Note the diminished recoil velocity in the second ablation, indicating the
supracellular nature of the actomyosin cable. n = 9 pairs of cells. **P ≤ 0.01 (two-tailed
Student’s t-test). (H) Images of a cell with and without the actomyosin cable. Note the presence
of protrusions in both cases. Scale bar, 10 m. (I) Graph quantifying the percentage of cells
exhibiting protrusions when the cell has or doesn’t have an actomyosin cable (means ± SEM). n
= 20 clusters. (two-tailed Student’s t-test); ns, not significant.
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Fig. S3. Actomyosin contractility during collective chemotaxis of Xenopus neural crest. (A
and B) Actomyosin contraction frequency (means ± SEM) of cells exposed to a gradient of the
neural crest chemoattractants SDF1 (A), or platelet-derived growth factor A, PDGF-A (B). n =
15 cells (A) or 7 cells (B) from different clusters. ***P ≤ 0.001 (two-tailed Student’s t-test); ns,
not significant (A). **P ≤ 0.01 (two-sided Mann-Whitney U-test); ns, not significant (B). Note
that SDF1 and PDGF-A inhibit contractions at the front of the explant.
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Fig S4. Rac1/RhoA regulated by SDF1 inhibits contractions at the front. (A to D) Rac1 and
RhoA FRET probes were expressed in mosaic in Xenopus neural crest explants. Top panels (A
and C) show the FRET efficiency for the indicated treatments, bottom panels (A and C) show the
cells within the cluster in different colors and black represents the cell free space at the edge of
the cluster. In each panel front is at the bottom. Rac1 FRET efficiency in cells at the front or rear
of neural crest explants exposed to no SDF1 or to an SDF1 gradient (A), and the quantification
of FRET efficiency (means ± SEM) (B). n = 10 cells from different clusters. ***P ≤ 0.001 (twotailed Student’s t-test); ns, not significant. Scale: 20 m. Note that SDF1 leads to Rac1 activation
only in front cells. RhoA FRET efficiency in cells at the front of neural crest explants exposed to
no SDF1 or to an SDF1 gradient, with our without the Rac1 inhibitor, NSC23766 (C), and the
quantification of FRET efficiency (means ± SEM) (D). n = 10 cells from different clusters. ***P
≤ 0.001 (two-tailed Student’s t-test); ns, not significant. Scale: 20 m. Note that SDF1 inhibits
RhoA activity at the front of the cluster in a Rac1-dependent manner. (E and F) Immunostaining
of the front of explants exposed to no SDF1 or to an SDF1 gradient (E) and quantification of
phospho-myosin light chain (pMLC) levels (means ± SEM) (F). Scale bar, 20 m. Arrow
indicates loss of pMLC. n = 30 cells. **P ≤ 0.01 (two-tailed Student’s t-test). (G) Quantification
of phospho-myosin light chain (pMLC) (means ± SEM) after immunostaining explants
illuminated or not illuminated while expressing optoGEF-contract. n = 10 cells from different
clusters. ***P ≤ 0.001 (two-tailed Student’s t-test). Note that activation of RhoA (optoGEFcontract) leads to an increase in MLC phosphorylation. (H) Frequency of contractions (means ±
SEM) of peripheral cells when exposed to the myosin ATPase inhibitor, blebbistatin, showing
that contractions are myosin-dependent. n = 10 cells from different clusters. ***P ≤ 0.001 (twotailed Student’s t-test). (I) Diagram showing the proposed mechanism by which SDF1 inhibits
front contractility during collective chemotaxis. At the front (bottom panel) SDF1 activates the
CXCR4 receptor (7), which in turn activates Rac1 leading to RhoA inhibition. At the rear (top
panel) the spontaneous activity of RhoA leads to MLC phosphorylation and actomyosin
contraction.
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Fig. S5. Neural crest clusters respond to the SDF1 gradient. (A) Frequency of front cell
contractions (means ± SEM) in the absence of SDF1, in the presence of an SDF1 gradient (+
SDF1) or exposed to uniform SDF1. n = 10 cells from different clusters. ***P ≤ 0.001 (twotailed Student’s t-test); ns, not significant. Note that a gradient of SDF1 but not uniform SDF1
can inhibit front contractions, indicating that the cluster responds to the gradient and not to an
absolute value of SDF1. (B) Frequency of rear cell contractions (means ± SEM) when the cluster
is at different distances from the SDF1 source. n = 10 cells from different clusters. (two-tailed
Student’s t-test); ns, not significant. As the SDF1 levels should be higher when the cluster is
closer to the chemoattractant source, this observation suggests that the cluster does not respond
to an absolute value of SDF, but to an SDF1 gradient. (C) Rolling average of cluster speed
(means ± SEM) during collective chemotaxis to SDF1. n = 16 clusters. Similar to the above
observation, the absence of a net acceleration/deceleration when the cluster is closer to the
chemoattractant source suggests that it does not respond to the absolute SDF1 values.
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Fig. S6. Rear contractility coincides with forward movement. (A) Relative actomyosin length
at the front (brown line) and rear (green line), and the position of the front (red line) and rear
(blue line) of the cluster, averaged (means ± SEM) among many contractions from different
clusters exposed to SDF1. An equivalent analysis, but for a single cluster, is shown in Fig 1K. (B
and C). Analysis of spontaneous contractions observed in absence of SDF1. (B) Position of the
rear of the cluster (blue line) when a sequence of contractions is observed, analysed as
actomyosin length (green line). (C) Similar to B but the average (means ± SEM) of many
different contractions. Note that contractions without SDF1 are accompanied by forward
movement of the rear of the cluster in the region where the contraction took place. n = 15
contractions (A) or 6 contractions (C) from different clusters.
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Fig. S7. Controls for the laser ablation of actomyosin cable. (A) Turquoise: top, examples of
two neighboring cells with ablations in the cytoplasm (red arrowheads) at the rear of the explant.
Scale bar, 10 m. Bottom, image of an explant exposed to an SDF1 gradient during ablations
between the indicated times. Scale bar, 50 m. Repetitive ablations were performed in all rear
cells of clusters of similar sizes. Note that ablations in the rear cytoplasm do not affect
chemotaxis. Olive: top, examples of two neighboring cells with an ablation of the cell-cell
contact (red arrowheads) in the center of the explant. Scale bar, 10 m. Bottom, image of an
explant exposed to an SDF1 gradients during ablations between the indicated times. Scale bar, 50
m. Ablations were performed on 4-5 cell junctions of clusters of similar sizes. Repetitive
ablations were not performed because cell-cell contacts did not regenerate. Note that cell-cell
junction ablations do not affect chemotaxis. (B) Position of the front of explants during
chemotaxis (means ± SEM), before and during the indicated ablations; dashed line indicates
when ablations begin. n = 6-8 clusters. (C) Chemotaxis index (means ± SEM) of clusters before
and during the indicated ablations. n = 6-8 clusters. ***P ≤ 0.001 (two-tailed Student’s t-test);
ns, not significant. (D) Velocity (means ± SEM) of the cluster during chemotaxis to SDF1 before
or during ablation treatments. Note that the only ablation that impairs chemotaxis is the rear
ablation of the actomyosin cable, whereas ablations in the rear cytosol, in the front actomyosin
cable, or in the cell-cell junction do not interfere with chemotaxis. n = 6-8 clusters. ***P ≤ 0.001
(two-tailed Student’s t-test); ns, not significant.
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Fig. S8. Manipulation of optoGEF-RhoA in Xenopus neural crest. (A and B) Representative
images of CIBN-GFP-CAAX (A) or mito-CIBN-GFP (B). Note the membrane localization in A
and the mitochondrial localization in B. Scale bar, 10 m. (C to H) Representative images of
optoGEF-RhoA in the absence of blue light (488-nm, C and D), in the presence of blue light
(488-nm, E and F) or a control laser (514-nm, G and H), when co-expressed with CIBN-GFPCAAX (C, E and G) or mito-CIBN-GFP (D, F and H). Note that only 488-nm is able to
translocate the optoGEF-RhoA, as visualized by membrane and mitochondria localization in E
and F, respectively. Scale bar, 10 m. (I and J) Diagram of a cell with apical (blue) and basal
(red) regions, relative to the substrate, and pictures of the apical and basal myosin in neural crest
cells (I). The edge of a neural crest cell cluster with myosin represented as different colors
according to the z-plane (J). Note that two main populations of myosin are found in neural crest
cells, an actomyosin cable located apically and a basal myosin population. MLC: myosin light
chain. Scale bar, 20 m. (K) Phospho-myosin levels using the optogenetic tools. Note that the
tools affected the levels of phosphorylated myosin in the actomyosin cable (apical), but not the
basal population. pMLC: phosho-myosin light chain. n = 40 cells. ***P ≤ 0.001 (two-tailed
Student’s t-test); ns, not significant.
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Fig. S9. Optogenetic tools do not affect protrusions in Xenopus neural crest. (A)
Representative images of cell protrusions in control and after optoGEF-contract or optoGEFrelax photoactivation. Scale bar, 10 m. (B to D) Protrusion duration (means ± SEM) (B),
protrusion size (means ± SEM) (C) and number of protrusions (means ± SEM) (D). Note that
optoGEF-contract and optoGEF-relax does not affect protrusion dynamics in the conditions used
in our assay. n = 30 cells. (two-tailed Student’s t-test); ns, not significant.

17

Fig. S10. Optogenetic tools do not affect focal adhesions in Xenopus neural crest. (A)
Representative images of neural crest explants immunostained for vinculin in control and after
optoGEF-contract or optoGEF-relax photoactivation. Scale bar, 5 m. (B to D) Focal adhesion
size (means ± SEM) (A), focal adhesion area (means ± SEM) (B) and focal adhesion length
(means ± SEM) (C). Note that optoGEF-contract and optoGEF-relax does not affect focal
adhesions in the conditions used in our assay. n = 20 cells. (two-tailed Student’s t-test); ns, not
significant.
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Fig. S11. Optogenetic tools do not affect cell-cell adhesions in Xenopus neural crest. (A and
B) Representative images of cell positions in control and after optoGEF-contract or optoGEFrelax photoactivation (A), and diagrams of the associated Delaunay triangles to calculate cell
dispersion (B). (C) Delaunay triangle area (means ± SEM, C). Note that optoGEF-contract and
optoGEF-relax does not affect cell dispersion in the conditions used in our assay. Scale bar, 50
m. n = 10 clusters. (two-tailed Student’s t-test); ns, not significant.
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Fig. S12. Chemotaxis controls for optogenetic tool. (A) Diagram of the experimental setup;
Xenopus neural crest explants expressing optoGEF-relax were exposed to a gradient of SDF1,
followed by photoactivation in the front cells (red ovals indicate mitochondria). (B) Analysis of
contractility as indicated (means ± SEM). (C) Representative cluster tracks. The green box (A
and C) indicates the initial illumination area; the cross represents initial cluster position. (D)
Distance migrated forward (means ± SEM) after time indicated in Methods. Note that
photoactivation at the front does not affect collective chemotaxis. Scale bar, 40 m. n = 35-36
clusters (B and D). (two-sided Mann-Whitney U-test); ns, not significant.
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Fig. S13. Optogenetic tools control contractility. (A to D) Frequency of contractions (means ±
SEM) in the indicated treatments during the experiments in Fig. 2. n = 10 cells. (two-tailed
Student’s t-test); ns, not significant.
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Fig. S14. Optogenetic tools do not affect cluster motility. (A to D) Accumulated distance
(means ± SEM) of explants in the indicated treatments during the experiments in Fig. 2. n = 10
cells. (two-tailed Student’s t-test); ns, not significant. These results show that the optogenetic
treatments described here do not affect the motility of the cluster.
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Fig. S15. Computational model of a cell cluster. (A) Cells are represented as disks on a 2D
plane by their position and velocity, and with a central and symmetric interaction (fi) amongst
them. Cells are propelled by an internal polarization force (fp) in the direction of their velocity
vectors (v) and experience a noise factor (fn). (B) Interaction profile of cells as a function of
distance (r) from another cell. An additive contractile force (fc) increases the interaction force
uniformly (blue dashed line) between two contractile cells. (C) Representation of a cell cluster
indicating neighbor relations. If the largest angle between neighbors is more than 135 degrees
(for example: the cell is considered an outer cell (yellow); otherwise (it is an internal cell
(green); red spring represents contraction. (D) Simulated cluster tracks with uniform contractility
(black tracks) or rear contractility (pink tracks). Note that only rear contractility promotes
forward movement. Scale bar, 100 m. (E and F) Positions (means ± SEM) of the front and rear
of cell clusters during rear contractions (E) and velocity (means ± SEM) (F). n = 5-6 cells. Note
the fit between ex vivo and in silico data. (two-sided Mann-Whitney U-test); ns, not significant.
(G) Histogram of the frequency of rear cell intercalation during cluster directional migration ex
vivo. n = 20 clusters.
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Fig. S16. Rear relaxation does not drive migration. (A) The frequency of rear contractions
(green bars) (means ± SEM) and rear relaxations (red bars) (means ± SEM) of the actomyosin
cable, and cluster forward migration (striped bars) (means ± SEM) when clusters are exposed to
an SDF1 gradient, no SDF1 gradient, or no SDF1 gradient with optoGEF-contract activated at
the cluster rear. Note that forward migration only occurs during high rear contraction, but can
occur during both high or low rear relaxation, suggesting high rear contraction, and not
relaxation, drives collective chemotaxis. n = 10 cells from different clusters for contraction and
relaxation, or clusters for forward migration index quantificaion. (B) Forward migration of
simulated clusters during pulsed rear contractions (clusters have both rear contraction and rear
relaxation) and continuous rear contraction (no relaxation). Note that relaxation does not
contribute to forward migration in silico. n = 10 clusters. (two-tailed Student’s t-test); ns, not
significant.
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Fig. S17. Myosin in Xenopus embryos. (A) Diagram of a Xenopus embryo. Dashed boxes
indicate the lateral side of the cephalic neural crest stream; e, eye. (B) Picture of a lateral cell of a
neural crest graft expressing myosin light chain (MLC) in vivo. White dashed lines indicate the
junctions between neural crest cells. Scale bar, 10 m. (C) Relative actomyosin length (means ±
SEM) during rear contraction. Dotted line at t = 0 is the contraction. n = 11 cells from different
clusters. (D) Actomyosin contraction frequency (means ± SEM). n = 20 cells. **P ≤ 0.01 (twotailed Student’s t-test). (E to G) Diagram of a Xenopus embryo; e, eye (E) immunostained for
phospho-myosin and fibronectin, the migratory substrate of the neural crest. Representative
images of the rear (F) and front (G) of the neural crest stream in vivo. Scale bar, 20 m. (H)
Fluorescence (means ± SEM) of phospho-myosin light chain (pMLC) at the front and rear of
neural crest streams after in vivo immunostaining. n = 20 cells. *P ≤ 0.05 (two-tailed Student’s ttest).
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Fig. S18. Zebrafish neural crest actomyosin characterization. (A) A diagram of the zebrafish
embryo. Red: neural crest. Boxes indicate the regions imaged in B and C. Rear (dorsal) is top of
the pictures. (B) Immunofluoresence of neural crest cells expressing fluorescently-tagged nuclei
Tg(Sox10:nuclearRFP-Gal4) and myosin light chain (UAS:MLC-GFP). Note the formation of a
neural crest-expressing myosin cable at the rear of the stream. Scale bar, 20 m. (C and D)
Contraction of a rear cell during zebrafish neural crest migration in the transgenic line
Tg(Sox10:nuclearRFP-Gal4); UAS:MLC-GFP was injected to visualize neural crest-expressing
myosin. The white dashed line represents the cell-cell contacts between neural crest cells,
identified using a membrane marker. Note the shortening of the rear actomyosin cable, which is
quantified in D (means ± SEM). n = 5 cells from different clusters. Scale bar, 10 m.
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Fig. S19. Immunostaining phospho-myosin in zebrafish. (A) A diagram of the zebrafish
embryo. Red: neural crest. Boxes indicate the regions imaged in B to E. Rear (dorsal) is top of
the pictures. (B to F) The rear and front of the neural crest cluster. Embryos from the zebrafish
lines Tg(Sox10:nuclearRFP-membraneGFP) (B and C) and Tg(Sox10:GFP) (D and E) were
immunostained against Phalloidin and phospho-myosin light chain (pMLC). Note the similarity
of the staining in the two different transgenic systems and using two different phospho-myosin
antibodies, and the presence of pMLC in the rear but not front of the cluster, which is quantified
in F (means ± SEM). n = 10 cells from different clusters. ***P ≤ 0.001 (two-tailed Student’s ttest). Scale bar, 10 m.
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Fig. S20. Tracking neural crest in zebrafish. (A) Picture of a zebrafish embryo
Tg(Sox10:nuclearRFP-membraneGFP) with fluorescent neural crest cells. The white box
indicates the cephalic neural crest. (B) Intercalation of a rear cell (purple) between two adjacent
cells (orange) in in vivo. Scale bar, 20 m. (C) Tracks of rear neural crest cells in vivo after
subtracting the migration of the stream. Scale bar, 20 m; grey disks: initial cell positions.
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Movie S1.
Simulated clusters with uniform contractility: high contractility at both the front and rear (left),
or rear contractility only (right). Inner cells are green; outer cells are yellow (contractile) or grey
(non-contractile). Movie is 10,000 simulated time-points.
Movie S2.
Simulated cluster with no relaxation (continuous rear contraction). Inner cells are green; outer
cells are yellow (contractile) or grey (non-contractile). Movie is 5,000 simulated time-points.
Movie S3.
Neural crest grafts (magenta) in vivo in wild-type host embryos. Grafts are expressing or not
expressing optoGEF-contract (right and left, respectively), and a membrane marker. The green
box represents the area of optogenetic activation with the 488-nm laser. Ventral migration is
down. Scale bar, 100 m.
Movie S4.
Neural crest grafts (magenta) in vivo in wild-type host embryos. Grafts are expressing or not
expressing optoGEF-relax (right and left, respectively), and a membrane marker. The green box
represents the area of optogenetic activation with the 488-nm laser. Ventral migration is down.
Scale bar, 100 m.
Movie S5.
Neural crest grafts (magenta) in vivo in SDF1-morphant host embryos expressing or not
expressing optoGEF-contract (right and left, respectively), and a membrane marker. The green
box represents the area of optogenetic activation with the 488-nm laser. Ventral migration is
down. Scale bar, 100 m.
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