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Individual cellular activities fluctuate, yet are constantly coordinated at the 32 

population level via cell-cell coupling. A notable example is the somite 33 

segmentation clock, in which the expression of clock genes, such as Hes7, oscillates 34 

in synchrony between cells comprising the presomitic mesoderm (PSM)1,2. This 35 

synchronization depends on the Notch signaling pathway, and inhibiting this 36 

pathway desynchronizes oscillations, leading to somite fusion3-7. However, how 37 

Notch signaling regulates HES7 oscillation synchrony is unknown. Here, we 38 

established a live-imaging system using a new fluorescent reporter (Hes7-Achilles) 39 

to monitor synchronous HES7 oscillations in the mouse PSM at single-cell 40 

resolution. Wild-type cells can rapidly correct for phase fluctuations in HES7 41 

oscillations, whereas absence of the Notch modulator Lunatic fringe (Lfng) leads to 42 

loss of PSM cell synchrony. Furthermore, HES7 oscillations are severely 43 

dampened in individual cells of Lfng-null PSM. However, when Lfng-null PSM 44 

cells were completely dissociated, HES7 oscillations showed almost normal 45 

amplitudes and periodicity, suggesting that LFNG is mostly involved in cell-cell 46 

coupling. Mixed cultures of control and Lfng-null PSM cells and optogenetic Notch 47 

signaling reporter assay revealed that LFNG delays the signal-sending process of 48 

intercellular Notch signaling transmission. These results together with 49 

mathematical modeling raised the possibility that Lfng-null PSM cells shorten the 50 

coupling delay, thereby approaching a condition known as the 51 

oscillation/amplitude death of coupled oscillators8. Indeed, a small compound, 52 

which lengthens the coupling delay, partially rescues the amplitude and synchrony 53 

of HES7 oscillations in Lfng-null PSM cells. Thus, our study reveals a delay 54 

control mechanism of the oscillatory networks involved in somite segmentation, 55 

and indicates that intercellular coupling with a proper delay is essential for the 56 

synchronized oscillations. 57 

 58 

The segmentation clock controls the periodic formation of somites, which are 59 

repetitive structures that lie along the body axis and give rise to vertebrae and ribs. The 60 

core of this clock system is controlled by cyclic expression of Hes/her genes, such as 61 

Hes7 9,10, and by periodic activation of the Notch, Fgf, and Wnt signaling pathways in 62 

the PSM1,2. In mice, Hes7 expression oscillates with ~2-h periodicity, which defines the 63 

pace of segmentation9. Individual PSM cells carry their own clock but are coupled to 64 
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each other to generate coherent oscillation waves that lead to the formation of 65 

segmentation boundaries. This coupling is essential for segmentation, because 66 

uncoupling between cells results in severe somite fusion and morphological 67 

irregularities3-7. The Notch pathway is a critical mediator of this coupling mechanism in 68 

various species1-7. Hes7 oscillations drive oscillatory expression of the Notch ligand 69 

gene Delta-like1 (Dll1), which affects Hes7 oscillations in neighboring cells11,12. 70 

However, Dll1 alone is not sufficient for synchronous oscillations. In mice, LFNG, a 71 

glycosyltransferase for DLL1 and Notch proteins13, also exhibits oscillatory expression 72 

under the control of Hes7 and is suggested to be a key coupling factor: Lfng-knockout 73 

(KO) mice exhibit somite segmentation irregularities, as Hes7 expression becomes 74 

asynchronous between PSM cells14-17. However, most analyses have been based on 75 

fixed samples, and as such, a direct observation of single-cell clock oscillator dynamics 76 

is lacking. 77 

Clock gene reporters are powerful tools for studying oscillator dynamics but need 78 

more improvement. Our previous imaging analyses with a Hes7 promoter-driven 79 

destabilized luciferase reporter (pHes7-UbLuc) allowed for ensemble detection of Hes7 80 

oscillations with a shorter period and a substantially lower amplitude in Lfng-KO PSM 81 

than in the wild type (WT) (Extended Data Fig. 1)16. The overall attenuation seen in the 82 

Lfng-KO waveform could possibly result from either a lower amplitude of individual 83 

PSM cells’ oscillation, desynchronization between PSM cells, or both. To discriminate 84 

between these possibilities, it is imperative to quantitatively follow the oscillations in 85 

individual PSM cells. A luciferase-based reporter system is not applicable to quantify 86 

Hes7 oscillations in individual cells of the intact PSM because of its limited 87 

spatio-temporal resolution. Therefore, we established novel HES7 fluorescent reporter 88 

mice. We first produced a HES7 reporter with the fast maturing YFP “Venus”18, by 89 

making a Venus-HES7 fusion protein, but we were not able to obtain sufficient signals 90 

for single-cell quantification (n=0/7). Considering the short half-life of HES7 (22.3 91 

min)19, fusion to this rapidly degraded protein was thought to prevent Venus from 92 

synthesizing its chromophore before degradation of the fused protein. We therefore 93 

performed directed evolution on the Venus gene through successive rounds of 94 

mutagenesis, screening, and validation to improve the maturation rate (see Methods). In 95 

total, 15 residues were subjected to site-directed random mutagenesis, and subsequently 96 

constructed gene libraries were screened by selecting for bacterial colonies with fast 97 
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maturation. With 8 amino acid substitutions, we developed a faster-maturing YFP 98 

variant, designated Achilles (Extended Data Fig. 2). In vitro experiments revealed that 99 

Achilles has the same spectral properties and maturation yield as Venus, but that 100 

Achilles outperforms Venus in terms of maturation speed (Fig. 1b,c and Extended Data 101 

Fig. 2). 102 

We next generated transgenic mice carrying the Hes7 promoter-driven Achilles 103 

reporters (Extended Data Fig. 3), which showed higher intensity and oscillation 104 

amplitudes in signal detection than Venus. Live imaging of PSM tissues from 105 

pHes7-Achilles-Hes7 (Extended Data Fig. 3b, hereafter called Hes7-Achilles reporter), 106 

which showed the most similar pattern to the endogenous HES7 protein expression 107 

among the tested constructs, successfully captured oscillatory expression at single-cell 108 

resolution (Fig. 1a,d, n=2/3). Furthermore, this line rescued Hes7-null mice (Extended 109 

Data Fig. 4), suggesting that the Achilles-HES7 fusion protein is biologically functional. 110 

Cell tracking and signal quantification enabled us to quantify the phase of HES7 111 

oscillation in individual PSM cells over time (Fig. 1e and Extended Data Fig. 5). Using 112 

the Hes7-Achilles reporter, we compared HES7 oscillation dynamics between control 113 

and Lfng-KO mice by culturing whole PSM tissues16 and tail bud regions20. In both 114 

control and Lfng-KO PSM, each cell exhibited stable oscillation (Fig. 1d,e and videos 115 

S1 and S2). Notably, in the control PSM, HES7 expression oscillated synchronously 116 

between neighboring cells (Figs. 1d,e and 2a). Phase fluctuation sometimes occurred, 117 

probably due to cell division and migration, but this was immediately corrected in the 118 

control, such that synchrony was restored by the next cycle (Fig. 2a). By contrast, 119 

individual Lfng-KO cells showed a smaller amplitude, a shorter period, and more phase 120 

fluctuation than control cells in the PSM (Figs. 1d,e and 2a-c, and videos S1 and S2). 121 

The averaged HES7 expression levels decreased in the anterior Lfng-KO PSM 122 

compared to the control (Fig. 2d). We also assessed the degree of synchronization 123 

between oscillators by measuring the mean phase coherence (using the Kuramoto order 124 

parameter) 21, which showed that Lfng-KO PSM cells have a lower synchronization rate 125 

than control cells (Fig. 2e,f). We also performed tail bud cultures and found milder but 126 

similar defects in Lfng-KO (Extended Data Fig. 6). Similar defects were observed in 127 

another independent line of Hes7-Achilles reporter mice (Extended Data Fig. 6d-g). 128 

Furthermore, both acute inhibition of Notch signaling (+DAPT) and acute knock-down 129 

of Lfng gradually led to similar defects in the control tail bud cultures (Extended Data 130 
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Fig. 7a-f), as observed in Notch signaling mutants3. These data indicate that a lower 131 

amplitude at the population level in Lfng-KO PSM originates from both lower 132 

amplitudes in individual cells and reduced synchronization across cells. 133 

To address whether the lower amplitude in Lfng-KO PSM arises from a lower 134 

amplitude of intrinsic oscillation or a coupling process, we examined Hes7-Achilles 135 

reporter expression in single isolated cells that had no interactions with their 136 

neighboring cells. In these single-cell dissociation cultures (Fig. 2g)22, HES7 137 

oscillations were independent of Notch signaling (Extended Data Fig. 7g,h). Under this 138 

condition, both control and Lfng-KO PSM cells maintained stable oscillations with 139 

similar periodicity and only slightly different amplitudes (~10% smaller in Lfng-KO) 140 

(Fig. 2h-k). Because the oscillation amplitude did not markedly differ between control 141 

and Lfng-KO dissociated cells, the substantially smaller amplitudes detected in the 142 

intact Lfng-null PSM (Fig. 2c) likely result from abnormal cell-cell coupling through 143 

Notch signaling. 144 

To understand the role of LFNG in Notch signaling-mediated cell-cell coupling, we 145 

directly assessed how oscillations are affected in WT/Lfng-KO mixed cell cultures by 146 

using the Hes7-Achilles reporter. When a small ratio (1:20) of WT cells were mixed 147 

into the Lfng-KO cell population (WT in Lfng-KO), the WT cells expressed a normal 148 

level of HES7 and maintained roughly the same pace as Lfng-KO cells (Fig. 3b, middle 149 

panel). The accuracy was decreased in this condition (Fig. 3b, right panel) compared 150 

with WT-to-WT cell coupling (Fig. 3a), but this is most likely due to the fluctuation of 151 

inputs from neighboring Lfng-KO cells. Thus, DLL1 signals from Lfng-KO cells were 152 

transmitted to WT cells. However, WT cells exhibited ~0.25π (corresponding to ~15 153 

min) advance in peak phase compared to Lfng-KO cells (Fig. 3b, right panel). This 154 

phase advance in WT cells compared to Lfng-KO cells indicated that DLL1-Notch 155 

signal transmission from Lfng-KO cells is faster than that from WT cells, suggesting 156 

that the absence of LFNG shortens the Notch signaling-sending process. By contrast, 157 

when mixing a small ratio (1:20) of Lfng-KO cells into a WT population (Lfng-KO in 158 

WT), HES7 oscillations in Lfng-KO cells showed lower amplitudes and did not keep 159 

phase well with WT cells, indicating that Lfng-KO cells did not respond properly to 160 

DLL1 signals from WT cells (Fig. 3c), suggesting that LFNG regulates the amplitude of 161 

HES7 oscillations in the Notch signaling-receiving process. These data indicate that 162 

LFNG has dual functions: delaying the signal-sending process and increasing the 163 
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amplitude in the signal-receiving process. 164 

The coupling observed in “WT in Lfng-KO” but not in “Lfng-KO in WT” could be 165 

due to asymmetric coupling of PSM cells, in which faster oscillators (such as Lfng-KO) 166 

can accelerate slower oscillators (such as WT), whereas slower oscillators cannot 167 

decelerate faster oscillators. To exclude this possibility, WT PSM cells were co-cultured 168 

with mutant PSM cells that exhibited faster HES7 oscillation by deletion of two introns 169 

from the Hes7 gene (In(3), Extended Data Fig. 8)23. This analysis showed that slower 170 

WT oscillators can decelerate a small ratio (1:20) of faster mutant oscillators (Extended 171 

Data Fig. 8b), indicating that the phase advance in “WT in Lfng-KO” is not due to 172 

asymmetric coupling. 173 

We further examined the role of Lfng in Notch signaling-mediated cell-cell 174 

coupling by using the recently developed optogenetic sender-receiver system12. In this 175 

system, the Notch ligand DLL1 expression is optogenetically induced in sender cells, 176 

while the response in receiver cells is monitored using a Hes1 reporter (Fig. 4a)12. In 177 

these cells, endogenous Hes1 expression oscillates with ~2-h periodicity, like Hes7 178 

oscillations in the PSM12. Sender and receiver cells were co-cultured, and after 179 

optogenetic induction of Dll1 expression, Hes1 reporter expression in receiver cells was 180 

monitored using photo-multiplier tubes. The presence of LFNG in DLL1 signal-sending 181 

cells increased the time required for the Hes1 response (Fig. 4b, upper panel, compare 182 

lanes 1 and 2 or lanes 4 and 5, and Fig. 4c) and decreased the amplitude in receiver cells 183 

(Fig. 4b, lower panel). The delayed Hes1 response was almost the same irrespective of 184 

whether Lfng expression was sustained or oscillatory (Fig. 4b, upper panel, compare 185 

lanes 2 and 3 or lanes 5 and 6). We also found that the transport of DLL1 protein to the 186 

cell surface was delayed by ~15 min in the presence of Lfng compared to the absence of 187 

Lfng (Fig. 4d-h). However, the half-life of DLL1 protein was not affected by LFNG 188 

(Fig. 4i). By contrast, LFNG in receiver cells did not affect the delay (Fig. 4b, upper 189 

panel, compare lanes 1 and 4), but increased the amplitude of the Hes1 response (Fig. 190 

4b, lower panel, compare lanes 1 and 4). Thus, LFNG increases both the delay in the 191 

signal-sending process and the amplitude in the signal-receiving process, agreeing well 192 

with the above WT/Lfng-KO mixed cell culture experiments. 193 

Mathematical modeling (Extended Data Fig. 9a-c) suggests that the coupling delay 194 

(τ2), the time required for Hes7 from one cell to repress Hes7 in its neighboring cell, is 195 

very important for dynamics of in-phase oscillations11,24,25. When this delay is decreased 196 
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or increased, the in-phase oscillations are severely dampened, disrupting cell-cell 197 

synchrony (Extended Data Fig. 9d, compare τ2 = 1.0 with other τ2 values) and 198 

approaching a condition known as amplitude/oscillation death (Extended Data Fig. 9e)8, 199 

whereby the expression becomes steady (non-oscillatory). We speculate that by 200 

increasing the time required for intercellular DLL1-Notch signal transmission, LFNG 201 

may adjust the coupling delay to make it suitable for robust in-phase oscillations. It was 202 

shown that expression level of the Notch intracellular domain (NICD), which is formed 203 

upon activation of Notch signaling, oscillates in the PSM dependently on Lfng16,17,26,27, 204 

and that sustained expression of Lfng down-regulates endogenous Lfng expression28, 205 

suggesting that LFNG is involved in the down-regulation of Notch signaling. However, 206 

the average levels of HES7 expression decreased in the anterior Lfng-null PSM (Fig. 207 

2d). Furthermore, it was shown that sustained Lfng expression does not abolish cyclic 208 

expression of endogenous Hes7 in the PSM29. Thus, the repressor role of Lfng in the 209 

PSM remains obscure, and our data suggested that LFNG does not inhibit Notch 210 

signaling but increases the amplitude and the coupling delay (Fig. 4b). 211 

To address the significance of the coupling delay in synchronized oscillations, we 212 

performed chemical library screening with ES cell-derived PSM-like tissues30 to search 213 

for small molecules that could ameliorate the Lfng-KO phenotype. Because the coupling 214 

delay decreased in the absence of Lfng, chemicals that increase the coupling delay may 215 

at least partially rescue the Lfng-KO phenotype. Such chemicals would slightly increase 216 

the period of HES7 oscillations in WT cells (Extended Data Fig. 9e), although 217 

mechanisms other than the coupling delay could also affect the oscillatory period. We 218 

screened 431 compounds targeting mainly signaling and gene regulation and found that 219 

26 of them increased the period of Hes7 oscillations more than 10 min in ES 220 

cell-derived PSM-like tissues (Supplementary Table S1). Interestingly, two of them, 221 

Norcantharidin and Kenpaullone, regulate Wnt signaling, which is known to have 222 

cross-talk with Notch signaling1,2. Thus, we analyzed additional Wnt signaling 223 

regulators and found that KY02111 224 

(N-(6-Chloro-2-benzothiazolyl)-3,4-dimethoxybenzene-propanamide), Kenpaullone, 225 

IWR-I, and C59 increased the coupling delay in the optogenetic sender-receiver system 226 

(Extended Data Fig. 10a,b). However, Kenpaullone significantly decreased the 227 

amplitude, but the others did not (Extended Data Fig. 10c). Among these compounds, 228 

KY02111 did recover the amplitude and synchrony of HES7 oscillations of Lfng-KO 229 
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PSM cells to some extent (Extended Data Fig. 10d-g), suggesting that this compound 230 

can partially rescue the amplitude and synchrony of HES7 oscillations in Lfng-KO PSM 231 

cells by lengthening the coupling delay. 232 

In summary, we have established a powerful live-cell imaging method that enables 233 

quantification of oscillatory dynamics with single-cell resolution. Using this method, we 234 

have demonstrated how a phase delay can affect collective dynamic oscillatory gene 235 

expression. While pulsatile expression of the Notch ligand DLL1 can incompletely 236 

entrain oscillations in neighboring cells12, the synchrony critically depends on the 237 

coupling delay (Extended Data Fig. 9e)11. Our findings showed that LFNG is a key 238 

coupling factor that may make the delay of intercellular DLL1-Notch signal 239 

transmission suitable for robust synchronous oscillation. Furthermore, because Lfng 240 

mutations cause spondylocostal dysostosis, our study also raised the possibility that 241 

small compounds that correct the coupling delay can be used for treatment of such 242 

human congenital diseases. 243 

 244 
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Figure legends 344 

Figure 1. Characterization of Achilles and analysis of Hes7-Achilles oscillations in 345 

control and Lfng-KO mice. a. Structure of the Achilles-Hes7 transgene. 346 

Achilles-HES7 fusion protein expression was quantified and calculated for oscillation 347 

phase mapping in each PSM cell. b. Excitation (broken)/emission (solid) spectra of 348 

Achilles (red) and Venus (black). c. Time course of fluorescence intensities of Achilles 349 

(red) and Venus (black) synthesized from their mRNAs by the PURE system (mean 350 

values ± SEM from three experiments). d. Live imaging of the Hes7-Achilles reporter 351 

in WT and Lfng-KO PSM by confocal microscopy. Z-projection images of the 352 

maximum intensity are shown. Signals were obtained at the single-cell resolution. The 353 

schema indicates the orientation of the PSM. e. Single-cell analysis of WT and Lfng-KO 354 

PSM. left, HES7 phase distribution in WT and Lfng-KO. right, Fluorescence and phase 355 

time-series from 10 randomly selected cells in the posterior part of WT and Lfng-KO 356 

PSM. Scale bars, 100µm. 357 

 358 

Figure 2. Loss of Lfng affects oscillation period, amplitude and synchronization. 359 
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HES7 oscillations were examined in intact PSM tissues (a-f) and dissociated PSM cells 360 

(g-k). WT (a-f) or Lfng(+/−) (h-k) PSM cells were used as controls. a. cos θ plots of 361 

single-cell time-series in control and Lfng-KO PSM. Each row corresponds to one cell. 362 

Tracks are aligned based on average position along the antero-posterior axis. The HES7 363 

expression domain was divided into 5 positions, and positions 2 and 5 in the schema 364 

were used for quantification of the anterior and posterior PSM, respectively (b-f). b. 365 

Oscillation period from Hes7-Achilles fluorescence time-series in single PSM cells. c. 366 

Oscillation amplitude from Hes7-Achilles fluorescence time-series in single PSM cells. 367 

d. Average expression levels of Hes7-Achilles fluorescence in single PSM cells. At 368 

least 190 cells were examined for each genotype. Error bars indicate SEM. ***p<0.001, 369 

****p<0.0001, unpaired t test. e. Phase distribution at the 1st peak timing of average 370 

signals in the posterior and anterior PSM. At least 100 cells were examined for each 371 

genotype. *p<0.05, ***p<0.001, ****p<0.0001, Rayleigh test. f. Kuramoto order 372 

parameter calculated using phase shown in e. Error bars indicate SEM. *p<0.05, 373 

unpaired t test. g. Tail bud tissue was cultured for 24 h before dissociation. After 374 

dissociation, cells were cultured on Fibronectin-coated plates in the presence of 0.5µM 375 

Latrunculin A. Scale bars, 100µm. h. Examples of Hes7-Achilles signals from ROIs in 376 

dissociation cultures of PSM cells. i. Examples of Hes7-Achilles signals in dissociation 377 

culture of PSM cells. j. Oscillation period of Hes7-Achilles fluorescence in dissociated 378 

PSM cells. k. Oscillation amplitude from Hes7-Achilles fluorescence in dissociated 379 

PSM cells. At least 100 cells were examined for each genotype. Error bars indicate 380 

SEM. *p<0.05, unpaired t test.  381 

 382 

Figure 3. Loss of Lfng affects timing information in cell-cell signal transmission. a. 383 

WT PSM cells expressing Achilles-Hes7 and those expressing both Achilles-Hes7 and 384 

H2B-mCherry were mixed at a 20:1 ratio. b. WT (white) PSM cells were mixed as a 385 

minority in Lfng-KO cells (pink) in a 1:20 ratio. c. Lfng-KO PSM cells (pink) were 386 

mixed as a minority in WT cells (white) in a 1:20 ratio. Fluorescence was quantified 387 

over time in the minority and majority cells. Only representative cells as well as the 388 

population average are shown (middle panels). The distribution of phase difference 389 

between the minority cells and their neighboring cells was calculated at each time point 390 

(right panels). At least 150 minority cells were examined in 4 independent experiments 391 

for each mixture. ****p< 0.0001, Rayleigh test. 392 
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 393 

Figure 4. LFNG in sending cells lengthened the time required for Hes1 response to 394 

DLL1. a. C2C12 myoblast sender cells carried the hGAVPO-based optogenetic 395 

Dll1-inducible system, while C2C12 myoblast receiver cells carried the Hes1-UbLuc2 396 

reporter12. These cells were co-cultured, and Hes1 reporter expression was monitored 397 

after light-induction of DLL1. b. (Upper) Averages of peak-timings in Hes1 reporter 398 

signals were compared between receiver cells with and without Lfng. (Lower) Averages 399 

of amplitude in Hes1 reporter signals divided by mean signal intensity were compared 400 

between sender/receiver cells with and without Lfng. Oscillatory Lfng (Light-inducible 401 

Lfng) expression was also induced in sender cells. n≥20 for each combination. c. 402 

Representative time-series of Hes1 reporter signal in receiver cells co-cultured with 403 

sender cells expressing Dll1 with or without Lfng. d. DLL1-Luc2 fusion protein was 404 

expressed in C2C12 cells with or without Lfng using hGAVPO-based optogenetic 405 

inducible system. Golgi-mCherry-2a-mem-iRFP670 was also expressed as markers for 406 

image segmentation. e. DLL1-Luc2 expressing cells were co-cultured with WT C2C12 407 

cells at 1:4 ratios. Luminescence, iRFP670, and mCherry signals were imaged with 408 

CCD camera after blue-light illumination. Snapshots of cells from multi-color imaging 409 

are shown. Scale bar: 50 µm. f. Representative time-series of DLL1-Luc2 images after 410 

light pulse. Scale bar: 50 µm. g. Normalized DLL1-Luc2 signals at plasma membrane 411 

(iRFP+;mCherry−) after light pulse. h. Peak-timings of DLL1-Luc2 signals after light 412 

pulse. Average peak-timing from 3 independent experiments are shown. i. Half-life of 413 

DLL1-Luc2 in the presence or absence of Lfng. Average half-life from three 414 

independent experiments is shown. Error bars indicate SEM. *p<0.05, **p<0.01, 415 

***p<0.001, unpaired t test. 416 

417 
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METHODS 418 

Generation of Achilles 419 

Venus18 was used as a starting template for PCR-based site-directed and semi-random 420 

mutagenesis with degenerate primers. Amplified cDNAs were subcloned in-frame into 421 

the BamHI/EcoRI sites of pRSETB and constructed vectors were transformed into E. 422 

coli JM109(DE3). Colonies were screened for fluorescence using a transilluminator. 423 

Fifteen positions (Ser-30, Tyr-39, Gln-69, Cys-70, Ile-128, Asp-129, Tyr-145, Asn-146, 424 

Ser-147, His-148, Lys-166, Ile-167, Arg-168, His-169 and Ala-206) were investigated 425 

and a variant with Arg-30, Ile-39, Ala-69, Val-70, Ser-128, Gly-129, Phe-145 and 426 

Phe-206 was chosen as Achilles. The nucleotide sequence reported in this paper has 427 

been deposited in the DDBJ/EMBL/GenBank under an accession number, LC381432 428 

(Achilles). 429 

 430 

In vitro characterization of fluorescent proteins 431 

JM109(DE3) cells expressing His-tagged fluorescent proteins were grown at 37°C on a 432 

rotary shaker at 180 rpm for 17 h in LB medium. The bacteria were collected and 433 

resuspended in PBS with 10 mg/mL lysozyme and protease inhibitors (10 µM E-64, 10 434 

µM leupeptin and 1 µM pepstatin A) and lysed by freeze-thaw cycling and sonication. 435 

Protein purification from the supernatant was carried out using Ni-NTA agarose, 436 

followed by buffer exchange into 50 mM HEPES-KOH (pH = 7.4) using a PD-10 437 

column (GE Healthcare). Absorption and fluorescence spectra were measured using a 438 

spectrophotometer (U-3310, Hitachi) and a multi-mode microplate reader (Synergy Mx, 439 

BioTek), respectively. Molar extinction coefficient was calculated with protein 440 

concentrations measured using a Bradford protein assay kit (Bio-Rad) with BSA as the 441 

standard. Absolute fluorescence quantum yields were measured using an integrating 442 

sphere (C9920, Hamamatsu) with a multi-channel analyzer (C10027, Hamamatsu). A 443 

pH titration experiment was performed using buffers containing 25 mM of acetate (pH 444 

4.0, 4.5, 5.0), MES (pH 5.5, 6.0, 6.5), HEPES (pH 7.0, 7.5, 8.0) or borate (8.5, 9.0, 9.5, 445 

10.0). 446 

 447 

Imaging of bacterial colonies 448 

Time-lapse imaging of transformed E. coli colonies was carried out using our 449 

homemade fluorescence analyzing system consisting of a Xenon light source 450 
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(MAX-301, Asahi Spectra) and a cooled CCD camera (CoolSNAP HQ, Photometrics) 451 

controlled by MetaMorph (Universal Imaging). 480AF30 (Omega Optical) and 452 

PB0540/020 (Asahi Spectra) filters were used for excitation and emission, respectively. 453 

The same amount of competent JM109(DE3) cells was used for transformation with the 454 

pRSETB-Achilles and pRSETB-Venus genes. After 3 h incubation at 37°C the plate was 455 

placed in a stage-top incubation chamber (IBC, Tokai Hit) kept at 37°C and time-lapse 456 

imaging was immediately started. Images were analyzed using ImageJ (National 457 

Institutes of Health) and the 5-parameter sigmoidal curve [SigmaPlot (Systat Software)] 458 

gave the best fit curve for the time course data. 459 

 460 

Fluorescence measurement of synthesized proteins 461 

Achilles and Venus cDNAs were inserted into the BamHI/EcoRI sites of pCS2 with a 462 

partial Kozak sequence CCACCATGG. The plasmids were linearized with NotI and 463 

mRNAs were synthesized using an mMESSAGE mMACHINE SP6 kit (Ambion). 464 

Protein synthesis was started by adding the synthesized mRNA to a cell-free 465 

protein-synthesizing system (PUREfrex 2.0, Gene Frontier)31. The reaction mixture was 466 

placed in a microplate reader (Synergy Mx, BioTek) at 37 °C and the fluorescence was 467 

monitored with excitation and emission wavelengths at 480 nm and 530 nm, 468 

respectively. The 5-parameter sigmoidal curve [SigmaPlot (Systat Software)] gave the 469 

best fit curve for the time course data. 470 

 471 

Generation of pHes7-Achilles reporter transgenic mice 472 

The reporter construct design was drawn in Extended Data Fig. 3. Venus-Hes7 and 473 

Achilles-Hes7 transgenes were generated as follows. The XhoI-Kozak-Venus-Hes7 474 

fragment was amplified by PCR, and then inserted between the genomic fragment of the 475 

Hes7 promoter and the 3’ UTR region, which were used in the pHes7-UbLuc 476 

transgene32. Transgenic mice were generated by injecting the linearized constructs 477 

without backbone sequences into the ICR pronuclei of fertilized eggs. All animals were 478 

handled in accordance with the Kyoto University Guide for the Care and Use of 479 

Laboratory Animals. Genotyping was performed using the following primers: forward, 480 

5’-CGACC ACTAC CAGCA GAACA-3’; reverse, 5’-ATCCT CACTC CTAGT 481 

CCACA GAG-3’. 482 

 483 
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Explant culture 484 

Male mice carrying Hes7-Achilles Tg were mated with wild-type ICR females, and then 485 

females at day 10 of pregnancy were sacrificed. For live imaging aimed for cell tracking 486 

and subsequent single-cell quantification, Achilles-Hes7 Tg mice were crossed with 487 

ROSA26-H2B-mCherry line mice33. Embryos were dissected out in DMEM/F12 with 488 

15mM HEPES (Gibco) supplemented with 100 units/ml penicillin, 100 µg/ml 489 

streptomycin (Nacalai Tesque) and 0.2% BSA (Sigma). Culture medium for whole 490 

PSM tissues consists of DMEM/F12 (Cell Culture Technologies) plus 1%BSA, 2mM 491 

L-glutamine (Gibco), 1g/L glucose (Wako) and 15mM HEPES (Nacalai Tesque). For 492 

whole PSM cultures, tail regions including PSM and 2-3 formed somite pairs were 493 

embedded in 0.15% (for wide field) or 0.3% (for confocal) low-melting-point agarose 494 

(SeaPlaque GTG, FMC) diluted in culture medium. The gel was set in a silicon ring 495 

attached onto a 35-mm glass-bottom dish (ø14-mm, Matsunami). Culture medium for 496 

tail buds was CO2 5%-equilibrated DMEM/F12 (Cell Culture Technologies) plus 497 

1%BSA, 2mM L-glutamine, 0.1g/L glucose without HEPES, which was basically the 498 

same as previously established20. For tail bud culture, a glass-bottom dish was coated 499 

with Fibronectin 50µg/mL (Sigma) diluted in PBS for 2 h on a 35°C hot plate. Tail bud 500 

regions were excised and put onto a Fibronectin-coated glass bottom dish with the 501 

anterior side down. Whole PSM tissues and tail bud explants were maintained in a 502 

humidified chamber at 37˚C in 5% CO2 and 80% O2, or in 5% CO2, respectively. To 503 

perturb Notch signaling, 5µM DAPT treatment or acute knockdown of Lfng was 504 

performed.  505 

For acute knockdown of Lfng, two shRNA targeting mouse Lfng mRNA 506 

(shLfng-1: GCATAGCCTCTCCGAGTACTTTCAAGAGAAGTACTCGGAGAGGCT 507 

ATGCTTTT; shLfng-2: 508 

CCCCTGAGCTATGGCATGTTTGAGAATCAAGAGTTCTC 509 

AAACATGCCATAGCTCAGGGTTTT) and scrambled shRNA 510 

(GCCCGTTATCGCAC 511 

TGATTCATCAAGAGTGAATCAGTGCGATAACGGGCTTTT) were designed and 512 

inserted downstream of human U6 promoter. pPGK-iRFP670-NLS expression cassette 513 

was also attached to monitor transfected cells. For electroporation and subsequent 514 

imaging, tail bud tissues from E10 embryos carrying Hes7-Achilles transgene and 515 

ROSA26-H2B-mCherry allele were used and cultured following a previously 516 
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established explant culture method22. Tail bud mesenchyme cells were isolated, placed 517 

into an electrode chamber (CUY505P5, NEPAGENE) filled with 1µg/ml 518 

shRNA-expression plasmid diluted with Opti-MEM (Thermo Fisher Scentific) and then 519 

incubated for 10 min at room temperature. Two successive poring pulses of 100 V for 5 520 

msec and five successive transfer pulses of 20 V for 50 msec were applied using 521 

NEPA21 Super Electroporator (NEPAGENE). Tissues were then transferred onto 522 

Fibronectin-coated glass-bottom dish. Time-lapse imaging was started after 6 h of 523 

incubation at 37°C in 5% CO2. 524 

 525 

Live imaging 526 

Confocal imaging was performed on a Zeiss LSM780 upright (for whole PSM culture), 527 

or inverted (for tail bud culture) laser-scanning microscope. A 20x water immersion 528 

lens and a 40x oil immersion lens were used for whole PSM culture and tail bud culture, 529 

respectively. Achilles was excited with a 514nm Argon laser. Additionally, for 530 

multi-color imaging aimed for cell tracking, mCherry was excited with a 561-nm 531 

diode-pumped solid-state laser. A Z-stack of 20-30 images was taken with 2-3-µm 532 

depth intervals every 180 sec (for whole PSM) or 90 sec (for tail bud). Multicolor 533 

imaging was performed by simultaneous excitation using a 514/561-nm laser with 534 

458/514/561/633-nm main beam splitter. Wide field live imaging was performed either 535 

on an Olympus IX81 equipped with a cooled charge-coupled device (CCD) camera 536 

(Princeton Instruments Trenton, NJ, VersArray 1 kb) or an Olympus IX83 equipped 537 

with an iKon-M (Andor) CCD camera. Signals from samples were collected by an 538 

Olympus (Tokyo) ×10 UPlanApo objective. For bioluminescence imaging, 1mM 539 

D-Luciferin (Nacalai Tesque) was added to culture medium. Signal-to-noise ratios were 540 

increased by 4 × 4 binning and 3-min exposure.  541 

 542 

Image processing, cell-tracking and signal quantification 543 

For confocal images, the mCherry channel was used for cell tracking and signal 544 

normalization. Raw images were smoothed by Savitzky-Golay temporal filter with 545 

5-frame window size and subjected to tracking by TrackMate34 in Fiji/ImageJ. 546 

Parameters such as mean intensity and position in xyz directions for each cell at each 547 

time frame were taken from a 6-µm diameter circle at the center of each cell. Further 548 

signal analysis was performed with custom-made programs in Matlab. Mean intensity in 549 



 18 

Achilles channel was divided by mCherry intensity for normalization. To de-trend 550 

time-series data, a trend line was drawn by taking the moving average of the signal with 551 

a window size of 240 min and then subtracted from normalized signal. Savitzky-Golay 552 

filtering with 3rd order and window size 60-80 min was applied to smooth the signal. 553 

Hilbert transform was performed to obtain instantaneous oscillation phase. Period and 554 

amplitude were quantified by peak-detection on de-trended/smoothed intensity. The 555 

definition of amplitude was the same as described previously35. For bioluminescence 556 

imaging, spike noise induced by cosmic ray was removed. Spatio-temporal pattern was 557 

obtained by averaging signal along left-to-right axis for each time point and aligned in 558 

temporal sequence. 559 

 560 

Quantification of synchronization and statistical analysis 561 

To evaluate whether a population of oscillators were synchronized, we applied the 562 

Rayleigh test to the phase distributions constructed from the single-cell traces of the 563 

phase information, as previously described12. Oscillation dynamics of population 564 

averages were quantified by taking the average signal in the whole area, and processing 565 

this signal in the same as single-cell data to obtain instantaneous phase. Relative 566 

phase-shift from collective oscillation for each cell was quantified by calculating phase 567 

difference between neighboring cell phase and single-cell phase. To compare the 568 

synchronization efficiency, Kuramoto order parameter was determined, as previously 569 

described21. The order parameter was calculated using relative phase shift. Anisotropy 570 

of phase data was assessed by Rayleigh test. 571 

 572 

Mixture experiments 573 

A posterior half of PSM was dissociated mechanically by pipetting up to 30 times, 574 

filtered through 10-µm pore cell strainer, and seeded into silicon ring with 1.5-mm 575 

diameter and 2-mm height set in a glass-bottom dish coated with Fibronectin. Majority 576 

cells carrying Achilles-Hes7 and minority cells expressing both Achilles-Hes7 and 577 

H2B-mCherry were mixed at a 20:1 ratio. Cells were maintained in culture medium 578 

used in tail bud culture plus 10µM Y-27632 (Wako). Oscillation phase in minority and 579 

majority cells were quantified by Hes7-Achilles signal in mCherry-positive or –negative 580 

area, respectively. 581 

 582 
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Single-cell isolation culture 583 

We followed methods described previously22 with some minor modifications. Tail bud 584 

regions were treated in Accutase (Nacalai Tesque) for 5 min on a 35°C hot plate, and 585 

ectodermal tissues were removed using a tungsten needle. Explant tissue was cultured 586 

on Fibronectin-coated chamber cover glass (Lab-Tek) for 24 h in explant medium 587 

consisting of DMEM 4.5 g/L Glucose (Thermo Fisher #31053) plus 15% FCS 588 

(Embryonic stem cell-screened, Hyclone), 2mM L-Glutamine (Gibco), 100U 589 

Penicillin/100mg/ml Streptomycin (Nacalai Tesque), 1x non-essential amino acid 590 

(Gibco), 10mM HEPES (Nacalai Tesque), 0.1mM of β-mercaptoethanol (Gibco), 3µM 591 

Chir-99021 (Sigma #SML1046), 200nM LDN-193189 (StemRD #LDN-02), 2.5µM 592 

BMS-493, 50ng/mL mFGF4 (R&D), 1mg/mL Heparin (Sigma) and 10µM Y-27632 593 

(Wako). Explant tissue was then detached using a P20 tip, collected in a 1.5-ml tube and 594 

then dissociated by pipetting, filtered through 10-µm cell strainer, seeded onto 1% 595 

BSA-coated chamber cover glass, and maintained in explant medium plus 0.5µM 596 

Latrunculin A (Wako #125-04363). 597 

 598 

C2C12 sender/receiver assay 599 

C2C12 cells with a light-inducible Dll1 (sender) and pHes1-NLS-UbLuc reporter 600 

(receiver) were established previously12. Various sender/receiver lines were newly 601 

established by introducing constructs with Lfng expression cassettes listed below into 602 

the original sender or receiver line. All plasmids were based on the Tol2 transposon 603 

vector system (a gift from the Kawakami Lab). To establish stable cell lines, 0.5µg 604 

pCAGGS-mT2TP, 0.125µg pKYK34-pEFs-Puro and 0.375µg 605 

pKYK28-pPGK-Dll3-HA-pPGK-iRFP670-NLS or 606 

pKYK29-pPGK-Dll3-HA-pPGK-iRFP670-NLS-pPGK-Lfng-Flag was transfected into 607 

original sender (S0) or receiver (R0) line cultured in a 12-well plate at 5 x 104 cell 608 

density using ViaFect transfection reagent (Promega). Cells were expanded and selected 609 

by 2µg/ml puromycin for one week. iRFP670-positive cells were then sorted using 610 

FACSAria III (BD Biosciences). 1.25 x 105 of sender cells and 0.25 x 105 of receiver 611 

cells were mixed and plated onto black 24-well plates, and photon-counting 612 

measurements were performed every 3 min with 5-sec blue light exposure. Light stimuli 613 

were applied every 2.5 h with 30 sec duration. Recorded traces were de-trended and 614 

then smoothened by a Savitzky-Golay filter. 615 
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 616 

Time-lapse imaging of DLL1-Luc2 fusion protein in C2C12  617 

C2C12 cells carrying the light-inducible DLL1-Luc2 fusion protein system and the Dll3 618 

and Golgi-mCherry-2a-mem-iRFP670 expression system with or without the Lfng 619 

expression vector were established, and the luciferase activity in iRFP+;mCherry− 620 

regions was quantified. 621 

 622 

ES cell-derived PSM-like tissue culture and chemical library screening 623 

PSM-like tissues (iPSM colonies) were induced from mouse ES cells carrying the 624 

Hes7-UbLuc reporter, as previously described30. A single iPSM colony per well was 625 

cultured in gelatin-coated black 24-well plates, and each small compound was added 626 

from day 4 onward. Hes7 promoter-driven luciferase activity was measured by a highly 627 

sensitive photo-multiplier tube36. Small compounds that lengthened the period of Hes7 628 

oscillations (Supplementary Table S1) were chosen for further analyses. 629 

 630 

Mathematical modeling 631 

The Hes7 level of cell 𝑖 is described by 𝑋𝑖(𝑡) (where 𝑖 = 1,2,… ,36 and t is time 632 

with the unit of hour). Here, 𝜏! is the time required for Hes7 to affect its own formation 633 

in the same cell through negative feedback. The interaction between cells is simplified 634 

in the following manner. Dll is inhibited by Hes7 in the same cell and activates Hes7 in 635 

other cells. We regard this interaction as the mutual inhibition between two cells with 636 

delay 𝜏!  in Hes7 dynamics (Extended Data Fig. 9b). Thus, 𝜏! represents the time 637 

required for Hes7 from one cell to repress Hes7 in its neighboring cell. In dynamical 638 

equations of the model (Extended Data Fig. 9c), the interpretations of parameters are as 639 

follows: v is the maximum synthesis rate; r is the degradation rate; K1 and K2 640 

correspond to the typical amounts of HES7 that account for the repression; m and n are 641 

the Hill coefficients. 𝑁 𝑖  represents the set of cells neighboring to cell 𝑖 . In 642 

numerical simulations, we set v = 10, r = 2, K1 = 1, K2 = 2,  m = 2, n = 2, τ = 0.75 and 643 

observed the dependence of dynamical behavior on 𝜏! . The same random initial 644 

condition was used for all the cases. Note that in parameter space for in-phase 645 

oscillation, 𝜏!  values of longer or shorter than 1.0 results in smaller amplitudes and 646 

larger phase differences. 𝜏!-dependence of oscillation amplitude (𝑋𝑎𝑚𝑝) and dispersion 647 
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among cells (𝑋𝑑𝑖𝑠) are defined as follows. The oscillation amplitude 𝑋𝑎𝑚𝑝(𝑖) of cell 𝑖 648 

is defined as the difference between the maximum and minimum Xi(t) values for 649 

𝑡! < 𝑡 < 𝑡! , where 𝑡! = 100  and 𝑡! = 200.𝑋𝑎𝑚𝑝 is their average; i.e., 𝑋𝑎𝑚𝑝 =650 

!
!"

𝑋𝑎𝑚𝑝(𝑖)!"
𝑖!! . 𝑋𝑑𝑖𝑠 is the standard deviation of 𝑋𝑖 𝑡 −𝑋(𝑡) for 𝑡! < 𝑡 < 𝑡!; i.e., 651 

𝑋𝑑𝑖𝑠 =
!
!"

!
𝑡!!𝑡!

𝑋𝑖 𝑡 −𝑋(𝑡) !𝑑𝑡𝑡!
𝑡!

!"
𝑖!! .𝑋𝑑𝑖𝑠  should be compared with 𝑋𝑎𝑚𝑝;  a 652 

smaller 𝑋𝑑𝑖𝑠/𝑋𝑎𝑚𝑝 value indicates a better synchronization. The oscillation amplitude 653 

𝑋𝑎𝑚𝑝(𝑖) of cell 𝑖 is defined as the difference between the maximum and minimum 654 

Xi(t) values for 𝑡! < 𝑡 < 𝑡!, where 𝑡! = 100 and 𝑡! = 200.𝑋𝑎𝑚𝑝 is their average; i.e., 655 

𝑋𝑎𝑚𝑝 =
!
!"

𝑋𝑎𝑚𝑝(𝑖)!"
𝑖!! . 656 
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 661 

Code availability 662 
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Data availability 667 

The nucleotide sequence for Achilles cDNA has been deposited in the 668 

DDBJ/EMBL/GenBank under the accession number LC381432. Raw data for all 669 

experiments are available on request from the authors. 670 
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Extended Data Figure legends 689 

Extended Data Figure 1. Loss of Lfng affects Hes7 oscillation dynamics at a tissue 690 

level. a. pHes7-UbLuc imaging in WT and Lfng-KO PSM. Spatio-temporal patterns 691 

along the antero-posterior axis are shown. Top is anterior. b. Period of Hes7 oscillations 692 

in the anterior and posterior PSM (n=4). c. Amplitude of Hes7 oscillations (n=4). Error 693 

bars indicate SEM. *p<0.05, unpaired t test. 694 

 695 

Extended Data Figure 2. Comparative characterization of Achilles vs. Venus. a. 696 

Absorption spectra of Achilles (red) and Venus (black). b. Fluorescence images of 697 

bacteria expressing Achilles and Venus. Bacterial colonies were grown at 37°C and 698 

photographed at 8, 12, and 20 h post-transformation. Exactly the same amount of 699 

competent bacterial cells was used for transformation. Scale bar, 5 mm. c. Time course 700 

of fluorescence intensities of transformed E. coli colonies (mean values ± SEM from 701 

three experiments). The data were normalized to the final yields extrapolated by curve 702 

fitting (broken line). d. Comparison of properties of Achilles and Venus. 703 

 704 

Extended Data Figure 3. Schematic structures of Hes7 fluorescent reporters. a. 705 

Venus was inserted between the 5-kb Hes7 promoter and the Hes7 gene to drive 706 

expression of the Venus-HES7 fusion protein. b. Achilles was inserted between the 707 

5-kb Hes7 promoter and the Hes7 gene to drive expression of the Achilles-HES7 fusion 708 

protein. c. Achilles fused to NLS-hPEST is expressed under the control of the Hes7 709 

promoter. d. Hes7 cDNA without an initiation codon was inserted between the PEST 710 

sequence and the Hes7 3'UTR of the construct shown in (c) to allow the transcripts to 711 

mimic endogenous mRNA stability. e. The Hes7 gene (exons + introns) without an 712 

initiation codon was inserted between the PEST sequence and the Hes7 3'UTR of the 713 

construct shown in (c). f. Achilles fused to NLS-hCL1-hPEST is expressed under the 714 

control of the Hes7 promoter. g. Hes7 cDNA without an initiation codon was inserted 715 

between the PEST sequence and the Hes7 3'UTR of the construct shown in (f).  716 

 717 

Extended Data Figure 4. The Achilles-HES7 fusion protein is functional in segment 718 

formation. a. Bone and cartilage were stained with Alizarin red and Alcian blue, 719 

respectively, at P0. Achilles-Hes7 rescued abnormal vertebra and rib formation in 720 
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Hes7-null background. b. Higher magnification of thoracic to lumber area in 721 

Hes7-Achilles Tg+; Hes7-null mouse in a. Scale bars, 5 mm. 722 

 723 

Extended Data Figure 5. Observation of oscillation dynamics at the single-cell level 724 

to analyze the phase coupling mechanism. a. Live imaging (wide field) of a PSM 725 

carrying the Hes7-Achilles reporter at E10.5. b. Spatio-temporal expression pattern of 726 

Hes7-Achilles signals in the PSM (wide field). c. A representative cell tracked by 727 

Fiji/TrackMate. d. A representative phase quantification. Fluorescence time-series from 728 

a cell extracted by tracking was converted into phase information by Hilbert transform. 729 

e. HES7 oscillation phase color-mapped onto the original image. Scale bars, 100 µm. 730 

 731 

Extended Data Figure 6. Synchronization of HES7 oscillation in tail bud tissue 732 

cultures. a. Hes7-Achilles expression in WT and Lfng-KO tail bud tissue cultures. 733 

Scale bar, 100µm. b. Mean intensity of Hes7-Achilles fluorescence in whole area. c. 734 

Examples of Hes7-Achilles intensity time-series from single-cell tracking data. d,e. 735 

Average period (d) and amplitude (e) of HES7 oscillation at a single-cell level. More 736 

than 25 cells for each genotype (control and two independent reporter lines) were 737 

examined. N= number of peak pairs used for quantification. Error bars indicate SEM. 738 

*p<0.05, unpaired t test. f. Distribution of phase in single-cell at the timing of peaks in 739 

mean intensity time-series in tail bud cultures. Control and two independent reporter 740 

lines were examined. The number of cells examined (N) is indicated. ***p < 0.001, 741 

Rayleigh test. g. Kuramoto order parameter calculated using Ahilles-Hes7 oscillation 742 

phase quantified in f. Error bars indicate SEM. *p<0.05, unpaired t test. 743 

 744 

Extended Data Figure 7. Acute inhibitor/knockdown treatment of tail bud and 745 

dissociated PSM cell cultures. a-c. Hes7-Achilles expression in WT tail bud tissue 746 

cultures treated with DMSO control (grey bars) or the Notch inhibitor DAPT (red bars). 747 

Period (a), amplitude (a), and synchrony (c) of HES7 oscillations were quantified. Error 748 

bars indicate SEM. *p<0.05, unpaired t test. The number of cells examined (N) is 749 

indicated. ****p< 0.0001, Rayleigh test. d. Kuramoto order parameter calculated using 750 

Ahilles-Hes7 oscillation phase quantified in c (t400-800 min). Error bars indicate SEM. 751 

*p<0.05, unpaired t test. e,f. Hes7-Achilles expression in WT tail bud tissue cultures 752 

treated with scrambled shRNA (grey bars) or two different Lfng shRNAs (blue bars). 753 
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Synchrony (e) and Kuramoto order parameter (f, t600-900 min) of HES7 oscillations 754 

were quantified. The number of cells examined (N) is indicated. ****p< 0.0001, 755 

Rayleigh test. Error bars indicate SEM. *p<0.05, unpaired t test. g,h. Hes7-Achilles 756 

expression in dissociated PSM cell cultures treated with DAPT. Period (g) and 757 

amplitude (h) of HES7 oscillations were quantified. Error bars indicate SEM. 758 

 759 

Extended Data Figure 8. Mixed cultures of wild-type PSM cells and those carrying 760 

a faster Hes7 oscillator. WT (period = 126.6 ± 2.0 min) and mutant (In(3)) PSM cells 761 

that carry a faster Hes7 oscillator (period = 115.4 ± 1.1 min)23 were mixed as a minority 762 

in mutant or WT cells at 1:20 ratio, and fluorescence in the minority and majority cells 763 

was quantified over time. a. A small ratio (1:20) of In(3) cells were mixed into an In(3) 764 

population. b. A small ratio (1:20) of In(3) cells were mixed into a WT population. c. A 765 

small ratio (1:20) of WT cells were mixed into an In(3) population. The distribution of 766 

phase difference between the minority cells and their neighboring cells was calculated 767 

at each time point. At least 100 cells were examined for each genotype. ****p< 0.0001, 768 

Rayleigh test. 769 

 770 

Extended Data Figure 9. Mathematical modeling and simulation. a. System 771 

geometry. We consider 6 x 6 cells forming a hexagonal lattice with nearest neighbor 772 

coupling. b. Schematic of the mathematical model. c. Dynamical equations of the model. 773 

d. Time series of 𝑋𝑖(𝑡) for different 𝜏! values. The dashed line is the average Hes7 774 

level, i.e., 𝑋(𝑡) = !
!"

𝑋𝑖(𝑡)!"
𝑖!! . Note that in parameter space for in-phase oscillation, 775 

𝜏!  values of longer or shorter than 1.0 results in smaller amplitudes and larger phase 776 

differences. e. 𝜏!-dependence of oscillation amplitude (𝑋𝑎𝑚𝑝) and dispersion among 777 

cells (𝑋𝑑𝑖𝑠). The oscillation period is also shown. 778 

 779 

Extended Data Figure 10. KY02111 partially rescued the amplitude and synchrony 780 

of HES7 oscillations in Lfng-KO PSM cells. a. Effect of Wnt signaling-related 781 

chemical compounds on DLL1-Notch signaling delay was examined by a 782 

sender/receiver assay in C2C12 cells. Representative time-series of the Hes1 reporter 783 

signal in receiver cells after light induction of Dll1 in the presence of DMSO, KY02111, 784 

Kenpaullone, or Norcantharidin are shown. b. Peak-timings of the Hes1 reporter after 785 
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blue light stimulation. N>10 for each condition. c. Fold change of amplitude of the 786 

Hes1 reporter after blue light stimulation. n>10 for each condition. Error bars indicate 787 

SEM. *p<0.05, unpaired t test. d. Quantification of Hes7-Achilles signals in central area 788 

(harboring posterior PSM identity) of WT and Lfng-KO tail bud cultures in the presence 789 

of 0.1% DMSO (control), KY02111, Kenpaullone, or Norcantharidin. e. Distribution of 790 

phase in single-cell at the timing of peaks in mean intensity time-series in Lfng-KO tail 791 

bud cultures in the presence of DMSO (control) or KY02111. The number of cells 792 

examined (N) is indicated. ***p < 0.001, ****p < 0.0001, Rayleigh test. f. Average 793 

amplitude of HES7 oscillations in Lfng-KO tail bud cultures in the presence of DMSO 794 

(control) or KY02111. Error bars indicate SEM. *p<0.05, unpaired t test. g. Kuramoto 795 

order parameter calculated using Ahilles-Hes7 oscillation phase quantified in e. Error 796 

bars indicate SEM. *p<0.05, unpaired t test. 797 
 798 
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Figure 3 
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Figure 4 
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