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Supplementary Figure 1: Time-course development and classification of somitoids 
a, Time-course images of somitoids from day 1 to day 7. Scale bar: 350 µm. b, Classification of morphologies 
of day 7 somitoids. Scale bar: 350 µm. The same images of Single somites, Paired somites, and Separated 
paired somites are also shown in Fig. 1c. c, Graph of the classification. N = 210 from 12 independent experi-
ments. Only the images with the entire somitoid structures were used. Source data are provided as a Source 
Data file. All images were taken by an Opera Phenix HSC system.
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Supplementary Figure 2: Comparison of somite morphometry
a, The size and shape of the newest somites in day 7 somitoids. Paired somites were measured as individ-
ual somites. N = 6 (Single somites) and 6 (Paired somites). The images of Carnegie stage 9 and 10 
human embryos were obtained from the Virtual Human Embryo (VHE) project and the Kyoto collection 
#28556 (Kyoto), and the first 4 (VHE stage 9), 5 (VHE stage 10), and 4 (Kyoto) rows of somites were 
measured. N = 8 (VHE stage 9), 10 (VHE stage 10), and 8 (Kyoto). The data of mouse trunk-like structures 
(TLSs) and CHIR99021- and LDN193189-treated TLSs (TLS-CLs) were obtained through reanalyzing the 
images taken by Veenvliet et al., Science, 2020. N = 16 (TLS-CL) and 15 (TLS) randomly selected somites 
were measured. Boxplots show median, 75th and 25th percentiles, and max and min except for outliers. 
P-values are from two-sided student’s t-test. Source data are provided as a Source Data file. b, Images of 
human embryos from the VHE measured in a. The images are computer-generated images of 3D recon-
structions from the serial sections. Three of the reconstructed objects, neural groove/tube, somites, and 
somitocoel, are shown. The colors were arbitrarily chosen. Scale bars: 125 µm (stage 9) and 114 µm 
(stage 10). c, Original image of the Kyoto collection #28556 measured in a. Scale bar: 500 µm.
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Supplementary Figure 3: Somite circularity along the posterior-anterior axis
Somite area and circularity were calculated by using the somite-to-somite distance and the somite width 
(Fig. 1f) of day 7 somitoids. Boxplots show median, 75th and 25th percentiles, and max and min. N = 9 
(somite number 1-3), 8 (somite number 4), and 7 (somite number 5). P-values are from two-sided paired 
t-test. Source data are provided as a Source Data file.
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Supplementary Figure 4: qRT-PCR measurements
Relative mRNA levels of selected marker genes in human iPSCs (2D culture) and day 4-7 somitoids. The 
values were normalized to GAPDH expression, and the values of iPSCs were set to 1. Mean ± SEM. N = 3 
from 3 independent experiments. Source data are provided as a Source Data file.
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Supplementary Figure 5: NMPs in somitoids
a, HCR images for BRACHYURY and SOX2 of day 4-7 somitoids. Images were taken by a MuVi-SPIM 
Light-Sheet Microscope. Scale bars: 150 µm. All samples stained (N = 5 (day 4), 4 (day 5), 6 (day 6), and 
3 (day 7)) showed similar expression patterns. b, IHC images for SOX2, BRACHYURY, and TBX6 of day 
5-6 somitoids. Images were taken by an Opera Phenix HSC system. Scale bars: 150 µm. All samples 
stained (N = 4 (day 5) and 4 (day 6)) showed similar expression patterns. Enlarged images of the boxed 
regions are also shown (right). Scale bars: 50 µm.
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Supplementary Figure 6: Rostral-caudal patterning of somites
Normalized intensities of UNCX4.1 and TBX18 of the HCR image shown in Fig. 1g. Source data are 
provided as a Source Data file.
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Supplementary Figure 7: Cells between paired somites
a, Representative Phalloidin and ZO-1 staining images of a day 6 paired somitoid. White arrowheads 
indicate the cells between paired somites. 6/10 samples stained showed similar cells between paired 
somites. Images were taken by an FV3000 confocal microscope. Scale bar: 50 µm. b, Representative IHC 
images for SOX2 and BRACHYURY of a day 7 paired somitoid. White arrowheads indicate the cells 
expressing SOX2 and BRACHYURY between paired somites. 2/7 samples stained showed similar 
NMP-like cells between paired somites. Images were taken by an LSM 980 Confocal microscope. Scale 
bar: 200 µm.
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Supplementary Figure 8: scRNA-seq analyses of integrated data
a, Uniform manifold approximation and projection (UMAP) plot of the integrated data from 3 independent 
samples (Control day 7 somitoids with 10% Matrigel, Somitoids without (W/O) Matrigel, and MULTI-seq 
samples with 3 CHIR concentrations) used in this study. b, Heatmap of 6 identified clusters with the scaled 
expression of top marker genes. c, UMAP plot of the integrated data colored by 3 samples. d, Split UMAP 
plots of individual samples colored by the 6 identified clusters. Note that ‘Unknown’ is the smallest cluster 
that represents only 2% of cells. Unlike the 5 other clusters, this cluster was not well-characterized with 
specific markers and thus named Unknown. Some cells in Unknown express somite markers while others 
are closer to NMP or neural cells.
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Supplementary Figure 9: scRNA-seq analyses of control somitoids
a, Trajectories inferred from RNA velocity for day 7 somitiods with 10% Matrigel. b, c, UMAP plots colored 
by the expression of indicated genes. d, Heatmap of the natural log expression of HOX genes. e, Subset 
analysis of Late somite cells shown in Fig. 2d (left). UMAP plots colored by the expression of sclerotome 
and dermomyotome markers (right).
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Supplementary Figure 10: Cell proliferation in somitoids
EdU incorporated cells were visualized together with SOX2 and TBX6 staining in day 6 somitoids. Somi-
toids were incubated in the N2B27 medium containing 10 μM EdU for 2 hrs before fixation. Images were 
taken by an Opera Phenix HSC system. Scale bar: 300 µm. N = 6 samples showed similar patterns. 
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Supplementary Figure 11: Initiation of oscillations
a, The HES7 promoter-luciferase reporter activity in somitoids during days 1-4. Somitoids were treated 
with CHIR99021, bFGF, SB431542, and DMH1 for 2 days (Control: red) or for 3 days (1 day longer than 
usual: blue), or not treated (Negative control: green) before the medium change. 8 somitoids were used for 
each condition in one experiment, and the collective luciferase signal was monitored with a luminometer. 
Representative graphs of N = 3 samples. 2-3 independent experiments. b, Raw data (before detrending) of 
the HES7 reporter activity of the same sample shown in Fig. 3d. Blue and orange lines indicate the signals 
measured in posterior and anterior regions of somitoids, respectively, marked in Fig. 3c. The gaps in the 
graph correspond to short halts of imaging to adjust the sample position. N = 14 samples showed similar 
oscillatory patterns. Source data are provided as a Source Data file.
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Supplementary Figure 12: Effects of NOTCH inhibition on HES7 oscillations 
a, Detrended HES7 reporter activity in the somitoids treated with 10 µM DAPT (NOTCH signaling inhibitor) 
or DMSO (control) from day 4 onward. The gaps in the graph correspond to short halts of imaging to adjust 
the sample position. Representative graphs of N = 3 samples. b, Kymographs of the HES7 reporter activity 
measured along the white arrows. P: posterior, A: anterior. c, Relative peak amplitudes of oscillation 
graphs shown in a. The amplitude of each oscillation peak was normalized to that of the first peak. Mean ± 
SEM. N = 3 from 3 independent experiments. P-value is from two-sided student’s t-test. Source data are 
provided as a Source Data file.
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Supplementary Figure 13: Initiation of somite formation
a, Time-course measurements of the somitoid length and the initiation of somite formation. The red dots 
indicate the timings of the first somite formation. The black arrows indicate the timings of the Matrigel 
addition on day 4. N = 9 (Matrigel at 0 hr) and 7 (Matrigel at 4 hr) from 5 and 3 independent experiments, 
respectively. b, Timing of the first somite formation calculated from a. Mean ± SEM. P-value is from 
two-sided student’s t-test. c, Proportion (χ) of the length of the first somite to the length of the whole somi-
toid. The whole somitoid length was normalized to 1. Mean ± SEM. P-value is from two-sided student’s 
t-test. d, Angle (θ) of the first somite formation with respect to the midline of the somitoid. The somitoid 
midline was defined as 0 degrees. Source data are provided as a Source Data file.
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Supplementary Figure 14: Effects of Matrigel concentration
a, Example images of the somitoids created without (W/O) or with (5, 25, and 50%) Matrigel. Matrigel was 
added on day 4, and the images were taken on day 6 (left) or day 7 (right). Images were taken by an 
Opera Phenix HSC system. Scale bar: 350 µm. 4 independent experiments. b, Relative mRNA levels of 
N-CADHERIN in human iPSCs (2D culture) and the somitoids without or with Matrigel measured by 
qRT-PCR. The values were normalized to GAPDH expression, and the values of iPSCs were set to 1. 
Mean ± SEM. N = 3 from 3 independent experiments. Source data are provided as a Source Data file.
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Supplementary Figure 15: scRNA-seq of somitoids without Matrigel
a, Day 7 somitoids were prepared without (W/O) Matrigel and analyzed by scRNA-seq (N = 29 pooled 
samples, 3446 cells). Heatmap of the natural log expression of selected marker genes associated with 
early embryonic development. b, Example images of day 7 somitoids with 10% Matrigel (control) and W/O 
Matrigel. Scale bar: 300 µm. c, UMAP plot colored by 10% Matrigel and W/O Matrigel samples (top). 10% 
Matrigel data is the same as Fig. 2. Split UMAP plots of individual samples colored by the 6 clusters identi-
fied in Supplementary Fig. 8a (bottom). The cluster labels are not shown if the number of cells in the clus-
ter is less than 2.5% of the total. d, Proportion of the 6 clusters in each sample. Source data are provided 
as a Source Data file. e, UMAP plots colored by the expression of selected marker genes in each sample.
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Supplementary Figure 16: Somitoids from a small initial cell number
Bright-field images of the day 6 somitoids created from 200 cells instead of the usual 350 cells. All images 
were taken by an Opera Phenix HSC system. Scale bar: 200 µm. Representatives of N = 21 samples. 3 
independent experiments.
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Supplementary Figure 17: NMP and PSM regions in the somitoids with varying initial cell numbers
IHC images for SOX2, BRACHYURY, and TBX6 of the day 5 somitoids created with different initial cells 
numbers. Images were taken by an Opera Phenix HSC system. Scale bar: 300 µm. All samples stained (N 
= 4 (350 cells), 13 (500 cells), 12 (650 cells), 10 (800 cells), and 14 (1000 cells)) showed similar expres-
sion patterns.
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Supplementary Figure 18: Effects of CHIR dosage on somitoids
a, Example images of the somitoids created with different CHIR concentrations. CHIR was added during 
the initial 2 days and then washed out, and the images were taken on day 7. Images were taken by an 
Opera Phenix HSC system. Scale bar: 350 µm. b, Classification of somitoids on day 5 (top) and day 6 
(bottom). Sporadic somites mean only 1-2 isolated somites, whereas strings of somites mean more than 3 
rows of somites. N of day 5 samples = 124 (5 µM), 61 (6 µM), 124 (7 µM), 62 (8 µM), 68 (9 µM), and 178 
(10 µM). 7-15 independent experiments. N of day 6 samples = 107 (5 µM), 53 (6 µM), 110 (7 µM), 36 (8 
µM), 36 (9 µM), and 155 (10 µM). 3-11 independent experiments. c, Quantification of the number of somite 
rows on day 5 (top) and day 6 (bottom). Mean ± SEM. N of day 5 samples = 118 (5 µM), 60 (6 µM), 123 (7 
µM), 59 (8 µM), 65 (9 µM), and 160 (10 µM). 7-15 independent experiments. N of day 6 samples = 106 (5 
µM), 51 (6 µM), 82 (7 µM), 23 (8 µM), 14 (9 µM), and 75 (10 µM). 3-11 independent experiments. Only the 
images with the entire somitoid structures were measured. Part of samples of 8-10 µM is common to Fig. 
1e. b, c, For classification and quantification of day 7 somitoids, see Fig. 5c,d. Source data are provided 
as a Source Data file.
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Supplementary Figure 19: Neural tube markers in the somitoids created with a lower CHIR dose
IHC images for neural tube markers (SOX2, SOX1, and PAX6) of the day 7 somitoids created with 6 µM 
CHIR. Arrowheads indicate somites. Images were taken by an Opera Phenix HSC system. Scale bars: 300 
µm. N = 3 samples showed similar expression patterns. 
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Supplementary Figure 20: scRNA-seq of somitoids with varying amounts of WNT signaling
a, Example images of the day 7 somitoids created with 3 different CHIR concentrations. Scale bar: 300 
µm. Somitoids (N = 25 (CHIR 5 µM), 30 (7 µM), and 23 (10 µM) pooled samples; 2945, 2453, and 1933 
cells, respectively) were collected and labeled with MULTI-seq barcodes. After MULTI-seq analyses, the 
UMAP was colored by the barcodes corresponding to individual CHIR conditions. b, UMAP plot of the 
integrated data from all 3 CHIR conditions colored by the 6 clusters identified in Supplementary Fig. 8a 
(top). Split UMAP plots of individual conditions (bottom). The cluster labels are not shown if the number of 
cells in the cluster is less than 1.5% of the total. c, Proportion of the 6 clusters in each CHIR condition. 
Source data are provided as a Source Data file. d, Gene Ontology (GO) analyses. GO terms overrepre-
sented in the top 100 genes upregulated by 5 µM CHIR as compared with 10 µM CHIR (left). GO terms 
overrepresented in the top 100 genes upregulated by 10 µM CHIR as compared with 5 µM CHIR (right). 
The top 100 genes are listed in Supplementary Data 1. e, Trajectories inferred from RNA velocity. 
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Supplementary Figure 21: Effects of CHIR dosage on neural lineages
a, UMAP plots colored by the expression of selected marker genes for neural lineages in each CHIR 
condition. b, Dot plot of the natural log expression of marker genes for neural lineages. 
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Supplementary Figure 22: Effects of CHIR dosage on mesodermal lineages
a, UMAP plots colored by the expression of selected marker genes for mesodermal lineages in each CHIR 
condition. b, Dot plot of the natural log expression of marker genes for mesodermal lineages. 
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Supplementary Figure 23: NMP and PSM markers in early-stage somitoids
a, IHC images for SOX2, BRACHYURY, and TBX6 of the day 3 somitoids created with 5 µM or 10 µM 
CHIR. All samples stained (N = 7 (5 µM) and 10 (10 µM)) showed similar expression patterns. b, IHC 
images for SOX2, BRACHYURY, and TBX6 of the day 4 somitoids created with 5 µM or 10 µM CHIR. All 
samples stained (N = 11 (5 µM) and 8 (10 µM)) showed similar expression patterns. All images were taken 
by an Opera Phenix HSC system. Scale bars: 100 µm.



Supplementary Figure 24: Quality control data for scRNA-seq 
Scatter plots for the quality control of the scRNA-seq datasets. The areas demarcated by the red polygons 
were filtered as cells and used for further analyses. See the Methods section for details.


