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Scaling of embryonic patterning based on
phase-gradient encoding
Volker M. Lauschke1*, Charisios D. Tsiairis1*, Paul François2 & Alexander Aulehla1

A fundamental feature of embryonic patterning is the ability to
scale and maintain stable proportions despite changes in overall size,
for instance during growth1–6. A notable example occurs during
vertebrate segment formation: after experimental reduction of
embryo size, segments form proportionally smaller, and conse-
quently, a normal number of segments is formed1,7,8. Despite
decades of experimental1,7 and theoretical work9–11, the underlying
mechanism remains unknown. More recently, ultradian oscilla-
tions in gene activity have been linked to the temporal control of
segmentation12; however, their implication in scaling remains elu-
sive. Here we show that scaling of gene oscillation dynamics under-
lies segment scaling. To this end, we develop a new experimental
model, an ex vivo primary cell culture assay that recapitulates mouse
mesoderm patterning and segment scaling, in a quasi-monolayer of
presomitic mesoderm cells (hereafter termed monolayer PSM or
mPSM). Combined with real-time imaging of gene activity, this
enabled us to quantify the gradual shift in the oscillation phase
and thus determine the resulting phase gradient across the mPSM.
Crucially, we show that this phase gradient scales by maintaining a
fixed amplitude across mPSM of different lengths. We identify the
slope of this phase gradient as a single predictive parameter for
segment size, which functions in a size- and temperature-independ-
ent manner, revealing a hitherto unrecognized mechanism for scal-
ing. Notably, in contrast to molecular gradients, a phase gradient
describes the distribution of a dynamical cellular state. Thus, our
phase-gradient scaling findings reveal a new level of dynamic
information-processing, and provide evidence for the concept of
phase-gradient encoding during embryonic patterning and scaling.

The sequential formation of body segments in vertebrates and arth-
ropod species has been linked to oscillatory gene activity in segment
precursor cells13,14, termed presomitic mesoderm (PSM) in vertebrates.
In this context, several signalling pathways, such as Notch13, Wnt15 and
Fgf16, have been shown to exhibit oscillatory activity, with periods ran-
ging from ,0.5–2.5 h (ref. 12). Oscillation dynamics can be visualized
using in vivo real-time imaging methods (Fig. 1a–c and Supplementary
Video 1), revealing highly coordinated activity patterns within the PSM.
These are kinematic or phase waves, as they result from cell-autonomous
oscillatory activity17 that is phase-shifted between neighbouring cells.
Accordingly, physical boundaries do not block their progression
(Supplementary Fig. 1 and ref. 17). Although oscillations have been
implicated to function within a clock mechanism to control segmenta-
tion temporally, the function of the phase shift per se in segment defi-
nition has not yet been addressed, in part, owing to the challenge to
perturb and analyse phase shifts experimentally at a quantitative level.

We therefore developed an ex vivo mouse primary cell culture assay
for mesoderm patterning and segment formation, allowing precise
quantifications of oscillatory activities in a simplified, two-dimensional
system that, in addition, enables us to study segmentation at differing
spatial scales.

Using real-time imaging of a dynamic Notch-signalling reporter,
LuVeLu18 (Fig. 1d–g and Supplementary Videos 2 and 3), we found

that in this assay, cultured mesoderm cells exhibit robust and long-
lasting gene activity oscillations (n < 12–15 oscillations, Fig. 1d–f).
These are equivalent in periodicity to oscillations detected in intact
PSM (Fig. 1g). Moreover, we identified highly coordinated, concen-
tric waves of gene activity that sweep across the mPSM in a central–
peripheral direction (Fig. 1d). Like their in vivo counterparts, these
waves are kinematic in nature (Supplementary Fig. 2).

We confirmed that key mesoderm patterning and differentiation
events are recapitulated in the ex vivo cell culture assay at the molecular
level (Fig. 2 and Supplementary Fig. 3). The highest activities of the
Wnt- and Fgf-signalling pathways were detected centrally, on the basis
of the expression of several direct transcriptional targets, such as T,
Msgn1 and Dusp4. At the periphery, markers crucial for somite forma-
tion and differentiation, such as Mesp2 and Uncx4.1 (also known as
Uncx), become activated (Fig. 2c and Supplementary Fig. 3). Remark-
ably, we found that at this location in the mPSM, morphological
segment boundaries are formed (Fig. 2d, e). Similar to in vivo, these
boundaries form where gene activity waves halt, coinciding with the
expression of Mesp2 (ref. 19; Supplementary Videos 4–7).

Importantly, we identified that segment scaling occurs after changes
in mPSM length. Once the primary cell culture expands to its max-
imum dimensions after ,20 h of incubation, a progressive decrease
in mPSM length is observed. This is due to continuing segmentation
which, in the absence of substantial further growth, leads to a constant
reduction of undifferentiated mesoderm. Notably, we found that as
mPSM length decreases, proportionally smaller segments formed
(Fig. 3a). A linear correlation between segment size and mPSM length
was maintained (P , 0.0001) over the full range of PSM lengths
studied (,4-fold changes). In agreement with previous in vivo findings
in vertebrate embryos1, segment scaling in our ex vivo assay also
occurred along the anterior–posterior axis, effectively reducing the
width of segments. This demonstrates that segment scaling is recapi-
tulated in our two-dimensional, ex vivo cell culture assay, establishing a
new experimental model to study the underlying mechanism. To this
end, we performed a detailed quantification of oscillations and phase-
wave dynamics during the scaling process.

First, we found that in the central mPSM the oscillation period
remained constant, irrespective of PSM length (Supplementary Fig.
4). We next analysed the velocity of kinematic waves, a read-out of the
phase distribution and therefore of oscillation dynamics in the mPSM
(see definition in Supplementary Fig. 5 and below). Surprisingly, we
found that the velocities of kinematic waves change linearly with over-
all mPSM length (P , 0.0001), and thus larger samples show propor-
tionally faster kinematic waves than smaller samples (Fig. 3b). This
indicated that oscillatory activity is modified to match precisely the
spatial context in which it occurs.

To extend this finding, we directly analysed oscillation phases
within the mPSM. We used real-time measurements to calculate the
phase (Q) independently for every position within the mPSM (Sup-
plementary Fig. 5). In a second step, we determined the spatial phase
differences, which allowed us to determine experimentally the phase
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Figure 1 | An ex vivo cell culture model for gene
activity oscillations. a–c, Schematic
representation of a mouse embryo at embryonic
day (E)10.5 (a) illustrating the experimental set-up
for in vivo fluorescence imaging (b, c) of LuVeLu
activity18. A posterior embryo fragment including
the PSM was used. Dashed red line in a shows the
level of the cut. d–f, Ex vivo cell culture assay, in
which the tail bud mesoderm was isolated (solid
blue line in a). For the time series of real-time
imaging experiments (b, d), a subregion is
magnified (shown at the top right) to exemplify the
changes in intensity. The expression patterns at
successive time points (times indicated in minutes)
are projected into the last thumbnail. b, Note
periodic activity waves, sweeping from posterior to
anterior PSM. c, Kymograph along the PSM (arrow
in first frame of b) showing spatial (y axis) and
temporal (x axis) quantifications (intensity colour-
coded), depicting regular oscillations and activity
waves from posterior to anterior. d, For the ex vivo
assay, real-time imaging reveals LuVeLu reporter
activity waves that progress in a central–peripheral
direction. e, The intensity within the magnified
region in d is plotted over time. f, Kymograph
based on quantification along the arrow depicted in
d; regular pulses and waves in intensity are seen
over the entire course of the ex vivo culture.
g, Quantification of oscillation period in in vivo
experiments and ex vivo cell culture assays shows
that there is no significant difference (P 5 0.64,
n 5 12 for in vivo PSM, n 5 16 for ex vivo cultures).
Errors bars denote s.d.; NS, not significant. All scale
bars, 100mm.
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Figure 2 | Molecular and morphological analysis of the ex vivo cell culture
model using in situ hybridization after 18–24 h of culture. a, b, The Wnt-
target gene T (a) and the Fgf-target gene Dusp4 (b) are expressed centrally.
c, Mesp2, indicative for the onset of mesoderm differentiation, is activated in the
periphery of the cell culture assay. d, Bright-field image indicating segment
formation. e, Magnification of region indicated by the red box in d, showing

sharp boundaries between segments. S1–S3 denote segments in the order of
formation. f, Scheme illustrating overall reorganization of the embryonic
anterior–posterior axis in a central–peripheral direction. Wnt- and Fgf-target
genes are upregulated centrally and downregulated peripherally, the inverse is
true for the retinoic acid (RA) target gene Aldh1a2 (Supplementary Fig. 6). LPSM

denotes length of PSM; Lseg denotes width of one segment. All scale bars, 100mm.
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gradient in the mPSM (Supplementary Fig. 5). Measuring the phase
difference between the most posterior and most anterior oscillating
mPSM positions yields the total phase-span present in the mPSM,
equivalent to the phase-gradient amplitude. Importantly, we found
this amplitude to be constant, close to 2p rad, irrespective of mPSM
lengths (Fig. 3c). Having a constant gradient amplitude means that the
slope of the phase-gradient (LQ=Lx, in which x denotes length), the
phase difference between mPSM cells, is inversely proportional to
mPSM length and segment size. In other words, larger samples show
a shallower phase gradient and thus less phase differences between
mPSM cells than small samples (Fig. 3d). Such a gradient behaviour
can fully account for scaling, as suggested previously20. Accordingly,

we find that independent of the mPSM length, a newly formed seg-
ment spans ,21% of the mPSM phase gradient (Fig. 3a, d).

Our results identify two predictive parameters, the phase-wave
velocity (v) and the slope of the phase-gradient (LQ=Lx), that scale
to mPSM length and segment size (Fig. 3b, c). These parameters are
interconnected by the following relationship: v~LQ=Lt=LQ=Lx

21, in
which LQ=Lt is the oscillation frequency. To dissect the part that each
parameter plays during the scaling process, we performed temperature-
shift assays. In zebrafish it has been previously shown that a change in
temperature influences the rate of segmentation without, however, alter-
ing segment sizes22. We found a similar result in the mouse mPSM ex
vivo cell culture model; segmentation proceeded more slowly at 33 uC,
yet segment sizes remained unchanged and followed the iden-
tical correlation to mPSM length as at 37 uC (Fig. 3e). To test which
of the two predictive parameters we identified, v and LQ=Lx, can
account for temperature-invariant segment sizes, we quantified oscil-
lation dynamics in the temperature-shift assay. First, we found
that the overall oscillation period (T) was altered by temperature
(T37uC 5 137.4 min 6 7.3 s.d., n 5 16; T33 uC 5 193.4 min 6 14.4 s.d.,
n 5 3). In addition, we found that although the phase-wave velocity
(v) still correlated with mPSM size (Fig. 3f), overall, v was significantly
decreased at lower temperature (Fig. 3f). Therefore, phase-wave velocity
(v) cannot individually account for temperature-invariant segment size
definition.

By contrast, we found that the phase-gradient amplitude remains
constant at 2p rad in samples grown at 33 uC (Fig. 3g). This indicates
that the phase-gradient slope (LQ=Lx) is predictive for segment sizes in
a temperature-independent manner.

Our findings thus provide strong evidence that a crucial parameter
for segment size definition is encoded at the level of phase differences
between PSM cells, supporting the general concept that temporal
order, that is, a phase gradient, can provide spatial information for
embryonic patterning23.

In principle, the mechanism underlying phase-gradient scaling
could rely on sensing global mPSM length, for instance, by integrating
signals from opposing signalling gradients24. Indeed, such opposing
signalling gradients have been previously identified within the PSM12.
To test this possibility, we analysed our ex vivo cell culture assay during
the initial culture period (,20 h of culture). Using both morphological
and molecular data, we found that at these early time points, only
an incomplete mPSM showing uniquely a posterior, undifferentiated
mPSM identity, was present (Supplementary Fig. 6). Accordingly,
anterior mPSM molecular markers, such as Mesp2 and Aldh1a2, are
not yet expressed. Moreover, all cells retain oscillatory activity and
segments do not form during the first 20 h of culture. Analysis of
the phase-gradient amplitude within the incomplete mPSM showed
that it measured clearly less than 2p rad (Supplementary Fig. 7).
Importantly, even in the incomplete mPSM and thus in absence of
an anterior, opposing gradient, we identified clear evidence for phase-
gradient scaling (Fig. 4). Thus, we found that the phase-gradient slope
changed exponentially throughout the culture, irrespective of whether
a complete mPSM was present or not (Fig. 4b). This suggests the
presence of a single underlying mechanism that functions indepen-
dently of opposing mPSM-signalling gradients.

We then analysed phase-wave velocities within the incomplete
mPSM. To this end, we determined the virtual mPSM lengths at which
a phase-gradient amplitude of 2p rad, the value that we found to be
characteristic for a complete mPSM, is reached (Supplementary Fig. 7
and Fig. 4a). We found that phase-wave velocities are linearly propor-
tional to these projected mPSM lengths (Fig. 4a, inset). Crucially, the
correlation is nearly identical to the one found at later time points,
when velocities can be compared to de facto, complete mPSM lengths
(Fig. 4a, inset).

Such a scaling behaviour is markedly different from other examples
of scaling2,6, as it does not rely on measuring global mPSM size and
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Figure 3 | Quantification of segment sizes and oscillation dynamics reveals
scaling behaviour due to a fixed phase gradient amplitude.
a–c, e–g, Experiments were performed at either 37 uC (a–c) or 33 uC
(e–g). a, Scatter plot of segment widths and length of mPSM from which they
form indicates a linear correlation (P , 0.0001, n 5 26 segments; n 5 5
samples). b, The velocity of kinematic waves shows a linear correlation to the
length of mPSM in which they occur (P , 0.0001, n 5 42 waves; n 5 7
samples). As a result, the total time required for a kinematic wave to travel
entirely through mPSM of different lengths (time of flight, tTOF) remains
constant (tTOF 5 128 min). c, Quantification of the phase-gradient amplitude
within mPSM of different lengths: the total amplitude (y axis) is constant
(2.04p6 0.21p rad, mean 6 s.d., n 5 22), irrespective of variations in mPSM
length (x axis). d, Scheme illustrating effect of fixed phase-gradient amplitude
in samples of differing size: the total phase span remains constant despite
changes in total length, and thus the phase distribution is proportionally
adjusted. As a consequence, proportional segments contain the same phase
span. e, At 33 uC, segment widths show a linear correlation with mPSM length
and the regression coefficient is indistinguishable from the correlation found at
37 uC (dashed line; P 5 0.509, n 5 13 segments; n 5 4 samples). f, The
regression coefficient between kinematic wave velocities and mPSM length is
significantly altered after a temperature shift from 37 uC to 33 uC (P , 0.001,
n 5 16 waves; n 5 3 samples). g, Even at 33 uC, the phase-gradient amplitude
is constant (2.08p6 0.1p rad, n 5 10), and indistinguishable from that at
37 uC (P 5 0.45).

LETTER RESEARCH

3 J A N U A R Y 2 0 1 3 | V O L 4 9 3 | N A T U R E | 1 0 3

Macmillan Publishers Limited. All rights reserved©2013



operates even when the total field to be scaled is not yet completely
formed.

Furthermore, these findings reflect the ability of mPSM to retain a
developmental memory after isolation, as has been previously found in
classical experimental embryology work (reviewed in ref. 25), and as
has been suggested in theoretical models20. Accordingly, segments
form after an initial delay of ,20 h (Fig. 4) as the posterior mPSM
fragments retain an undifferentiated identity. At the same time, how-
ever, our approach reveals a marked plasticity within the posterior
mPSM that enables considerable changes in oscillatory dynamics
and ultimately, segment scaling to occur.

The precise molecular circuits leading to segment scaling are as yet
unknown. Previously, signalling gradients were functionally impli-
cated in controlling PSM differentiation12, however, experimental
evidence for a role in directly controlling the oscillation dynamics is
still lacking. We confirmed that Wnt and Fgf gradients are present
throughout the ex vivo culture (Fig. 2 and Supplementary Fig. 8).
However, in the absence of quantitative and, importantly, dynamic
data, their precise function in this scaling process and the interaction
with complex phase-gradient dynamics awaits further investigation.

Here we used modelling to address the principles of segment scaling.
We mathematically formalized our results and asked whether these are
sufficient to recover scaling behaviour in silico. This model (see full
derivation in Supplementary Information) is based on the following
key findings. First, we identified that oscillation dynamics pivot around
a fixed phase-gradient amplitude of ,2p rad. The observed mainten-
ance of a fixed phase shift DQ� between the posterior PSM and the

anterior differentiation front, irrespective of PSM length, strongly
argues for a tight interdependence between segmentation oscillator
and differentiation front definition. This is in contrast to common
models for segmentation, such as the clock and wave-front model10,
in which oscillations and differentiation front are two interacting, but
essentially independent entities. Second, our quantifications indicate
that the phase gradient evolves nonlinearly over time, with an expo-
nential function describing the system accurately (Fig. 4b). This means
that oscillations are slowing down exponentially throughout the entire
culture period (with the exception of the most posterior mPSM loca-
tion; Supplementary Fig. 4). These findings were formalized using a
kinematic phase equation26. Taking further into account posterior
growth and coupling between cells in the PSM (Supplementary
Information), the complete numerical simulation closely recapitulates
the observed experimental data (Fig. 4c, d). This shows that this mini-
mal set of principles can fully account for segment scaling. Thus,
we propose that scaling is a direct consequence of nonlinear phase-
gradient dynamics combined with a fixed gradient amplitude.

Finally, our identification that the phase gradient is the single-
known predictive parameter for both segment scaling and temperature
compensation has important conceptual implications. Phase differ-
ences within the PSM are a defining feature of oscillations during
the segmentation process13,14, and the mechanism of how these differ-
ences are set up is being investigated27–29. However, current models of
segmentation10,30 generally do not assign any clear functional relevance
to these phase differences per se. This work prompts a change in
perspective as our experimental findings support the concept that
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Figure 4 | Phase-gradient scaling does not rely on sensing global size cues.
a, b, Experimental measurements of phase gradients. c, d, Numerical
simulations of the integrative kinematic scaling model (Supplementary
Information). a, Truncated phase-gradients (waves 25 to 21; see
Supplementary Fig. 7) are spatially projected to the point of their completion
(red squares); this defines the (projected) mPSM length at which the phase-
gradient amplitude measures 2p. Inset shows a scatter plot of early, truncated
phase-wave velocities, and projected mPSM lengths indicate a linear
correlation (P , 0.0001). The regression coefficient is not significantly different
(P 5 0.867, n 5 27 waves; n 5 6 samples) from the one calculated at later time
points, when actual mPSM lengths are measured (dashed line represents
the regression line from Fig. 3b). b, Plot of the (inverse) phase-gradient slope (y
axis) as a function of oscillations cycles (x axis) shows that the change in slope
over time is a uniform function throughout the entire measurements,
irrespective of whether a truncated mPSM (waves 26 to 21) or a complete

mPSM (waves 11 to 15) is present. An exponential trendline is overlaid in
black (R2 5 0.99). Error bars indicate s.d. c, Kymograph corresponding to
simulation of equation (8) in the Supplementary Information, for two
successive regimes (growth and no growth). Levels of grey indicate cosine of
phase. The arrested phase serves as a proxy for pattern formation. Note that in
this model, the size of the pattern is a fixed fraction of oscillating field size
(,PSM). Thus, during PSM growth, patterns are stable (first five waves), once
growth ceases and PSM length is reduced, pattern size (,segment size) scales
proportionally (last five waves). The growth regime is experimentally observed
in vivo (Fig. 1b, c), whereas the no-growth regime is reflected experimentally in
the ex vivo cell culture assay (a). A.U., arbitrary units. d, On the basis of
numerical simulations, the slope of the phase gradient (plotted as the inverse,
blue diamonds) was calculated for each consecutive oscillation cycle (x axis).
Note the (inverse) correlation of the phase-gradient slope to corresponding
segment size (red squares).
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spatial patterning is based on information encoded at the level of
oscillation phase differences between mPSM cells.

In conclusion, we present a powerful ex vivo culture assay for meso-
derm segmentation that enabled the identification of a conceptually
distinct segment-scaling mechanism based on phase-gradient encoding.

METHODS SUMMARY
All parameter measurements were done on data from real-time imaging of the
LuVeLu transgenic reporter line18, which expresses a destabilized version of Venus
(yellow fluorescent protein) under the lunatic fringe reporter. For the ex vivo cell
culture assay, tail bud mesoderm was removed from mouse embryos at embryonic
day 10.5 and cultured in fibronectin-coated chamber slides under controlled
environmental conditions on an inverted microscope (Zeiss LSM 780 NLO). In
situ messenger RNA hybridizations and immunohistochemistry were performed
directly in chamber slides. Image processing, analysis and parameter measure-
ments were done using software packages ZEN (Zeiss), Fiji and MATLAB.

Full Methods and any associated references are available in the online version of
the paper.
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METHODS
Ex vivo cell culture assay for mesoderm patterning. Chamber slides (Lab-Tek)
were coated with 50mg ml21 fibronectin (Sigma) in 100 mM NaCl for 4 h at room
temperature or overnight at 4 uC. After coating, the dishes were air-dried for 5 min
and washed with embryo culture medium (DMEM-F12, Cell Culture Techno-
logies) plus 0.5 mM glucose, 2 mM glutamine and 1% BSA) for 20 min with slight
shaking. E10.5 embryos of LuVeLuhet 3 Cd1 crosses were dissected in HEPES-
buffered embryo culture medium (culture medium plus 10 mM HEPES). To iso-
late tailbud mesoderm, a transversal cut at or behind the posterior neuropore was
done. Tailbuds were placed with this transverse cut facing down on the fibronectin-
coated dishes. Routine culture conditions were 37 uC, 5% CO2 and ambient O2

levels, or as previously described18.
Two-photon microscopy. Imaging was performed with a Zeiss LSM780
laser-scanning microscope. Samples were excited using a Ti:Sapphire Laser
(Chameleon-Ultra, Coherent) at a wavelength of 960 nm through a 320 plan
apo objective (numerical aperture 0.8). A Z-stack of either 6–8 planes (for in vivo
imaging) or 3–4 planes (for the ex vivo assay) at a 6–8mm distance was scanned
every 10 min; up to 16 samples were recorded during an experiment using a
motorized stage.
Further mouse strains and animal work. The Mesp2-GFP line31 was obtained by
the RIKEN BRC through the National Bio-Resource Project of the MEXT, Japan.
Both the LuVeLu and the Mesp2-GFP line were maintained on a Cd1 background.
All animal experiments were conducted under veterinarian supervision and rules
of the European Molecular Biology Laboratory, following the guidelines of the
European Commission, Directive 2010/63/EU and AVMA Guidelines 2007.
In situ hybridization on primary culture PSM tissue. In situ hybridization and
probe generation was performed as described previously18, with minor modifica-
tions when applied to the primary ex vivo culture samples (that is, reduced incuba-
tion and washing times). The entire hybridization and colour reactions were
performed in chamber slides. Probes were used as described previously18 or amp-
lified using the following primers: Meox1 forward 59-TGAGATTGCAGTCA
ACCTGG-39, reverse 59-TTGGAGAACACAAGACGCTG-39; Pitx2 forward 59-
TCAGAGTATGTTTTCCCCGC-39, reverse 59-CGCAAGCGAAAAATCCTAAC-
39; Cldn6 forward 59-CAGAGCCCTCTGTGTTGTCA-39, reverse 59-AGAGGTGG
AGCTTGGACTCA-39; Sox2 forward 59-ACCAGCTCGCAGACCTACAT-39,
reverse 59-ACGAAAACGGTCTTGCCAGT-39.
Immunofluorescence on primary culture PSM tissue. Ex vivo cell cultures were
washed with PBS and fixed on ice for 1 min in 50% methanol, 50% dimethylsulph-
oxide (DMSO). Afterwards, cells were treated with 15% H2O2, 50 mM NH4Cl in
PBS for 15 min on ice. Cells were washed three times with 1% Triton X-100 in PBS
and blocked for 10 min with PBS plus 1% Triton X-100 and 10% FCS. Primary
antibody incubations were carried out at 4 uC overnight. Phosphorylated ERK1/2
was detected with a 1:150 dilution of rabbit-anti-phospho-p42/44 MAPK (ERK1/2)
(Cell Signaling, D13.14.4), b-catenin was detected using a 1:500 dilution of mouse-
anti-b-catenin (BD Transduction, 610153). After incubation, the cells were washed
three times with PBS plus 1% Triton X-100 and 10% FCS, and subsequently incu-
bated with secondary antibody (1:250 of Fab2-goat-anti-rabbit-Alexa488; Cell
Signaling, 4412S; or 1:500 of Fab2-goat-anti-mouse-Alexa555; Cell Signaling,
4409S) at 4 uC overnight. After secondary antibody incubation, cells were washed
twice with PBS and 1% Triton X-100 plus 10% FCS, and incubated with 1:1,000
49,6-diamidino-2-phenylindole (DAPI) in PBS plus 1% Triton X-100 for 1 h at
room temperature. Once nuclear staining was judged to be sufficient, cells were
imaged on an LSM780 microscope (Zeiss).

For temperature-shift experiments, samples were grown at 33 uC; only samples
in which clear segment formation occurred were used for subsequent analysis.

Image processing. All data were recorded in 12bit, 512 3 512 pixels, 1.38mm
pixel21, all z-planes were considered for maximum intensity projections done
in the ZEN-software. Fiji32was used for further image processing and the genera-
tion of kymographs. To this end, maximum projection time series were blurred
using a Gaussian filter (7 pixel sigma radius). Kymographs were generated along a
line from the oscillation centre to the periphery on the blurred videos, perpendicu-
lar to the wavefront. For further analysis with MATLAB, the kymographs were
blurred again (Gaussian, 7 pixel sigma radius) and saved as text image.

The trend of the kymograph intensity was removed and the intensity was
smoothened using a moving average function. The Hilbert transform33 was calcu-
lated along the time coordinate for every space point. From the Hilbert transform
the instantaneous phase was extracted and plotted for every location and for all
time points (Supplementary Fig. 5).

Images of in situ mRNA hybridizations were taken using a Leica MZ16F stereo-
miscroscope and a Leica DFC420C digital camera. Brightness and contrast were
nonlinearly adjusted uniformly to the entire image.
Parameter measurements. Velocities of kinematic waves were measured on the
basis of phase kymographs. For each wave, a line was manually placed over the
calculated phase with a value of 2p. The resulting speed was given by tan(q) 3 time
unit per pixel/space unit per pixel.

Segment widths were measured at defined time points using ZEN software
based on identification of segment boundaries in the transmitted light image; three
independent measurements were taken and averaged.

mPSM length was measured as the distance between the point of origin of
oscillations (or, in LuVeLu-negative explants, corresponding morphological land-
marks), and the positions at which these oscillations halt.

To calculate the phase gradient and the total phase shift (or amplitude) in the
mPSM (DQo), phase kymographs were used to unwrap phases along the space
dimension for every time value. Then,DQo 5Qmax 2Qmin for time points at which
wave troughs reach the end of the mPSM. The average DQo for 37 uC was calcu-
lated from 22 waves from seven samples, and for 33 uC from 10 waves from three
samples.

From phase kymographs the slopes DQ/Dx (which in approximation corre-
sponds to the partial derivative Lw=Lx) were calculated. Phase values along space
were plotted for time points at which each wave’s trough reaches the anterior
mPSM end, as defined in phase kymographs. Correlation of phase (Q) as a function
of length (x) was close to linear for the samples grown at 37 uC, and the slope (DQ/
Dx) was calculated by linear fitting.

The time of flight (tTOF) was determined using the regression line in Fig. 3b, tTOF

being the inverse of the slope. Periods for selected regions of interest were calculated
using Lomb–Scargle algorithm34 applied on the changes of intensity over time.
Statistics. Regression lines were fitted in Excel (Microsoft). For graphical repres-
entation only, lines were forced through zero. Goodness of fit (R2), probability of
linear correlation (F test) and similarity of regression coefficients (analysis of
covariance; ANCOVA) were calculated with Prism 6 (GraphPad software).
Comparison of means of two samples (unpaired Student’s t-test) was performed
with Excel (Microsoft).

31. Morimoto, M., Kiso, M., Sasaki, N. & Saga, Y. Cooperative Mesp activity is required
for normal somitogenesis along the anterior–posterior axis. Dev. Biol. 300,
687–698 (2006).

32. Schindelin, J. et al. Fiji: an open-source platform for biological-image analysis.
Nature Methods 9, 676–682 (2012).

33. Pikovsky, A., Rosenblum, M. & Kurths, J. Synchronization: a Universal Concept in
Nonlinear Sciences (Cambridge Univ., 2001).
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Bioinformatics 22, 310–316 (2006).
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