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5 Segmentation clocks

The precursor to vertebrae are called somites, illustrated in Fig. 7. In this lecture, we
explore the mechanisms for somitogenesis, the process by which these somites are
formed.

Figure 7: Somites in a developing chick embryo. Image take from Phillips, et
al., Physical Biology of the Cell, 2nd Ed., Fig. 20.21, 2012.

5.1 Basics of somitogenesis

It is believed that somitogenesis happens as a result of oscillatory gene expression and
arrest of this oscillation at a specified position along the anterior-posterior axis of the
developing embryo. At the tail end of the embryo, cells in the presomitic mesoderm
(PSM) (Fig. 8) exhibit oscillatory expression of certain genes. In zebrafish, these
genes are her1 and her7, related to the pair-rule gene hairy in Drosophila (hence the
name; her is short for hairy-related). As the her genes oscillate, the organism is grow-
ing, so the PSM keeps moving posteriorly. If the oscillating cells are far enough from
the posterior, they arrest. The position where the arrest occurs is called the arrest
front. If a cell is in a peak of the her oscillation when it arrests, it will have one fate,
but if it is in a valley, it will have another fate. Thus, the alternating structure of the
somites is formed. Note that the distance between the arrest front and the posterior
end of the organism may fluctuate, but in many models is taken to be constant.

5.2 The clock-and-wavefront model

The clock-and-wavefront model was proposed by Cooke and Zeeman in 1975 and
was one of the first models put forward to describe somitogenesis. This model is
based on the following assumptions.

a) All cells in the PSM are oscillating.

b) Coupling between the cells induces synchrony in oscillation, setting the oscil-
lation frequency to be T.
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Figure 8: A schematic of the clock and wavefont model for somitogenesis.

c) Waves arrest at a front at the anterior.

d) The arrest front moves posteriorly with a speed v.

In this model, since all cells in the PSM are oscillating in unison, meaning that they
have both the same frequency and the same phase, the dynamics of the extension of
the PSMduring growth is irrelevant. Only themotion of the front into the oscillating
cells is important.

An important conclusion of this model is that the size of the somites is s = v/T.
This is the distance traveled by the arrest front between peaks in the oscillators. The
model can be tested indirectly bymeasuring somitogenesis over a time interval of set
length, as shown in Fig. 9. We measure the length of the region of somites, Ds, and
the position of the arrest front, Wa and Wb and the beginning and end of the time
interval, respectively.

The speed of the arrest front is v = (Wb − Wa)/n, where n is the number of
somites that are formed in the interval. (Developmental time is usually measured in
units of number of somites.) The rate of somite formation is Ds/n. If the clock-and-
wavefront model is true the rate of somite formation and the speed of the arrest front
should be equal, so we should have Ds = (Wb − Wa). This was tested in Gomez et
al., Nature, 454, 335–339, 2008, and the result is shown in Fig. 10. For each of four
species, the ratio of the rate of arrest front movement to that of the formation of
somites, (Wb − Wa)/Ds, is approximately unity, suggesting that the oscillation fre-
quency is tuned with the front velocity, as given by the clock-and-wavefront model.
However, note that this ratio is decidedly below unity for zebrafish.

The clock and wavefront model also makes valuable predictions about the size
and number of somites in mutants. Consider first the ratio of the sizes of somites in
wild type and mutant embryos. Here, we assume the mutations affect the genetic
oscillations and not the speed of the arrest front. Specifically, for the purposes of
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Figure 9: A schematic of a measurement of the arrest front speed and rate of
somitogenesis in a corn snake embryo. The gene MSGN1 is stained to signify
the location of the PSM. The arrest front is at the anterior edge of this stained
region. The somites are also clearly visible. Wa and Wb are the positions of
the arrest front at the beginning and end of a developmental time interval, and
Ds is the length of somite region formed during the same time interval. From
Phillips, et al., Physical Biology of the Cell, 2nd Ed., 2012, adapted from Gomez
et al., Nature, 454, 335–339, 2008.

discussion, we will take Tmut > Twt.

smut

swt
=

vTmut

vTwt
=

Tmut

Twt
. (5.1)

So, we get larger somites with slower oscillations. Now, consider the ratio of the
number of somites over the developmental time Tdev.

nmut

nwt
=

Tdev/Tmut

Tdev/Twt
=

Twt

Tmut
, (5.2)

which says that we get fewer somites.

5.3 PSM cells do not oscillate in unison

Despite some indirect experimental evidence supporting the original clock-and-wavefront
model, such as in the Gomez et al. paper, direct observations of her1 dynamics in the
PSM show that the gene expression in the cells does not oscillate in unison. This was
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Figure 10: The ratio of the rate of the arrest front movement (Vd) to that of
formation of somites (Vs). For all four species, this ratio is approximately unity.
Adapted from Gomez et al., Nature, 454, 335–339, 2008.

seen before by fixing and staining embryos at certain time point, but was more firmly
demonstrated when Soroldoni, et al. (Science, 345, 222–225, 2014) developed a re-
porter for her1 in vivo. As seen in Fig. 11, the expression of her1 is not uniform.
Further, we see that kinematic waves of her1 expression travel toward the anterior
where they are arrested.3

genetic oscillations determines the timing of
segmentation.
In sequentially segmenting animals, the un-

segmented tissue exhibits patterns of oscillating
gene expression reminiscent of waves that travel
from the posterior to the anterior, where they
arrest. These waves are kinematic and emerge at
the tissue level from the coordinated output of
cellular genetic oscillators (2–5). This situation is
similar to news ticker displays in which amoving
pattern is caused by on-and-off switching of in-
dividual stationary lamps (6). The sequential

arrest of the kinematic waves is thought to pre-
figure the position and set the period of segment
formation (7). During vertebrate segmentation,
the onset and arrest of thesewaves are controlled
by a complex genetic network that acts in the
unsegmented presomitic mesoderm (PSM). The
PSM gives rise to the somites, which are the pre-
cursors of adult segments (vertebrae, ribs, and
associated skeletal muscles). Since its discovery,
it has been generally assumed that this network,
termed the “segmentation clock,” resembles a
genetic clock with a single, well-defined period
(3). In this simplified picture, both the onset
and arrest of the kinematic waves happen with
the same period, which is identical to that of
segment formation (6–9). However, these fun-
damental assumptions have not been tested
systematically because it has proven difficult to
visualize oscillating gene expression in real time
and simultaneously quantify the timing of mor-
phological segmentation over a substantial time
scale (2, 4, 10).
To this end, we used a transgenesis approach

to generate a reliable reporter for the oscillating
gene her1, named Looping (fig. S1), and devel-
oped a multidimensional time-lapse setup de-
signed to systematically compare the periods of
morphological segmentation and genetic oscilla-

tions in multiple zebrafish embryos (Fig. 1A).
Our imaging setup was sensitive enough to de-
tect reporter oscillations in real time and fast
enough to simultaneously record segment forma-
tion in a population of 20 embryos (Fig. 1B and
movie S1). Embryonic growth was not affected
by our mounting technique, which ensured that
wild-type and transgenic siblings developed nor-
mally (fig. S2). With this approach, we observed
that multiple kinematic waves (Fig. 1C, color ar-
rowheads, and movie S1) travel from the poste-
rior to anterior PSM at each point in time. As
expected, we found that the arrest of reporter
oscillations in the anterior PSM coincided with
the formation of every new segment (Fig. 1B,
arrowhead, and movie S2) (2, 7, 11). As the waves
travel along the tissue, their wavelength shortens
(Fig. 1C, arrows); thus, the wave pattern can be
characterized by the number of waves and by
their wavelengths.
To quantify the timing of onset and arrest of

kinematic waves, we locally measured the re-
porter expression in the anterior and the
posterior PSM (Fig. 1D, circles). From previous
studies, it was unclear whether the posterior
PSM oscillates (2, 12). We found that both re-
gions oscillate, although with different report-
er amplitudes (Fig. 1D, bottom diagram). We
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Fig. 1. Oscillations in the anterior and posterior presomitic
mesoderm (PSM) have different periods. (A) Mounting of
zebrafish embryos for multidimensional imaging. Each time-
lapse experiment consists of 20 xy positions with a z stack
(6 slices at 20 mm intervals) to keep the PSM in focus. (B)
Snapshots from Looping, a transgenic reporter of the oscil-
lating gene her1, reveal that Her1::YFP (yellow fluorescent
protein) fusion protein is confined to the PSM. The white
arrowhead marks the most recently formed somite/segment
boundary. Scale bar, 100 mm; LUT, high (white) to low (blue)
reporter intensity; BF, brightfield. (C)Multiple kinematic waves
(different colored arrowheads) emerge from the posterior
PSM (“P”) and travel anteriorly (“A”) till they arrest (white
arrowhead). (D) A region of interest (ROI) interpolator is used
to measure the average reporter intensity in the posterior
(inset, green circle) and anterior (inset, red circle) PSM. Both
regions oscillate but experience a different number of oscil-
lations (annotated with peak number). (E) Periods of mor-
phological segmentation (“S”) and anterior (“A”) oscillations
are identical, whereas posterior (“P”) oscillations occur sig-
nificantly slower (~9%). Four independent experiments (N),
forty individual embryos (n),Whiskersmin/max (t test,Welch
correction, ***P < 0.0001).

RESEARCH | REPORTS
Corrected 14 July, 2014; see full text.

Figure 11: Image of her1 expression over time in a developing zebrafish em-
bryo. Waves of expression (each wave is identified and color coded with arrow-
heads) travel toward the posterior where they are arrested. Figure taked from
Soroldoni, et al., Science, 345, 222–225, 2014.

Tounderstandhowkinematicwaveswork, I borrow the analogy from theSoroldoni
paper. Think about a stock ticker. Each light flicks on and off and there is some cou-
pling to neighboring lights. The result is a movement of an image of lights across the
ticker, even though each light bulb is stationary.

Since the observation of kinematic waves automatically eliminates the clock-and-
wavefront hypothesis with a uniform oscillation frequency, we need to take a more
careful look at the oscillators.

3This is better seen through a movie of this process, http://science.sciencemag.org/
highwire/filestream/595541/field_highwire_adjunct_files/0/1253089s1.avi, though the
link may not work for you because Science is a closed journal.
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5.4 Generic description of oscillatory gene expression in somitogene-
sis

Tomore generically describe somitogenesis, Soroldoni et al. describe the oscillations
in the PSM generically as a function of space at time. To do this, we define a generic
description of an oscillatory function. For any function Q(x, t) that is oscillatory in
time, we can write the dynamics at position x as

Q(x, t) = q0 + q(x, t) cos (x, t), (5.3)

where (x, t) is the phase of the oscillation, q0 is the baseline, and q(x, t) is the am-
plitude. The parameters q0 and q(x, t) capture the strength of the oscillatory signal,
while the frequency information is captured in the phase. As an example, we get a
pure cosine wave that is uniform in space if (x, t) = t, and a pure sine wave if
(x, t) = t − /2. The period of both of these waves is T = 2 / .

Our analysis will focus on the phase of the oscillations, which is a result of the
temporal dynamics of gene expression and coupling to neighboring cells. Let the x-
position of the posterior end of the PSM be x = 0 and let a(t) be the x-position of the
anterior end of the PSM (the arrest front). We define A = (a(t), t) as the phase
of the oscillators at the anterior and P = (0, t) as the phase of the oscillators at
the posterior. Then, the number of kinematic waves, K, in the PSM is given by the
total difference in phase, modulo 2 .

K = P − A

2
(5.4)

Note that we do not wrap the phase shift here, i.e., = 2 is not the same as
= 4 .

To investigate how the number of kinematic waves changes in time, we compute
the time derivative.

dK
dt

=
1
2

(
d P

dt
− d A

dt

)
= P − A

2
=

1
Tp

− 1
TA

, (5.5)

where we have defined

=
∂

∂t
. (5.6)

This tells us that if the number of kinematic waves changes in time, then the period
at the anterior is different than that at the posterior. This can be observed experi-
mentally, and is one way of seeing a non-flat phase profile across the PSM.

I just used thewordphase profile loosely tomeanhow the phase of the oscillators
varies across the PSM.Let’s codify thatmore concretely. We define the phase profile
(x, t) as

(x, t) = (x, t)− P(t), (5.7)

32



which is simply how the phase varies as we move away from the posterior. Then, we
can write

A =
d
dt

=
d P

dt
+

d (a(t), t)
dt

= P +
∂ (a(t), t)

∂t
+

da
dt

∂ (a(t), t)
∂x

= P + W + D, (5.8)

So, the difference in oscillation frequency between the anterior and posterior is A−
P = W + D. We have defined W ≡ ∂ (a(t), t)/∂t. This is the change

in frequency that is inherent to the oscillators. Soroldoni, et al. call 2 / W the
“dynamic wavelength,” which gives the change of the wavelength of the kinematic
waves in time. We have also defined

D =
da
dt

∂ (a(t), t)
∂x

. (5.9)

This describes how the anterior phase differs from the posterior due to the Doppler
effect. Since the PSM is shortening during development, the anterior is rushing into
the kinematic waves, so the observed frequency is higher. Specifically, the speed of
the observer is da/dt and the traveling wave has a wavelength of 2 (∂ /∂x)−1.

5.5 Assessment of models in terms of A and P

Soroldoni, et al. can measure the phase profile and can therefore deduce D and
W. What do different models predict?

Clock-and-wavefront model. In this model, (x, t) = t, since all oscillators
oscillate in unison with a constant frequency . Thus, (x, t) = P(t) ∀x, so
(x, t) = 0. Thus, D = W = 0 and A = P.

Steady-state PSM. One might consider the scenario where the PSM is in steady
state. That is to say that it does not grow or shrink, a(t) = a0, and there is no modu-
lation of the phase portrait, (x, t) = t + (x). In this case, is not a function
of time, so W = 0. The length of the PSM, a, is also not a function of time so,
da/dt = 0, meaning that D = 0. So, again, we have A = P under this model.

Scaling wave pattern. In this model, the phase profile is a time-independent func-
tion of the normalized PSM length.

(x, t) = t + (x/a(t)) , (5.10)
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and we may have da/dt ̸= 0. Then, we have

W =
∂ (x/a(t))

∂t
= − 1

a
da
dt

∂

∂(x/a(t))

∣∣∣∣
x/a(t)=1

, (5.11)

and

D =
da
dt

∂ (x/a(t))
∂x

=
1
a
da
dt

∂

∂(x/a(t))

∣∣∣∣
x/a(t)=1

, (5.12)

So, in this case, D and W have equal magnitude and opposite sign. Thus, we
again have A = P. Therefore, if we find experimentally that dK/dt ̸= 0, we must
have TP ̸= TA, so therefore P ̸= A, and none of these three models can be true.
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