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Delayed Coupling Theory of Vertebrate Segmentation
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The body plan of all vertebrate animals has a segment-
ed organization that is reflected in the repeated arrange-
ment of vertebra and ribs. This structure forms during
the development of the organism by a process termed
segmentation. The segments —called somites— form se-
quentially along a linear axis, one by one, with a precise-
ly controlled timing, see Fig. 1. This timing is set by a
genetic clock, is realized by oscillations of the levels of
certain proteins in individual cells1. The genetic oscilla-
tions of cells in the tissue are coordinated by a molecular
signaling system that introduce a coupling of neighboring
cellular oscillators. This gives rise to a collective spatio-
temporal pattern which consists of waves that travel and
eventually stop and arrest in a periodic arrangement of
somites. Signaling gradients ranging over larger distances
control the slow down and arrest of the cellular oscillators
and guide spatio-temporal patterns during segmentation.
We have developed a theoretical description of somitoge-
nesis based on a coarse grained representation of cellular
oscillators as phase oscillators. Slow intercellular commu-
nication introduces a time delay in the coupling between
oscillators.

LATERAL
VIEW

DORSAL
VIEW

anterior posterior

frequency profile

v

A B

PSM

head

tail
v

PSM
s
e

g
m

e
n
ts

Figura 1. (A) Schematic lateral view of a zebrafish em-
bryo showing formed segments (purple) and waves of gene
expression (blue) in the unsegmented tissue, the presomitic
mesoderm (PSM). The tail grows with velocity v. (B) From
a dorsal view the PSM is a U-shaped tissue. A frequency
profile along the PSM causes faster genetic oscillations in the
posterior PSM.

The spatio-temporal patterns of genetic oscillations are
described by coupled sets of phase oscillators which are
arranged in space. The state of a single oscillator is char-
acterized by the phase θi(t), where i labels the oscillator.
The dynamic equations for the phases are given by2

θ̇i(t) = ωi(t) +
εi(t)
ni

∑

j

sin [θj(t− τ)− θi(t)] (1)

where the sum is over all neighbors j of cell i. Here,
ε denotes the coupling strength and τ is the time delay
involved in coupling. We solve these equations in one
or two-dimensional space with moving boundary at one

end of the system. The posterior boundary is extended
towards one side by the addition of new oscillators at a
rate v/a, where v is an extension velocity and a the dis-
tance between neighboring cells. We consider a frequency
profile which is moving together with the expanding end.
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Figura 2. (A) Collective period Ω as a function of time de-
lay τ for different coupling strengths (solid lines). The sym-
bols indicate operating points for wild-type and different mu-
tants as indicated. (B) Experimentally determined collective
period T = Ω/2π (symbols) as a function of DAPT concentra-
tion, which is a drug that influences coupling strength. The
theoretical prediction of the delayed coupling theory is shown
as a solid line.

Our theory makes key predictions regarding the effects
of coupling and coupling delays on the collective oscilla-
tor patterns. After an initial transient dynamics, the
system settles in a spatio-temporal limit cycle with col-
lective frequency Ω which obeys the relation

Ω = ωA − ε sin(Ωτ). (2)

This frequency is governed by the autonomous frequency
ωA of the fastest oscillators at the posterior side, modified
by effects of coupling described by the coupling strength
ε. This implies that changes in coupling strength would
lead to changes in oscillation period and thus in varia-
tions of the wavelength of cyclic gene expression patterns
as well as the resulting segment length. Furthermore,
the theory predicts the existence of a dynamic instabil-
ity when the delay is reduced. We have experimentally
verified all these predictions3. In this way we have: a)
discovered the first period mutants of the segmentation
clock (see Fig. 2); b) made the first characterization, to
our knowledge, of a natural system of coupled oscillators
where coupling delay plays a significant role.
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