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During early embryonic development, the vertebrate main body axis is segmented from head-to-tail into somites. Somites
emerge sequentially from the presomitic mesoderm (PSM) as a consequence of oscillatory waves of genetic activity, called
somitogenesis waves. Here, we discuss the implications of the dynamic patterns of early X-Delta-2 expression in the
prospective somites (somitomeres) of Xenopus laevis. We report that right somitomeres normally emerge before left to form
chiral structures (i.e. structures having clockwise or counter-clockwise handedness). From our observations, we infer that
somitogenesis waves are normally counter-clockwise spirals, a novel dynamic mechanism for the control of handedness
development in Xenopus. We propose that the same mechanism could control handedness development in all vertebrate
embryos, providing a dynamical basis for the current asymmetric molecular transport model for generating left–right
asymmetry.
Keywords. Delta-notch signalling; handedness; left–right asymmetry; spiral somitogenesis waves; vertebrate
somitogenesis

1. Introduction: A chiral structure emerges
during Xenopus somitogenesis
On completing development, vertebrates have three axes
across which symmetry is broken, the anterior-posterior, the
dorsal-ventral, and the left–right, plus the distinction
between inside and outside. Understanding how the symmetry breaking unfolds is a great challenge. There is a topbottom axis in the Xenopus laevis egg (Nieuwkoop and
Faber 1956) the animal–vegetal (A-V) axis, which foreshadows the inside–outside organization of the embryo via
reorganization during gastrulation. With the A-V axis
established, a second axis, known as the dorsal-ventral axis,
is established by the point of entry of the sperm. The anterior–posterior (A-P) symmetry of the animal is broken during gastrulation via timed interactions between dorsal and
ventral parts of the embryo. The A-P axis is generated by a
sequence of timed interactions between Hox expressing nonorganiser mesoderm and signals from the Spemann organiser
(time-space translation) (Wacker et al. 2004). Though chirality has been observed in the egg, the ultimate origin of
handedness, mirror-symmetry breaking across the left–right
axis, and the mechanisms of its unfolding are obscure. Here
we report that in the anamniote Xenopus, chirality that could
http://www.ias.ac.in/jbiosci

have a role in handedness emerges during somitogenesis. In
exploratory experiments, we observed (1) that right somitomeres, prospective somites, normally emerge before the left
and (2) that the dorsal somitomeres join ventrally, with the
n-th on the left usually connecting to the (n ? 1)-th on the
right, forming a chiral structure, usually a counterclockwise
helix (see ﬁgure 1). We review evidence that the vertebrate
somitogenesis clock mechanism (Palmeirim et al. 1997) is
augmented by a coupling of somitogenesis oscillations
between the cells of the presomitic mesoderm (PSM) that
results in propagation of waves of somitogenesis oscillations
(S-waves) through the tissue. We also review evidence that
the PSM is an excitable medium. In excitable media, waves
must propagate as concentric target waves or in one of two
chiral waveforms, the coils of an Archimedean spiral (2D
form) or a scroll wave (3D form). Observations (1) and (2)
imply that in Xenopus, the somitogenesis waves propagate as
counter-clockwise spirals. We observed in addition (3) a
posterior cap of phaseless cells within which the somitogenesis oscillation has ceased. Observation (3) implies that the
somitogenesis wave is a minimum period spiral, the most
stable spiral wave form in an excitable medium. That chirality emerges in Xenopus embryos as a spiral wave is a
novel, unexpected, and fundamentally signiﬁcant inference.
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Somitogenesis waves are ubiquitous in vertebrates and
cephalochordates, and analogous latent (zebraﬁsh, chicken,
mouse; Vermot and Pourquié 2005; Brend and Holley 2009)
and explicit (Xenopus; Peres et al. 2006) and Amphioxus
(Schubert et al. 2001)) left/right somitogenesis differences
have been observed in other embryos. Accordingly, we
propose that a spiral wave could generate the known left–
right differences in somitogenesis and subsequent stages in
all vertebrate and possibly all chordate embryos. We note
that this investigation of the origin of handedness is a systems approach, very different from previous gene centred
approaches.

2. Spiral somitogenesis waves and handedness
2.1 X-Delta-2 expression in early Xenopus
somitogenesis
The purpose of this section is to summarise the evidence
concerning expression of X-Delta-2 during gastrulation and
early Xenopus somitogenesis.
In the Amphibian Xenopus laevis, somitogenesis initiates
with the formation of somitomeres—shown by the presomitic expression stripes of the gene X-Delta-2 that arise
before deﬁnitive somitogenesis starts. We showed previously
that X-Delta-2 is expressed very early in the mesoderm, from
the beginning of gastrulation (stage 10), in a ring around
the blastopore (Peres et al. 2006). Soon afterwards (stage
11), X-Delta-2 ceases expression in the dorsal region of the
Spemann organizer as the dorsal midline emerges; its
expression in the rest of the mesoderm is maintained. Before
gastrulation ends (by stage 12), the ﬁrst somitomere stripes
of expression are formed, presumably at the anterior border
of the PSM on either side of the dorsal midline. At stage 13,
2-3 dorsal stripes of X-Delta-2 mRNA are visible. The
somitomere stripes anticipate the deﬁnitive somites and, like
the somites, form in an anterior to posterior sequence. The
ﬁrst pair of somitomeres formed is most anterior, and successive pairs form behind them at the anterior boundary of
the X-Delta-2 domain, initially the PSM but which then
retracts posteriorward. Other Xenopus somitogenesis genes
are expressed much later, from around stage 18, when
morphologically distinct somites begin to emerge. X-Delta-2
function is clearly required for somitogenesis because
blocking it in the early embryo by a morpholino eliminates
both X-Delta-2 expression and somitogenesis (Peres et al.
2006).
This timing of somitomere initiation in Xenopus is comparable to somitogenesis initiation times in other vertebrates.
Somitogenesis begins during gastrulation in chicken (Jouve
et al. 2002) and the somitogenesis clock is detectable from
the mid-blastula stage in zebraﬁsh (Riedel-Kruse et al.
2007).

We ﬁnd here that the early stripes of X-Delta-2 expression are not restricted to the paraxial mesoderm in Xenopus; they also extend laterally around the remainder of the
blastopore (ﬁgure 1A–C). They parallel a 360-degree
expression zone of X-Delta-2 in the tail end *10–20%
(depending on stage) of the embryo’s length that is interrupted only by the dorsal midline. The level of expression
is very low and ventrally decreasing outside the main
domain in the relatively dorsal paraxial mesoderm (ﬁgures 1 and 2). This dorsal/ventral (D-V) gradient in the
level of X-Delta-2 expression suggests the pre-existence of
a D-V gradient in the capacity to express X-Delta-2. This
would be centred on the midline and may be a gradient of
the activating signal detected in ﬁgure 2. These 360-degree
stripes of X-Delta-2 expression are offset left/right across
the midline (observation 1) and also join up asymmetrically
ventrally (observation 2) such that n right joins (n - 1)
left, forming a (usually counter-clockwise) helix (for
details, see ﬁgure 1).

2.2 Left–right differences in Xenopus somitogenesis —
Generalization to other vertebrates
The purpose of this section is to summarise observations of
left–right differences in Xenopus somitogenesis that point to
involvement of a spiral somitogenesis wave.
Earlier studies have shown that genesis of Xenopus
somitomeres shows a left–right time difference (ﬁgure 1).
Right somitomere and somite formation is normally ahead of
left, as was found by monitoring the expression of the
somitogenesis genes esr9 (Li et al. 2003) and hairy2 (Davis
et al. 2001). We have found that the somitogenesis gene XDelta-2 also shows a left–right asynchrony in its expression
in Xenopus somitomeres (Peres et al. 2006), which motivated us to investigate in detail the changes in its expression
pattern in somitomeres and in the PSM. Because of the left–
right time difference, its early somitomere stripes are in fact
part of a continuous helix: left stripe n is opposite to right
stripe (n ? 1) across the midline (ﬁgure 1), and all newly
formed stripes are faintly continuous ventrally. The somitomeres thus extend far ventrally, outside the somitogenic
paraxial mesoderm. In fact, considering that the midline is
not necessarily a barrier to the genesis of somitomeres (below), and that all new somitomeres smoothly connect ventrally, n to n ? 1, we infer that all somitomeres are different
segments of a single continuous somitomere stripe that is a
(usually counter-clockwise) helix. Accordingly, we infer that
in Xenopus the somitogenesis wave that triggers somitomere
formation must be a counter-clockwise spiral.
The somitomeres thus continue faintly to the ventral side
of the embryo, where X-Delta-2 expression is available but
very low. Somitogenesis waves can be assumed to propagate
through the whole (X-Delta-2)-expression domain. Others
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Figure 1. The early Xenopus X-Delta-2 expression domain
extends outside the paraxial mesoderm. (A) Diagram showing the
orientation of the stage 16 Xenopus laevis albino embryo in (B) and
its diagram in (C) (PD, posterior–dorsal; L, lateral). (B) X–Delta-2
expression extends laterally and ventrally from the paraxial
mesoderm as shown by the 360° zone of expression around the
posterior pole of the early embryo (stage 16) only interrupted by the
dorsal midline. This ventral expression outside of the paraxial
mesoderm gets more restricted in older presumptive somites
(somitomeres) as highlighted by the arrow heads in the lateral
view. At this stage the X-Delta-2 displays helical expression shown
by left–right asymmetry, with the single anterior left somitomere
joining ventrally to the dorsal root of the next right somitomere,
namely the right-hand member of the next pair which itself
corresponds dorsally to the left-hand member of the same pair
(arrowheads in the dorsal view). We note that, whereas in most
embryos right is ahead of left, this embryo is evidently one of the
small minority in which left is ahead of right. (C) Diagrams of XDelta-2 expression on the embryos in B. The large posterior XDelta-2 expression domain is shown in blue. The dorsal dissection
of this domain by the midline is shown by the dorsal white stripe in
the posterior view only (left). The posterior left and right
somitomeres are represented by broad dashed lines. The second
weaker left somitomere is represented by a second weaker dotted
line. The weaker ventral expression is generally represented the
lighter shades of blue.

had concluded from very different genetic considerations
that the delta-notch, FGF and Wnt pathways are not
involved in the oscillator driving somitogenesis (Aulehla and

377

Figure 2. Midline activation and inhibition of X-Delta-2 expression. (A) Diagram showing the orientation of the stage 20–22
Xenopus laevis albino embryo in (B) (PD, posterior –dorsal; D,
dorsal). (B) Transient spots of X-Delta-2 expression are visible in
the midline, a region generally free of expression (arrow on the left
image). The X-Delta-2 expression in the somitomeres is also
stronger right at the very edge of the midline (arrow to right-hand
image).

Pouquié 2008). However, there are observations that implicate notch in driving oscillator coupling (see below).
These striking results followed from analysis of PSM XDelta-2 expression patterns in many embryos at stage 22–24
(n = 147) to identify three different patterns (scored independently by authors AJD and JP) that we consider to be
different phases of expression (ﬁgure 3). In phase I, the (XDelta-2)-expression pattern is symmetric, with no difference
between left and right sides (ﬁgure 3A and A0 ). In phase II,
X-Delta-2 expression is down-regulated on the right side
between a newly forming somitomere and the tailbud
domain (asterisks in ﬁgure 3B and B0 ). Embryos in phase III
show an X-Delta-2 stripe starting to be isolated from the
tailbud domain on the left side while the stripe is already
separated from the tailbud domain on the right side (ﬁgure 3C and C0 ). &40% of the embryos were in phase I with
symmetric X-Delta-2 expression (ﬁgure 3A0 ). &60% of the
embryos belonged to phase II or III, with an extra right
somitomere (ﬁgure 3A0 , B0 , C0 ). In a very small percentage
of the cases (&8%), the left side was more advanced than
the right side; so that an X-Delta-2 stripe ﬁrst formed on the
left side. In addition, embryos with the same number of
somitomeres on both sides (phase I), usually showed a very
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Figure 3. Temporal left–right asymmetry in somitogenesis shown by X-Delta-2 expression during somitogenesis. Xenopus embryos show
a left–right timing difference in somitogenesis. Right somitomeres generally form before left ones (although in 8% of the embryos analysed
the left X-Delta-2 somitomere expression formed before the right one). (A, B, C) Diagrams of three distinguishable phases of the X-Delta-2
dynamic expression patterns based on the analyse of 143 stages 22–24 albino Xenopus laevis embryos. Underneath each diagram, a typical
image of an embryo is shown for each expression phase, posterior view dorsal to the top. Black, grey and light grey represent the different
intensities of X-Delta-2 expression observed. The red asterisk marks the forming, or formed, gap between the expression in the most recent
somitomere and the expression in the posterior pre-somitic mesoderm (PSM). The number of embryos observed in each phase and the
corresponding percentage are shown below the images. (D) Orientation of the embryos displayed above from dorsal-posterior. The dark
arcs are mature or nascent somitomeres. The light or grey patches in between are the developing intersomitomere spaces. The
ﬁgures underneath reveals the numbers of embryos in each class out of those examined and the corresponding percentages. Embryos are at
*stage 21.

diverse level of X-Delta-2 expression in the tailbud, suggesting highly dynamic expression (ﬁgure 3D). Similar left–
right differences were previously identiﬁed during expression of the Xenopus somitogenesis genes Hairy-2a and esr-9

(Li et al. 2003; Davis et al. 2001). Incidentally, these
investigations and others (Moreno and Kintner 2004) show
clearly that, in Xenopus as in other vertebrates, somitogenesis is driven by a clock. The fact that different genes are
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involved in the oscillatory mechanism in different vertebrates (Gibb et al. 2010; Hubaud and Pourquié 2014)
emphasises the fact that this is a systems situation.
Xenopus is so far the only vertebrate where left–right
somitogenesis differences have been observed directly. In
other vertebrates, the differences are inherent but latent.
Depleting a ﬁxation wave component (retinoids) in zebraﬁsh, chicken, and mouse embryos reveals analogous left–
right differences (Vermot and Pourquie 2005; Brend and
Holley 2009) Interestingly, the closely related non vertebrate
chordate Amphioxus also shows an explicit (not latent) left–
right somitogenesis difference (Schubert et al. 2001). Consequently, we argue here that a conserved counter-clockwise
spiral wave of relayed signalling normally underlies the left–
right differences in Xenopus somitogenesis. In addition, we
suggest that the same spiral underlies the chirality inherent in
canonical vertebrate handedness. These thoughts potentially
comprise a major conceptual breakthrough in understanding
vertebrate developmental mechanisms
In conclusion, the data above indicate that Xenopus
somitomeres are the coils of a (normally) counter-clockwise
helix, generated via a counter-clockwise spiral somitogenesis wave. These data are consistent with wave propagation in
an excitable medium but not with a kinematic phase gradient
or wave in a population of autonomous oscillators. See
below.

2.3 The nature of somitogenesis waves: Kinematic
consequences of a phase gradient of autonomous
oscillators or propagated waves of signalling
in an excitable medium?
We reported above our inference from the observed spiral
structure of the Xenopus somitomeres that the somitogenesis
waves controlling their emergence are spiral. We now
develop in this and subsequent sections the reasoning behind
that inference, concluding that spiral form is inherent in the
nature of somitogenesis waves. The arguments apply to all
vertebrates: we therefore specify below which pieces of
evidence were obtained in which experimental system:
chicken (c), zebraﬁsh (z), mouse (m), and xenopus (x).
Somitogenesis (vertebrate mesodermal segmentation)
occurs when an oscillating network of gene expression in the
presomitic mesoderm meets a ‘ﬁxation wave’, a front of
gene expression travelling from anterior to posterior in the
embryo that ﬁxes the phase of the presomitic oscillation and
initiates the development of periodic mesodermal segments
(somites) in an anterior to posterior sequence (Palmeirim
et al. 1997; Lauschke et al. 2013) (c). A temporal oscillation
thus generates spatially-periodic stripes of gene expression.
It had initially been supposed that the network oscillated in
phase throughout the mesoderm, with only the ﬁxation front
propagating (Palmeirim et al. 1997; Lauschke et al. 2013)
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(c). More than just an oscillator, however, the somitogenesis
clock is a wave generator. The oscillating cells are not
synchronous but display spatiotemporal waves of gene
expression travelling from posterior to anterior. Seen originally by Palmeirim, Pourquie and their collaborators (Palmeirim et al. 1997) (c), these waves have been emphasised
recently by several groups (Masazimu et al. 2006; Lauschke
et al. 2013; Soroldoni et al. 2014) (c,z,m). Importantly,
somitogenesis oscillations and waves have been seen in all
vertebrates studied, in amniotes (Palmeirim et al. 1997;
Masazimu et al. 2006; Lauschke et al. 2013) (c,m) and
anamniotes (Soroldini et al. 2014; Cooke and Zeeman 1976)
(z,x).
These results have provided striking evidence for the
control of somitogenesis via multiple wave propagation,
similarly as proposed by Goodwin and Cohen (1969). It has
been postulated that wave propagation admits features such
as scaling (size invariance) (Cooke and Zeeman 1976;
Lauschke et al. 2013) (z,m). We shall propose below that it
can generate handedness as well.
Interest in somitogenesis waves has developed only relatively recently; few investigations of their nature have been
reported. It has been claimed that they are kinematic phase
waves, due to a phase gradient in a ﬁeld of independently
oscillating cells. This was proposed in the ﬁrst experimental
publication of Palmeirim et al. (1997) and has been taken up
more recently in publications by Lauschke et al. (2013),
Masamizu et al. (2006), and Soroldoni et al. (2014). Kinematic waves would continue to propagate in the presence of
a barrier perpendicular to their direction of propagation, and
an experiment demonstrating propagation across a barrier
has been interpreted as support for their existence (Palmeirim et al. 1997; Masazimu et al. 2006; Lauschke et al.
2013; Soroldoni et al. 2014) (c,m,z).
Kinematic waves propagating in an anterior to posterior
phase gradient will not give rise to the spiral wave forms we
require in our interpretation of our observed somitomere
morphology. An implausible, complex preexisting spiral
pattern of phase variation would be required. On the other
hand, spiral waves are a well-known, structurally
stable wave form in effectively 2D homogeneous
excitable media (like the thin layer of mesoderm in the early
embryo’s mesodermal mantle) (Krinsky 1966; Winfree
1972; Durston 1973). Thus, an alternative possibility exists
for the nature of somitogenesis waves if the PSM is an
excitable medium. For a ﬁeld of cells to constitute an
excitable medium, it must have the following three properties: (1) Each cell is an autonomous oscillator. (2) Intercellular coupling allows signals that control oscillation phase to
pass between cells. (3) The cell oscillation cycle has three
sequential phases: sensitive, signalling, and refractory. In its
sensitive phase, a cell responds to a signal received from a
neighboring cell by brieﬂy signalling its other neighbors. If
those neighbors are in their sensitive phase, a wave of
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signalling continues. Having signaled, the cell enters its
refractory period, during which it is unresponsive to external
signals. Waves of signalling are thus unidirectional. The
refractory period is, perforce, shorter than the autonomous
period by the duration of its sensitive period. A cell will
signal autonomously at the end of its sensitive phase in the
absence of a prior external signal and can act as a local
pacemaker (Krinsky 1966; Goodwin and Cohen 1969;
Winfree 1972; Durston 1973; Cohen and Robertson
1971a, b)
A barrier within an excitable medium that disrupts the
coupling between cells would prohibit cell-to-cell signalling
across it. A wave propagating into such a barrier would be
stopped. However, wave propagation would resume beyond
the barrier after a short delay as cells on its far side would
signal autonomously and initiate wave propagation away
from it. Thus, the barrier experiment does not distinguish
kinematic phase waves from waves in an excitable medium.
While both types of wave propagation require that the cells
be autonomous oscillators (1 above), evidence for cell-tocell coupling (2 above) and for a refractory period (3 above)
would, however, favor waves in an excitable medium over
kinematic waves, as would evidence for wave forms not
possible or likely for kinematic waves.
Synchronized coupling of PSM cells has been observed to
occur via oscillatory delta-notch signalling and has been
modelled in detail (Jiang et al. 2000; Cinquin 2003; Campanelli and Gedeon 2010; Herrgen et al. 2010) (c,m,z).
Those results favor interpretation of the PSM as an
excitable medium, as requirement 2 is met. They strongly
disfavor kinematic wave propagation, which requires the
cells to be uncoupled oscillators.
Such coupling is broken by disaggregation of the PSM.
Autonomous oscillation of the disaggregated PSM cells has
been observed, but it is unstable and occurs with occurrence
of some lengthened periods. Similarly, genetically disrupting
coupling between oscillating PSM cells in intact zebraﬁsh
embryos lengthens the oscillator period (Masazimu et al.
2006; Herrgen et al. 2010) (m,z). These ﬁndings indicate
that disrupting coupling can lengthen the oscillator period
and/or destabilize oscillations. This is as predicted if the
PSM is a coupled excitable medium because the fastest
oscillating cells will act as pacemakers, initiating waves and
stabilizing waves and driving the period of the whole medium. Within the intact PSM, oscillation waves travel from
the posterior pole anteriorward, so the posterior pole is
where these pacemaker cells (which presumably have the
shortest autonomous and refractory periods) will be located
(m,z). Were the cells to be uncoupled within the intact PSM,
as for kinematic waves, the observed frequency gradient
would cause the wave speed to slow with time, ultimately
vanishing with the inverse second power of the time since
propagation initiated (Cohen and Durston 2018a). For
example, if the frequency decreases linearly by 10% from P

to A, the speed is reduced by 75% after 10 passages of the
wave from P to A. For zebraﬁsh, however, the observed
frequency of anterior somitogenesis oscillations is greater by
9% than the posterior frequency (Soroldoni et al. 2014) (z),
which leads to an increase of wave speed with time. After
10 P to A passages, the wave speed would have increased by
a factor of 10, for example. That increase is inconsistent with
the observations mentioned above, ruling out a kinematic
phase wave. Finally, were the somitogenesis waves to be of
spiral form, as we propose, they would oscillate at the
refractory period of the cells, always signiﬁcantly lower than
the autonomous period and resulting in period increase on
interruption of the spiral by excision of the PSM, as is
observed (Masamizu et al. 2006; Lauschke et al. 2013), a
possible explanation of the observed increase in average
period between excised and in vivo PSM. Our statement that
the observed spiral morphology of the somitomeres implies a
spiral somitogenesis wave is, at the least, consistent with the
observed period increase in PSM explants in vitro.
Concentric ring-shaped waves have been observed to
propagate from isolated point foci in cultured explants of
murine PSM cells (Lauschke et al. 2013). The foci are
generally within the explant, not at its posterior end
(Lauschke et al. 2013). This geometry is thus different than
the usual geometry of in vivo somitogenesis waves and is not
predicted from a kinematic phase gradient wave, which
would require that the wave be initiated by a line of cells at
the posterior end of the explanted PSM. This is the second
structurally stable waveform expected in a coupled
excitable medium. It is not predicted by and is not consistent
with an ordered posterior to anterior phase gradient like that
required for the generation of kinematic waves. The possibility of a phase gradient maintained in vitro is made still
more unlikely by the fact that PSM cells spread and disperse
in vitro. We note that a very recent publication (Hubaud
et al. 2017) (published while this paper was under review by
JBS) independently reaches the conclusion that the PSM is
an excitable medium (based on observations on PSM cells
in vitro).
We infer from the cited observations and experimental
results that the PSM is an excitable medium and that the
somitogenesis waves are waves propagating in an
excitable medium. They are not kinematic waves generated
by a phase gradient.

2.4

Wave geometry and left–right differences

The results in the previous sections indicate a left/right time
difference in Xenopus somitogenesis, normally leading to
alternate right and then left somitomere formation. We infer
that the difference is generated by one of the two waves
involved in somitogenesis, the clock oscillator wave or the
ﬁxation wave. The responsible wave needs to be time-
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asymmetric so that it reaches right before left. One possibility is a wave that rotates in relation to the embryo’s axis.
Other alternatives, e.g. a symmetrical wave centred asymmetrically to the embryo’s axis, are contradicted by our
observations. For reasons made evident below, we concentrate here on the somitogenesis oscillator wave. These waves
propagate in the Xenopus mesoderm that, in the stages we
are concerned with after gastrulation, is the mesodermal
mantle: a hollow approximately spheroidal sac (the middle
germ layer), stretching from head to tail and from dorsal to
ventral in the embryo. It is not clear what part of this sac is
the somitogenesis oscillator wave propagation domain. XDelta-2 is expressed only in the very posterior part of the
Xenopus mesoderm at post gastrula stages. The mesodermal
mantle arises during gastrulation due to complex movements
(incl. involution and convergence extension) of the mesoderm which starts as a shallow vertical hollow cylinder
around the equator of the embryo before gastrulation. The
post gastrula Xenopus PSM (X-Delta-2)-expression domain
includes a small, white, (X-Delta-2)-expression-free disc
located where the clock waves originate in its central posterior region. What types of somitogenesis-clock waveforms
can then be involved in Xenopus somitogenesis?
As shown in ﬁgure 4A–C, there are two possibilities for
waves in an isotropic excitable medium like the PSM. The
ﬁrst is periodic concentric (target) waves initiated by an
organising pacemaker, leading to symmetrically-expanding
2D rings or 3D spheres (ﬁgure 4A). The second is an
involute Archimedean spiral (4B), a waveform that can arise
when a concentric wave meets obstacles and breaks (Krinsky
1966, Durston 1973). Spirals in 2D become scroll waves in
3D (Winfree 1973). The properties of spiral and concentric
waveforms have been analysed mathematically and observed
in simple excitable media like aggregating Dictyostelium
cells and the Beloussov-Zhabotinsky reagent (Durston 1973;
Winfree 1972, 1973). The form appropriate in the PSM here
is a shallow scroll wave, effectively a 2D spiral in the
shallow mesodermal mantle, centred on the posterior pole of
the embryo at the location of the (X-Delta-2)-free disc. Of
the two possibilities for waves, the spiral is the relevant one
for three reasons: (1) spirals have chirality, clockwise or
anticlockwise polarity; (2) mature (minimum period) spirals
contain a central 2D phaseless disc (or 3D ﬁlament in a
scroll) of cells forming the inner core of the spiral (Durston
1973; Winfree 1972, 1973); (3) In simple excitable systems,
spirals are the prevalent form. They have the highest frequency/ shortest period and are therefore usually the ﬁnal
stable waveforms to evolve. A minimum-period spiral
accounts economically for both the left–right differences
(observations 1 and 2), and the white (X-Delta-2)-expression-free disc of cells seen at the posterior pole of later
embryos (observation 3) (ﬁgure 5A, B). There is no
anatomical or functional explanation for this structure or for
its localisation and regular shape in later embryos, although
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it coincides with the blastopore in the earlier gastrula. It
could be the central feature of a spiral wave, bounded by a
loop of cells with a perimeter the full minimum wavelength
of the somitogenesis oscillator and throwing off spiral coils
of that wavelength. The cells within the loop would be
bombarded by signals too often for them to oscillate and
may therefore become phaseless and unexcitable. The requisite mathematical analysis has been given by Cohen and
Durston (2018a).
In the embryo, where the territory of PSM and somitic
mesoderm is generally thought to be narrow at the dorsal
side, we should perhaps consider only the dorsal segment of
a concentric or spiral wave ﬁeld. However, in Xenopus the
wave territory is much wider than appears at ﬁrst. X-Delta-2
expression starts very early in the whole mesodermal part of
the embryo at the beginning of gastrulation (Peres et al.
2006). It continues in later development not only in the
dorsal somitomeres but also very faintly in ventral mesoderm (ﬁgure 1B), far outside the ofﬁcial PSM and the main
X-Delta-2-expressing domain, 360 degrees around to the
ventral side of the embryo and also dorsally through the
initially X-Delta-2-free midline (see below). There is also a
dorsal-to-ventral ring of continuous X-Delta-2 expression
around the posterior pole of the embryo dynamically interrupted only by the dorsal midline, as with other Xenopus
oscillating somitogenesis genes (Davis et al. 2001; Li et al.
2003). The ventral parts of the somitomeres are presumably
made by normally active somitogenesis waves because the
ventral part of each somitomere continues at approximately
the same anteroposterior level as the dorsal part. That this
360-degree expression domain is the ﬁeld for wave propagation is conﬁrmed by the faint extension of the somitomere
stripes to the ventral side of the tubular embryo. This implies
that the somitogenesis waves continue equally well at very
low concentrations of X-Delta-2 and are not strongly (XDelta-2)-dependent.
Introducing spirals into somitogenesis might be problematic. The X-Delta-2 domain is bisected by the dorsal
midline, which is generally free of somitogenesis gene
expression and is thus potentially a barrier to wave propagation. However, as discussed above, X-Delta-2 expression
is dynamic in the midline. Changes are seen posteriorly in
the midline that suggest waves of X-Delta-2 expression
actually do pass through the midline at the A-P level of the
PSM (ﬁgure 6 and see below). These waves are in synchrony with sequential formation of right and then left
somitomeres. The initially (X-Delta-2)-free midline at the
posterior end of the embryo changes dynamically, from wide
to very narrow or non-existent, reﬂecting the passage of
these waves (ﬁgure 6). Our observations thus indicate that a
counter-clockwise rotating spiral wave (viewed from posterior) could or does propagate both dorsally and ventrally,
through the ventral mesoderm, the PSM, and the posterior
midline. We thus propose that somitogenesis waves go
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Figure 4. Wave propagation in a simple excitable medium like the PSM. (A) We depict a ﬁeld of PSM cells undergoing cyclical changes.
They are regulated by the cyclical somitogenesis oscillator and emit a pulsatile signal (red ovals indicate signalling cells) at a certain phase
in their signalling cycle. The signal is presumed to be mediated by X-Delta-2 because the oscillating Delta-Notch pathway is known to be
involved in synchronising the somitogenesis oscillations (Özbudak and Lewis 2008). The signal can induce neighbouring cells to signal, the
basis of wave propagation. The cells are thus a population of coupled oscillators. Above: T = 0: The process begins. A single pacemaker
cell signals autonomously. The blue cells (blue discs) in the ﬁeld are in their sensitive phase, capable of receiving and relaying signals. The
signalling cell is depicted in red (red disc). Cells turn black after being brieﬂy red indicating that they have become refractory (insensitive)
for a deﬁned period after having signalled. This insensitivity is the basis for the unidirectional wave propagation. During the cycle, blue
cells become red, then black, and blue again after the refractory period passes. The middle and bottom cell populations are at one and twotime units respectively after the top panel The population of signalling cells spreads out as an expanding ring wave from the original
pacemaker, X-Delta-2 should be secreted from signalling cells (red), depleted as these become refractory (black), building up again through
the black phase, and concentrated in the sensitive (blue) phase. It is likely that in vivo, most of the cycle is refractory. The time at which the
cells signal can either be determined by the autonomous period of the pacemaker’s oscillator cycle or will be advanced, if cells receive a
signal earlier on, in their sensitive phase, leading to wave propagation. (B) Diagrams of the waveforms encountered in a simple two
dimensional excitable medium: Concentric rings (above) are initiated by a point-source periodic pacemaker at a period generally longer
than the refractory period. If the pacemaker has a period shorter than the refractory period, the waves are at the ﬁrst multiple of its period
that is longer than the refractory period. An Archimedean spiral (below) can arise when a wave front is broken by a transient barrier. The
excitation front can curl around to the back of the refractory zone behind the wave and quickly evolve into a spiral, running at the refractory
period, the minimum period. (C) Examples of waves in a real excitable medium, an aggregation ﬁeld of the cellular slime mould
Dictyostelium discoideum (Durston 1973): Longer-period concentric and shorter-period spiral waves are visible. Note that each spiral has a
small, dark, central, phaseless disc, cf. ﬁgure 5. (D). Spiral chirality: Spirals can be clockwise or counter-clockwise as shown. A counterclockwise spiral wave centred on the posterior pole of the embryo would account for the left–right somitogenesis timing differences we
have observed.

through the midline, just as they go around the ventral part
of the embryo (previous paragraph). The posterior end of the
embryo is also surrounded by a ring of X-Delta-2 expression
dynamically interrupted only by the dorsal midline. An
anticlockwise spiral wave passing the midline barrier would
account for the observed timing difference between right and
left somitomeres (observation 1). A minimum-period spiral
would also account for the (X-Delta-2)-expression-free disc

(observation 3). As stated above, the disc would be bounded
by a loop the full wavelength of the somitogenesis oscillator
throwing off spiral coils with that wavelength. Cells within it
would be bombarded by signals too often to oscillate in
response.
On the other hand, the midline barrier could be utilised to
shape the wave forms of an alternative generation mechanism, if it were impenetrable. A concentric pacemaker right
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Figure 5. Obstacles in the excitable medium and the central phaseless disc. (A) Minimum period spiral wave with a central phaseless
disc: The circumference of the disc is equal to the wavelength of the spiral wave, the minimum distance the wave needs to travel before it
encounters cells that are again sensitive and have come out of their refractory period after signalling. Cells inside the disc are bombarded
with signals too often for them to respond (Winfree 1972; Durston 1973). (B) During early gastrulation of Xenopus embryos, the
endodermal yolk plug of the blastopore behaves as a central obstacle in the excitable mesoderm which expresses X-Delta-2 (stages 101/2–
12). In the older Xenopus embryos (stages 20–22), there is no longer a central obstacle. The yolk plug has gradually disappeared into the
embryo by ectoderm epiboly and involution of the endoderm and surface mesodermal cells. In these later stages, any spiral would have
evolved to minimum wavelength. However, there is still a central X-Delta-2 free disc that now has no obvious anatomical correlate. Its
regular disc-shape is also unexplained. Two of these X-Delta-2 free discs are marked in the ﬁgure by yellow rings, which emphasise their
regularity. We interpret them as the central phaseless discs of minimum spirals. (C) Embryos at gastrula stage (stages 101/2, 11 and 12) are
shown on a vegetal view, dorsal to the top (stage 12 tilted to its dorsal side). Embryos at somitogenesis stage (stages 20–22) are shown on a
posterior view, dorsal to the top).
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the dorsal midline is not an absolute barrier to wave propagation (ﬁgure 6). This option also fails to account for the
(X-Delta-2)-expression-free disc, which requires a minimum-period spiral, whereas these pseudo-spiral waves
would run at the period of the pacemaker and would offer no
explanation for the X-delta-free disc. Moreover, somitogenesis waves are clearly centred on this (X-Delta-2)-free disc
exactly at the posterior pole of the embryo. We therefore
choose counter-clockwise spiral wave propagation as the
mechanism controlling the unfolding of handedness during
somitogenesis in Xenopus. We also think that the midline
may act early-on as a transient barrier in the context of
mediating chiral memory and initiating the spiral wave (see
below).
Conclusion: There are two types of wave in a simple
isotropic 2D excitable medium: Expanding concentric rings,
propagating out from a periodic pacemaker cell and
expanding Archimedean spirals propagating out from around
a central phaseless core. An Archimedean spiral (or in 3D, a
shallow vertical scroll wave) is chiral, either clockwise or
counter-clockwise, is the type of chiral waveform needed for
somitogenesis. The known chirality indicates a counterclockwise spiral as the most common form.

2.5 Are canonical handedness differences related
to somitogenesis waves?
Figure 6. Waves and the midline: dynamic expression of XDelta-2 in the presomitic mesoderm. The midline X-Delta-2
expression at the posterior end of the embryo changes dynamically,
the delta free midline changing from wide to very narrow or nonexistent, reﬂecting the passage of signalling waves. (A), (B) and
(C) show examples of stages 22–24 embryos at are putatively at
sequential phases of this wave propagation. (A0 ), (B0 ) and (C0 ) are
diagrams representing the X-Delta-2 expression at these phases,
dorsal view, anterior to the top. The embryo’s PSM is depicted as a
long test-tube shaped tube, closed at the posterior end which is
proposed to be composed of excitable, X-Delta-2 –expressing
tissue (blue in the diagram) and non-excitable, non-X-Delta-2
expressing tissue (midline and posterior disc, white in the
diagram). (A) X-delta-2 expression begins faintly on the righthand side of the posterior midline. (B) Right-hand expression
becomes intense. Expression begins faintly on the left-hand side of
the posterior midline. (C) Expression is intense right and left. The
embryos should then return to (A). Embryos and diagram shown in
a posterior dorsal view, anterior at top (A has a more dorsal
orientation with anterior to the top).

of the barrier could initiate pseudo-spiral waves only going
anticlockwise because clockwise propagation is blocked by
the barrier. The waves would rotate clockwise through the
ventral part of the PSM ring around the posterior pole of the
embryo, becoming spiral-like before they are killed by the
left side of the midline barrier. They would ﬁrst generate
right and then left somitomeres. However, we observe that

We now ask whether these proposals for Xenopus have any
relation to the mechanism proposed to generate the wellestablished left–right differences in vertebrate embryos
(Tabin 2006). That polarity mechanism involves a leftward
cascade of molecules initiated left of the embryo’s organiser
in the gastrula (Tabin 2006). In the mouse, the ﬁrst step in
the mechanism involves chirality: there are monociliated
cells on the inner face of the blastopore (node) of the gastrula
embryo. The cilia of these cells beat with a coordinated
clockwise polarity possibly creating left–right differences by
washing packets of signal molecules leftward (Okada et al.
2005; Tabin 2006). The involvement of these cilia in generating handedness is supported by the observation that
ciliary mutations have handedness phenotypes in mouse
(Shiratori and Hamada 2006; Nonaka et al. 1998). The
mechanism coordinating the activity of the cilia is unknown;
no inherent properties of cilia ﬁt the bill. However, there are
possible molecular connections between this cascade and the
somitogenesis oscillator (Brend and Holley 2009). Notably,
the cilia are in the initial central phaseless ‘eye’ of our
proposed spiral, which could coordinate them, ﬁgure 4B.
Waves do not propagate through the centre of the phaseless
disc, but wave signals will reach the cells at and near its
periphery. The cells inside the disc may still be in range of
signals coordinating their clockwise movement. Hydrodynamic interactions are also possible. The swirling of the
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peripheral cilia might generate a vortex which synchronizes
the remaining cells. This notion is analysed physically and
mathematically by Cohen and Durston (2018b). The regulating spiral wave could be clockwise or anticlockwise. We
think here that the relevant spiral is counter-clockwise.
Oppositely directed movement responses to waves like this
clockwise cilial beat are well known, e.g. the Dictyostelium
chemotactic response. There is also a different chiral
movement response in the chicken gastrula’s node. Upper
cells in the node move leftward, as could occur if they were
regulated by a spiral wave (Gros et al. 2009). This movement could potentially serve the same purpose as coordinated ciliary movement. It has been proposed that in the later
stages of making left–right differences, after initial leftward
transport, a diffusion reaction mechanism converts the small
initial difference to robust handedness (Nakamura et al.
2006). We note that importance of the standard short-range
activation/long range inhibition scenario is also indicated by
the data in ﬁgure 2.
Canonical vertebrate handedness differences may be
generated by a counter-clockwise spiral somitogenesis wave,
propagating in the embryo during gastrulation. Such a wave
could coordinate the clockwise chiral ciliary beat and chiral
cell movements in the blastopore.

2.6 How do counter-clockwise spirals arise reliably
in the Xenopus embryo?
One might ask how spirals arise reliably in the Xenopus
embryo. Inhomogeneities are generally involved in spiral
initiation and the position of an inhomogeneity, the gastrula’s blastopore, initially seems to position the later central
core of the spiral. In addition, one could ask why the spirals
seen are predominantly counter-clockwise. In about 8% of
cases, somitomere formation is advanced left, indicating a
low percentage of clockwise spirals (see above). In addition
to the blastopore, a further L/R inhomogeneity is needed in
the early embryo to bias spiral initiation towards counterclockwise, assuming the spiral is initiated during gastrulation
(more on this below.). It is already clear however that synchronised somitogenesis oscillations start earlier than gastrulation in the zebraﬁsh embryo (Riedel-Kruse et al. 2007).
Studies here already detect core oscillations (of the driving
Hes/Her genes) at the blastula stage. Chiral asymmetries of
embryos that could initiate counter-clockwise spirals are
detected even much earlier than this. The most famous
example is in molluscan (spiralian) embryos. Here, the animal’s shell is clearly organised in a clockwise or counterclockwise spiral. The sense of this chirality is already
apparent at the very beginning of development, in the ﬁrst
few cleavages, and is maternally inherited (Kuroda et al.
2009; Patel 2009). These cell divisions are spirally oriented,
with a chirality that matches that of the adult snail.
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Perturbing the spiral cleavage perturbs body plan chirality in
parallel. In the mollusc Lymnaea stagnalis, most animals are
clockwise; a minority are counter-clockwise. A related situation is seen in the Xenopus embryo, which has the usual
type of L/R polarised bilateral body plan. Embryos prevented from dividing during their ﬁrst few cleavages using
the microﬁlament modifying drug butanedione monoxime
(BDM) develop obvious chirality (Danilchik et al. 2006).
They develop an animal pigment pattern that is always a
counter-clockwise spiral in the still unicellular embryo. This
is associated with development of abnormally long microﬁlaments. These authors also observed that normal early
cleavages manifest counter-clockwise chirality (Danilchik
et al. 2006). The invariant chirality of this drug response
possibly suggests a maternally inherited, microﬁlament-dependent organization within the egg cortex that could play
an early role in LR axis determination during the ﬁrst cell
cycle. Consistent with this hypothesis, brief disruption of
cortical actin during the ﬁrst cell cycle randomizes the later
LR orientation of tadpole heart and gut. Our ﬁndings and
those of others (above) suggest that chirality reappears by
the gastrula stage if not earlier. Interestingly, the partially
synchronised cleavages in Xenopus blastula embryos (cycles
11–14) also show what look like rotating waves of cell
division (Boterenbrood et al. 1983). We suggest either that
chiral waves continue throughout early development or that
a chiral memory (which could possibly be as complex as an
embryo wide chiral actin network but is possibly alternatively simply a left/right inhomogeneity) persists or reappears when needed in the early embryo. Such an
inhomogeneity needs to be capable of forcing initiation of a
counter-clockwise spiral in the gastrula. We have a speciﬁc
suggestion for how this could work (ﬁgure 8). The counterclockwise somitogenesis spiral wave initially rotates around
the embryo’s blastopore. We suggest this rotating wave is
initiated by a single ring-shaped wave, propagated from a
pacemaker, right of the blastopore. When this wave contacts
the non-excitable blastopore, it breaks into two wavefronts,
propagating clockwise and anticlockwise respectively
around it. These waves each reach the ventral PSM at different times. We propose that, in the earliest stages, when the
clockwise front reaches the ventral PSM, it is non-excitable for wave propagation, so this wave is killed and that
later, when the anticlockwise front reaches it, it has become
excitable, so that wave passes it.
Result: A single, anticlockwise spiral wave front, rotating
around the blastopore. Please note that the only L/R inhomogeneity required for this is the rightward location of the
pacemaker/wave initiation point. The formulation above
employs obstacles to wave propagation (the blastopore and
transiently the ventral PSM) to initiate a spiral. Alternatively,
the initiation could occur left of the blastopore, and it could
be the dorsal midline that has variable penetrability. Clockwise spirals would occur should the location of the initiation
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be reversed, right to left or left to right, an infrequent
occurrence according to our data. This is fully in accord with
previous literature (Wiener and Rosenblueth 1946; Krinsky
1966; Durston 1973). A recent paper does however
demonstrate the potential relevance of an alternative inhomogeneity, namely that a spiral be initiated by a local area of
increased wave velocity (Zykov et al. 2017).

3. The interaction of a spiral somitogenesis wave
and an annular ﬁxation front
As stated in section 2.3, in the currently favored model of
somitogenesis, the somitogenesis wave (S-wave) propagates
periodically anteriorly from the posterior of the embryo at a
speed vW and with a wavelength kW . A ﬁxation front (Ffront) counter-propagates steadily posteriorly from the
anterior of the embryo at a speed vF . When the F-front
encounters the S-wave, it stops the clock responsible for the
wave oscillation at the phase at the encounter, and somitomere formation is initiated according to that phase. Successive encounters of the counter-propagating F-front and Swaves generate sequentially in time a spatially periodic
structure of ﬁxed phases with a wave-length kS that develops
the somitomeres. We did not detect either the S-waves, the
F-front, or their encounter directly, but can assume that the
spatial periodicity of the somitomeres directly reﬂects that of
the ﬁxed phase structure established by the encounter and
take kS as the measurable somitomere period parallel to the
anteroposterior (A-P) axis. Because the F-front and the Swave counter-propagate, the relation
kS  kW

ð1Þ

diameters to facilitate comparison of measurements from
different photographs. Measurements of 15 white-spot
diameters yielded a dimensionless mean value of 0.584 for
kW with a standard deviation rW of 0.103. 24 measurements
of kS yield a mean value of 0.129 with a standard deviation
rS of 0.037. (1) is well satisﬁed by the means, and, because
their difference is large relative to either standard deviation,
the conﬁdence level that (1) is satisﬁed is 99.999%, a clear
conﬁrmation of the counter-propagating feature of the
F-front model established by a quantitative inference from
the spiral S-wave model.
Equation (2) can be inverted to
vF
kS =kW
¼
vW 1  kS =kW

to give an estimate of the speed ratio. The above mean
values of kS and kW give a value of 0.28 for vF =vW , implying
that the ﬁxation front propagates at slightly more than a
quarter of the speed of the somitogenesis wave. To our
knowledge, this is the ﬁrst such quantitative information.

4. Conclusions and perspectives
Conclusions: We conclude that Xenopus somitogenesis is
regulated by relayed waves of signalling and not by kinematic phase gradient waves for reasons given above. We
have inferred that a minimum-period, spirally-propagating
wave with a centrally located phaseless core can regulate
left–right differences in Xenopus somitogenesis from the
following 5 key observations:
1.

must hold. The precise relationship is derived in Cohen
and Durston (2018a) as
kS
vF =vW
¼
:
kW 1 þ vF =vW

ð2Þ

This relationship (2) is independent of the detailed form of
the S-wave wave front. The conventional picture is that the
S-waves are ring waves with lines of constant phase closed
around the A-P axis propagating anteriorly and that the Ffront is similarly closed around the A-P axis and propagating
posteriorly. Were that to be the case for Xenopus, however,
we could not test the fundamental relation (1) as we can
observe neither wave nor front directly. Instead we argue that
the S-waves are minimum period spirals rather than rings
and maintain the ring form for the F-front. Because the
length of the periphery of the posterior phaselss cap of the
minimum-period spiral equals kW , the S-wave becomes quite
remarkably visible and measurable.
All length measurements were taken from photographs
like those in the ﬁgures and normalized to the embryo

ð3Þ

2.

3.
4.

5.
6.

The early Xenopus embryo has somitomeres that
connect between left and right ventrally in the embryo
(ﬁgure 1). They connect out of phase so the most recent
somitomere (n) connects back to the opposite somitomere from the previous pair (n - 1). The somitomeres
thus form along a helical front as expected from
generation by a spiral wave.
Viewed dorsally, the somitomeres in stages 22–24
embryos show an obvious left/ right time difference
(ﬁgure 3). Globally, right is usually ahead of left. In 8%
of cases, left is ahead of right.
The early posterior mesodermal wave ﬁeld is interrupted by a central obstacle (the blastopore) (ﬁgure 5).
Later embryos (stages 22–24) all show a non-morphological, regular X-Delta-2 expression-free disc at the
same posterior pole. We interpret this as the central
phaseless disc of a minimum period spiral (ﬁgure 5).
Waves of X-Delta-2 expression cross the posterior
midline right to left (ﬁgure 6).
Chiral behaviour is initiated very early in development,
at the zygote stage. It persists and is manifested at
different stages. We propose a mechanism whereby
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chiral memory is encoded in a simple left–right
difference (ﬁgures 7 and 8).
We have argued that a chiral wave of relayed signalling
controls somitogenesis in vertebrates generally, a conceptual
breakthrough in understanding the mechanisms underlying
embryonic development. This wave control is the ﬁrst convincing explanation for the little considered phenomenon of
left–right differences in vertebrate somitogenesis. It provides
an explicit basis for the control of the molecular cascade of
the polarity model (Tabin 2006) of the unfolding of handedness in embryogenesis.
Perspectives: This problem can best be investigated further in embryos transgenic for an appropriate reporter construct of an appropriate oscillating somitogenesis gene. The
approach would be similar to that in Lauschke et al. (2013),
but instead of looking at a reporter like LuVeLu, whose
expression is limited to a narrow strip of presomitic mesoderm, one looks at a gene like the oscillating somitogenesis
gene X-Delta-2, whose oscillating expression extends 360
degrees around the embryo’s axis at early stages. This should
reveal characteristics of the wave geometry. The construct
used needs to encode an unstable protein with a half-life less
than the somitogenesis oscillator period. Our proposal that
propagating spiral waves may be responsible for handedness
in the vertebrate embryo could thus be veriﬁed or disproved.
Such an investigation, requiring identiﬁcation of a suitable reporter construct and creating the transgenic embryos,
would go far beyond what has been possible for us here.
Nevertheless, verifying that handedness could have an
explanation based on cellular dynamics, not just on the
concentration of a substance or the on/off state of a gene, a
truly novel hypothesis, would enrich the whole ﬁeld of
biological oscillations as well as developmental biology and
would open many further interesting questions.
Such experiments could also shed light on the mechanism
of initiation of the spiral waves, a question not addressed
here, and on the associated underlying prior left–right
asymmetry. Our intriguing observations that (a) in 8% of the
cases left somitomeres preceded right somitomeres, and
(b) (X-Delta-2)-expression was dynamic in cases of equal
numbers of somitomeres, could offer an opening for the
study of handedness prior to somitomere formation and
perhaps the ultimate origin of handedness.
We note that there are several previous ideas about the
origins of vertebrate handedness (including Brown and
Wolpert 1990; Sauer and Klar 2012; Vandenberg and Levin
2013); these will need to be distinguished from and tested
against our own by further investigation. We note also that
some features of our mechanism are paralleled in primitive
facultatively multicellular organisms. Waveforms like those
we mention here were characterised during and mediate
aggregation of the cellular slime mould Dictyostelium
(Durston 1973), an organism initially consisting of a

Figure 7. Chirality and canonical left–right differences. (A) Diagram of gastrulation stage mouse embryo depicting the inﬂuence
of chiral cilia in the node (yellow) on the left–right asymmetric
accumulation of Nodal protein (blue) (Tabin 2006). (B) Diagram representing the chirality of the somitogenesis wave. An
anticlockwise spiral wave in the PSM dark blue curved line)
encounters the ﬁxing wave (yellow line) on the right side of the
embryo to generate a somitomere (lower dark blue oval). No left
somitomere forms yet as the wave has not yet reached the ﬁxing
wave on the left side of the embryo. X-Delta-2 expression is shown
in blue. The pale blue oval (right) indicates the region where XDelta-2 expression reduces below detectable levels during somitomere formation. The (X-Delta-2 free phaseless disc (location of
the ciliated cells in the mouse gastrula) and midline are shown in
white. Arrow represents the anticlockwise direction of the
somitogenesis spiral wave. Left diagram shows a posterior–dorsal
view and the right diagram a full posterior view.

population of individual cells that enter multicellularity via
aggregation. Perhaps such features could even be obtained
and dissected during artiﬁcial multicellularity (Ratcliffe et al.
2015, Wloch-Salamon et al. 2017). It is intriguing that features characteristic of metazoan handedness may arise in
very primitive organisms.

5. Experimental procedure
Embryos: Albino and pigmented Xenopus laevis embryos
were staged according to Nieuwkoop and Faber. Embryo
culture and buffers (modiﬁed Barth’s solution, MBS) were
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Figure 8. Reliable initiation of a couter-clockwise spiral wave by a simple L/R inhomogeneity model. (A) A pacemaker situated just right
of the blastopore (blue circle) initiates a single ring shaped wave of excitation (red ring). (B,C,D) The clockwise propagating part of this
ring wave impacts the non excitable blastopore (blue circle), the excitable organiser in the midline (upper white block) and the non
excitable anterior domain (yellow bar) on the right-hand side ﬁrst (B). The blastopore and anterior domain do not permit wave propagation.
The ventral X-Delta-2 domain is also at this stage non excitable so blocks the ventrally part of the concentric wave propagating clockwise.
The wave front is either extinguished or runs around the non-excitable domains. The anticlockwise arm of the ring wave propagates through
the ventral tissue leading eventually to a single wavefront propagating anticlockwise around the blastopore. This is possible because, by the
time this wavefront meets ventral tissue (D), this has become excitable again. This wavefront will eventually return to the right-hand side of
the dorsal wave ﬁeld. An anticlockwise spiral wave has been initiated. Somitomeres (orange blocks) form wherever the excitation wave
meets the anterior non-excitable domain (C, D) In this model, the only L/R inhomogeneity required is the asymmetric pacemaker. This
interacts with time dependent excitability of the ventrolateral X-Delta-2 domain. The most recent left expression generally extends further
ventrally than the next most recent. Preumably, ventral expression is degraded in older somitomeres.

as described (Peres et al. 2006). Embryos were ﬁxed in
MEMFA during four hours at room temperature or overnight
at 4°C and afterwards stored in methanol (-20°C). Later
stage embryos were anesthetized in tricaine methane-sulfonate (MS 222) before ﬁxation.
Detection of gene expression by in situ hybridisation: The
whole-mount in situ hybridisation protocol was described
previously, as modiﬁed from a previous protocol. (Peres
et al. 2006). After in-situ hybridisation, pigmented embryos
were bleached as described (Peres et al. 2006). Antisense,
Digoxigenin-labelled transcripts were prepared from the
plasmid cDNA clone IMAGE 1025570232 for X-Delta-2.
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Aulehla A and Pouquié O 2008 Oscillating signalling pathways
during embryonic development. Curr. Opin. Cell Biol. 20
632–663.
Brend T and Holley SA 2009 Balancing segmentation and laterality
during vertebrate development. Semin. Cell Developmental.
Biol. 20 472–478.
Boterenbrood EC, Narraway JM and Hara K 1983 Duration of
cleavage cycles and asymmetry in the direction of cleavage
waves prior to gastrulation in Xenopus laevis. Wilhelm Roux’s
Arch. Dev. Biol. 192 216–221.
Brown NA and Wolpert L 1990 The development of handedness in
left/right asymmetry. Development 109 1–9.

Spiral waves and handedness
Campanelli M and Gedeon T 2010 Somitogenesis clock-wave
initiation requires differential decay and multiple binding sites
for clock protein. PLoS Comput. Biol. 6 e1000728.
Cinquin O 2003 Is the somitogenesis clock really cell-autonomous?
A coupled-oscillator model of segmentation. J. Theoret. Biol.
224 459–466.
Cohen MH and Durston AJ 2018a Mathematical theory of
somitogenesis wave propagation; spiral waves in Xenopus laevis
and other embryos. (in preparation).
Cohen MH and Durston AJ 2018b Generation of a left–right
morphogen gradient by a spiral somitogenesis wave, a theoretical analysis. (in preparation).
Cohen MH and Robertson A 1971a Wave propagation in the early
stages of aggregation of cellular slime molds. J. Theoret. Biol.
31 101–118.
Cohen MH and Robertson A 1971b Chemotaxis and the early
stages of aggregation in cellular slime molds J. Theoret. Biol. 31
119–130.
Cooke J and Zeeman EC 1976 A clock and wavefront model for
control of the number of repeated structures during animal
morphogenesis. J. Theor. Biol. 58 455–476.
Danilchik MV, Brown EE and Riegert K 2006 Intrinsic chiral
properties of the Xenopus egg cortex: an early indicator of left–
right asymmetry? Development 133 4517–4526.
Davis R, Turner DL, Evans LM and Kirschner MW 2001
Molecular targets of vertebrate segmentation: two mechanisms
control segmental expression of Xenopus hairy2 during somite
formation. Dev. Cell 1 553–565.
Durston A 1973 Dictyostelium discoideum aggregation ﬁelds as
excitable media. J. Theor. Biol. 42 483–504.
Gibb S, Maroto M and Dale JK 2010 The segmentation clock
mechanism moves up a notch Trends Cell Biol. 20 593–600.
Goodwin BC and Cohen MH 1969 A phase shift model for the
spatial and temporal organiza-tion of developing systems. J.
Theor. Biol. 25 49–107.
Gros J, Feistel K, Viebahn C, Blum M and Tabin CJ 2009 Cell
movements at Hensen’s node establish Left/Right asymmetric
gene expression in the chick. Science 324 941–944.
Herrgen L, Ares S, Morelli LG, Schröter C, Jülicher F and Oates
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