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Dynamics of Zebrafish Somitogenesis
Christian Schröter,1 Leah Herrgen,1 Albert Cardona,2 Gary J. Brouhard,1 Benjamin Feldman,3 and
Andrew C. Oates1*

Vertebrate somitogenesis is a rhythmically repeated morphogenetic process. The dependence of
somitogenesis dynamics on axial position and temperature has not been investigated systematically in any
species. Here we use multiple embryo time-lapse imaging to precisely estimate somitogenesis period and
somite length under various conditions in the zebrafish embryo. Somites form at a constant period along the
trunk, but the period gradually increases in the tail. Somite length varies along the axis in a stereotypical
manner, with tail somites decreasing in size. Therefore, our measurements prompt important modifications
to the steady-state Clock and Wavefront model: somitogenesis period, somite length, and wavefront velocity
all change with axial position. Finally, we show that somitogenesis period changes more than threefold
across the standard developmental temperature range, whereas the axial somite length distribution is
temperature invariant. This finding indicates that the temperature-induced change in somitogenesis period
exactly compensates for altered axial growth. Developmental Dynamics 237:545–553, 2008.
Published 2008 Wiley-Liss, Inc.†
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INTRODUCTION

Vertebrate somitogenesis is a re-
peated patterning process that occurs
sequentially along the axis of the de-
veloping embryo. Current hypotheses
of somitogenesis posit a genetic oscil-
lator, termed the segmentation clock,
in the presomitic mesoderm (PSM)
and tail bud that interacts with a pos-
terior-moving determination wave-
front to set the periodic spacing of
somite boundaries: this is termed the
Clock and Wavefront model (Cooke
and Zeeman, 1976; Dubrulle and
Pourquie, 2004a; Aulehla and Pour-
quie, 2006). In this model, somitogen-
esis period, i.e., the time interval be-

tween formation of each successive
boundary, is determined by the period
of the genetic oscillator, and somite
length is the distance traveled by the
wavefront in one period of oscillation.
Despite increased interest in the un-
derlying molecular processes, the
morphological outputs of the clock and
the wavefront, somitogenesis period
and somite length, have not yet been
quantified simultaneously in any spe-
cies. To understand somitogenesis, as
well as other iterative processes dur-
ing development, a precise quantita-
tive description is necessary.

Estimates of somitogenesis period
in several species indicate that there

are distinct species-specific dynamics
(Pearson and Elsdale, 1979; Tam,
1981; Hanneman and Westerfield,
1989; Brooks and Johnson, 1994;
Wood and Thorogood, 1994; Johnston
et al., 1995; Schubert et al., 2001).
However, the influence of genetic het-
erogeneity on the period within a sin-
gle species has not been explored. Fur-
thermore, although most studies
report some axial variation of somito-
genesis period, conflicting data exist
on the axial extent of such changes
(Cooke and Zeeman, 1976; Pearson
and Elsdale, 1979; Hanneman and
Westerfield, 1989; Kimmel et al.,
1995; Schmidt and Starck, 2004).
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Kimmel et al. (1995) reported a sud-
den change in zebrafish trunk somito-
genesis period, which has been taken
as evidence that different genetic sys-
tems pattern anterior and posterior
trunk (Holley, 2006), but the period
measurements of Hanneman and
Westerfield (1989) and Schmidt and
Starck (2004) do not support this.
Somite length changes along the body
axis in the mouse, chick and Xenopus
embryo (Herrmann et al., 1951; Pear-
son and Elsdale, 1979; Tam, 1981),
but how this correlates with changing
period has not been examined. In
poikilothermic organisms such as the
zebrafish, developmental dynamics,
including somitogenesis, depend
strongly on temperature (Kimmel et
al., 1995). However, the precise tem-
perature dependence of somitogenesis
period or somite length has not been
investigated systematically.

Time-lapse microscopy has been
used to study somitogenesis in various
systems, e.g., to observe cell behavior
at the forming somite boundary in
Barbus conchonius (Wood and Thoro-
good, 1994), zebrafish (Henry et al.,
2000), and chick (Kulesa and Fraser,
2002) and to investigate dynamic gene
expression patterns during mouse
somitogenesis (Masamizu et al.,
2006). In each of these cases, only one
embryo was imaged at a time, and
observations were limited to a single
temperature and a small region of the
axis. To efficiently gather precise data
on global somitogenesis dynamics, an
assay system that can document mul-
tiple embryos at closely spaced time
intervals and defined temperatures
throughout the entirety of somitogen-
esis is required.

Here, we investigate somitogenesis
dynamics using the zebrafish model.
Because of their transparency and ex-
ternal development, zebrafish em-
bryos allow for easy visualization at
high sampling rates without adverse
perturbation. In addition, a large
number of closely staged embryos can
easily be obtained, allowing measure-
ment precision to be estimated. To si-
multaneously document somitogen-
esis period and somite length, we used
a semiautomatic microscopy setup
with a motorized stage that can docu-
ment approximately 40 zebrafish em-
bryos in parallel throughout somito-
genesis. We show that somitogenesis

period is constant in the trunk but
increases gradually in the tail. Somite
length decreases in the posterior body,
indicating that wavefront velocity also
changes during somitogenesis in the
wild-type embryo. Finally, we mea-
sure a strong linear dependence of
somitogenesis frequency on tempera-
ture, whereas somite length distribu-
tion is temperature invariant, indicat-
ing that the period of the clock
compensates for altered growth.

RESULTS

To precisely measure somitogenesis
period and somite length, we set out to
document multiple embryos develop-
ing under the same conditions using
brightfield time-lapse microscopy. A
motorized stage was used to repeat-
edly screen up to 41 animals at de-
fined time intervals and at specified,
constant temperatures. Applying an
ImageJ plugin (for details, see the Ex-
perimental Procedures section and
Fig. 1A), we automatically generated
time-lapse movies of these embryos in
parallel (Supplementary Movie S1,
which can be viewed at http://
www.interscience.wiley.com/jpages/
1058-8388/suppmat).

Precise Determination of
Somitogenesis Period

The increase in somite number over
time can be read from consecutive
frames of the movies (Fig. 1B). To de-
termine somitogenesis period, we an-
alyzed the movies, sequentially noting
the time at which the boundary poste-
rior to each somite formed. For em-
bryos developing inside the chorion,
this approach allowed most trunk
somites to be scored. We first analyzed
somitogenesis period between somites
6 to 18; the period at other axial posi-
tions is described below. Analysis of a
single movie gave the somitogenesis
period for an individual (Fig. 1C). To
examine somitogenesis period as a
population property, we analyzed
multiple movies that had been re-
corded in parallel, normalized the
data, and calculated the mean forma-
tion time, as well as the standard de-
viation (SD), for each boundary. The
uncertainty of the data points, com-
prising both sampling error and bio-
logical variation, remained constant
with recording time (Fig. 1D). Linear

fits to the data from somites 6 to 18
yielded R2 values between 0.998 and
0.999, indicating a linear increase in
somite number over time. Therefore, a
precise estimate of the somitogenesis
period (P) for the population could be
derived from the slope of the linear
curve, which was 24.9 � 0.7 min at a
temperature of 27.1 � 0.1°C for the
experiment shown (Fig. 1D). Confi-
dence intervals for fits of comparable
experiments were consistently less
than 10% of the measured value (Ta-
ble 1). Therefore, observation of mul-
tiple embryos and several boundaries
along the axis enabled us to precisely
determine the somitogenesis period
between somites 6 through 18.

Somitogenesis Period Is
Independent of Wild-Type
Genetic Background

We next tested the influence of genetic
heterogeneity on somitogenesis pe-
riod. To determine whether the com-
monly used zebrafish strains (Guryev
et al., 2006) have strain-specific period
differences, we measured trunk somi-
togenesis period for the AB strain in
direct pairwise comparison to three
others: Golden, Wik, and TL (2 exper-
iments per strain, 10 � n � 20 per
strain and experiment). We found no
significant difference in somitogenesis
period between these strains and the
period established for AB (data not
shown), suggesting that somitogen-
esis period is not modified by strain-
specific genetic differences.

Somitogenesis Period Is
Constant Along the Trunk
but Increases in the Tail

While somitogenesis period is con-
stant from somites 6 to 18, the period
in the anterior trunk or in the tail
might deviate from this behavior. To
investigate the extent of axial varia-
tion of somitogenesis period, we ex-
tended our measurements to the en-
tire embryonic axis.

First, we measured the somitogen-
esis period of the first 6 somites in
comparison to the rest of the trunk,
which ends at somite 17. By orienting
dechorionated embryos dorsally (Fig.
1A, upper left), we were able to follow
somitogenesis in the anterior trunk
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(Supplementary Movie S2). In paral-
lel, we documented embryos from the
same clutch inside their chorion and

followed somitogenesis from a lateral
view for the rest of the trunk. We ex-
cluded the possibility that dechorion-

ation has adverse effects on the onset
or period of somitogenesis by compar-
ing the absolute time when a refer-
ence boundary formed in dechorion-
ated vs. undechorionated embryos.
When fitting linear curves to the data
points obtained from embryos ori-
ented dorsally, we found good linear-
ity (Fig. 2A, red line; R2 � 0.9996).
Therefore, somitogenesis period in the
anterior trunk can once again be esti-
mated as the slope of the linear fit to
the data. The somitogenesis period for
somites 1 to 6 (Fig. 2A, red line; P �
24.7 � 5.0 min) and the period be-

Fig. 1.

Fig. 2. Somitogenesis period at different axial positions. A: Somitogenesis period in the anterior trunk does not differ significantly from the period in
the posterior trunk. Populations of embryos from the same clutch were filmed in parallel, either with or without chorion from lateral or dorsal view,
respectively. Normalized mean somite formation times � SD were scored from either set of movies. Linear fits to both data sets (somites 1–6 for the
dorsal view, somites 6–17 for the lateral view) yielded slopes that were not significantly different. Note that the limited number of data points for period
estimation for the anteriormost somites results in a large confidence interval. T � 27.6 � 0.1°C. B: Somitogenesis period increases in the tail. Tail
outgrowth of embryos homozygous for the nicb107 allele was filmed, and somite formation times were analyzed from somite 4 onward. A linear fit to
data points in the trunk region (somites 4–17) indicates nonlinear behavior as somitogenesis proceeds into the tail. T � 27.4 � 0.1°C.

Fig. 1. Measurement of trunk somitogenesis
period. A: Automated generation of somitogen-
esis time-lapse movies. Embryos in different
orientations are held in defined positions in aga-
rose molds. A motorized stage scans through
them at defined time intervals. Focused images
are generated from Z-stacks using the ImageJ
Stack Focuser, and time-stamped QuickTime
movies are automatically generated from the
focused images. B: Single focused frames of a
representative movie. Red arrowheads mark
the most recently formed somite boundary in
each frame. C: Period measurement from a sin-
gle embryo. A movie produced as in A was
analyzed from the six-somite stage onward,
and formation time of individual somites was
normalized relative to somite 6. A linear in-
crease in somite number over time is evident.
D: Somitogenesis period of the population. The
plot shows normalized mean formation times �
SD of boundaries posterior to somite 6 in a
group of embryos. Note that the SD does not
increase with the duration of recording. The
somitogenesis period of the population was es-
timated as the slope of the linear regression:
P � 24.9 � 0.7 min, T � 27.1 � 0.1°C.
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tween somites 6 to 17 (Fig. 2A, black
line; P � 23.8 � 0.9 min), were not
significantly different, indicating that
somites along the entire trunk form
with a similar period.

To measure somitogenesis period in
the tail, we filmed nicb107 homozygous
embryos, which lack functional nico-
tinic acetylcholine receptors (Wester-
field et al., 1990). Because these em-
bryos are nonmotile and develop
otherwise normally far beyond somito-
genesis stages (van der Meulen et al.,
2005), we could follow tail somitogen-
esis without anesthetizing the embryo
(Supplementary Movie S3). Homozy-
gous nicb107 embryos did not display
significant differences in trunk somi-
togenesis period compared with their
motile littermates, and the difference
in somite number by the 28 somite
stage between these two groups was
less than one (data not shown). Thus,
the nicb107 mutation does not affect
somitogenesis period per se. Analysis
of the movies showed that, in contrast
to the trunk, tail somites formed at
continuously longer periods along the
axis (Fig. 2B). Thus, somitogenesis pe-
riod in the tail marks a gradual slow-
ing rather than a separate process
with a distinct period. When fitting a
linear curve to the data points ob-
tained for trunk somites (4 to 17), we
detected the first significant devia-
tions from this fit around somite 20.
Therefore, trunk and tail differ in
somitogenesis period in the wild-type
zebrafish.

Somitogenesis Period Is
Linearly Temperature-
Dependent

In addition to axial position, environ-
mental temperature is likely to set
somitogenesis period in the zebrafish.
During the above experiments, we no-
ticed that a minor temperature shift
led to a measurable period change
(compare Fig. 1C with Fig. 2A). This
finding prompted us to explore a
larger range of developmental temper-
atures corresponding to typical labo-
ratory rearing conditions using our
time-lapse system. We found that
somite number retained a linear rela-
tionship with time at all measured
temperatures from 20.0°C to 30.8°C
(Fig. 3A), whereas the period changed
approximately threefold across this

range (Table 1). When plotting tem-
perature against somitogenesis fre-
quency, we obtained a good linear re-
lationship (Fig. 3B, R2 � 0.9936).
Therefore, the somitogenesis fre-
quency f [somites.h�1] at any temper-
ature T [°C] between 20.0 and 30.8°C
can be calculated with the formula
f � aT-b, with a � 0.188 � 0.006
somites.h�1°C�1 and b � 2.7 � 0.1
somites.h�1. Using this formula we
can calculate a temperature coeffi-
cient Q10, which describes the fold
change in the rate of a process across a
10°C interval. The coefficient for somi-
togenesis in the temperature range
from 20°C to 30°C is Q10 � 2.8.

Temperature-Independent
Axial Distribution of Somite
Length

We next examined the dynamics of
somite length at the time of formation
(instantaneous length) along the body
axis, using movies recorded from a
population of nicb107 homozygous em-
bryos (Fig. 4A). By measuring somites
at the time of formation, we exclude
contributions of convergent extension
or differentiation that mask true
somite length if measured later in de-
velopment. Along the axis, somite
length increased slightly in the ante-
rior trunk, remained approximately
constant around 50 �m between
somites 6 and 14, and decreased
thereafter (Fig. 4B). By somite 25, the
instantaneous length was approxi-
mately 30 �m, almost half that seen in
the central trunk. Notably, somite
length decreased in the posterior
trunk, while somitogenesis period re-

mained constant. Thus, the zebrafish
embryo shows a continuous change in
the length of the newly forming
somites along the axis.

Given our observation of an approx-
imately threefold change of period
across the 20.0 to 30.8°C temperature
range, we tested whether somite
length was affected by temperature.
We performed instantaneous somite
length measurements in three sets of
movies recorded from nicb107 homozy-
gous embryos at 21.4°C, 25.0°C, and
31.1°C. These measurements did not
reveal any consistent change of somite
length with temperature (Fig. 4C).
Therefore, we conclude that the axial
somite length distribution of the ze-
brafish is independent of steady state
temperature.

DISCUSSION

Precision of the Current
Technique

Here, we make use of a novel multiple
embryo time-lapse imaging protocol to
systematically investigate the dynam-
ics of zebrafish somitogenesis at dif-
ferent positions along the developing
axis, over a range of temperatures,
and in different wild-type strains. By
simultaneously recording multiple
embryos and scoring multiple bound-
aries, we obtain precise mean period
measurements that allow reliable de-
tection of period differences of �10%
between groups of embryos, despite
the relatively low temporal measure-
ment resolution of each single bound-
ary in a given embryo. Our period
measurements in the trunk are in
good agreement with some previously

TABLE 1. Temperature Dependence of Somitogenesis Perioda

Temperature (°C) Somitogenesis period (min) n

20.0 � 0.4 55.4 � 1.9 11
20.2 � 0.4 54.6 � 2.0 12
22.8 � 0.5 40.2 � 1.1 11
24.3 � 0.1 31.5 � 0.9 14
27.1 � 0.1 25.1 � 0.5 15
27.6 � 0.1 23.9 � 0.6 16
29.6 � 0.2 21.4 � 1.0 11
30.8 � 0.3 18.7 � 1.1 14

aPeriod measurements were performed at different temperatures. Period values are
given with 95% confidence intervals and mean temperature � SD during the
recordings. Somitogenesis period was estimated as the slope of the linear regression
of the data.
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published estimates (Hanneman and
Westerfield, 1989; van Eeden et al.,
1996; Schmidt and Starck, 2004), al-
though they disagree with a com-
monly cited study that overestimates
the value at 28.5°C (Kimmel et al.,
1995). Precision is currently limited
by a sampling rate of 5 min, due to the

high number of samples and Z-planes
and is compounded by uncertainties in
the visual analysis of boundary forma-
tion. With higher temporal resolution,
even subtler period changes could be
detected.

We find that genetic polymorphisms
between the commonly used zebrafish

strains AB, Golden, Wik, and TL (Gu-
ryev et al., 2006) do not cause strain-
specific differences in mean somito-
genesis period. Therefore, we propose
that the period is set by a defined com-
plement of genes that may be identi-
fied by screening for somitogenesis pe-
riod mutants using the multiple

Fig. 3. Temperature dependence of somitogenesis period. A: Trunk somite number increases linearly over time at different temperatures. Groups of
embryos were filmed at different temperatures. Plotting of mean formation times � SD for somites 4–18 reveals a linear increase of somite number
over time at 20.0°C (blue), 24.3°C (green) and 30.8°C (red). B: Somitogenesis frequency depends linearly on temperature. Period values from Table
1 were expressed as frequencies and plotted against the mean temperature during the recording. The fit shows a good linear dependence of frequency
and temperature in the range assayed. Error bars show SD of the temperature and 95% confidence interval of the frequency value.

Fig. 4. Axial and temperature dependence of
somite length. A: Measurement of instanta-
neous somite length. Somite length was ana-
lyzed in focused frames of time-lapse movies
by measuring the length of a straight line (red),
connecting the intersections of the dorsal limit
of the notochord with the two most recently
formed somite boundaries. Scale bar � 200 �m
in main, 50 �m in inset. B: Somite length along
the axis is independent of somitogenesis pe-
riod. Instantaneous somite length (squares) was
measured along the entire axis in a population
of nicb107 homozygous embryos and compared
with somitogenesis period in the same popula-
tion (triangles). Somite length increases in the
anterior trunk, is approximately constant in the
central trunk, and decreases thereafter, inde-
pendently from somitogenesis period. Error
bars show SD of formation time and length
measurements. Solid line: Linear fit to estimate
somitogenesis period in the trunk. n � 8; P �
41.6 � 1.2 min; T � 22.7 � 0.4°C.
C: Somite length is independent of develop-
mental temperature. Instantaneous somite
length was measured in populations of nicb107

homozygous embryos developing at 21.4°C
(blue), 25.0°C (green), and 31.1°C (red). Differ-
ent temperatures do not lead to a consistent
change in instantaneous somite length. Error
bars state SD of length measurement.
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embryo time-lapse setup described
here. The identification of segmenta-
tion period genes would be a major
step toward understanding the bio-
chemical basis of rhythmicity in somi-
togenesis. In addition, measured dif-
ferences in mean period between wild-
type and mutants could be useful for
mathematical modeling approaches.

Strong Temperature
Dependence of
Somitogenesis Period

In the laboratory, zebrafish embryos
are commonly raised between 20°C
and 30°C (Kimmel et al., 1995; our
own unpublished observation), and
it is known that temperature has a
strong effect on the general speed of
development (Kimmel et al., 1995).
Here, we precisely quantify the ef-
fect of temperature on somitogenesis
frequency and find an almost three-
fold change in the frequency across
the standard range of developmental
temperatures. Interestingly, in this
range, somitogenesis frequency de-
pends linearly on temperature. We
provide an equation of the form f �
aT-b to estimate somitogenesis fre-
quency (f) for any temperature (T) in
this range. At the standard rearing
temperature of 28.5°C, we calculate
a frequency of 2.7 � 0.3 somites.h�1,
corresponding to a period of 22.6 �
2.5 min. Additionally, we calculate a
temperature coefficient of Q10 � 2.8
for somitogenesis between 20°C and
30°C. This value agrees well with
data obtained for herring (Johnston
et al., 1995) and biochemical reac-
tions in vitro, but contrasts to circa-
dian clocks, the free-running periods
of which are strongly temperature
compensated with a Q10 of approxi-
mately 1 (Pittendrigh, 1954; Bun-
ning, 1963). The temperature exper-
iments presented in this paper
provide a means to directly compare
period data collected in different
labs, provided temperature can be
accurately measured. Finally, our
data suggests that, when using pe-
riod estimates as output variables in
mathematical modeling approaches,
input variables should be normal-
ized to specific temperatures.

Changes in Somitogenesis
Period Along the Developing
Axis

For the first time, we have measured
somitogenesis period with high preci-
sion along the entire axis of a vertebrate
species. A rapid start to somitogenesis
has been reported in amphioxus and
amphibian larvae (Pearson and Els-
dale, 1979; Schubert et al., 2001), and
there is conflicting evidence concerning
the somitogenesis period in the trunk in
zebrafish (Hanneman and Westerfield,
1989; Kimmel et al., 1995; Schmidt and
Starck, 2004). We find there is a linear
increase in somite number over time
along the entire zebrafish trunk, indi-
cating no significant differences in
somitogenesis period for the first six vs.
later trunk somites. In contrast to an
earlier proposal of more rapid anterior
somitogenesis by Kimmel et al. (1995),
the period data presented here elimi-
nates one pillar of the “two genetic sys-
tems” hypothesis used to explain poste-
rior specific segmentation defects in
Delta-Notch mutant zebrafish lines
(Holley, 2006). Instead, our period data
are consistent with a single genetic sys-
tem regulating the timing of trunk
somitogenesis, in line with the “run-
down” hypothesis first proposed by
Jiang et al. (2000), and recently sub-
stantiated by Riedel-Kruse et al. (2007).

Somitogenesis in the tail was re-
ported to occur with a longer period
than in the trunk in zebrafish (Kim-
mel et al., 1995; Schmidt and Starck,
2004). Here, we demonstrate and
quantify this slowing by measuring
somitogenesis period in the nicb107

strain at high temporal resolution.
The increase of period in the tail is
gradual, such that it is not possible to
exactly define its onset, although it is
evident by somite 20. Furthermore,
the increase in somite number over
time is nonlinear, indicating that
there is no sudden transition or switch
to a different period. An increase of
somitogenesis period in the tail has
also been noted in plaice (Brooks and
Johnson, 1994), mouse (Tam, 1981)
and amphioxus (Schubert et al.,
2001), but not in the amphibians Xe-
nopus or Rana (Pearson and Elsdale,
1979). These data indicate that an in-
crease in tail somitogenesis period is
likely the ancestral condition in verte-
brates.

Temperature Compensation
of Axial Somite Length
Distribution

The distribution of instantaneous
somite length along the zebrafish axis
shows a characteristic signature:
Somite length increases in the ante-
rior trunk, reaching a plateau of ap-
proximately constant length in the
mid-trunk. In the posterior trunk,
there is a striking decrease in somite
length despite a constant somitogen-
esis period. In the tail, where period
increases slightly, there is a further
length decrease. This distribution of
segment size may be adaptive for the
specific hydrodynamic problems en-
countered by small larvae, allowing
for a more flexible posterior body and
thus a better anguiliform swimming
mode (Webb and Weihs, 1986; Muller
and van Leeuwen, 2004; McHenry and
Lauder, 2006). However, because am-
niote mouse and chick embryos (Herr-
mann et al., 1951; Tam, 1981) show a
strikingly similar profile of somite
length along the axis, it seems likely
that conserved developmental con-
straints also underlie this common
feature of vertebrate somitogenesis.

In their natural habitats, develop-
ing zebrafish are exposed to a wide
variety of temperatures (Engeszer et
al., 2007). We show here that the
distribution of zebrafish somite
length along the axis is independent
of the steady state developmental
temperature. Changes in the period
of somitogenesis due to temperature
are coordinated with altered growth
such that the proportions of the seg-
ments are maintained: in other
words, segment length throughout
somitogenesis is temperature-com-
pensated. In the Drosophila embryo,
the spatial positioning of segment
borders is also temperature-compen-
sated (Houchmandzadeh et al.,
2002), and we expect that mecha-
nisms that shield the proportions of
poikilothermic embryos from the in-
fluence of developmental tempera-
ture will be essential.

The Clock and Wavefront
Model in the Developing
Embryo

The Clock and Wavefront model has
been widely and successfully used to
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interpret specific genetic and embry-
ological perturbations of somitogen-
esis. In textbook illustrations of
wild-type somitogenesis, oscillator
period, somite length, and wavefront
velocity are assumed to be constant
along the axis—that is, the model’s
dynamics are at steady state (e.g.,
Wolpert, 2006). Cooke and Zeeman
(1976) originally discussed the possi-
bility that period, length, and wave-
front might change during develop-
ment. Here, we quantify the changes
in these primary variables through-
out somitogenesis of wild-type ze-
brafish. Thus, we provide a descrip-
tion of the process that can be used
to adjust the steady state Clock and
Wavefront model to the developing
embryo.

The changes in somitogenesis pe-
riod and somite length along the axis
of the developing zebrafish are most
striking in the tail, where segment
length decreases as somitogenesis
period increases. In a strict interpre-
tation of the Clock and Wavefront
model, an increase in somitogenesis
period should result in longer rather
than shorter somites. Our appar-
ently paradoxical findings are re-
solved by postulating that the wave-
front velocity also changes along the
embryonic axis, independently from
the somitogenesis oscillator period,
and that its velocity slows strikingly
in the posterior half of the embryo.
Only in the central trunk are somi-
togenesis period and somite length,
and hence wavefront velocity, all ap-
proximately constant. Therefore, in
this region, the steady-state Clock
and Wavefront model best approxi-
mates the situation in the develop-
ing embryo.

What are the cellular and molecu-
lar underpinnings of the observed
changes in somitogenesis period and
wavefront velocity along the axis?
Both the clock and wavefront phe-
nomena arise in the PSM. Conver-
gence and extension movements and
cell proliferation supply the PSM
with cells, whereas the wavefront ac-
tivity concomitantly diminishes the
cell number in the PSM by arresting
oscillations and gating cells anteri-
orly for differentiation. In embryos
where tissue size has been artifi-
cially decreased, segment length
adapts to the total length of tissue

available, preserving the relative
proportions of the embryo (Cooke,
1975; Tam, 1981). The initial pur-
pose of the Clock and Wavefront
model was to account for the appar-
ent conservation of segment number
under these circumstances by cou-
pling the wavefront velocity to ini-
tial tissue size (Cooke and Zeeman,
1976). It is evident from our movies
that the PSM size decreases signifi-
cantly during somitogenesis (Fig. 4
and Supplementary Movie S3). We
speculate that a mechanism contin-
uously coupling the wavefront veloc-
ity to tissue size might be responsi-
ble for the decreasing somite length
in a single embryo along the devel-
oping axis.

Gradients in signaling molecules pro-
duced in the tail bud have been invoked
to position the wavefront during somi-
togenesis (Dubrulle et al., 2001;
Sawada et al., 2001; Aulehla et al.,
2003; Diez del Corral et al., 2003;
Dubrulle and Pourquie, 2004b). The
movement of the wavefront relative to
the most recently formed somite is a
function of the continuous posterior
movement of the tail bud and the profile
of the signaling gradients it generates.
We expect that, in a PSM of decreasing
size, the flux of signaling molecules
from the posterior will diminish, result-
ing in altered profiles of signaling gra-
dients. Thus, tissue size-dependent al-
terations in signaling flux might be one
mechanism for coupling tissue size to
wavefront movement. Similarly, period
may be controlled by a factor that is
synthesized in the tail bud in proportion
to the resident cell number. Limited
supply of the period-controlling factor in
a continuously shrinking PSM might
underlie the gradual increase in somi-
togenesis period in the tail.

In summary, our findings lead us
to propose a modification of the
steady-state Clock and Wavefront
model in the zebrafish. The adjusted
model does not alter its basic struc-
ture, but the specific values of
its variables change in an axial- and
temperature-dependent manner.
The incorporation of the molecular
and cellular dynamics of the PSM
into the Clock and Wavefront model
to explain these axial and tempera-
ture changes is the current chal-
lenge.

EXPERIMENTAL
PROCEDURES

Preparation of Embryos,
Molds

Zebrafish embryos were obtained by
natural spawning. Wild-type embryos
were AB strain if not otherwise stated.
Tail somitogenesis was recorded from
nicb107 homozygous embryos (Wester-
field et al., 1990). Dechorionation was
performed between shield and bud
stage if necessary. Embryos were
placed in depressions molded by sili-
cone cones in 2% agarose/E3 in a Petri
dish. Silicone cones were made as Syl-
gard 184 (Dow Corning) casts of cus-
tom-milled molds either produced
from aluminum or Lucite. Two and
two-tenths-mm-wide � 2.5-mm-deep
conical wells were used for embryos
with chorions or for dorsal viewing
during early somitogenesis. Conical
depressions 0.4 to 0.5 mm deep were
used to analyze tail outgrowth. To ob-
serve anterior trunk somite forma-
tion, dechorionated embryos were ori-
ented with the equator pointing
toward the objective shortly before the
start of recording. When measuring
somitogenesis period in the anterior
trunk, care must be taken to avoid
temperature differences between in-
cubator, dissection microscope, and
time-lapse microscope. Embryos ana-
lyzed for tail outgrowth were oriented
laterally around bud stage.

Generation of Time-Lapse
Movies

Time-lapse series were recorded on a
Zeiss Axioskop 200M with a �5 Plan
NEOFLUAR objective using standard
brightfield optics. For tail outgrowth
imaging, a �0.63 tube lens (Zeiss TV2/
3“C) was inserted in front of the cam-
era. Images were acquired with a Pho-
tometrics Coolsnap HQ Camera. The
microscope was equipped with a mo-
torized stage (Zeiss MCU 28) driven
by MetaMorph software (version
6.2r4, Universal Imaging Corp.).
MetaMorph’s MultiDimensional Ac-
quisition tool was used to scan
through up to 41 positions per exper-
iment. For each position, a Z-stack
consisting of five planes with 50 �m
spacing was recorded. The time inter-
val was one frame every 5 min, except
for experiments at temperatures be-
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low 25°C, where the sampling rate
was reduced to 8 min.

ImageJ was used to produce focused
and time-stamped movies. The Im-
ageJ Stack Focuser plugin (http://rsb.
info.nih.gov/ij/plugins/stack-focuser.html)
selects and combines the in-focus areas
from different Z-planes of one time
point. All focused images from one posi-
tion were combined into a time-stack,
time-stamped, and saved both as a
TIFF-stack and QuickTime movie. We
wrote a multithreaded Java plugin,
combining Stack Focuser, Time
Stamper, and Movie Writer plugins to
simultaneously process data from mul-
tiple embryos in parallel. This plugin is
available from the authors upon re-
quest.

Determination of
Somitogenesis Period and
Somite Length

Somitogenesis movies were analyzed
visually by annotating the time of
somite boundary formation. A bound-
ary was considered formed when it
was clearly visible and spanned the
tissue either from axial to lateral (dor-
sal view) or from dorsal to ventral (lat-
eral view). If embryo angle precluded
observing the somitic furrow as a dark
line in lateral view, the appearance of
a notch-like structure in the dorsal
limit of the somitic mesoderm was
considered indicative of boundary for-
mation. To normalize for slightly differ-
ent spawning times, we set the time at
which somite boundary 6 formed to zero
and calculated the times at which pre-
vious and following boundaries formed
relative to this reference point.

For period measurements, 8 to 16
embryos were analyzed per experi-
ment and view, and normalized mean
formation time and SD for every
boundary was calculated. We assigned
the highest SD that was obtained in
the experiment as the SD for forma-
tion time of somite 6. Somitogenesis
period was determined by weighted
linear regression using Origin soft-
ware (OriginLab). Period values are
given as the slope of the linear regres-
sion, errors represent the 95% confi-
dence interval.

Somite length was measured in lat-
eral view from focused TIFF-stacks in
ImageJ. The program was calibrated
using a 1 mm stage micrometer pho-

tographed with the same microscope
settings. The length of each somite
along the axis was measured from the
frame in which it was first considered
formed. A straight line was drawn
connecting the intersections of the
dorsal limit of the notochord with the
two most recently formed somite
boundaries. If embryo angle precluded
observing the somitic furrow as a dark
line, auxiliary lines connecting ipsilat-
eral notch-like structures radially
with the surface of the yolk ball were
used as indicators of boundary position.
The flattened geometry of the paraxial
mesoderm in lateral view at the time of
anterior segment formation prevented
analysis of some segments. Between 8
and 12 embryos were measured in each
length experiment. Somite lengths are
stated as mean � SD.

Temperature Experiments

The room with the time-lapse equip-
ment was heated with an electric ra-
diator (AKO-ISMET, type R909
TSIII); temperature regulation was
achieved using a built-in air-condi-
tioning system (Silent, Axair). Tem-
perature inside the dish was mea-
sured with a K-type thermocouple
dipped into the agarose and connected
to a data logger system (Voltcraft Plus
K202). It was re-calibrated using ice
water and boiling water as references.
Temperature values were recorded ev-
ery minute. Mean temperature � SD
during the experiments is stated.
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