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Summary

A species-specific number of segments is a hallmark of the
vertebrate body plan. The first segmental structures in the

vertebrate embryo are the somites, which bud sequentially
from the growing presomitic mesoderm (PSM). The Clock

and Wavefront model for somitogenesis [1, 2] proposes
that the total number of somites is determined by the period

of an oscillator or clock operating in the PSM and the total
duration of PSM growth. Furthermore, the number of oscilla-

tions of the segmentation clock has been suggested to regu-
late the regional identity of segments along the body axis

[3, 4]. Here we test these two ideas in a zebrafish mutant in
which the segmentation clock is specifically slowed. This

reduces segment number as predicted, but hox gene expres-
sion and posterior anatomical markers align with lower

segmental counts in mutants compared to the wild-type,
arguing against an instructive role of the segmentation

clock in determining axial identities. Our data therefore
suggest that precise control of segmentation clock period

in relation to axial growth ensures a species-specific
segment number and that during evolution modulating the

clock’s period through genetic mutations may have been

a relevant way to vary segment number independently of
axial regionalization.

Results and Discussion

Slowing the Segmentation Clock Increases Segment Size

and Reduces Segment Number
Hairy and enhancer of split related (hes/her) genes encode
transcriptional repressor proteins and are important compo-
nents of the zebrafish segmentation clock [5], but whether
they regulate the period of the clock is not known. In this report
we investigate the role of one member of this group, the hes6
gene (formerly her 13.2 [6]), for its role in period setting by
using a retroviral insertion mutant [7]. The proviral insertion
in the 30 end of the first exon of the gene introduces a stop
codon before the conserved bHLH domain, which mediates
dimerization and DNA binding in this protein family (Figures
S1A and S1B, available online). In addition, the insertion
strongly reduces expression of mature hes6 mRNA (Figures
S1C and S1D). Most of the hes6mutant embryos segment nor-
mally (Figure 1A, lower left, and Table S1), and segmentation
defects in mutants occur with a lower frequency compared
to situations in which hes6 function is inhibited by injection
of antisense morpholino oligonucleotides (MOs) (Figure S1E,
Table S1). To test whether the retroviral insertion results in a
strong loss of hes6 function, we injected her1-targeted MOs
into the mutants. This resulted in disruption of segmentation
*Correspondence: oates@mpi-cbg.de
along the entire axis (Figure 1A, lower left), a phenocopy of
the effects of joint MO-knockdown of hes6 and her 1 [8]. Taken
together, these results indicate that the genetic hes6 lesion
investigated here acts as a strongly hypomorphic allele. We
next asked whether this mutation might influence the period
of the segmentation clock.
Somitogenesis period, i.e., the time taken to form one bilat-

eral pair of somites, is the morphological output of the seg-
mentation clock’s period and can be documented precisely
with multiple-embryo time-lapse imaging [9]. All the following
experiments were carried out with embryos from incrosses
of heterozygous carriers of the hes6 mutation, which were
only genotyped after analysis, thereby eliminating potential
observer bias. When we filmed homozygous hes6 mutant
embryos alongside their wild-type siblings, we found that
somitogenesis period in the mutants was increased along
the entire axis (Figure 1B, see also Movie S1). In the embryo
trunk, somitogenesis period is constant, and its value can be
estimated by a linear fit to the data points up to somite 18
[9]. We find that trunk somitogenesis period is lengthened by
6.5% 6 1.2% (mean 6 95% confidence interval [CI], n = 29)
in hes6 mutant compared to wild-type embryos (Figure 1C).
Nevertheless, the total time of segmentation, from formation
of the second somite boundary to the last visible boundary,
is unchanged between wild-type and hes6 mutant embryos
(Figure 1D, see alsoMovie S1). Consequently, the total number
of somites observed in live hes6mutant embryos was reduced
compared to their wild-type siblings (Table 1 and Movie S1).
Thus, the dynamics, but not the total duration of somitogene-
sis, is altered in hes6 mutant embryos, indicating that hes6
might be involved in setting the period of the segmentation
clock.
To rule out the possibility that the slowed somitogenesis

period in the hes6 mutant reflects an alteration of general
developmental dynamics, we investigated axial elongation
and PSM differentiation in the hes6mutant. We first measured
embryo length at different developmental stages from time-
lapse movies (Figure 2A). Throughout trunk somitogenesis,
hes6 mutants were of the same axial length as their wild-
type siblings (Figure 2B), indicating that hes6 mutants do not
differ from wild-type embryos with respect to overall size or
growth. hes6 has been implicated in positioning the wavefront
where somites become determined within the PSM [6]. It is
therefore possible that loss of hes6 function specifically
affects differentiation in the PSM. To rule this out, we mea-
sured PSM length from time-lapse movies and found no
change between wild-type and hes6mutants at three different
time points (Figure 2C). In addition, we determined PSM length
and wavefront position in fixed PSMs at the ten-somite stage
by double staining with the segment marker myoD and the
wavefront marker mespb (Figure 2D). The length of the PSM
and the extent of themespb domain within it were again indis-
tinguishable between wild-type and hes6 mutants (Figure 2E).
These data argue against a role of hes6 in determining growth
and differentiation in the PSM and suggest that the observed
slowing of somitogenesis period in the hes6 mutant is due to
a specifically slowed segmentation clock. If this were the
case, then according to the Clock and Wavefront model
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Figure 1. Mutating hes6 Slows Somitogenesis

Period

(A) Uninjected and her1MO-injected wild-type

and hes6 mutant embryos were stained with

a cb1045 riboprobe to analyze segmentation.

Wild-type (upper left), hes6 mutant (lower left),

and her1MO-injected wild-type embryos (upper

right) segment grossly normally, but injecting

her1MO into hes6 mutants disrupts segmenta-

tion (lower right). For segmentation phenotypes

of hes6 morphants, see also Figure S1 and Table

S1. The scale bar represents 0.3 mm.

(B) To determine somitogenesis period along the

entire axis, embryos were anesthetized with

0.02% tricaine and filmed in a multiple-embryo

time-lapse array. Formation times of somite

boundaries were read from the movies and

normalized to the formation time of the second

somite boundary for each individual. Data points

showmean formation times6 standard deviation

for each somite and genotype. Somitogenesis

period is increased in hes6mutant embryos along

the entire axis, and hes6 mutants stop somito-

genesis with a smaller number of segments. One

representative experiment out of three indepen-

dent trials is shown.

(C) Trunk somitogenesis period was estimated

from a linear fit to the data points corresponding

to somites two through 18 in the somite number

versus time plot. Data were pooled from three independent experiments by normalizing wild-type period to 100%. hes6 mutants segment w6.5% slower

than their wild-type siblings.

(D) Total segmentation time was calculated from time-lapse movies as the time span between formation of the second and the last visible somite boundary.

Data are pooled from three independent experiments by normalizing the mean segmentation time of wild-type embryos to 1. Wild-type and hes6 mutant

embryos segment for the same total amount of time.

Data in (C) and (D) are displayed as mean 6 95% CI. **p % 0.001, Student’s t test.

Regulation of Segment Number and Axial Identity
1255
[1] embryonic segments should be lengthened in proportion to
the slowing of the clock. We tested this prediction for somites
two to four bymeasuring their anteroposterior length along the
notochord (Figure 2F, red lines). Segment length in the hes6
mutants was increased in good quantitative agreement with
the longer somitogenesis period (Figure 2G). Together, these
data indicate that the segmentation clock is specifically
slowed independent of axial elongation in hes6 mutant
embryos. We conclude that the dynamics of these two pro-
cesses have been dissociated.

Such dissociation is expected to change the total number of
embryonic segments, and examination of live embryos from
time-lapse recordings (Figure 1B, Table 1) indicated that this
was the case. To test whether these differences could also
Table 1. hes6Mutants Have a Reduced Number of Embryonic and Adult Segm

Feature W

Number of myotomes (live embryos) 3

Number of myotomes (48 hpf, cb1045) 3

Level of proctodeum 1

Anterior boundary of hoxd12a expression 1

Number of vertebrae 2

Number of rib-bearing vertebrae

Anterior insertion site of dorsal fin

Anterior insertion site of anal fin 1

Vertebrae number, rib number, and the insertion sites of the dorsal and anal fi

alizarin red S. Myotome number was scored in live embryos at 36 hpf or in

these embryos, the level of the proctodeum was determined by costaining

25 hpf embryos stained for hoxd12a and cb1045 expression. Myotome numb

expression were scored by an observer blind to the embryos’ genotype, and s

as mean 6 95% CI. All differences are highly significant as judged by Student
be observed in fixed specimens at later stages of develop-
ment, we first grew embryos to 48 hr postfertilization (hpf),
which is approximately 18 hr after the end of somitogenesis,
and used the myotome boundary marker cb1045 to count
embryonic segment number (Figure 3A). At this stage, we
counted approximately 2.5 segments more in wild-type
embryos compared to hes6 mutants (Table 1). This difference
of approximately 9% is in reasonable quantitative agreement
with the changes in somitogenesis period and somite length
described above. Therefore, the slowing of the segmentation
oscillator upon mutation of hes6 translates into a reduction
of embryonic segment number. This reduction was not further
enhanced byMO-mediated knockdown of hes6 in the insertion
mutant, once again emphasizing that the retroviral insertion
ents, and the Reduction in Segment Number Is Distributed along the Axis

ild-Type hes6 Mutant

3.4 6 0.3 (n = 14) 29.7 6 0.5 (n = 13)

1.6 6 0.2 (n = 33) 29.2 6 0.2 (n = 26)

7.5 6 0.2 (n = 16) 16.1 6 0.1 (n = 12)

8.9 6 0.6 (n = 11) 17.4 6 0.3 (n = 14)

6.3 6 0.1 (n = 43) 24.4 6 0.2 (n = 42)

9.5 6 0.2 (n = 43) 9.0 6 0.1 (n = 42)

9.0 6 0.2 (n = 38) 8.4 6 0.2 (n = 33)

0.8 6 0.1 (n = 38) 10.2 6 0.1 (n = 38)

ns were counted in adult fish between 2 and 10 months of age stained with

48 hpf embryos stained with the myotome marker cb1045; in a subset of

for evx1. The anterior position of hoxd12a expression was determined in

er, the position of the proctodeum, and the anterior boundary of hoxd12a

pecimens were genotyped only after phenotypic analysis. Counts are given

’s t test (p % 0.001).
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A Figure 2. Unchanged Axial Elongation and

Longer Somites in hes6 Mutant Embryos

(A) Total axial length was measured from stills of

time-lapse movies by drawing a line (red plus

white) from the anterior to the posterior end of

the embryo, following the yolk and the dorsal

aspect of the paraxial mesoderm. PSM length

was measured along the same line (red part) as

the distance between the most recently formed

somite boundary (arrowhead) and the posterior

end of the mesoderm (arrowhead). Three repre-

sentative stages are shown. The scale bar repre-

sents 0.3 mm.

(B) Axial length as measured in (A) is indistin-

guishable between wild-type and hes6 mutants

throughout trunk somitogenesis. Arrowheads on

the x axis indicate when wild-type embryos

reached the five-, ten-, and 15-somite stage.

(C) PSM length measured as in (A) (red line) is

indistinguishable between wild-type and hes6

mutants at three stages during trunk somitogen-

esis. Measurements were taken at simultaneous

time points in all samples; the x axis label indi-

cates average number of somites in wild-type

embryos at the respective time point.

(D) PSM length and wavefront position measure-

ment from a fixed PSM stainedwithmyoD (red) to

label formed somites and mespb (dark blue) to

indicate the wavefront position. Embryo is at

the ten-somite stage, flat mount, anterior to the

top. The scale bar represents 50 mm.

(E) PSM length and distance of thewavefront from themost recently formed somite boundary as indicated in (D) are indistinguishable betweenwild-type and

hes6 mutant embryos. Genotypes were determined by the presence or absence of hes6 in situ signal (blue staining in the tailbud in D).

One representative experiment from three independent trials is shown in (B) and (C) and from two independent trials in (E). In no case was a difference

between wild-type and mutant embryos observed.

(F) Anteroposterior length of somites two to four wasmeasured by drawing a straight line (red) connecting the contact points of the rostral and caudal somite

boundaries with the notochord. The scale bar represents 50 mm.

(G)Mean anteroposterior length of somites two to four. Data are pooled from four independent experiments by normalizingmean length of wild-type somites

to 1. Somites in hes6 mutants are approximately 6%–7% longer than in their wild-type siblings.

Data in (B), (C), (E), and (G) are given as mean 6 95% CI; **p % 0.001, Student’s t test.
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creates a strongly hypomorphic allele (Table S2). Next, we
wanted to know whether mutation of hes6 also affected the
anatomy of the adult fish. We performed skeletal stains of
wild-type and hes6 mutants and counted vertebral number
from the first rib-bearing vertebra to the first caudal vertebra
contacting the tail fin (Figure 3B). This count was reduced to
24 or 25 vertebrae in hes6 mutants compared to 26 or 27 in
wild-type fish (Figure 3B and Table 1). This rules out the exis-
tence of mechanisms that correct segment number later in
development and shows that dissociation of segmentation
oscillator period and axial outgrowth dynamics provides
a means to vary adult segment number.

Based on phylogenetic studies, it has been proposed that
dissociation [10, 11] of the developmental modules respon-
sible for segmentation clock period and axial elongation has
occurred repeatedly in evolution, generating novel body plans
and fostering vertebrate radiation [12, 13]. More recently,
Gomez et al. [14] investigated somitogenesis in a panel of
model vertebrates and, using a mathematical model of tissue
growth, concluded that part of the difference in their segment
number is due to changes in the ratio of segmentation oscil-
lator period and axial growth rate. However, these phyloge-
netic and comparative studies are limited to assessing the ratio
between growth and segmentation oscillator period, because
both parameters have changed when comparing between
evolutionarily distant species. The present work provides the
first direct experimental evidence for one of the elementary
evolutionary transitions implicit in the proposed phylogenetic
scenarios by showing that the segmentation clock can be
slowed independently from axial growth within a single
species.
It is possible that hes6 constitutes a molecularly hard-wired

link between the dynamics of general growth and the segmen-
tation clock period, a link that is lost in the mutant. hes6 is a
transcriptional target of fibroblast growth factor (FGF) sig-
naling [6], and FGF has well-known roles in axial elongation
of vertebrate embryos [15]. Conceivably, hes6 may transduce
FGF signaling activity and regulate clock period accordingly,
thereby coupling the dynamics of both developmental
modules. Alternatively, it is possible that these modules are
not hard-wired and that hes6 is just a component of the clock.
Although the data presented here do not let us distinguish
between these possibilities, it is clear that in either case hes6
acts as a regulator of segmentation clock period. Because
hes6 has well-known roles in transcriptional regulation [6,
16], the data in this report provide the first experimental
evidence for the idea that the pacemaking mechanism of the
segmentation clock is transcriptional in nature [17], although
other mechanisms cannot be ruled out.

Determination of Axial Identity Is Independent
of Segment Number

Although initially very similar in morphology, segments differ-
entiate into diverse structures depending on their axial posi-
tion. The expression of Hox genes is one of the first molecular
determinants of this region-specific differentiation [18]. Some
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Figure 3. hes6 Mutants Have a Reduced Number of Embryonic and Adult Segments, and the Change in Segment Number Is Distributed across Axial

Regions

(A) Embryos at 48 hpf were stained with the myotome boundary marker cb1045 and evx1, which labels the proctodeum (arrowhead). hes6 mutants have

fewer myotomes than their wild-type siblings, and their proctodeum aligns with the 16th segment instead of the 17th or 18th as in the wild-type. The tenth,

20th, and last segment are indicated. The scale bar represents 0.3 mm.

(B) Skeletal stains of 2-month-old wild-type and hes6mutant fish. Themutant has fewer vertebrae and ribs but an otherwise normal morphology of the verte-

bral column. The anterior insertion sites of the anal and dorsal fin (arrowheads) align with a higher vertebral number in wild-type compared to hes6 mutant

fish. The 10th and 22nd vertebrae are indicated. The scale bar represents 0.5 cm.

(C) Embryos at 25 hpf were costained for cb1045 and hoxd12a expression. The anterior border of hoxd12a expression (arrowhead) coincides with a lower

segmental count in hes6 mutant compared to wild-type embryos. The scale bar represents 0.3 mm. See also Figure S2, Table S2, and Table S3.
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authors have suggested a counting mechanism, where the
number of segmentation clock oscillations has an instructive
role in positioning the anterior boundary of Hox gene expres-
sion and determining axial identity of segments [3, 4]. How-
ever, there is also evidence that Hox gene expression bound-
aries and axial identity of segments are at least partially
specified prior to the ingression of cells into the PSM [19,
20], which would be inconsistent with a counting mechanism.
We reasoned that the specifically slowed segmentation clock
in the hes6 mutant would provide independent evidence for
one of these models and thus investigated the determination
of axial identity in the mutant. We first examined the anterior
border of hoxd12a expression [21] and found it at a lower
segment number in hes6 mutants compared to wild-type
embryos (Figure 3C and Table 1). Again, this assay was done
by an observer blind to the embryo’s genotype, which was
only determined after phenotypic analysis. This finding argues
against an instructive role of the number of segmentation clock
oscillations for placing this expression boundary.

Next, we assessed the alignment of anatomical structures
with the file of segments. The proctodeum, marked by evx1
expression, aligned with a lower segment count in hes6
mutants compared to wild-type embryos (Figure 3A, arrow-
head, and Table 1). We ruled out the possibility that this
reflected a posterior shift of the whole file of paraxial meso-
derm within the body by determining the segmental position
of the anteriorly located pectoral fin bud in embryos costained
for tbx5 and cb1045 expression. This structure was found at
the level of the second segment both in wild-type and in
hes6mutant embryos (Figure S2, Table S3). Finally, we looked
at anatomical markers in adult fish and asked whether
they were associated with the same or a different number of
segments in wild-type versus hes6 mutant fish. Examination
of rib number revealed that adult hes6 mutants always had
nine rib-bearing vertebrae whereas wild-type fish had nine or
ten (Figure 3B and Table 1). Furthermore, the anterior insertion
sites of the dorsal and anal fins were found to align with a lower
segment count in the mutant fish compared to the wild-type
(Figure 3B, arrowheads, and Table 1). In summary, all posterior
axial markers examined here align with a lower segment num-
ber in hes6 mutants compared to the wild-type. It therefore
appears that the reduction in segment number in the hes6
mutant is equally distributed to the different parts of the axis
(trunk and tail), and it suggests that the specification of axial
identity occurs independent of the number of segments or
segmentation clock oscillations. Thus, we find no evidence
for a regulatory link between the dynamics of the segmentation
clock and the specification of axial regional identity. Instead,
our results indicate that these two developmental modules
can be dissociated through mutation of a single gene involved
in the clock mechanism.
Homeotic transformations, e.g., through themutation ofHox

genes [22, 23], are changes in the specification of axial identity
that occur independently of segment number and body
growth. Furthermore, phylogenetic studies have established
that region-specific changes in segment number and Hox
gene expression have occurred several times during evolution
[13, 24–26]. Together with the results presented in this report,
these findings support the idea that the developmental
modules that specify segment number and those that
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determine their region-specific differentiation are largely inde-
pendent and dissociable. This dissociability has probably
been advantageous in evolution, because it facilitates the
exploration of novel body plans.

Conclusions
In this report we use a zebrafishmutant with a slowed segmen-
tation clock to investigate the role of this developmental
module in the specification of segment number and the deter-
mination of axial regional identity. We confirm a central predic-
tion of the original Clock andWavefront model by showing that
this slowed clock in a normally elongating axis leads to
a reduction in segment number. Furthermore, we find that
the reduction in segment number is evenly distributed across
different axial regions. Taken together, these data show that
through the mutation of a single gene, the dynamics of the
segmentation clock can be dissociated from the develop-
mental modules that govern axial elongation and determine
regional identity. This finding complements extensive previous
work on Hox gene mutants, which showed how axial regional-
ization could be experimentally dissociated from segmenta-
tion and axial outgrowth [18]. What now remains to be tested
is whether axial outgrowth can be manipulated without
affecting clock period and regionalization. Although this test
may be more difficult, because of the pleiotropic effects of
the signaling pathways involved [15], it supplies the missing
link in understanding the interplay of growth, segmentation,
and regionalization that shapes the vertebrate axial body
plan in development and evolution.
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