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The vertebrate body forms from a multipotent stem cell-like progenitor population that progressively contributes
newly differentiated cells to the most posterior end of the embryo. How the progenitor population balances
proliferation and other cellular functions is unknown due to the difficulty of analyzing cell division in vivo. Here,
we show that proliferation is compartmentalized at the posterior end of the embryo during early zebrafish
development by the regulated expression of cdc25a, a key controller of mitotic entry. Through the use of
a transgenic line that misexpresses cdc25a, we show that this compartmentalization is critical for the formation
of the posterior body. Upon misexpression of cdc25a, several essential T-box transcription factors are abnormally
expressed, including Spadetail/Tbx16, which specifically prevents the normal onset of myoD transcription, leading
to aberrant muscle formation. Our results demonstrate that compartmentalization of proliferation during early
embryogenesis is critical for both extension of the vertebrate body and differentiation of the multipotent posterior
progenitor cells to the muscle cell fate.

[Keywords: proliferation; differentiation; progenitor; somitogenesis; gastrulation; cdc25]

Supplemental material is available for this article.

Received October 22, 2013; revised version accepted January 3, 2014.

From the onset of embryonic development, the single-cell
blastomere proliferates numerous times to create a fully
formed embryo. However, proliferation needs to be care-
fully integrated with many other events occurring within
the embryo, such as differentiation, intercellular signal-
ing, and morphogenesis. How these different processes
are integrated in the embryo remains largely unknown. A
dramatic example of the intricate regulation of the cell
cycle during embryogenesis was provided by the land-
mark study of Foe (1989). In gastrulating Drosophila
embryos, proliferation occurs in highly reproducible mi-
totic domains (Foe 1989), which represent different com-
partments of cell fate commitment (Foe 1989; Cambridge
et al. 1997). Subsequent work revealed that expression of
string, a Cdc25-related protein, drives cells into mitosis
within these domains (Edgar and O’Farrell 1989, 1990).
Although ubiquitous expression of string has surprisingly
little effect on cell commitment within a developing
embryo (Edgar and O’Farrell 1990), forcing mitosis in
gastrulating mesoderm is highly disruptive, suggesting
that mitosis and morphogenesis are incompatible (Foe

et al. 1993). In support of this idea, transcription of the
string ortholog cdc25 in the epidermis of the ascidian
Ciona intestinalis must be carefully controlled for neural
tube closure (Ogura et al. 2011). Similarly, Tribbles, which
regulates String proteolysis, is necessary for gastrulation in
Drosophila (Grosshans and Wieschaus 2000; Mata et al.
2000; Seher and Leptin 2000).

In vertebrate embryos, regulation of the entry into
mitosis is also essential for normal morphogenesis. In
the previously studied vertebrate examples, the function
of the kinase Wee1 that opposes the function of Cdc25
(Leise and Mueller 2002; Murakami et al. 2004) or Tribbles-
related proteins that control Cdc25 protein levels (Saka
and Smith 2004) were required for the morphogenetic
movements of gastrulation. Taken together, studies in
both invertebrates and vertebrates demonstrate that Cdc25
activity needs to be carefully regulated in order for partic-
ular morphogenetic events to occur normally.

During formation of the vertebrate body, newly differ-
entiated cells are continually added to the most posterior
end, resulting in an embryo that grows from anterior to
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posterior. Multipotent cells, preserved at the posterior
end of the embryo in a region called the tailbud, drive this
process (for review, see Wilson et al. 2009). As the embryo
extends during the somite-forming stages, some cells
commit to leave the tailbud and become mesodermal or
neural cells, and some remain bipotential to contribute to
more posterior tissue. Proliferation occurs as the embryo
extends (Kanki and Ho 1997; Cambray and Wilson 2002;
Tzouanacou et al. 2009), whereas inhibiting proliferation
in vertebrates results in truncated embryos (Cooke 1973;
Tam 1981; Zhang et al. 2008). Depending on when pro-
liferation is blocked, either somites are lost (Cooke 1973)
or a similar number of smaller somites are formed (Tam
1981). Little is known about how proliferation progresses
during posterior body formation because of the difficulties
associated with analyzing proliferation in a constantly
changing multicellular embryo. For instance, a previous
study in zebrafish examined proliferation in multiple cell
types using dye injection of blastomeres followed from the
start of gastrulation, but only a single cell that contributes
to the more posterior mesoderm of the embryo was labeled
and followed (Kimmel and Warga 1987).

Recent advances in lineage analysis using photoconver-
tible proteins (for review, see Buckingham and Meilhac
2011) allow a single cell to be efficiently targeted and
followed for individual cell divisions using time-lapse
imaging. The bipotential cells that contribute to the
posterior body in zebrafish make an excellent model for
in vivo analysis of proliferation during anterior–posterior
growth because the precise location of the cells is known
from the time of initial specification until final differenti-
ation (Kimmel et al. 1990; Kanki and Ho 1997; Warga and
Nusslein-Volhard 1999), they are readily accessible for
visualization and manipulation, and the general mecha-
nism for posterior extension of the body is conserved
among vertebrates (Kanki and Ho 1997).

In zebrafish, as in other vertebrates, the progenitors
move through a defined series of transcriptional changes
as they progress from the bipotential neural/mesodermal
state to differentiated muscle (Griffin and Kimelman
2002; Martin and Kimelman 2012), although with some
relatively minor species-specific differences in the tran-
scription factors that are used (Fig. 7A, below; Lardelli
2003; Ahn et al. 2012). Common to all vertebrates is the
expression of Brachyury (called No tail [Ntl] in zebrafish)
(Schulte-Merker et al. 1994), an essential T-box gene that
maintains the progenitors in the bipotential state through
the regulation of Wnt signaling (Martin and Kimelman
2008, 2010, 2012). As cells first begin to differentiate
along the mesodermal lineage in zebrafish, they activate
the T-box factor Tbx16/Spadetail (Spt; the functional
equivalent of mammalian Tbx6) and Mesogenin (Row
et al. 2011; Fior et al. 2012; Yabe and Takada 2012) in
a region that we previously referred to as the maturation
zone (Griffin and Kimelman 2002). After exiting the
maturation zone, cells cease expressing ntl and continue
to differentiate as they enter the presomitic mesoderm
(PSM), where the cells are subdivided by a molecular
clock and wave front into epithelialized blocks called
somites (for review, see Holley 2007; Pourquié 2011;

Oates et al. 2012). Cells of the somite can then produce
several types of tissues, including bone, dermis, and muscle
(for review, see Christ et al. 2007), although, in the early
zebrafish embryo, muscle is by far the major derivative of
the somites. Differentiation of muscle requires the activity
of the myogenic regulatory factors (MRFs) that are capable
of inducing muscle differentiation de novo (for review,
see Tapscott 2005; Buckingham and Vincent 2009). In
zebrafish, MyoD and Myf5 are the essential MRFs of the
early embryo (Hinits et al. 2009). These transcription fac-
tors provide important landmarks for the differentiation
state of the mesodermal cells.

In this study, we identified the timing and location of
the posterior progenitor cell divisions. Our results show
that proliferation is not continuous but is markedly dif-
ferent between gastrulation, when the cells divide rap-
idly, and somitogenesis, when they enter an extended
interphase before adopting the mesodermal fate and
dividing. We show that the extended interphase is due
to the acquisition of an extended S/G2 phase, which cor-
responds to the loss of expression of the key checkpoint
gene cdc25a specifically from the posterior progenitors
during somitogenesis. Through timed misexpression of
Cdc25, we demonstrate that restricted expression of Cdc25
is required during the somite-forming stages for muscle
cell differentiation, not simply for morphogenesis of the
posterior body. We show that cell cycle alteration causes
a cell-autonomous perdurance of spt expression, which
prevents the onset of myoD and myf5 in the PSM, re-
sulting in a deficit of muscle cells along the posterior
body. Our results reveal an unexpected link between the
precise regulation of the S/G2 phase of the cell cycle and
differentiation from multipotency in vivo.

Results

Proliferation in early zebrafish embryos
occurs in two phases

By the start of gastrulation in zebrafish, the mesodermal
territory that will form the complete body axis has been
specified in a region located at the margin between the
cells of the animal pole and the yolk of the vegetal pole
(Kimmel et al. 1990; Schier and Talbot 2005; Kimelman
2006). Whereas the bulk of the mesoderm forms the
anterior somites, a small number of progenitors located
at the ventral margin are fated to contribute to the entire
posterior half of the body (somites 16–34) (Warga and
Nusslein-Volhard 1999; Szeto and Kimelman 2006), ne-
cessitating cell proliferation. To study the proliferation
of these posterior progenitor cells, we produced a new
transgenic zebrafish line ubiquitously expressing a photo-
convertible protein targeted to the nucleus (EF1a:NLS-
Kikume) and then labeled single cells by targeting them
with a short pulse of ultraviolet light, which photo-
converts Kikume from green to red (Tsutsui et al. 2005).

We began by investigating proliferation of the posterior
progenitors during the gastrula stages, from their initial
specification at the ventral margin at the start of gastru-
lation (;6 h post-fertilization [hpf]) until the completion
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of gastrulation and the formation of the tailbud (;12 hpf).
By static and time-lapse imaging, we most commonly
observed that each labeled cell produced four progeny
within this time frame, indicating that the originally
labeled cell had divided twice (Supplemental Fig. S1).
Interestingly, daughter cells of a single labeled cell di-
vided within 30 min of each other, indicating synchrony
between daughter cells. These results are consistent with
previous observations of general mesodermal prolifera-
tion during gastrulation (Kane et al. 1992) and indicate
that the posterior progenitors behave similarly to cells des-
tined for the anterior somites during this 4-h time frame.

Our principle interest was in proliferation of progeni-
tor cells during the somitogenesis stages. By the end of
gastrulation, the tailbud is a concentrated mass of pro-
genitor cells (Kanki and Ho 1997), making it very difficult
to photoconvert single cells; however, we reasoned that
at 90% epiboly, the posterior progenitor cells would be
spread along the ventral side of the embryo in a thin
sheet, making single cells easier to target. To test this, we
photoconverted cells at specific distances from the blas-
topore and subsequently imaged them after completion
of somitogenesis. Not only were we able to easily label
single cells using this approach but we also found that
the distance the progenitor cells were located from the
blastopore correlated with position along the anterior–
posterior axis (Fig. 1A). In particular, cells located 20 cell
diameters from the blastopore consistently contributed to
the most posterior somites, which is particularly useful for
long-term imaging of the progenitors during somitogenesis.

To examine proliferation, we labeled the posterior
progenitors at 90% epiboly and followed them until the
completion of somitogenesis by continuous time-lapse
imaging (Fig. 1B). We observed that each of the progenitors
underwent a single division over 8 h of observation during

the somitogenesis stages (Fig. 1C). Importantly, we found
that although the progenitor cells actively divided during
the gastrula stages, they were quiescent while in the
progenitor zone during somitogenesis. Following the di-
vision, both daughter cells exited the tailbud and entered
the PSM, indicating that each of the progenitor divisions
was a symmetric division, not an asymmetric division that
caused one cell to differentiate and left one cell in the
progenitor population.

Significantly, we observed that the location of the di-
viding cells is very consistent. Cells underwent the divi-
sion soon after they migrated from the dorsal to the
ventral part of the tailbud (Fig. 1B; Supplemental Movie
S1), which is the first overt sign of differentiation (Fior
et al. 2012; Lawton et al. 2013). Thus, the variation in the
timing of progenitor cell division that we observed during
somitogenesis in Figure 1C correlates with the variation
in time for specific progenitor cells to begin the process of
differentiation, suggesting a tight coupling between pro-
liferation and differentiation.

Posterior progenitors are held in the S or G2 phase
of the cell cycle

Our labeling results revealed that the posterior progeni-
tors divide rapidly during the gastrula stages but then
enter a prolonged quiescence during somitogenesis until
they begin to differentiate. Next, we wished to identify
where in the cell cycle the posterior progenitors were
held during their quiescent phase. Fluorescent ubiquitin-
mediated cell cycle indicator (FUCCI) is a unique tool
that uses the cyclical turnover of cell cycle proteins to
indicate the phase of the cell cycle in living cells (Sakaue-
Sawano et al. 2008). Cells in S, G2, or M phase express
a green fluorescent protein (GFP), whereas cells in G1 ex-

Figure 1. Progenitors that contribute to the posterior-most body divide once during somitogenesis. (A) Cells were photoconverted at
a set distance from the blastopore, and the fate along the anterior–posterior axis was recorded (in somite number on the Y-axis ,with 1
being the anterior-most and 30 being the posterior-most somite; the X-axis is the number of cell diameters from the blastopore). Cells 20
cell diameters from the blastopore contribute to the most posterior somites. (B) NLS-Kikume in a single nucleus 20 cells from the
blastopore was photoconverted at 9 hpf. In this example, the cell underwent a division before the start of somitogenesis. Time-lapse
images of the two labeled daughter cells show that cells divided once after they moved into the ventral part of the tailbud. Arrowheads
mark labeled cells, and the arrow marks the blastopore. White and orange arrowheads mark different labeled cells. See also Supplemental
Movie S1. (C) Cell lineage maps from time-lapse imaging of 17 labeled cells revealed that cell division occurred once over a period of 8 h
during somitogenesis. (D) The Dual Fucci transgene reveals that nondividing cells in the progenitor zone (PZ) are in the S, G2, or M phases
(green). These cells can be contrasted with the posterior notochord (PN) and epidermal cells (Ep) that are mostly in G1 (red). See also
Supplemental Figure S2 and Supplemental Movie S2.
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press a red fluorescent protein. FUCCI was recently
adapted for use in zebrafish (Sugiyama et al. 2009) but is
limited because it requires crossing two different hemi-
zygotes to create embryos with the two indicator trans-
genes, meaning that only one-quarter of the embryos are
useful for analysis. To address this limitation, we created
a new transgenic line, Dual Fucci, which simultaneously
expresses both indicators bicistronically using a viral 2A
peptide (Provost et al. 2007). In addition, we placed this
construct under the control of the ubiquitin promoter,
which, unlike the EF1a promoter used in the original
transgenic lines that is silenced after a few days of de-
velopment, remains active throughout development and
into adulthood (Mosimann et al. 2011), significantly
expanding the utility of FUCCI in zebrafish. Using Dual
Fucci, we determined that the posterior progenitors are
in the S, G2, or M phase during somitogenesis (Fig. 1D).
Since the cells do not divide until they leave the pro-
genitor zone, they are not undergoing mitosis and so must
be held in S or G2.

The key innovation of the FUCCI system is that it
allows analysis of the cell cycle in living embryos. If the
bipotential posterior progenitor cells are held in the S or
G2 phase of the cell cycle until differentiation, we would
predict that a population of green cells would be main-
tained in the tailbud until somitogenesis is completed. To
follow the cell cycle of the posterior progenitors through-
out the course of somitogenesis, we imaged Dual Fucci
transgenic embryos over time. A population of green
cells was maintained at the tip of the tail in the posterior
progenitor zone (Supplemental Fig. S2; Supplemental
Movie S2). Intriguingly, the completion of somitogenesis
coincided with depletion of green cells from the tip of the
tail. In summary, still and time-lapse imaging of Dual
Fucci embryos indicates that posterior progenitor cells
are held either in S phase or at the G2/M transition.

Cdc25a is not expressed by the posterior progenitors

Cdc25 is a conserved phosphatase that drives cells into
mitosis (Russell and Nurse 1986; Gautier et al. 1991;
Dalle Nogare et al. 2007). Because Cdc25 plays a central
role in remodeling the cell cycle of the early embryo
(Edgar and Datar 1996; Shimuta et al. 2002; Dalle Nogare
et al. 2009; DiTalia et al. 2013; Farrell and O’Farrell 2013)
and loss of zygotic Cdc25a in zebrafish bends and short-
ens the axis (Verduzco et al. 2012), we investigated the ex-
pression of cdc25 in the posterior progenitor cells using
fluorescent in situ hybridization. Zebrafish have two
cdc25 orthologs: cdc25a and cdc25d (Dalle Nogare et al.
2007). cdc25d is weakly expressed and ubiquitous during
somitogenesis (Dalle Nogare et al. 2007; data not shown).
To examine the expression of cdc25a in the progenitor
zone, we coexamined ntl, which marks the progenitor
population (Martin and Kimelman 2010, 2012). During
the gastrula stages, when the progenitors are rapidly
dividing, cdc25a is expressed throughout the progenitor
cells (Fig. 2A–B09). In contrast, during somitogenesis, when
the progenitors become quiescent, cdc25a is excluded
from the posterior progenitors and expressed by cells that

have exited the progenitor zone (Fig. 2C–D09). Thus, the
expression of cdc25a during gastrulation and somitogene-
sis is consistent with the rapid proliferation of the pro-
genitors during the gastrula stages and the initiation of a
prolonged G2 phase in somitogenesis.

Ectopic expression of cdc25a results in loss
of somites and muscle fibers

Exclusion of cdc25a from the posterior progenitor cells
led us to hypothesize that absence of Cdc25a was impor-
tant for extending the interphase of the posterior pro-
genitors and consequently essential for axis elongation.
To test these hypotheses, we sought to express cdc25a
throughout the embryo. Ectopic expression of cdc25a
mRNA in early embryos causes lethality (Dalle Nogare
et al. 2007). Misexpression of Cdc25 using a heat-shock
promoter has been widely used in Drosophila to study its
effects on early embryogenesis (Edgar and O’Farrell 1990;
DiTalia and Wieschaus 2012; Farrell et al. 2012). To
circumvent early embryo lethality, we created a trans-
genic zebrafish line that used a heat-shock promoter to
drive both cdc25a and the fluorescent marker venus

Figure 2. Two phases of proliferation coincide with two phases of
expression of the mitotic phosphatase cdc25a. Three-dimensional
(3D) projections of fluorescent whole-mount in situ hybridiza-
tions at four developmental stages reveal that cdc25a (red) is
expressed broadly within the posterior progenitors at shield
(A–A09) and tailbud (B–B09) stages. (C–D09) During somitogenesis,
cdc25a expression is cleared from the tailbud. The progenitor
cells are marked by the expression of ntl (green), which also is
expressed in the notochord (*) in more anterior regions. Cartoons
depict the stage and orientation of the embryos, and the boxes
depict the region photographed. A–D and A0–D0 are surface
views of the embryo, whereas A9–D9 and A09–D09 are cross-
sectional views.
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throughout the embryo. The transgene is referred to here
as hsp70:cdc25.

To examine the phenotypic effects of ectopic Cdc25a,
we heat-shocked hsp70:cdc25 embryos midway through
somitogenesis (12-somite stage) and allowed embryos to
finish axis elongation. We chose this time because it
allowed us to examine the effects on somites that had
already formed and cells that had completely differenti-
ated versus cells that were still in the progenitor and early
differentiation states. Ectopic Cdc25a caused an increase
in cell death, which was eliminated by injecting a p53
morpholino oligonucleotide (MO) (Supplemental Fig. S3).
The p53 MO itself has no effect on embryo development
(Fig. 3B; Robu et al. 2007). Embryos with ectopic Cdc25a
that had been injected with p53 MO were classified into
three phenotypes that were present at approximately
equal levels (Supplemental Fig. S4). Embryos with the
strongest phenotype (P3) were much shorter, with bent
axes and smaller heads (Fig. 3B). Embryos with the P3
phenotype were used in subsequent analyses. We also
confirmed that, as expected, misexpression of Cdc25
caused a twofold increase in the mitotic index in the
tailbud (Fig. 3A; Supplemental Fig. S3). These data estab-
lish that ectopic Cdc25a forces the posterior progenitors
into mitosis, spatial restriction of Cdc25a maintains a
quiescent progenitor state, and alteration of this quiescent
state leads to perturbations in posterior body formation.

To investigate the effect of ectopic Cdc25a further,
we looked at somite number, somite shape, and cross-
sectional area of the myotome. Transgenic embryos with
the strongest phenotype formed an average of 14 somites
after heat shock, which represented an average loss of
seven somites after a 12-somite heat shock (P < 0.001)
(Fig. 3C). This was not a failure of the PSM to segment
somites, since we could see somite boundaries at the most
posterior end of the body. However, the posterior somites
were clearly abnormal, with narrower somites along the
anterior–posterior axis and a 66% reduction in the mean
cross-sectional area of the myotome, indicating a loss
of muscle mass (P < 0.001) (Fig. 3D–G; data not shown).
These results demonstrate that ectopic Cdc25a prevents
normal axis extension and somite formation and sug-
gest that the defects are not simply due to alterations in
morphogenesis.

Ectopic Cdc25a disrupts fast and slow muscle
fiber formation

In zebrafish embryos, cells that contribute to fast and
slow muscle fiber types develop from distinct populations
of cells, with the fast muscle cells originating in the
progenitor population described above (Devoto et al.
1996; Hirsinger et al. 2004). To analyze the effect of ec-
topic Cdc25a on fast and slow muscle cells, we analyzed
markers of each by immunofluorescence. By carefully
examining somite shape, we found that somites first
became irregular at the fourth somite formed after the
heat shock. Somites posterior to this contained gaps in
the fast muscle marker F310 (Fig. 3H,I). Additionally,
slow muscle fiber analysis with the marker F59 showed

a milder phenotype, with aberrant spacing between slow
muscle fibers and wavy morphology (Fig. 3J,K). To com-
plete differentiation, slow muscle cells elongate and mi-
grate laterally through the nascent fast muscle cells (Henry
et al. 2005; Hollway et al. 2007; Stellabotte et al. 2007).

Figure 3. Ectopic expression of cdc25a disrupts posterior body
formation and muscle differentiation. (A) Mean mitotic index
increased in embryos with the hsp70:cdc25 transgene 1 h after
heat shock (error bars represent one standard deviation; P <

0.01). (B) Bright-field images revealed truncation of the posterior
body and reduced head size after ectopic expression of cdc25a. (C)
Embryos lost an average of seven somites after ectopic expression
of cdc25a (error bars represent one standard deviation; P < 0.001).
The red line marks the number of somites formed before the heat
shock. (D,E) F-actin staining shows abnormal somite shape in
a lateral view. The dashed pink line marks the 22nd somite. (F,G)
Cross-section of somite 22 from D and E shows that dorsal and
ventral compartments are formed but reduced in size. Arrow-
heads highlight the dorsal fin, and the myotome is outlined with
a dashed pink line. (H,I) Fast muscle, detected by F310 immuno-
fluorescence, was aberrant after ectopic Cdc25a. (J,K) Slow muscle
fibers, detected by F59 immunofluorescence, were wavy and
unevenly spaced after cdc25a expression. Embryos were heat-
shocked at the 12-somite stage. All embryos were injected with
1 ng of the p53 MO. See also Supplemental Figures S3 and S4.
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Spacing between fibers and wavy morphology of the slow
muscle expression could therefore be a result of slow
muscle cells migrating through abnormal fast muscle (as
in Bessarab et al. 2008).

MyoD and Myf5 are critical for muscle formation in
zebrafish (Hinits et al. 2009). We therefore examined their
expression to determine whether Cdc25a was affecting
early muscle differentiation. For these experiments, we
were unable to sort embryos by phenotype, and a mix of all
three phenotypes was used. Embryos were heat-shocked
at the six-somite stage and harvested 4 h after the heat
shock because it is easier to visualize gene expression
when the PSM is larger and broader, but the same results
were seen with a 12-somite heat shock (data not shown).
Slow muscle cells in zebrafish are initially formed along
the medial edge of a somite in cells adjacent to the no-
tochord, also known as adaxial mesoderm, whereas fast
muscle is produced from a more lateral population (Devoto
et al. 1996). After ectopic cdc25a expression, expression of
myoD is reduced in the fast muscle precursors but is at
normal levels in the slow muscle precursors (Fig. 4A,B).
Expression of myf5 is reduced in both slow and fast
muscle precursors (Fig. 4C,D). Importantly, loss of myf5
alone does not preclude muscle fiber formation, whereas
loss of both myoD and myf5 blocks formation of muscle,
consistent with the loss of fast muscle but not slow muscle
when cdc25a is misexpressed (Hammond et al. 2007;
Maves et al. 2007). Together, these data show that cells
with ectopic Cdc25a have defects in formation of both fast
and slow muscle fibers, with a major reduction in the
levels of fast muscle myf5 and myoD.

Ectopic Cdc25a causes misexpression of Spadetail
and blocks muscle differentiation

Differentiation of fast muscle from posterior progenitor
cells requires stepwise transitions through distinct do-
mains that are marked by the expression of several T-box
transcription factors (Fig. 7A, below). The first gene
activated at the onset of mesodermal differentiation is
spt, which is initially coexpressed with ntl (Amacher
et al. 2002; Griffin and Kimelman 2002). tbx24 expression
follows this and depends on Spt (Nikaido et al. 2002; Row
et al. 2011). Following ectopic expression of cdc25a, spt
and tbx24 transcription is initiated normally, but surpris-
ingly, cells are unable to silence their expression (Fig. 4E–
H). We observed a similar but less dramatic perdurance of
spt and tbx24 when embryos were heat-shocked at the
six-somite stage and left for 4 h (data not shown). These
results show that alteration in the cell cycle leads to
continued expression of key early differentiation genes.
To determine whether ectopic cdc25a expression caused
all early genes to remain active, we examined the ex-
pression of the progenitor marker ntl. Unlike spt and
tbx24, ntl expression shuts off normally when cdc25 is
ectopically expressed (Fig. 4I–L). Interestingly, we noted
that while ntl was expressed normally in the progenitor
zone (Supplemental Fig. S5), it was diminished in the
maturation zone (Figs. 4K,L, 7A [below]). These data show
that ectopic Cdc25a blocks the normal progress of differ-

entiation in the mesodermal descendants of the posterior
progenitors.

Perduring Spt in the PSM of embryos misexpressing
cdc25a suggested that the cells remained in an undiffer-
entiated state for a prolonged period, resulting in a failure
to differentiate. Spt plays a major role in starting the
differentiation program of the mesodermal cells (Kimmel
et al. 1989; Ho and Kane 1990; Row et al. 2011), and so we
wondered whether failure to silence Spt expression might
account for the inability of muscle cells to differentiate.
To test this hypothesis, we temporally misexpressed spt
using the hsp70 promoter by injecting at the one-cell
stage a DNA construct that has Spt fused through a 2A

Figure 4. Gene expression is disrupted after cdc25a misexpres-
sion. (A,B) myoD is reduced in lateral paraxial mesoderm but
not adaxial mesoderm after ectopic Cdc25a (80%; n = 44). (C,D)
myf5 is reduced in both fast and slow muscle precursors after
Cdc25a misexpression (88%; n = 32). Arrowheads in A–D

highlight the adaxial cells. (E,F) tbx24 expression expanded after
ectopic Cdc25a (90%; n = 29). The arrow marks the most
recently formed somite, which normally expresses tbx24. (G,H)
spt expression similarly expanded after Cdc25a misexpression
(89%; n = 46). Cells within somites that maintain spt expression
are marked with an arrow. (I–L) ntl expression was reduced after
ectopic Cdc25a expression (63%, n = 54). (K,L) The lateral view
shows that the ventral expression domain of ntl, which corre-
sponds to the maturation zone (MZ), is reduced after misex-
pression of Cdc25a. Embryos were heat-shocked using conditions
listed at the left of the figure, where post-heat shock is ab-
breviated as pHS, and all embryos were harvested at the 14-
somite stage. All images are dorsal views except K and L, which
are lateral views.
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peptide to NLS-Kikume, which results in both proteins
being produced as separate polypeptides. As a control, we
used a construct with a multimeric heat-shock element
that drives expression of eGFP (Martin and Kimelman
2010). DNA injection in zebrafish embryos produces
mosaic expression of proteins, which is useful for studying
cell-autonomous effects (Fig. 5A). Following the injection,
embryos were heat-shocked at the 12-somite stage and
then left to develop for 4 h. Whereas control cells expressing
GFP showed normal myoD expression, cells with ectopic
Spt were incapable of transcribing myoD (Fig. 5B–E). Taken
together, our data show that misregulation of the cell cycle
by altering the normal expression of Cdc25a keeps cells
in an immature state through prolonged Spt expression,
which prevents normal myoD expression and thus normal
differentiation of muscle.

Perduring Spadetail is cell-autonomous

Several signaling pathways, including Wnt and Fgf, are
involved in specification and differentiation of the most
posterior mesoderm (for review, see Kimelman 2006).
Prolonged expression of spt after ectopic expression of
cdc25a could be dependent on the extracellular signaling
environment or intracellular effects. To determine which
was the case, we transplanted hsp70:cdc25 cells to a wild-
type environment and assessed their ability to ectopically
produce Spt (Fig. 6A). Cells expressing cdc25a also pro-
duced Spt ectopically (Fig. 6B–E), demonstrating that
ectopic Cdc25a regulates Spt production cell-autonomously
and is likely not dependent on changes to the extracellu-
lar signaling environment. Regulation of Cdc25 activity by phosphorylation

The Cdc25 family is inhibited by several kinases, in-
cluding Chk1 and Chk2, which can cause 14-3-3 binding,
promote degradation, and inhibit interaction with Cyclin–
CDK complexes (for review, see Karlsson-Rosenthal and
Millar 2006). We considered that the variably penetrant
phenotype observed with our hsp70:cdc25 line might be
due to Chk-mediated inhibition of Cdc25. We recently
produced a new transgenic line in which three serines and
threonines conserved between fish and human Cdc25a
that have been shown in other systems to have important
regulatory roles were mutated to alanines. In this line
(hsp70:3S/T / A cdc25a), we found that a single copy of
the transgene uniformly produced the strong P3 pheno-
type (Supplemental Fig. S4), consistent with misexpressed
Cdc25a being down-regulated by phosphorylation in our
original line. We therefore recommend that all future
studies on Cdc25a be done with this new line.

Since the hsp70:3S/T-A cdc25a line produced a uniform
phenotype when heat-shocked at 40°C, we asked whether
lower-temperature heat shocks would produce a partial
response, since lower temperatures result in reduced
levels of transgene expression. Performing the heat shock
at 38°C induced expression of Cdc25a, as seen by fluo-
rescence from the coexpressed Venus, but did not alter
the development of the embryo (Supplemental Fig. S4;
data not shown). Thus, embryos show an all or nothing
response to 3S/T / A Cdc25a, demonstrating that when
the conserved phosphorylation sites on Cdc25a are ab-

Figure 5. spt misexpression inhibits myoD expression. (A)
Diagram depicting mosaic inheritance of injected DNA. Injected
embryos were heat-shocked at the 12-somite stage and collected
4 h after heat shock. (B–E) Expression of myoD is disrupted in
cells with injected DNA that drives expression of Spt and NLS-
Kikume but not in cells with injected DNA that drives GFP
expression alone. hse:gfp is a multimerized heat-shock promoter
that drives GFP expression.

Figure 6. Ectopic Cdc25a has a cell-autonomous effect on Spt.
(A) Diagram depicting the method for transplant. Cells injected
with fluorescent dextran (green) at the one-cell stage were
transplanted from a sphere stage embryo to a shield stage embryo
and then heat-shocked at the six-somite stage and collected 6 h
later. (B,C) Immunolabeling reveals that the domain of Spt protein
extends more anteriorly after ectopic expression of cdc25a. (D,E)
Overlay of FITC dextran (which labels transplanted cells) and Spt
expression shows that transplanted cells misexpressing Cdc25a
ectopically express Spt. Arrowheads highlight three of several
cells that ectopically express Spt in the anterior region.
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sent, a specific threshold of Cdc25a activity is required to
perturb embryonic development.

Discussion

We show here that proliferation of the posterior pro-
genitor cells is differentially regulated in the two major
phases of early development. During the gastrula phase, the
posterior progenitors undergo two rapid divisions, quadru-
pling their number during gastrulation. As somitogenesis
begins, proliferation in the progenitors is shut down, and
division occurs only when the progenitors begin to differ-
entiate into mesodermal cells. After they are incorporated
into somites, cells undergo one more division (data not
shown) such that each posterior progenitor at the early
gastrula stage produces 16 progeny (Martin and Kimelman
2012). We found that this pattern of division matches the
expression of cdc25a, which is ubiquitously expressed
during gastrulation but then depleted from the bipotential
progenitor cells during somitogenesis. cdc25a expression at
this stage in the early differentiating mesodermal cells is
consistent with the round of division the cells undergo
once they leave the progenitor zone. Through regulated
expression of cdc25a, the embryo carefully controls when
and where proliferation occurs during the early stages of
body formation, which resembles the regulation of mitotic
domains during early Drosophila development. Our re-
sults are broadly consistent with those previously reported
by Kanki and Ho (1997), who examined mitotic indices in
posterior regions of the embryo. They observed that the
most posterior end of the embryo had a twofold lower
mitotic index, although because they were not able to
distinguish different cell types (bipotential progenitor,
prospective neural, and prospective mesodermal) or pro-
genitor cells versus cells starting on the path to differen-
tiation, they were unable to observe the quiescence of the
progenitor cells and the division connected to the onset
of differentiation. These results emphasize the value of
following the proliferation and differentiation trajectory of
single cells in a living embryo using photoconvertible
proteins as described here.

Why is division compartmentalized such that the bipo-
tential progenitors are quiescent during somitogenesis?
Since proliferation involves a rearrangement of the cyto-
skeleton, one possibility is that mitosis could complicate
morphogenetic movements that occur in the tailbud
(Kanki and Ho 1997; Lawton et al. 2013), similar to other
cases where the function of Cdc25 is regulated to pre-
vent a conflict between cell division and morphogenesis
(Grosshans and Wieschaus 2000; Mata et al. 2000; Seher
and Leptin 2000; Leise and Mueller 2002; Murakami et al.
2004; Saka and Smith 2004; Ogura et al. 2011). In the
progenitor zone, cell division could potentially interfere
with signaling or adhesive interactions between the rela-
tively immotile progenitor cells (Lawton et al. 2013), alter
the series of morphological changes at the start of differ-
entiation that are regulated in part by Spt (Row et al. 2011),
or disrupt the slowing of cell motility that precedes somite
formation (Lawton et al. 2013). While we did not investi-
gate morphogenesis in detail, misexpression of Cdc25a

does cause defects in the formation of the body, typically
observed as an upward bending of the tail (Fig. 3; Supple-
mental Fig. S4). A second possibility, revealed in a recent
analysis of the zebrafish segmentation clock using single-
cell labeling, intriguingly revealed that mitosis occurs in
the mesodermal precursors during the low phases of her1
oscillation, which was proposed to be important for pro-
pagating synchrony and minimizing the disruption of
mitosis on Notch signaling (Delaune et al. 2012). Timing
the cell cycle to a period subsequent to the start of
mesodermal differentiation could help coordinate the seg-
mentation clock. While embryos continue to form so-
mites after Cdc25a misexpression, there are alterations in
the somite boundaries (Fig. 3), and it will be interesting in
the future to determine how much of this is due to subtle
alterations in her1 expression.

The cell cycle and differentiation

The major new finding reported here is that quiescence is
required by the posterior progenitors to allow the normal
process of differentiation from bipotential precursor to
differentiated muscle cell. Prematurely driving the cells
into mitosis by misexpressing Cdc25 results in embryos
with fewer somites and causes a depletion of the number
of cells beginning differentiation in the maturation zone
(where cells normally express both ntl and spt) as well as
a perdurance of spt and tbx24 expression in the PSM
(Fig. 7B). Moreover, we show that continuation of spt
expression is cell-autonomous and that the maintenance
of Spt beyond the most posterior end of the body inhibits

Figure 7. A model depicts quiescence, proliferation, and the
role of Cdc25a during somitogenesis. (A) Normally, the pro-
genitor cells express ntl and only initiate spt when they begin to
differentiate in the maturation zone. Cells typically express
cdc25a and divide after they begin to differentiate. After silencing
spt, cells activate myoD (and myf5) and then differentiate as
muscle. (B) Ectopic expression of cdc25a during somitogenesis
blocks cells from expressing myoD (and myf5) and forming
muscle by maintaining expression of spt. Ectopic Cdc25 also
causes cells to prematurely inactivate ntl, thus eliminating the
maturation zone.
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the expression of the essential muscle regulatory factors
myoD and myf5, accounting for the perturbation in
muscle development. Because undifferentiated cells are
incapable of contributing to myofibers, they would not be
expected to contribute substantively to the length of the
embryo. Thus, the precise control of the cell cycle by
regulating cdc25 expression is essential for the normal
process of muscle differentiation and establishing the proper
length of the embryo. While much recent work in embryonic
stem cells and Xenopus has emphasized the regulation of
G1 phase in controlling differentiation (Richard-Parpaillon
et al. 2004; Coronado et al. 2013; Pauklin and Vallier
2013), our results reveal that control of G2 exit also plays
an essential role in regulating progenitor differentiation.

Why would altering the cell cycle affect the process
of differentiation? Large-scale comparison of chromatin
between pluripotent and differentiated cells reveals wide-
spread epigenetic and nuclear architecture changes as
cells differentiate (Stergachis et al. 2013; Zhang et al.
2013; Zhu et al. 2013). Similarly, as Drosophila neuro-
blasts differentiate, hunchback (hb) expression is down-
regulated, and the hb gene is observed to move to the
nuclear periphery, a region associated with gene repres-
sion (Kohwi et al. 2013). From these results, we suggest
that the timing of the cell cycle could be precisely reg-
ulated in vivo during differentiation to allow for changes
in the epigenetic marks and/or nuclear architecture,
which could facilitate maintenance of ntl and repression
of spt, two key early differentiation genes. We speculate
that a premature mitosis could be incompatible with
chromatin rearrangements necessary for the changes in
gene expression as cells pass through the early stages of
differentiation. Although analysis of either the nuclear
architecture or epigenetic marks in the small group of
cells that comprise the tailbud is technically very chal-
lenging with current technology, future studies of this
type will provide important clues to the links between
proliferation and differentiation in vivo.

Conclusion

We showed that cell division is compartmentalized by
the regulated expression of cdc25a during early develop-
ment of the zebrafish body and demonstrated that this
restricted cdc25a expression is critical for muscle differ-
entiation during somitogenesis, establishing a new link
between the S/G2 phase of the cell cycle and differenti-
ation from a progenitor population. The Dual Fucci line
described here will make it easy to find additional cells
held in G2 in adults and at all stages of development,
whereas the hsp70:cdc25 line will allow the role of Cdc25
in these cells to be readily assessed.

Material and methods

Cell labeling and time-lapse imaging

Cells within the posterior progenitor zone on the ventral side of
the embryo ;10–30 cells from the margin were targeted for
photoconversion using a 5-sec pulse of 405-nm laser light. Static
images were collected ;4 h later from live embryos using

a Fluoview 1000 laser-scanning confocal microscope (Olympus).
Time-lapse images were collected using a spinning disk confocal
microscope (3I). For time-lapse imaging, images were collected
using a 103 objective at different intervals for gastrulation (every
3 min for 4 h) and somitogenesis (every 6 min for 10 h). Data were
analyzed using Slidebook 5.0 (3I). Briefly, three-dimensional (3D)
data sets that covered 125 mm were condensed to two dimen-
sions using a maximum intensity projection, and the time that
a single cell noticeably split to two cells was recorded as a cell
division.

Generation of Dual Fucci and EF1a:Kikume

For the Dual Fucci line, the zGeminin degron (Sugiyama et al.
2009) was cloned downstream from a 3xFlag tag. Flag-Cerulean-
zGeminin was then placed upstream of a viral 2A peptide
(Provost et al. 2007). The mCherry-zCdt1 fusion protein (Sugiyama
et al. 2009) was placed downstream from the 2A peptide and then
inserted in a plasmid containing Tol2 elements (Kawakami et al.
2000) and the ubiquitin promoter (Mosimann et al. 2011). The
plasmid was used to create a stable line as previously described
(Kawakami et al. 2000). The Cerulean is shown as green in Figure
1, Supplemental Figure S2, and Supplemental Movie S2 for better
contrast with the red. For the EF1a:NLS-Kikume line, Kikume
with a nuclear localization signal was placed upstream of a viral
2A peptide and GFP with a CAAX membrane localization
sequence. The coding sequence for both fluorescent molecules
was placed downstream from the Xenopus EF1a promoter (Lin
et al. 1994) in a plasmid that contained Tol2 elements and was
used to make a stable transgenic line. These transgenic lines and
those described below will be available at the Zebrafish In-
ternational Resource Center.

In situ hybridization

Alkaline phosphatase and fluorescent in situ hybridization
(Lauter et al. 2011) were performed as described. 3D projections
from fluorescent in situ data were generated using a fixed
lighting projection in Slidebook 5.5 (3I).

Generation of hsp70:cdc25 and hsp70:3S/T / A cdc25

Full-length Cdc25a was amplified using the following primers:
59-CCGGATCCACCATGGATATTGATATGGTTCCAGG and
59-CCATCGATGGAGTTTTTTGAGACGGCTGTAC. Cdc25a
was then cloned into a plasmid with Tol2 elements (Kawakami
et al. 2000), a fragment of the zebrafish hsp70 promoter (Halloran
et al. 2000), and the fluorescent protein Venus, separated from
Cdc25a by a 2A viral peptide (Provost et al. 2007). hsp70:3S/T / A
cdc25 was created similarly with the exception that S213,
S305, and T564 were mutated to alanines using site-directed
mutagenesis. The plasmids were used to create stable transgenic
lines.

Immunofluorescence, Lysotracker, and phalloidin staining

Primary antibodies used for immunofluorescence were rabbit
pH3 (1:500; Abcam), mouse F310 (1:100; Hybridoma Bank,
University of Iowa), and mouse F59 (1:10; Hybridoma Bank,
University of Iowa). For Lysotracker staining, embryos were
heat-shocked and raised for 4 h followed by 1 h in 10 mM
Lysotracker Red before being fixed in PFA overnight and stored
in MeOH. For phalloidin labeling, embryos were fixed and
permeabilized for 1.5 h with 2% Triton X-100 in PBS before
incubation in phalloidin 488 or 568 diluted 1:20 in PBT for 1 h
at room temperature. For muscle cross-sectional area analysis,
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images from phalloidin-stained embryos were imported into
Slidebook 5.5 (3I). Cross-sectional images and areas were ob-
tained using the ‘‘three view’’ function.

Cell transplantation

Control Wik/AB or hsp70:cdc25 embryos were injected with 1%
fluorescein dextran. Cells were transplanted from fluorescent
sphere stage (4 hpf) donors to the ventral margins of nonfluores-
cent shield stage (6 hpf) Wik/AB hosts.

Heat-shock treatments

Embryos were heat-shocked by transfer from 28.5°C to a circu-
lating water bath for 30 min at 40°C. Embryos were then placed
for at least 30 min at 28.5°C. Animals were handled in accor-
dance with the guidelines of the University of Washington
Institutional Animal Care and Use Committee.

Statistical analysis and mitotic index calculation

Mean somite counts, mitotic indices, number of normal somites
formed, and mean muscle areas were compared using a Welch’s
t-test that treated each embryo as an independent sample.
Mitotic index was calculated by dividing the number of pH3-positive
cells by the total number of cells and multiplying by 100.
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