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By exploiting the cell-cycle-dependent proteolysis of two ubiquiti-
nation oscillators, human Cdt1 and geminin, which are the direct
substrates of SCFkP2 and APCCdh1 complexes, respectively, Fucci
technique labels mammalian cell nuclei in Gy and S/G2/M phases
with different colors. Transgenic mice expressing these G; and
S/G2/M markers offer a powerful means to investigate the coor-
dination of the cell cycle with morphogenetic processes. We
attempted to introduce these markers into zebrafish embryos to
take advantage of their favorable optical properties. However,
although the fundamental mechanisms for cell-cycle control ap-
pear to be well conserved among species, the G; marker based on
the SCFSP2-mediated degradation of human Cdt1 did not work in
fish cells, probably because the marker was not ubiquitinated
properly by a fish E3 ligase complex. We describe here the gener-
ation of a Fucci derivative using zebrafish homologs of Cdt1 and
geminin, which provides sweeping views of cell proliferation in
whole fish embryos. Remarkably, we discovered two anterior-to-
posterior waves of cell-cycle transitions, G1/S and M/G4, in the
differentiating notochord. Our study demonstrates the effective-
ness of using the Cul4Pdbl-mediated Cdt1 degradation pathway
common to all metazoans for the development of a G; marker that
works in the nonmammalian animal model.

cell cycle | fluorescent protein | imaging | ubiquitination

ukaryotic cells ensure tight regulation of cell division by

maintaining close control over the levels of cell-cycle pro-
teins. For example, Cdtl and geminin have opposite effects on
DNA replication during S phase, and their levels fluctuate
accordingly throughout the cell cycle (1, 2). Cdtl levels are
highest in G, phase just before DNA replication and decrease as
cells transition into S phase, whereas geminin levels rise during
S phase and fall during G; phase. Cells control Cdtl and geminin
activity at the protein level by ubiquitination, which precisely
targets unwanted proteins for destruction.

We harnessed the regulation of cell-cycle-dependent ubiquiti-
nation to develop a genetically encoded indicator for cell-cycle
progression: Fucci (fluorescent ubiquitination-based cell cycle
indicator) (3). The original Fucci probe was generated by fusing
mKO2 (monomeric Kusabira Orange2) and mAG (monomeric
Azami Green) to the ubiquitination domains of human Cdtl
(hCdtl) and human geminin (hGem): hCdt1(30/120) and
hGem(1/110), respectively. These two chimeric proteins, mKO2-
hCdt1(30/120) and mAG-hGem(1/110) (Fig. 1 4 and B), accu-
mulate reciprocally in the nuclei of transfected mammalian cells
during the cell cycle, labeling nuclei of G, phase cells orange and
those in S/Go/M phase green. Thus, these proteins function as
effective G and S/Go/M markers. We also developed a S/Go/M
marker, mAG-hGem(1/60), which accumulates in both the nu-
cleus and cytoplasm (4) and reveals the morphology of individual
cells that have undergone DNA replication. This permits cell
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proliferation to be monitored along with the morphological
differentiation of various cell types.

Visualizing the cell-cycle behavior of individual cells within
complex tissues presents an irresistible challenge to biologists
studying multicellular structures. We previously generated trans-
genic mice that express Fucci in every cell, and characterized the
cell-cycle behavior of embryonic neural progenitor cells (3).
However, we wished to extend our studies even further by
following the dynamic process of cell proliferation in whole
embryos. We therefore turned to zebrafish embryos, whose
external development and transparency provide good access to
almost every stage of embryogenesis. Using the hspa8 promoter,
we generated transgenic zebrafish lines that express mAG-
hGem(1/110) or mKO2-hCdt1(30/120). Four mAG-hGem(1/
110) lines (Tg(hspa8:mAG-hGem(1/110))™040%-d" Taple S2)
showed faithful green fluorescent labeling of nuclei in S/G»/M
phases. However, orange fluorescence was observed throughout
the cell cycle rather than just in G; in two mKO2-hCdt1(30/120)
lines (Tg(hspa8:mKO2-hCdt1(30/120))™0401bc Table S1). These
results suggest that geminin, but not Cdtl, is interchangeable
between mammals and fish in terms of ubiquitin-mediated
degradation (Fig. S1). Thus, application of Fucci technology in
nonmammalian animals requires further study.

Here, we describe our development of zebrafish Fucci
(zFucci), a powerful new tool to dissect cell-cycle behavior in
vivo. We generated DNA constructs using the zebrafish ho-
mologs of Cdtl (zCdtl) and geminin (zGem), characterized
them using cultured fish cells, and constructed transgenic ze-
brafish lines. We were able to observe the dynamic patterns of
cell-cycle progression in several parts of the embryo, including
the retina and notochord.

Results

Construction of a G; Marker for Fish Cells. We redesigned the G;
marker for zebrafish cells using zCdt1. Regulated proteolysis of
Cdtl is the major mechanism behind preventing rereplication
(5). Importantly, Cdtl is also destroyed in response to DNA
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Fig. 1. Development of fluorescent indicators for cell-cycle progression in
fish cells (zFucci), and characterization of zFucci in transgenic fish (Cecyil) cells
compared with Fucci in HeLa cells. (A) Structural domains of hCdt1 (human
Cdt1) and zCdt1 (zebrafish Cdt1). Cyan box, PIP box or QXRVTDF motif (amino
acids 3-9); violet box, Cy motif (amino acids 68-70). The N-terminal 189 aa of
hCdt1 are sufficient for Gy-specific accumulation of the protein (11). This
regulatory region shows 20% sequence homology between hCdt1 and zCdt1.
The other region, which contains the geminin and MCM6 binding domains,
shows 58% homology between the two proteins. The G marker of the
original Fucci, mKO2-hCdt1(30/120), is illustrated at the Top. Various con-
structs with concatenated mKO2 and deletion mutants of zCdt1 are shown at
the Bottom. mK0O2-zCdt1(1/190) is underlined. (B) Structural domains of hGem
(human geminin) and zGem (zebrafish geminin). The S/Go/M markers of the
original Fucci, mAG-hGem(1/110) and mAG-hGem(1/60), are illustrated at the
Top. Two constructs with concatenated mAG and deletion mutants of hGem
for labeling nuclei in S, G,, and M phases. mAG-zGem(1/100) is underlined.
Orange box, D (destruction) box; black box, NLS (nuclear localization signal).
(C) Cell-cycle-dependent changes in fluorescence of zFucci (mKO2-zCdt1(1/
190) and mAG-zGem(1/100)) in Cecyil cells. Arrows indicate cells that were
tracked. (Scale bar, 10 um.) M, M phase. (D) Typical fluorescence images of
Cecyil cells expressing zFucci (mKO2-zCdt1(1/190) and mAG-zGem(1/100)) and
fluorescence from incorporated EdU (white) at Gy, S, Gz, and M phases. (Scale
bar, 10 pm.)

damage. A pathway of both the DNA replication- and damage-
related Cdt1 destruction is well conserved among metazoans (6,
7). The pathway involves a common ubiquitin E3 ligase
(Cul4Pdb1) and chromatin-bound proliferating cell nuclear an-
tigen (PCNA); Cdtl contains a conserved PCNA interaction
protein motif (PIP box or QXRVTDF motif) (8, 9) (Fig. 14).
However, in addition to the Cul4Pd!-mediated Cdt1 destruction,
mammalian cells employ SCF%P2-mediated Cdtl destruction,
which depends on the phosphorylation of Cdtl by cyclin E/A-
cyclin-dependent kinases; hCdt1 contains the Cy motif that binds
to the SCFSP2 E3 ligase (Fig. 14). Experiments using mamma-
lian cells have revealed that Cul4P%®! is required for Cdtl
proteolysis in response to both DNA replication and damage,
whereas SCFS*P? is mainly involved in DNA replication (6, 7). In
the original work on Fucci (3), therefore, we engineered the
hCdtl-based G; marker to be unaffected by DNA damage; the
marker, mKO2-hCdt1(30/120), carries the Cy motif but not
the N terminus containing the PIP box.

Cdt1 consists of three domains: the N-terminal domain, which
is poorly conserved among eukaryotes and is involved in the
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protein’s degradation; the central domain, which contains a
geminin binding site and is conserved among metazoans; and the
C-terminal domain, which binds to minichromosome mainte-
nance (MCM) 6 protein and is highly conserved among eu-
karyotes (10). Since the 189 N-terminal amino acids of hCdt1 are
sufficient for S-phase-specific proteolysis (11), we focused on the
N-terminal domain of zCdt1 (Fig. 14). zCdt1 lacks the Cy motif,
suggesting that the PIP box is required to develop a functional
G, maker in fish cells.

We generated numerous zCdtl mutant constructs containing the
PIP box but with varying degrees of C-terminal truncations. These
were fused to mKO2 and evaluated for cell-cycle-dependent orange
fluorescence in cultured fish cells by time-lapse imaging (Table S1).
A permanent goldfish cell line (GEM-81) (12) was imaged after
transient transfection with the DNA constructs (see SI Methods).
Interestingly, zCdt1(1/100) and zCdt1(1/120), which were similar in
size to hCdt1(30/120), produced a constant fluorescence signal
throughout the cell cycle in both the nucleus and cytoplasm. In
contrast, a series of longer mutant constructs, including zCdt1(1/
138), zCdt1(1/156), zCdt1(1/177), zCdt1(1/190), zCdt1(1/217),
zCdt1(1/236), and zCdt1(1/250) fused to mKO2 all showed clear
fluctuation of orange fluorescence in the nucleus. Because the
fluorescence was apparent in the first half of the cell cycle, the
proteins likely accumulated specifically in G; phase.

Next, these constructs with the EFla promoter (13) were intro-
duced into zebrafish as transgenes (see SI Methods). For each
construct, multiple transgenic lines were generated and screened
for fluorescence. Ten lines, Tg(EF1:mKO2-zCdt1(1/138))™0402a.b,
Tg(EF1a:mKO2-zCdt1(1/177))™04042< Tg(EF1a:mKO2-zCdt1(1/
190))0405a-d - and Tg(EF1a:mKO2-zCdt1(1/236))™%4072 were se-
lected for characterization of the spatiotemporal fluorescence
patterns (Table S1). We examined when the mKO?2 fluorescence
was first detectable after fertilization. zFucci should produce suf-
ficient signal to report cell-cycle progression after the midblastula
transition (MBT), which leads to a lengthening of the cell cycle and
an increase in RNA synthesis. In the lines expressing mKO2-
zCdt1(1/138), mKO2-zCdt1(1/177), and mKO2-zCdt1(1/190), or-
ange fluorescence became observable at 50% epiboly, during which
the beginning of involution defines the onset of gastrulation. We
noticed that the constructs encoding less truncated versions of
zCdt1 showed later onset of fluorescence. For example, embryos
expressing mKO2-zCdt1(1/236) started to fluoresce during the
segmentation (10-somite stage). In contrast, constructs encoding
more truncated versions of zCdt1 (mKO2-zCdt1(1/138)) exhibited
unclear fluctuation of fluorescence, as was observed for mKO2-
zCdt1(1/100) and mKO2-zCdt1(1/120) in GEM-81 cells. After
investigation via time-lapse imaging experiments, we concluded
that mKO2-zCdt1(1/190) had the best performance in vivo. We
selected two lines, Tg(EF1a:mKO2-zCdt1(1/190))™0405%.4 which
expressed bright orange fluorescence reliably, turning on and off in
every cell (Table S1). Importantly, their embryos seemed to grow
normally, and the adults were fertile.

Construction of an S/G,/M Marker for Fish Cells. Although transgenic
lines expressing mAG-hGem(1/110) showed fluctuating green flu-
orescence in every nucleus after 50% epiboly, we used zGem to
generate S/G/M markers (Fig. 1B). A chimeric protein composed
of mAG and the N-terminal 100 aa of zGem (mAG-zGem(1/100))
was found to label the nucleus of transfected GEM-81 cells in the
second half of the cell cycle. mAG-zGem(1/120) gave the same
results as mAG-zGem(1/100). We next made transgenic lines
producing mAG-zGem(1/100) or mAG-zGem(1/120) using the
EF1a promoter. Time-lapse fluorescence imaging was performed
using four lines (Tg(EFla:mAG-zGem(1/100))™0410deh and
Tg(EF1a:mAG-zGem(1/120))™0411%) ‘and bright green nuclei were
observed to blink after the 50% epiboly stage in every line
(Table S2). Tg(EF1a:mAG-zGem(1/100))™0410 was selected
for further experiments.
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Fig.2. Time-lapse imaging of a Cecyil embryo during segmentation. Three-dimensional time-lapse imaging was performed to collect fluorescence images from
the left half of the embryo at 10-min intervals using an Olympus FV1000 upright confocal microscope equipped with an objective lens (xX10 N.A. 0.3). A
dechorionated embryo in the early segmentation period at 12 hpf (6-somite stage) was mounted with the left side up in a chamber containing 0.3% agar. Since
the sample was kept at less than 28 °C during observation, developmental stages cannot be accurately expressed in hpf. Due to z-stacking, green and orange
signals at different z-positions merge to generate yellow signal. Note that zFucci does not yield yellow fluorescence at the G+/S transition, whereas the original
Fucci in mammalian cells does. The scanned region is indicated by the gray box on the three views of an embryo at the 10-somite stage. (Scale bar, 200 um.)

mAG-hGem(1/60) is an S/G»/M marker distributed in both the
nucleus and cytoplasm (4). We found that mAG-hGem(1/60)
showed the same spatiotemporal pattern of fluorescence in
GEM-81 cells and transgenic zebrafish lines as in mammalian
cells (Fig. 1B, Table S2). Tg(EF1a:mAG-hGem(1/60))™04122 was
selected for further experiments.

zFucci Technology Established in Transgenic Zebrafish Lines. We
cross-bred Tg(EF1a:mKO2-zCdt1(1/190))r"0405b  and
Tg(EF1a:mAG-zGem(1/100))™0410" to generate a zebrafish line
producing zFucci. In this line, which we called Cecyil (cell cycle
illuminated), every cell nucleus appeared to exhibit either orange
or green fluorescence. To characterize the performance of
zFucci in detail, we dissociated and cultured cells from a Cecyil
embryo (10-somite stage) and performed time-lapse imaging
(see SI Methods and Movie S1). In each cell, orange fluorescence
alternated with green fluorescence in the nucleus (Fig. 1C). The
intensities of orange and green signals were plotted against time
(Fig. S2A4). Using data from many (>20) cells, we characterized
the temporal profile of zFucci as schematized in the inset. For
comparison, a typical temporal profile of the original Fucci in
HeLa cells and its schematic graph are also shown (Fig. S2B).
There is a slight difference in the timing of the orange-to-green
conversion between the two Fucci systems. In the mammalian
system, orange and green fluorescence overlapped to yield a
yellow nucleus (arrows, Fig. S2B). In contrast, zFucci did not
produce a yellow nucleus, because the orange fluorescence
dropped off quickly (arrows, Fig. S24). This difference is likely
because of the fact that fish use a Cul4P%®!-mediated mechanism
for Cdt1 destruction, whereas the mammals employ SCFS%P2, To
examine whether the timing of the color conversion correlates
with the onset of S phase, Cecyil cells were pulse labeled with
5-ethynyl-2'-deoxyuridine (EdU) (14) (Fig. 1D). None of the
cells with orange nuclei showed EdU incorporation (Fig. S3).
Cells with green nuclei were either in the S or G, phase, and were
distinguishable by nuclear EdU staining.

We also cross-bred Tg(EF1o:mKO2-zCdt1(1/190))r0405d and
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Tg(EF1a:mAG-hGem(1/60))™04122 to generate another trans-
genic line, Cecyil2, in which each cell exhibited orange fluores-
cence in G; phase nuclei and green fluorescence in both the
nucleus and cytoplasm of S/G»/M phase cells. This zFucci-S/G»/
M(NC) line permits us to trace the silhouette of individual
proliferating cells, and thus, to identify cell types and differen-
tiation states by their characteristic morphologies.

Panoramic Views of Cell-Cycle Progression Inside the Developing Fish
Embryo. We observed zFucci fluorescence in a Cecyil embryo
during segmentation. Three-dimensional time-lapse imaging was
performed to collect fluorescence images from the left half of
the embryo at 10-min intervals using an upright confocal mi-
croscope (Movie S2). Sagital (xy) images (every hour) are shown
in Fig. 2. Because they were stacked along the z axis, which
extended between the midplane and body surface (Fig. 2, three
drawings), each image contains complete information about cell
proliferation occurring in the embryo. Initially, the green signal
predominated over the orange signal almost everywhere, indi-
cating rapid mitotic cycling. The overall ratio of green-to-orange
signal decreased as the embryo grew. By the end of segmenta-
tion, the color balance was reversed. While green signal was
concentrated in several organs, including the retina and brain,
orange signal strongly highlighted well-differentiated cells, such
as postmitotic neurons and muscle cells.

Time-Lapse Imaging of Interkinetic Nuclear Migration in the Early
Developing Retina. During retinogenesis, multipotent retinal pro-
genitor cells exit the cell cycle to differentiate into all retinal cell
types. At 28 hours postfertilization (hpf), a group of cells in the
ventronasal region first exit the cell cycle and differentiate into
ganglion cells (15). Many studies have focused on zebrafish
retinogenesis after 28 hpf to examine how cell proliferation, cell
cycle exit, and neurogenesis are coordinated (16-18). We in-
stead focused on early developmental stages (22-27 hpf), when
all retinal neuroepithelial cells are mitotic. To verify that zFucci
permits in vivo visualization of interkinetic nuclear migration
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(18), we collected optical z-sections of the developing retina of
Cecyil embryos at 3.5-um steps every 10 min for 6 h (Movie S3).
During this observation period, green signal predominated over
orange in the neuroepithelial sheet, indicating rapid cycling of
neuronal progenitor cells. It was possible to track green nuclei
migrating from the basal to the apical side (Fig. S44, yellow
arrowheads) and orange nuclei migrating in the opposite direc-
tion (Fig. S4A4, white arrows).

A similar experiment was performed using Cecyil2 embryos.
Retinal neuroepithelial cells expressing zFucci-S/Go/M(NC)
were imaged beginning at 22 hpf (Fig. S4B). The nuclei of green
cells at S/G»/M phases could be distinguished from the cytoplasm
by the more intense nuclear fluorescence. While progressing
through the cell cycle, green progenitor cells extended processes
and displaced their nuclei from the basal to the apical side.

Two Waves of Cell-Cycle Transitions Traveling from the Anterior to the
Posterior of the Notochord. The notochord is the first organ to fully
differentiate during embryogenesis. Although this slender rod of
cells is essential for the patterning of surrounding tissues, such
as the neuroectoderm and paraxial mesoderm (19, 20), little is
known about how the cell cycle progresses within this organ in
coordination with its differentiation. Because the notochord is in
the center of the trunk and difficult to access, and the high
mobility of embryos makes it difficult to keep a large portion of
the notochord within a single focal plane for a sufficient length
of time, time-lapse imaging of this organ in developing embryos
is a formidable task. Thus, we used multiple fixed embryos to
examine the spatiotemporal patterns of cell-cycle progression in
the notochord.

As observed in the tail region of the notochord of a Cecyil
embryo at 19 hpf (Fig. 34, red box), there was a discernible
boundary between two cell populations (Fig. 3B). Orange nuclei
were on the posterior side of the boundary, whereas green nuclei
were on the anterior side. As the notochord elongated further,
the G4/S boundary moved toward the posterior. An embryo at
20 hpf was used to observe the same region relative to the head
(Fig. 3D, red box). All of the cells showed green nuclei (Fig. 3E),
indicating that they had undergone the Gy/S transition. Then,
after remaining in G, phase for some time, the notochordal cells
entered M phase. This M/G; transition boundary also moved
from anterior to posterior. At 22 hpf, dim orange G, nuclei were
observed on the anterior side of the boundary, and green G, or
M nuclei were on the posterior side (Fig. 3H). Interestingly,
mitosis in the notochord was accompanied by extreme vacuol-
ization, such that the orange nuclei of new daughter cells were
pushed to one side of the cell (21).

We identified two waves of cell-cycle transitions: G1/S and M/Gy,
both of which traveled from anterior to posterior in the differen-
tiating notochord. The discovery of a G1/S wave suggests a strong
coordination between DNA replication and differentiation of the
notochord. To map S-phase entry along this organ, we pulse labeled
a Cecyil embryo (18 hpf) with EdU (Fig. 3 J-M). Whereas EdU
localized to green nuclei throughout the embryo, EdU-positive
green nuclei in the notochord were confined to the posterior end.
EdU-negative green nuclei were likely in G, phase. Thus, noto-
chordal cells were arranged in the order of cell-cycle phase (Gy, S,
and G; phases) from posterior to anterior.

The two waves of cell-cycle transitions in the notochord were
also observed in Cecyil2 embryos, but additional features of
these cells were revealed. Although the G1/S boundary was in the
same region and at the same stage as in Cecyil embryos (Fig. 3B),
cells immediately behind the G4/S wave had no vacuoles (Fig.
3C). In contrast, notochordal cells that were probably in G;
phase were slightly polarized and contained some vacuoles (Fig.
3F). Furthermore, the M/G; boundary was highlighted clearly,
with both the nucleus and the cytoplasm filled with green
fluorescence during vacuolization and cell division (Fig. 31).
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Cecyil expressing
zFucci

Cecyil2 expressing
zFucci-S/G2/M(NC

Fig. 3. Cell-cycle transition waves in the differentiating notochord. Decho-
rionated embryos at various stages were fixed in 4% paraformaldehyde (PFA)
solution, then each sample was mounted in 0.3% agar so that a confocal
image of the posterior region of the notochord could be obtained. (A) A
schematic drawing of an embryo at 19 hpf. (B) A fluorescence image of the
posterior region (indicated in A) of the notochord of a Cecyil embryo at 19 hpf.
(C) A fluorescence image of the posterior region (indicated in A) of the
notochord of a Cecyil2 embryo at 19 hpf. (D) A schematic drawing of an
embryo at 20 hpf. (E) A fluorescence image of the posterior region (indicated
in D) of the notochord of a Cecyil embryo at 20 hpf. (F) A fluorescence image
of the posterior region (indicated in D) of the notochord of a Cecyil2 embryo
at 20 hpf. (G) A schematic drawing of an embryo at 22 hpf. (H) A fluorescence
image of the posterior region (indicated in G) of the notochord of a Cecyil
embryo at 22 hpf. (/) A fluorescence image of the posterior region (indicated
in G) of the notochord of a Cecyil2 embryo at 22 hpf. (J~M) A Cecyil embryo at
18 hpf was treated with 400 uM EdU for 1 h and then fixed with 4% PFA.
Alexab647-azide was used to visualize EdU incorporation. Fluorescence images
of the notochord of a Cecyil embryo at 18 hpf for Gy marker (red) (J), S/Go/M
marker (green) (K), incorporated EdU (white) (L), and their merge (M). [Scale
bar, 50 um (A-/); 100 um (J-M.]

Discussion

Because it is generally thought that the fundamental mechanisms
for controlling the cell cycle are well conserved among species,
it seemed likely that the original Fucci technique designed for
mammalian cells would be fully applicable to nonmammalian
species. However, the G; marker based on hCdtl does not
function in zebrafish, probably because hCdtl is not ubiquiti-
nated properly by a fish E3 ligase complex. Differences between
the mammalian and nonmammalian mechanisms of Cdtl deg-
radation likely account for this; in addition to the Cul4Pdbl-
mediated Cdtl destruction pathway common to all metazoans,
mammalian cells employ a SCFS¥P2-mediated Cdt1 destruction
pathway. We used the Cy motif of hCdtl, which binds to the
SCFSkp2 E3 ligase, to develop the G, marker for mammalian cells
(3). However, because zCdt1 lacks the Cy motif, we instead used
the PIP box, which is involved in Cul4Pdbl.mediated Cdtl
destruction, to develop the G; marker for fish cells. mKO2-
zCdt(1/190) was able to label the G nucleus faithfully in cultured
fish cells and transgenic zebrafish lines. Together with the
S/G2/M markers based on hGem or zGem, mKO2-zCdt(1/190)
was used to establish the zFucci system. The transgenic lines
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Cecyil and Cecyil2, which express zFucci and zFucci-S/G»/
M(NC), respectively, exhibit normal development, confirming
that the indicators do not affect normal cell-cycle progression of
fish cells.

Although the original Fucci causes nuclei to turn yellow at the
G4/S transition, zFucci does not. There is a very short time gap
between the green and orange fluorescence in zFucci, which makes
it slightly difficult to track the Gy/S transition of a migrating cell in
three-dimensional space. One solution is to image cells at short time
intervals to get smooth trajectories. Alternatively, limiting expres-
sion of zFucci to a small fraction of cells may be helpful. Trans-
plantation of fluorescent cells from Cecyil or Cecyil2 embryos into
nonfluorescent recipient embryos can generate mosaic animals in
which individual cells expressing zFucci can be easily identified
within a tissue. Using this approach, wide-field observation using an
objective lens of low numerical aperture will allow for efficient
tracking of cell-cycle progression of moving cells. This should be
particularly effective for cells expressing zFucci-S/Go/M(NC),
which reveals the morphology of cells at S/G»/M phases. Another
method of restricting expression of zFucci is the use of tissue-
specific promoters. For instance, live imaging of the notochord in
an intact embryo could be achieved by using a notochord-specific
promoter (22). Cecyil and Cecyil2 will be particularly powerful
when used in conjunction with additional markers of different
colors. For example, although we focused on early stages of
zebrafish retina development to observe interkinetic nuclear
migration, the addition of fluorescent markers such as
huc:RFP (23) at later developmental stages will allow us to
study how cell proliferation and cell-cycle exit during neuro-
genesis are coordinated.

Although the transition from G; to S is difficult to observe in
live samples, the spatial pattern of the G4/S transition occurring
within the notochord could be directly visualized using zFucci
technology. Our experiments using fixed embryos at multiple
stages revealed an anterior to posterior wave of cells undergoing
the Gy/S transition. The M/G; transition can generally be
monitored by morphological changes, but this is also difficult in
the notochord due to the extensive vacuolization accompanying
cell division. By labeling the M- and G;-phase nuclei with green
and orange fluorescence, respectively, we were able to distin-
guish between these two cell populations.

Two intriguing questions arise from our data. First, what
regulates the occurrence and speed of cell-cycle transition
waves? Second, what are the developmental consequences of
these waves? These questions will be addressed by time-lapse
imaging of notochord cells expressing zFucci. Moreover, Fucci
technology will be useful for addressing evo-devo questions (24),
such as how development of the notochord, which is found in
embryos of all chordates, was modified during evolution (25, 26).
Whereas the notochord is replaced by the vertebral column in
higher vertebrates, it persists throughout life as the main axial
support of the body in lower vertebrates (27). We plan to expand
Fucci technology to urochordates, such as Ciona intestinalis.

Although the fish embryo is transparent during early devel-
opment, special technologies may be required to perform fluo-
rescence imaging in a large three-dimensional space. For exam-
ple, selective plane illumination microscopy (28) and digital
scanned laser light sheet fluorescence microscopy (29) have been
developed for high-speed in vivo observation of embryonic
development at subcellular resolution. These systems enable
tracking of individual cells in the whole fish embryo to provide
a “digital embryo,” a three-dimensional reconstruction of early
cell division patterns. While these studies used histone-2B-

1. Ang XL, Harper JW (2004) Interwoven ubiquitination oscillators and control of cell cycle
transitions. Sci STKE 242:pe31.

2. Nakayama KI, Nakayama K (2006) Ubiquitin ligases: Cell-cycle control and cancer. Nat
Rev Cancer 6:369-381.
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EGFP for labeling the nucleus (29), substitution of zFucci will
add DNA replication information to these digital embryos.

Descriptive embryology using zFucci will permit the construc-
tion of comprehensive databases of cell proliferation, differen-
tiation, and movement during zebrafish development. In addi-
tion, combining zFucci with genetic approaches will be fruitful.
For example, crossing zFucci-expressing lines to the many mu-
tant lines isolated by forward genetic screens or to the numerous
transgenic lines expressing fluorescent markers under the con-
trol of cell type- or stage-specific promoters via Cre/lox or
UAS/Gal4 technology (30) will be interesting. Finally, because
the external development and transparency of zebrafish embryos
favor experimental embryology, zFucci-expresing cells can be
used for tissue recombination and interchimeric transplantation,
or grown in isolation to study cell-cell communication. Thus,
zFucci technology will facilitate a number of marriages and
crossovers between various fields of embryology, allowing us to
decipher the underlying rules of cell proliferation in morpho-
genetic processes.

Methods

In Vivo Time-Lapse Imaging. A glass bead (luchi BZ-1) was placed on a coverslip,
onto which 1% agarose (Takara L03) solution in E3 medium (5 mM NacCl, 0.17
mM KCl, 0.4 mM CacCl, and 0.16 mM MgSO4) was poured and allowed to
harden. Then the glass bead was removed to generate a round chamber. An
embryo, anesthetized with Tricaine at >22 hpf, was placed in the chamber and
covered with 0.3% agarose in E3 solution. The chamber was submerged in E3
solution containing Tricaine and PTU. Time-lapse 3D imaging was performed
in the xyz-t mode using an FV1000 (Olympus) confocal upright microscope
system equipped with a water-immersion 20X objective (N.A. 0.9). Two laser
lines, 473 nm and 559 nm were used. The recording interval was 5 min. At each
time point, 40 confocal images along the z axis were acquired. To avoid
cross-detection of green and orange signals, images were acquired sequen-
tially at 473 nm and 559 nm. Proper alignment and correct image registration
of two laser lines and detection channels were verified using double-labeled
fluorescent beads (TetraSpeck Fluorescent Microsphere Standards, 0.5 um in
diameter, Molecular Probes). Data analysis was performed using Volocity
software (Improvision) and MetaMorph software.

Imaging of the Notochord. Dechorionated embryos (19-22 hpf) were fixed in
4% PFA (pH 7.4) in PBS for 2 h at room temperature. EdU labeling was carried
out using the Click-iT™EdU Alexa Fluor imaging kit (Molecular Probes) ac-
cording to the manufacturer’s instruction, with some modifications. Briefly,
dechorionated embryos were incubated with 400 uM EdU for 1 h at room
temperature. After fixation, they were treated with reagent containing Al-
exab47-azide for detection. Image acquisition was performed using an FV1000
(Olympus) confocal upright microscope system equipped with 473 nm, 559
nm, and 633 nm laser lines, or an EZ-S1 (Nikon) confocal upright microscope
system equipped with 488 nm, 543 nm, and 647 nm laser lines.

Distribution of Materials. Transgenic zebrafish lines: Tg(EF1a:mKO2-zCdt1(1/
190))rw0405b.d Tg(EF1a:mAG-zGem(1/100))™0410h, and Tg(EF1a:mAG-hGem(1/
60))'W0412a (see Table S1 and Table S2) will be distributed from the National
BioResource Project, Zebrafish (http://www.shigen.nig.ac.jp/zebra/
index_en.html).
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