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tree for a cohort of six zebrafish embryos until the

Cell Lineage Reconstruction of Early 1000-cell stage, annotated with minute-level divi-

sion timing, micrometer-accuracy cell coordinates,

Ze b rafls h E m b ryOS U SI ng Labe I _ F ree and shape characteristics. These data provided a

guantitative spatiotemporal description of the wave-
- . like division cycles and allowed the construction

Non I I near M ICrOSCO py of a prototypic digital blastula. The cycle dura-

tion of sister cells exhibited variability that did not

Nicolas Olivier* Miguel A. Luengo-Ord#,Louise Duloquir* Emmanuel FaurgThierry Savy, correlate with cell volume, revealing unexpected

Isra | Veilleux,* Xavier Solinas,Delphine Dibarre! Paul Bourginé'® Andrls Santos? cell division asynchrony and asymmetry from the

Nadine Peyriras*® Emmanuel Beaurepatie first division cycles and leading to increasing cell

heterogeneity by the time of midblastula transition

Quantifying cell behaviors in animal early embryogenesimeea challenging issue requiring (MBT) (14).

in toto imaging and automated image analysis. We desigradeavbrk for imaging and An appropriate image acquisition scheme was

reconstructing unstained whole zebrafish embryos fdiirgtelO cell division cycles and reportlevised to provide high-resolution time-lapse imag-

measurements along the cell lineage with micrometei spstilation and minute temporal  ing of intrinsic SHG and THG signals (Fig. 1 and
accuracy. Point-scanning multiphoton excitation ogdinizoreferentially probe the innermostsupporting online material). Excitation in the
regions of the embryo provided intrinsic signals higiniightl mitotic spindles and cell 1.24mm range reduced nonlinear endogenous ab-
boundaries. Automated image analysis revealed the phelugyeti cell proliferation. sorption by the sample and allowed simultaneous

Blastomeres continuously drift out of synchrony. AfteRtbell¥tage, the cell cycle lengthengwo-photortexcited fluorescence (2PEF) imag-

according to cell radial position, leading to apparentatiwgaves. Progressive amplification ing of red fluorescent proteins (Fig. 1, B and C)

of this process is the rule, contrasting with classicaiptiess of abrupt changes in the for control experiments. When imaging a spheri-

system dynamics. cal embryo, scattering and aberrations typically
result in reduced signal at the center of each plane

lthough classical developmental biologyautomated individual cell tracking in whole orga{Fig. 1E). We therefore scanned each plane of a
A is characterized by qualitative descripnisms 6). Furthermore, the usual implementatiormalf-sphere along a spiral trajectory with variable

tions, recent work underlines the requireef these two paradigms does not allow homogespeed to spend more time imaging the innermost
ments for precise measurements to enable fornmaous illumination in spherical samples, leadingells (Fig. 1, D to F, and fig. S1). This conformal
reconstruction integrating the genetic, moleculaio a difficult tradeoff between the detection oftrategy provided optimal acquisition time and
and cellular levels of organizatioht3). The op- deep structures and illumination-induced pertuminimal photoperturbation (fig. S2). SHG and
timization of microscopy imaging techniques andbation in outer layers. Finally, relying on fluo-THG signals were co-optimized by using rotating
improved data algorithmic processing are keyescent staining of biological structures bringinear incident polarization. In addition, because
issues in such reconstructions. Parallelized lineadditional artifacts and limitations. Exploiting theTHG contrast from a specific structure depends
microscopy such as light-sheet fluorescence mitrinsic optical nonlinear properties of the samen its size relative to the focal volunies), mod-
croscopy provides fast imaging but suffers fronple is a valuable, although challenging, altererate focusing (3.5m Z-resolution) was used to
loss of information with deptl). Point-scanning native. Second-harmonic generation (SHG) ksighlight cell interface compared with smaller
two-photon microscopy provides deeper imagingbtained from dense noncentrosymmetric strusubcellular structures (Fig. 2D).

(5) but exhibits slower frame rate, compromisingures such as oriented microtubule assemBs} ( Combining the conformal scanning scheme
including mitotic spindles8( 10). Third-harmonic described above, sensitive detection, infrared ex-
generation (THG) is obtained from optical heterceitation wavelength, and appropriate focusing and
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ogies, Universidad Politicnica de Madrid, and Biomedieibing structurel@P and allows morphologi- notypic features in the whole unlabeled zebrafish

Research Center in Bioengineering, Biomaterials, and Nafldmaging of small organismsQ; 13). embryo during cleavage stages. The blastoderm

medicine (CIBER-BBN), Madrid, Spiarobiologie et  pyore \we show that combining SHG and THGwas contained in a half sphere of 4#8@-radius
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. ) , havior during zebrafish embryo cleavage stages The intrinsic THG signal revealed a number

zTrzeﬁﬁoﬁ’égfssSgﬂgétﬁfeeghiﬂféat')'g atgdtr':;:s‘ggré_ mait- {fheAd hoc image analysis strategies for celbf structures and dynamic processes (Fig. 2, A to

peyrieras@inaf.cnrs-gitfr (N.P.); emmanuel.beaurepaif@@tion, division, and shape identification werel, and movies S1 to S6) and highlighted cell
polytechnique.edu (E.B.) used to produce a complete and validated lineagentours even better than membrane staining by
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farnesylated mCherry, indicating the presence efage (movie S2) and nuclear envelope dynamiositosis phases (Fig. 2, G to |, and movie S4). As
a sizeable intercellular space as corroborated byring mitosis (movie S3). In addition, when emshown in Fig. 20, SHG intensity exhibited a
numerical simulations (Fig. 2, K to M). Higher-bryos were overilluminated, photo damage corearly Gaussian temporal profile peaking at meta-
numerical aperture THG imaging produced signaklated with enhanced intracellular THG signaphase, providing measurement for division timing
discontinuities or double interfaces at cell boundserving as a control of embryo physiological conand cell cycle duration with subminute accuracy.
aries (Fig. 2D), indicating local distance variatiomition (fig. S2). THG also revealed yolk lipid  We designed an original image processing
between cells. This interpretation is reinforced bglatelets interface and allowed visualizing the phenethodology for automatically extracting cell po-
the absence of THG signal from the lateral junaomenology of cytoplasmic streams during the firstition, membrane geometry, and cell lineage,
tion of the enveloping layer (EVL) (fig. S3). THG cell cycles (movie S1). Combining THG/SHG/2PERaking advantage of mitosis metasynchrony and
also allowed visualizing trafficking phenomenain Gactin:H2B/mcherngransgenic embryod§) limited cell displacements during the first 10 di-
including cell membrane completion at the 32-celillowed correlating SHG and THG signals withvision cycles (fig. S4 and movies S5 and S6).
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interfaces signal compared to small organ&)esSvolution of SHG signal intensity during mitosis. Rrophpsometaphase, PM; metaphase, M; telophase, T; and

cytokinesis, C, revealed by THG-SHG-2PEF signals)(movie S4
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This allowed measurements along the cell lifSHG channel by compressing the data into 1§pots corresponding to cell divisions (2, % 8
eage tree throughout cleava@j@) until the onset volumes corresponding to cell cycles and detedfFig. 3A and movie S7). A distance rule respect-
of MBT (18). Mitoses were detected from theing in each volume the expected number of SH@&g the symmetric and limited displacement of
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Fig. 3. Automated reconstruction of the cell lineage tree for at @fhothe lineage tree with eight-cell stage clones; same ®loré3 to (J)LY
zebrafish early blastulagy) (SHG spot detection (red) overlaid to >Spatial deployment of the cell lineage up to cycle 5. (Tiopl Aole view.
projections of SHG images; Al to A5 encompass cell cylcledll @ivision (Bottom) Lateral views. See movie S11 and fig)SBngle between suc-

1 at 45 min); see movie SB.gndC) THG image segmentation at the 8-celtssive sister cells dipoles, in degrees. 55! (blaclofi@sponds to random
stage (B) and 128-cell stage (C); see movie &) Reconstruction of 4- orientation. i) Angle between sister cells dipoles and the normal to the
cell stage (D) and 256-cell stage (E) embryos. In whitdGaigfial; orange, embryo surface. Cells divided tangentially to the emidfigeeauntil cycle 5
detected SHG spots; colors, segmented cell coftouds Oigital embryo (16 to 32 cells). At cycle 5, the four central blastomeogg{&hmblack in (L)
from 1-cell stage to 512-cell stage. See movielgHlaf representation of and (N)] divided orthogonally to the surface.

www.sciencemag.org SCIENCE VOL 329 20 AUGUST 2010 969



I REPORTS

daughter cells after mitosis was then used to linkrovided error-free lineage trees with minimatorresponding digital blastulas (Fig. 3, fig. S5,
consecutive sequences. Finally, accurate cell cy¢laman intervention (fig. S5). Cell shapes werand movies S10 to S13).

timing was obtained by fitting time-dependenthen extracted from THG images by using tells The phenomenological reconstruction al-
SHG intensity to a Gaussian function (Fig. 20)spatial coordinates as seeds to perform a regimwed a systematic analysis of spatiotemporal
The lineage tree validation is a critical step agrowing-based contour detection. A rough shapeorrelations between cell position, cell cycle du-
tracking errors propagate along the tree. Validapproximation was first obtained by building aration, mitosis duration, cell volume, and cell di-
tion was performed using an interactive visualMoronoi diagram, and membrane detection wassion orientation. Cells during cycles 1 to 4 were
ization interface that allowed comparing raw ancefined using a viscous watershed algoritti®) ( constrained by the absence of basal plasma mem-
reconstructed data at each cell cycle before prgmovie S9 and Fig. 3, B to E). Data sets from sibrane contacting the yolk, and divisions dis-
cessing the next one (movie S8). This strategyifferent embryos were processed to obtain thgayed the known stereotyped orientation with

Downloaded from www.sciencemag.org on September 29, 2010

Fig. 4. Data statistical homogeneity, local features, and ghiteis.A)  cycle 8; time ranges from 0 min (blue, cycle onset) to 8 thinyce end);
Mean cell cycle duration (metaphase-to-metaphase)dies2d¢g 10 for six white arrow points to the pseudo-wave orgigdatter plot of mitosis time
embryos (black line, averagB).NMlean cell cycle duration (green) comparé8HG peak at metaphase) as a function of distance to tlevpseeidrigin.
with cycle duration at the beginning (blue) and at the efjdrtne division (F) XY projection of the position of the pseudo-wave origycfes 5 to 10
cycle, averaged for six embry@s.Temporal histogram of mitoses in sixith respect to the animal pole (red cross) and other raitogete 10 (black
embryos.[¥) Spatiotemporal representation of the mitotic pseudoatavcrosses). Data for five other embryos are in the suppalitiegnoaterial.
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little fluctuation from one embryo to the otherdivision cycles with an average timing of 20 tasegmentation and tracking procedures. The quan-
(Fig. 3M). Division orientation at cycle 5 started30 min and displaying a peripheral pattern, thutitative phenomenological reconstruction of the

exploring one more spatial direction at 90 reldiffering from the radial pattern observed in theebrafish embryo cleavage period provided here
ative to the previous division, thus allowing theblastoderm (movies S14 to S16 and figs. S15 argthould serve as a reference for further analysis of
formation of a partially double-layered blasto46). YSL formation is known to display pheno-the interplay between nano- (molecular and ge-
derm (Fig. 3, L and N). This quantitative ob-typic variability 6), but extreme cases of arti- netic) and macro- (biomechanics) level dynamics.

servation contrasts with the classical descriptidactual YSL formation were observed in embryos
presenting the 32-cell stage as a single cell layerechanically constrained by the mounting me-
(14). From divisions 5 to 8, larger fluctuationsdium (movie S16 and fig. S17). Altogether, our
occurred in division orientation, resulting in pro-observations suggest that there is no switch fromi.
gressively more random orientations (Fig. 3N radial toward a peripheral pseudo-wave patter
and fig. S6). By averaging and registering sixn the blastoderm, in contrast to a recent proposa
different embryos, we constructed a prototype dfy Kelleret al (4). 3.
the lineage spatiotemporal deployment (fig. S6 Cell volume measurements indicated that up
and movie S10). From cycle 3 to cycle 9, celto cycle 10, the nucleo-cytoplasmic ratio (N/C) 4
displacements were limited to cytokinesis, anaias unlikely to trigger cell cycle lengthening as
displacement speed from one division to theve observed cell volume variability, including
other remained constant (fig. S7), suggesting thetndom fluctuation between sister cells, with no 6.
biochemical dynamic20, 21) do notimpact cell correlation to cycle duration (figs. S11 and S12).
displacements until MBT, quantitatively sup-According to other studies, N/C becomes an im-
porting previous observationkdj. Consistently, portant factor at later developmental stadg8s (g
the clones corresponding to the first eight blasndeed, a pause in cell cycle, regulated by N/C, is9.
tomeres observed at the 512-cell stage remainéescribed as one of the most prominent features
clustered (Fig. 3, F to J, and movie S10). of the MBT @7). This means that by MBT, the 1%
In the temporal domain, the main dynamicaN/C variability generated earlier could act as
change was the evolution of cell cycle duration @& local fluctuation factor, breaking the globali2.
previously observe@®). The cell cycle shortened pseudo-wave pattern. Cell cycle lengthening, both3.
until division 5 (18.5T 1.5 min to 15.5T 1 min), globally and as a function of cell position, is thel*
followed by lengthening until division 10 (up to main parameter that should be taken into accounk
18.5T 1.5 min) (Fig. 4A). The minimum value for further modeling zebrafish embryo cleavage
correlated with plasma membrane completion atorphogenesis. Continuity and amplification of16.
the 32-cell stage, suggesting a specific regime ftire process are the rule, rather than the classicafty:
the division of the large early blastome2%24).  described abrupt changes from synchrony tgq
Continuous cell cycle lengthening thereafter imetasynchrony and asynchroiyi)
hypothesized to result from the degradation of Harmonic time-lapse microscopy provides in19.
maternal products and S-phase lengther@iig ( toto imaging, enabling automated and validated
Furthermore, as early as the 4-cell stage, ce#iconstruction of the zebrafish embryo Iineagég'
divisions did not occur synchronously, and théree during the cleavage period. Because the rg,.
delay measured between the first and last divisi@onstruction scheme is based on cell cycle meta-
at each cell cycle increased continuously througdynchrony and limited cell displacements, we?3.
cleavages (Fig. 4, B and C). provide a quantitative assessment that cell iR
In addition, after the 32-cell stage, cell cycldrinsic motility does not arise before cell cycle 10,55
lengthening increased with the physical distanagescribed as the MBT stade3). The framework
from the blastoderm surface (Fig. 4, D and E, angresented here automates the phenomenologic¢é!
figs. S8 to S11), so that in the particular case @éconstruction of animal early embryogenesis with?”-
sister cells, the deeper tended to divide later thaut the use of fluorescent staining. Conformakg
her sister located closer to the surface (fig. S13)cquisition with excitation power and scanning
We hypothesize that this feature correlates wittpeed matching specimen morphology makes
deposition of maternal components by cytopoint-scanning multiphoton microscopy an ex-
plasmic streams (movie S1) that might have pr@ellent strategy for deep embryo imaging. We
duced a concentration gradient. In any casanticipate that combining harmonic and fluores-
fluctuation in sister cellsdivision timing and cent signals in conformal scanning time-lapse
steady lengthening in cell cycle duration as anicroscopy will provide optimal data sets to
function of cell position relative to the blastodernachieve the automated tracking of cell trajectories
surface are sufficient to explain the progressivand cell divisions throughout vertebrate embryo-
appearance of a global wave-like pattern of radigenesis. Single-cell analysis along the lineage
division (Fig. 4, D and E). Calculating the po-tree is necessary to provide relevant spatial and
sition of this pseudo-wave origin relative to thdemporal correlations underlying emerging pa
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