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Cell Lineage Reconstruction of Early
Zebrafish Embryos Using Label-Free
Nonlinear Microscopy
Nicolas Olivier,1* Miguel A. Luengo-Oroz,2* Louise Duloquin,3* Emmanuel Faure,4 Thierry Savy,4

Israël Veilleux,1 Xavier Solinas,1 Delphine Débarre,1 Paul Bourgine,4,5 Andrés Santos,2

Nadine Peyriéras,3,6† Emmanuel Beaurepaire1†

Quantifying cell behaviors in animal early embryogenesis remains a challenging issue requiring
in toto imaging and automated image analysis. We designed a framework for imaging and
reconstructing unstained whole zebrafish embryos for their first 10 cell division cycles and report
measurements along the cell lineage with micrometer spatial resolution and minute temporal
accuracy. Point-scanning multiphoton excitation optimized to preferentially probe the innermost
regions of the embryo provided intrinsic signals highlighting all mitotic spindles and cell
boundaries. Automated image analysis revealed the phenomenology of cell proliferation.
Blastomeres continuously drift out of synchrony. After the 32-cell stage, the cell cycle lengthens
according to cell radial position, leading to apparent division waves. Progressive amplification
of this process is the rule, contrasting with classical descriptions of abrupt changes in the
system dynamics.

A
lthough classical developmental biology

is characterized by qualitative descrip-

tions, recent work underlines the require-

ments for precise measurements to enable formal

reconstruction integrating the genetic, molecular,

and cellular levels of organization (1–3). The op-

timization ofmicroscopy imaging techniques and

improved data algorithmic processing are key

issues in such reconstructions. Parallelized linear

microscopy such as light-sheet fluorescence mi-

croscopy provides fast imaging but suffers from

loss of information with depth (4). Point-scanning

two-photonmicroscopy provides deeper imaging

(5) but exhibits slower frame rate, compromising

automated individual cell tracking in whole orga-

nisms (6). Furthermore, the usual implementation

of these two paradigms does not allow homoge-

neous illumination in spherical samples, leading

to a difficult tradeoff between the detection of

deep structures and illumination-induced pertur-

bation in outer layers. Finally, relying on fluo-

rescent staining of biological structures brings

additional artifacts and limitations. Exploiting the

intrinsic optical nonlinear properties of the sam-

ple is a valuable, although challenging, alter-

native. Second-harmonic generation (SHG) is

obtained from dense noncentrosymmetric struc-

tures such as orientedmicrotubule assemblies (7–9),

including mitotic spindles (8, 10). Third-harmonic

generation (THG) is obtained from optical hetero-

geneities (11)—such as the interface between an

aqueous medium and a lipidic, mineralized, or ab-

sorbing structure (12)—and allows morphologi-

cal imaging of small organisms (10, 13).

Here, we show that combining SHG and THG

imaging of unlabeled embryos with a scanning

scheme matching embryo morphology provides

adequate three-dimensional (3D) imaging over

time for the automated reconstruction of cell be-

havior during zebrafish embryo cleavage stages

(14). Ad hoc image analysis strategies for cell

position, division, and shape identification were

used to produce a complete and validated lineage

tree for a cohort of six zebrafish embryos until the

1000-cell stage, annotated with minute-level divi-

sion timing,micrometer-accuracy cell coordinates,

and shape characteristics. These data provided a

quantitative spatiotemporal description of thewave-

like division cycles and allowed the construction

of a prototypic digital blastula. The cycle dura-

tion of sister cells exhibited variability that did not

correlate with cell volume, revealing unexpected

cell division asynchrony and asymmetry from the

first division cycles and leading to increasing cell

heterogeneity by the time ofmidblastula transition

(MBT) (14).

An appropriate image acquisition scheme was

devised to provide high-resolution time-lapse imag-

ing of intrinsic SHG and THG signals (Fig. 1 and

supporting online material). Excitation in the

1.2-mm range reduced nonlinear endogenous ab-

sorption by the sample and allowed simultaneous

two-photon–excited fluorescence (2PEF) imag-

ing of red fluorescent proteins (Fig. 1, B and C)

for control experiments. When imaging a spheri-

cal embryo, scattering and aberrations typically

result in reduced signal at the center of each plane

(Fig. 1E). We therefore scanned each plane of a

half-sphere along a spiral trajectory with variable

speed to spend more time imaging the innermost

cells (Fig. 1, D to F, and fig. S1). This conformal

strategy provided optimal acquisition time and

minimal photoperturbation (fig. S2). SHG and

THG signals were co-optimized by using rotating

linear incident polarization. In addition, because

THG contrast from a specific structure depends

on its size relative to the focal volume (15), mod-

erate focusing (3.5-mm Z-resolution) was used to

highlight cell interface compared with smaller

subcellular structures (Fig. 2D).

Combining the conformal scanning scheme

described above, sensitive detection, infrared ex-

citation wavelength, and appropriate focusing and

polarization conditions allowed homogenous de-

tection of mitotic spindles and cell and tissue phe-

notypic features in the whole unlabeled zebrafish

embryo during cleavage stages. The blastoderm

was contained in a half sphere of 440-mm radius

imaged with a temporal resolution of 80 s and a

volumetric pixel size of 2 by 2 by 4 mm, suitable

for further automated reconstruction of the cell

lineage tree.

The intrinsic THG signal revealed a number

of structures and dynamic processes (Fig. 2, A to

J, and movies S1 to S6) and highlighted cell

contours even better than membrane staining by
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farnesylated mCherry, indicating the presence of

a sizeable intercellular space as corroborated by

numerical simulations (Fig. 2, K to M). Higher-

numerical aperture THG imaging produced signal

discontinuities or double interfaces at cell bound-

aries (Fig. 2D), indicating local distance variation

between cells. This interpretation is reinforced by

the absence of THG signal from the lateral junc-

tion of the enveloping layer (EVL) (fig. S3). THG

also allowed visualizing trafficking phenomena,

including cell membrane completion at the 32-cell

stage (movie S2) and nuclear envelope dynamics

during mitosis (movie S3). In addition, when em-

bryos were overilluminated, photo damage cor-

related with enhanced intracellular THG signal,

serving as a control of embryo physiological con-

dition (fig. S2). THG also revealed yolk lipid

platelets interface and allowed visualizing the phe-

nomenology of cytoplasmic streams during the first

cell cycles (movie S1). Combining THG/SHG/2PEF

in ßactin:H2B/mcherry transgenic embryos (16)

allowed correlating SHG and THG signals with

mitosis phases (Fig. 2, G to I, and movie S4). As

shown in Fig. 2O, SHG intensity exhibited a

nearly Gaussian temporal profile peaking at meta-

phase, providingmeasurement for division timing

and cell cycle duration with subminute accuracy.

We designed an original image processing

methodology for automatically extracting cell po-

sition, membrane geometry, and cell lineage,

taking advantage of mitosis metasynchrony and

limited cell displacements during the first 10 di-

vision cycles (fig. S4 and movies S5 and S6).

Fig. 1. Conformal scanning harmonic microscopy
scheme. (A) Schematized zebrafish embryo imaged
from the animal pole. (B) Sample mounting for
upright microscopy; excitation (Exc.) and detection
geometry (2PEF epidetected, THG-SHG transmit-
ted). (C) Energy diagrams and wavelengths in-
volved. (D) Lateral position (left) and depth (right)
of the focal point inside a spherical sample when
using raster scanning (top) versus conformal scan-
ning (bottom). (E) THG imaging with raster (top) and
spiral scanning (bottom). Acquisition time is 5 s. Scale
bar, 100 mm. (F) XZ two-photon excitation using raster
(top) and conformal (bottom) scan patterns with
preferential energy delivery to the deepest regions
in the conformal scheme.
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Fig. 2. THG and SHG signals in the zebrafish
embryo during cleavage stages. (A) Sagittal THG
image, 512-cell stage, animal pole to the top; white
arrowheads indicate yolk-blastoderm interface.
Scale bar, 200 mm. (B and C) THG XY image and
(E and F) ZX projection. (B and E) Blastoderm cells
imaged with 0.8 numerical aperture (NA) excita-
tion, 64-cell stage. Scale bars, 50 mm. (C and F)
Yolk platelets imaged under conditions similar to B
and E. (D) THG XY image of blastoderm cells with
1.2 NA excitation; white arrow points to double
interface, arrowheads point to intracellular organ-
elles. Scale bar, 30 mm. (G to I)ßactin:H2B/mcherry
transgenic imaged with SHG-2PEF-THG. Scale bar, 20
mm. (J) Merged SHG-2PEF-THG, temporal sequence.
(K) Calculations of THG from lateral (gray) and axial
(brown) interfaces as a function of position, modeling
the nuclear membrane signal. (L toN) Calculations of
THG from heterogeneities, modeling cell boundaries
(black, red) and vesicles (blue). (N) THG ratio between
a 0.6-mm slab and a 0.4-mm diameter sphere as a
function of NA. Using moderate NA, enhanced cell
interfaces signal compared to small organelles. (O) Evolution of SHG signal intensity during mitosis. Prophase, P; prometaphase, 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 lin-

eage tree throughout cleavage (17) until the onset

of MBT (18). Mitoses were detected from the

SHG channel by compressing the data into 10

volumes corresponding to cell cycles and detect-

ing in each volume the expected number of SHG

spots corresponding to cell divisions (2, 4, 8…)

(Fig. 3A and movie S7). A distance rule respect-

ing the symmetric and limited displacement of

Fig. 3. Automated reconstruction of the cell lineage tree for a cohort of
zebrafish early blastulas. (A) SHG spot detection (red) overlaid to XY
projections of SHG images; A1 to A5 encompass cell cycle 5 (with cell division
1 at 45 min); see movie S8. (B and C) THG image segmentation at the 8-cell
stage (B) and 128-cell stage (C); see movie S9. (D and E) Reconstruction of 4-
cell stage (D) and 256-cell stage (E) embryos. In white, raw THG signal; orange,
detected SHG spots; colors, segmented cell contours. (F to J) Digital embryo
from 1-cell stage to 512-cell stage. See movie S10. (K) Flat representation of

the lineage tree with eight-cell stage clones; same colors as in (G) to (J). (L)
Spatial deployment of the cell lineage up to cycle 5. (Top) Animal pole view.
(Bottom) Lateral views. See movie S11 and fig. S6. (M) Angle between suc-
cessive sister cells dipoles, in degrees. 55° (black line) corresponds to random
orientation. (N) Angle between sister cells dipoles and the normal to the
embryo surface. Cells divided tangentially to the embryo surface until cycle 5
(16 to 32 cells). At cycle 5, the four central blastomeres [shown in black in (L)
and (N)] divided orthogonally to the surface.
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daughter cells after mitosis was then used to link

consecutive sequences. Finally, accurate cell cycle

timing was obtained by fitting time-dependent

SHG intensity to a Gaussian function (Fig. 2O).

The lineage tree validation is a critical step as

tracking errors propagate along the tree. Valida-

tion was performed using an interactive visual-

ization interface that allowed comparing raw and

reconstructed data at each cell cycle before pro-

cessing the next one (movie S8). This strategy

provided error-free lineage trees with minimal

human intervention (fig. S5). Cell shapes were

then extracted from THG images by using cells’

spatial coordinates as seeds to perform a region

growing-based contour detection. A rough shape

approximation was first obtained by building a

Voronoi diagram, and membrane detection was

refined using a viscous watershed algorithm (19)

(movie S9 and Fig. 3, B to E). Data sets from six

different embryos were processed to obtain the

corresponding digital blastulas (Fig. 3, fig. S5,

and movies S10 to S13).

The phenomenological reconstruction al-

lowed a systematic analysis of spatiotemporal

correlations between cell position, cell cycle du-

ration, mitosis duration, cell volume, and cell di-

vision orientation. Cells during cycles 1 to 4 were

constrained by the absence of basal plasmamem-

brane contacting the yolk, and divisions dis-

played the known stereotyped orientation with

Fig. 4. Data statistical homogeneity, local features, and global patterns. (A)
Mean cell cycle duration (metaphase-to-metaphase) from cycles 2 to 10 for six
embryos (black line, average). (B) Mean cell cycle duration (green) compared
with cycle duration at the beginning (blue) and at the end (red) of the division
cycle, averaged for six embryos. (C) Temporal histogram of mitoses in six
embryos. (D) Spatiotemporal representation of the mitotic pseudo-wave at

cycle 8; time ranges from 0 min (blue, cycle onset) to 8 min (red, cycle end);
white arrow points to the pseudo-wave origin. (E) Scatter plot of mitosis time
(SHG peak at metaphase) as a function of distance to the pseudo-wave origin.
(F) XY projection of the position of the pseudo-wave origin for cycles 5 to 10
with respect to the animal pole (red cross) and other mitoses at cycle 10 (black
crosses). Data for five other embryos are in the supporting online material.
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little fluctuation from one embryo to the other

(Fig. 3M). Division orientation at cycle 5 started

exploring one more spatial direction at 90° rel-

ative to the previous division, thus allowing the

formation of a partially double-layered blasto-

derm (Fig. 3, L and N). This quantitative ob-

servation contrasts with the classical description

presenting the 32-cell stage as a single cell layer

(14). From divisions 5 to 8, larger fluctuations

occurred in division orientation, resulting in pro-

gressively more random orientations (Fig. 3N

and fig. S6). By averaging and registering six

different embryos, we constructed a prototype of

the lineage spatiotemporal deployment (fig. S6

and movie S10). From cycle 3 to cycle 9, cell

displacements were limited to cytokinesis, and

displacement speed from one division to the

other remained constant (fig. S7), suggesting that

biochemical dynamics (20, 21) do not impact cell

displacements until MBT, quantitatively sup-

porting previous observations (18). Consistently,

the clones corresponding to the first eight blas-

tomeres observed at the 512-cell stage remained

clustered (Fig. 3, F to J, and movie S10).

In the temporal domain, the main dynamical

changewas the evolution of cell cycle duration as

previously observed (22). The cell cycle shortened

until division 5 (18.5 T 1.5 min to 15.5 T 1 min),

followed by lengthening until division 10 (up to

18.5 T 1.5 min) (Fig. 4A). The minimum value

correlated with plasma membrane completion at

the 32-cell stage, suggesting a specific regime for

the division of the large early blastomeres (23, 24).

Continuous cell cycle lengthening thereafter is

hypothesized to result from the degradation of

maternal products and S-phase lengthening (21).

Furthermore, as early as the 4-cell stage, cell

divisions did not occur synchronously, and the

delaymeasured between the first and last division

at each cell cycle increased continuously through

cleavages (Fig. 4, B and C).

In addition, after the 32-cell stage, cell cycle

lengthening increased with the physical distance

from the blastoderm surface (Fig. 4, D and E, and

figs. S8 to S11), so that in the particular case of

sister cells, the deeper tended to divide later than

her sister located closer to the surface (fig. S13).

We hypothesize that this feature correlates with

deposition of maternal components by cyto-

plasmic streams (movie S1) that might have pro-

duced a concentration gradient. In any case,

fluctuation in sister cells’ division timing and

steady lengthening in cell cycle duration as a

function of cell position relative to the blastoderm

surface are sufficient to explain the progressive

appearance of a global wave-like pattern of radial

division (Fig. 4, D and E). Calculating the po-

sition of this pseudo-wave origin relative to the

animal pole indicated an early symmetry break-

ing variably amplified in some cases (fig. S14). A

discussion of the cell division patterns during

cleavage stages must also take into account the

formation of the yolk syncitial layer (YSL) (25).

We observed that YSL nuclei typically individ-

ualized at the 512-cell stage and underwent three

division cycles with an average timing of 20 to

30 min and displaying a peripheral pattern, thus

differing from the radial pattern observed in the

blastoderm (movies S14 to S16 and figs. S15 and

16). YSL formation is known to display pheno-

typic variability (26), but extreme cases of arti-

factual YSL formation were observed in embryos

mechanically constrained by the mounting me-

dium (movie S16 and fig. S17). Altogether, our

observations suggest that there is no switch from

a radial toward a peripheral pseudo-wave pattern

in the blastoderm, in contrast to a recent proposal

by Keller et al. (4).

Cell volume measurements indicated that up

to cycle 10, the nucleo-cytoplasmic ratio (N/C)

was unlikely to trigger cell cycle lengthening as

we observed cell volume variability, including

random fluctuation between sister cells, with no

correlation to cycle duration (figs. S11 and S12).

According to other studies, N/C becomes an im-

portant factor at later developmental stages (18).

Indeed, a pause in cell cycle, regulated by N/C, is

described as one of the most prominent features

of the MBT (27). This means that by MBT, the

N/C variability generated earlier could act as

a local fluctuation factor, breaking the global

pseudo-wave pattern. Cell cycle lengthening, both

globally and as a function of cell position, is the

main parameter that should be taken into account

for further modeling zebrafish embryo cleavage

morphogenesis. Continuity and amplification of

the process are the rule, rather than the classically

described abrupt changes from synchrony to

metasynchrony and asynchrony (14).

Harmonic time-lapse microscopy provides in

toto imaging, enabling automated and validated

reconstruction of the zebrafish embryo lineage

tree during the cleavage period. Because the re-

construction scheme is based on cell cycle meta-

synchrony and limited cell displacements, we

provide a quantitative assessment that cell in-

trinsic motility does not arise before cell cycle 10,

described as the MBTstage (18). The framework

presented here automates the phenomenological

reconstruction of animal early embryogenesis with-

out the use of fluorescent staining. Conformal

acquisition with excitation power and scanning

speed matching specimen morphology makes

point-scanning multiphoton microscopy an ex-

cellent strategy for deep embryo imaging. We

anticipate that combining harmonic and fluores-

cent signals in conformal scanning time-lapse

microscopy will provide optimal data sets to

achieve the automated tracking of cell trajectories

and cell divisions throughout vertebrate embryo-

genesis. Single-cell analysis along the lineage

tree is necessary to provide relevant spatial and

temporal correlations underlying emerging pat-

terns. Most of developmental biology still relies

on visual inspection and manual work to achieve

limited cell tracking, and recent studies have

provided only a global estimation of cell move-

ments. In this context, we expect our framework

to establish standards in terms of measurements

precision and accuracy of automated algorithmic

segmentation and tracking procedures. The quan-

titative phenomenological reconstruction of the

zebrafish embryo cleavage period provided here

should serve as a reference for further analysis of

the interplay between nano- (molecular and ge-

netic) andmacro- (biomechanics) level dynamics.
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