
One of the major accomplishments of studies in embryol-
ogy and genetics has been the introduction of preserved 
concepts of development across species. In particular, 
studies carried out in the fruitfly Drosophila melano­
gaster1,2 and the worm Caenorhabditis elegans3 have pro-
vided a mechanistic framework for how cellular diversity 
and order are achieved in individual organisms. The 
introduction of fluorescent imaging has greatly benefited 
the study of fundamental questions that concern differ-
entiation, pattern formation and growth control. The use 
of live animal imaging to follow the form and function of 
cells and of tissues has uncovered the intricate processes 
of development. Such insights are beginning to challenge 
the established models and lead to a new understanding of 
embryonic development (reviewed in REFS 4–7).

However, to elucidate the elaborate cell dynamics 
(cell division, motility and morphological changes) and 
protein dynamics (turnover and kinetics of key factors) 
that underlie development, biologists are increasingly 
recognizing the need to carry out quantitative imaging 
with high spatiotemporal resolution from the single-
cell level to that of the entire organism. This endeav-
our will greatly benefit from the rapid development of 
fluorescent protein engineering (reviewed in REF. 8) and, 
potentially, from the synthesis of various nanocrystals 
that provide increased photostability in combination 
with decreased background noise in the highly light-
scattering environment of a whole-animal preparation. 
Similarly, the optical design of microscopes has mark-
edly evolved, from standard confocal microscopy and 
two-photon microscopy to light-sheet microscopy that can 
capture the development of an entire embryo, one cell 
at a time. These advances have posed new challenges 
for image processing and quantitative analyses for 
which promising solutions are emerging. With such a 

rapid introduction of a multitude of new and improved 
imaging tools, it comes as no surprise that biologists are 
often confused with regard to which tools are relevant 
and appropriate for their particular application.

In this Review, we provide an overview of how, over 
the past decade, advances in imaging probes, microscopy 
techniques and image analysis have enabled quantitative 
studies that made it possible to gain a deeper knowledge 
and understanding of the dynamic processes of embry-
onic differentiation, patterning and morphogenesis 
(FIG. 1). Furthermore, we emphasize the limitations of 
currently available approaches and provide an outlook 
of how new discoveries and developments might affect 
the field of quantitative whole-animal imaging.

Genetically encoded fluorescent probes
Advances in synthetic chemistry, material sciences and 
molecular genetics have resulted in many optical tags that 
have enabled non-invasive imaging in living organisms to 
investigate the dynamics of developmental processes. In 
particular, the cloning9 and expression10 of GFP from the 
jellyfish Aequorea victoria and the subsequent develop-
ment of various genetically encoded fluorescent proteins 
have introduced powerful and versatile tools that have 
provided unprecedented insights into the complex frame-
work of a developing organism. The ease of expressing 
fluorescently tagged proteins or obtaining fluorescently 
marked cell populations by straightforward genetic means 
(such as the use of a tissue-specific promoter or random 
gene insertion) has enabled various quantitative imaging 
applications, which have revealed a wealth of information 
with regard to the function and behaviour of many bio-
logical processes. The currently available fluorescent pro-
teins can be divided into three categories: non-modifiable, 
photoactivatable and photoconvertible proteins.
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Confocal microscopy
An optical imaging technique 
that uses point-scanning 
illumination and a spatial 
pinhole to obtain optical 
sectioning and to eliminate 
out-of-focus signals in tissue.

Two-photon microscopy
An optical imaging technique 
that uses point-scanning 
illumination, a near-infrared 
spectrum femtosecond laser 
and two-photon absorption to 
obtain optical sectioning and 
improved imaging depth 
compared with confocal 
microscopy.

Advances in whole-embryo imaging: 
a quantitative transition is underway
Periklis Pantazis1 and Willy Supatto2

Abstract | With the advent of imaging probes and live microscopy, developmental biologists 
have markedly extended our understanding of the molecular and cellular details of 
embryonic development. To fully comprehend the complex mechanistic framework that 
forms the developing organism, quantitative studies with high fidelity in space and time are 
now required. We discuss how integrating established, newly introduced and future imaging 
tools with quantitative analysis will ensure that imaging can fulfil its promise to elucidate 
how new life begins.
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Engineered nanoprobes
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Light-sheet microscopy
An optical imaging technique 
whereby the specimen is 
illuminated with a sheet of light 
perpendicular to the detection 
direction, which provides 
excellent sectioning 
capabilities, fast imaging and 
low levels of photodamage.

Fluorescence recovery after 
photobleaching
(FRAP). An imaging assay that 
can determine the diffusion 
properties of labelled 
molecules in a tissue by 
photobleaching a small defined 
fluorescent region, which is 
followed by measuring the rate 
and extent of fluorescence 
recovery emanating from 
neighbouring regions.

Fluorescence correlation 
spectroscopy
(FCS). An imaging assay that 
can determine the diffusion 
properties of labelled 
molecules in a tissue by 
measuring fluorescence 
fluctuations in a small volume.

Non-modifiable proteins. Among all of the non-modifiable  
variants, the monomeric version of enhanced GFP 
(eGFP)11 has proved, with its well-characterized photo
physical behaviour, to be the most suitable option for 
obtaining quantitative data in developing embryos. The 
movement of fluorescent proteins can be monitored in 
either a large-scale volume using fluorescence recovery 
after photobleaching (FRAP)12 or in a small-scale volume 
using fluorescence correlation spectroscopy (FCS)13. Both 
approaches have been successfully used to measure the 
distribution, diffusion and clearance of eGFP-labelled 
morphogens during embryogenesis. By  combining 
sophisticated imaging with in silico modelling, several 
groups have investigated the mechanisms that control 
the formation of morphogen gradients, thereby revealing 
unexpected complexities of morphogen dispersal14–20. 
Using tissue-level FRAP in zebrafish embryos, one study 
showed that differential diffusivity is the major determi-
nant of the range differences between the morphogens 
Nodal and Lefty (also known as left-right determina-
tion factor 1); in other words, Lefty proteins move more 
quickly away from the source than do Nodal proteins18. 
Similarly, another study used point FCS in zebrafish 
embryos to show that fibroblast growth factozr 8 (Fgf8) 
spreads by extracellular diffusion and that the gradient 
is formed by endocytosis-mediated clearance of Fgf8 

from the extracellular space. Interestingly, this study 
identified a second, minor group of Fgf8 that is prob-
ably associated with carbohydrates located at the cell 
surface, as it had a tenfold lower diffusion coefficient16. 
However, it is unknown how both observable pools of 
Fgf8 (extracellular and cell surface-associated) interact 
over long timescales to yield the long-range tissue-level 
behaviour. To deduce global regulation mechanisms 
from local experiments in a living organism, which 
constantly undergoes shape and position changes that 
are caused by tissue growth and morphogenesis, will 
require a volumetric FCS approach with good spa-
tial and temporal resolution in three dimensions. The 
implementation of FCS in a light-sheet microscope 
(see below) is poised to address this issue; for example, 
this technique has recently enabled FCS recordings of 
microspheres that were injected into the zebrafish blood 
circulation system21 and of protein diffusion in fly wing 
imaginal discs22.

To reveal the cell and population dynamics that occur 
during various developmental processes, non-modifia-
ble fluorescent proteins are increasingly being used in 
multicolour-tracing approaches23–25. For example, a 
recently described cell-labelling technique used random 
Cre–loxP recombination to express varied combinations 
of spectrally distinct fluorescent proteins (such as red, 
yellow and cyan fluorescent proteins) in neighbouring 
cells, thereby creating a ‘rainbow’ of colours that can be 
followed over extended time periods23. Originally devel-
oped to distinguish individual neurons in the mouse 
brain (a ‘Brainbow’)23, this method has been recently 
adapted to map individual cell and population dynamics 
in heart morphogenesis during zebrafish development. 
By simultaneously following the descendants of indi-
vidual cells that were labelled with fluorescent proteins 
of different colours, one study unexpectedly found that 
only a small number of ‘clonally dominant’ founder cells 
function to modify the architecture (in this case, thicken-
ing of the ventricular wall) of the adult zebrafish heart26 
(FIG. 1a). Similarly, the authors of another study induced 
rainbow-labelled clones in early mammalian embryos 
to determine the contribution of individual blasto-
meres to embryonic and extra-embryonic lineages at the 
blastocyst and post-implantation stages. They observed a 
significant bias in the contribution of the labelled clones 
to the trophectoderm or the inner cell mass in a subset 
of mouse embryos27. Although the Brainbow method has 
provided impressive insights into cell dynamics, it has 
disadvantages. In contrast to other approaches with 
precise and rapid cellular targeting abilities, such as the 
recently introduced PhOTO zebrafish (photoconvertible 
optical tracking of zebrafish)28, the Cre–loxP recombi-
nation event does not lead to instantaneous cell label-
ling, which makes precise spatiotemporal tracking of 
a cell population from the clonal founder challenging. 
Following genetic rearrangement, spectrally distinct fluo-
rescent signatures manifest with a marked time lag that 
depends on the maturation of the newly produced fluo-
rescent proteins and on the turnover kinetics of fluores-
cent proteins when they are uncoupled from production; 
however, once established, such labelling is permanent.

Figure 1 | Imaging probes and microscopy techniques for quantitative 
whole-embryo imaging.  a | Non-modifiable fluorescent proteins. Ventricular surface 
examined in 6- and 8‑week-old zebrafish that had undergone ‘Brainbow’ labelling of 
cardiomyocytes at 2 days post-fertilization, with cortical (arrow) and primordial 
(arrowhead) muscle indicated. Scale bar, 50 μm. b | Photoactivatable fluorescent proteins. 
Photoactivation of octamer-binding 4 (OCT4)–photoactivatable GFP (paGFP) in a 
single-cell nucleus of a developing mouse embryo in combination with resulting 
fluorescence decay after photoactivation or photoconversion (FDAP) curves for OCT4–
paGFP that were obtained from data from several cell nuclei of pre-compacted four‑cell 
and eight‑cell stage embryos. c | Second harmonic generation (SHG) nanoprobes. 
Pegylated (using polyethylene glycol) barium titanate SHG nanoprobes (white) persist 
within cells throughout the body of the zebrafish after 24 hours of development 
(BODIPY TR methyl ester-stained zebrafish shown in red). Scale bar, 300 μm. 
d | Fluorescent nanodiamonds. Epifluorescence and differential interference contrast 
merged images of wild-type Caenorhabditis elegans that were fed with bioconjugated 
fluorescent nanodiamonds. e | Two-photon microscopy. Deep-tissue imaging using 
two-photon excited fluorescence microscopy to follow the dynamics of mesodermal cell 
spreading (orange) on top of the ectodermal cell layer (grey) during gastrulation of fly 
embryos. Scale bars, 20 μm. f | Multiphoton label-free imaging. Three-dimensional, 
label-free imaging of an early zebrafish embryo using SHG signals from mitotic spindles 
(green) and third harmonic generation (THG) signals from cell–cell interfaces (blue) to 
track cells and their divisions, and to reconstruct the lineage tree. g | Multiview 
light-sheet microscopy. A map of endodermal cell dynamics around gastrulating 
zebrafish embryos using multiview light-sheet microscopy and real-time image 
processing of multiple embryos in parallel. The colour code indicates the unsigned angle 
between the cell track and dorsal midline. h | Structured illumination light-sheet 
microscopy. Improved membrane imaging of a zebrafish embryo using structured 
illumination light-sheet microscopy. Images of membranes (left and green) were acquired 
using structured illumination to improve contrast. Images of nuclei (middle and red) were 
recorded with standard light-sheet microscopy. Scale bar, 100 μm. Part a from REF. 26, 
Nature Publishing Group. Part b from REF. 31, Nature Publishing Group. Part c from 
REF. 66, Nature Publishing Group. Part d reprinted with permission from REF. 45, American 
Chemical Society. Part e reprinted with permission from REF. 72, American Association 
for the Advancement of Science. Part f reprinted with permission from REF. 79, American 
Association for the Advancement of Science. Part g from REF. 96, Nature Publishing 
Group. Part h from REF. 102, Nature Publishing Group. 
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Near-infrared light DisadvantagesAdvantages

Pulsed laser light in the
near-infrared range can
induce specific and
nonlinear photodamage

Similarly to confocal
microscopy, the point-
scanning approach results
in a low acquisition speed

Superior penetration of near-
infrared illumination light
through embryonic tissues

Efficient signal detection
using both scattered and
non-scattered photons

Preserved three-
dimensional confinement
of excitation volume owing
to nonlinear absorption
even when focusing in
scattering tissues

Image plane

Light scattering embryonic tissue

Morphogens
Signalling molecules that are 
typically present in gradients 
and that determine where 
specific cell types form in 
developing tissues.

PhOTO zebrafish
(Photoconvertible optical 
tracking of zebrafish). 
A transgenic zebrafish line with 
life-long fluorescent labelling of 
nuclear or plasma membrane 
proteins using the 
photoconvertible protein 
Dendra2. Taking advantage 
of the instantaneous 
photoconversion of the 
Dendra2 fusion protein, the 
non-invasive, targeted and 
high-contrast selection of any 
cells of interest can be 
accomplished, which greatly 
simplifies cell segmentation 
and tracking in time and space.

Photoactivatable and photoconvertible proteins. Among 
the recent increase in number of available monomeric 
photoactivatable and photoconvertible fluorescent pro-
teins (reviewed in REF. 8), only photoactivatable GFP  
(paGFP)29 and green‑to‑red photoconvertible Dendra2 
(REF. 30) have been used to carry out quantitative whole-
embryo imaging18,20,31,32. Taking advantage of localized 
multiphoton photoactivation of paGFP33, a recent study 
used fluorescence decay after photoactivation or photo-
conversion (FDAP) to analyse the kinetics of octamer-
binding 4 (OCT4; also known as POU5F1), a key 
transcription factor that controls pre-implantation 
development, in individual nuclei of a developing mam-
malian embryo (FIG. 1b). FDAP measurements led to the 
discovery of two cell populations with distinct OCT4 
kinetics before any morphological differences were 
noticeable. These findings identified that transcrip-
tion factor kinetics, rather than expression levels, are a 
measure of developmental heterogeneity that predicts 
cell lineage patterning in the early mouse embryo31,34. 
Comparably, FDAP measurements of Dendra2‑tagged 
morphogens Nodal and Lefty were carried out in 
zebrafish to determine their half-life after photoconver-
sion. By monitoring the degradation of the irreversibly 
photoconverted Dendra2‑tagged proteins, the authors 

showed a lack of differential clearance between Nodal 
and Lefty that could not therefore account for the dif-
ference in their ranges18. Although FDAP with photo-
convertible proteins is generally preferred over the use 
of photoactivatable proteins — as photoconvertible 
proteins combine the strength of global analysis of the 
non-converted population with sparse or partial analy-
sis of the photoconverted population — multiphoton 
excitation of photoconvertible proteins for spatially 
confined analysis in whole-animal imaging has not yet 
been accomplished.

The present set of fluorescent proteins has given 
researchers an unprecedented variety for use in quanti-
tative imaging assays, but there are many areas in which 
further improvement is required. Developmental biolo-
gists would like to peer more deeply into living animals. 
Imaging depth is, however, limited by both the scatter
ing and absorption of visible light in tissue (BOX 1). 
Efforts have recently been made to engineer GFP-like 
fluorescent proteins with emission and excitation 
spectra at near-infrared wavelengths, which undergo 
substantially less light scattering and absorption than 
visible light in most tissues35–38. However, the brightness 
of current proteins with near-infrared emission and 
excitation spectra fails to match the specifications of 
monomeric GFP. Another promising template for engi-
neering fluorescent proteins with emission and excita-
tion spectra at near-infrared wavelengths is the bacterial 
phytochrome photoreceptor subfamily. To fluoresce, 
these photoreceptors bind the fluorophore biliver
din, a ubiquitous intermediate of haem metabolism in 
mammalian tissues. As these photoreceptors have the 
most red-shifted spectra of all the available fluorescent 
probes, a marked improvement in signal power has 
been reported in deep-tissue imaging, and using such 
photoreceptors is poised to offer substantial advantages 
for live-animal imaging39–43.

Engineered nanoprobes
Another limitation of the currently available fluores-
cent probes is that in many experimental settings they 
fall short of their potential owing to photobleaching 
(permanent loss of signal) and to signal saturation (the 
finite number of photons that can be emitted in a given 
time) of the dye. To address this challenge, various 
nanoprobes are being developed for in vivo animal 
imaging (TABLE 1): quantum dots44, fluorescent nano-
diamonds45,46, upconverting nanoparticles47,48, surface-
enhanced Raman scattering (SERS) nanoparticles49 
and second harmonic generation (SHG) nanoprobes50 
(FIGS 1c,d). Their successful application to whole-embryo 
imaging and cell and molecular tracking experiments 
has not yet been proven in all cases, but their potential 
in this respect merits further research. 

Quantum dots. These fluorescent inorganic nanocrystals  
of 2–8 nm in diameter (up to 20 nm in diameter when 
surface-coated) typically consist of a core of one semi-
conducting material (such as cadmium selenide (CdSe)) 
that is surrounded by a shell of another semiconducting  
material (such as zinc sulphide (ZnS)) (reviewed in REF. 51).  

Box 1 | Increased imaging depth in multiphoton microscopy

Imaging depth is limited by both scattering and absorption of visible light. When imaging 
deep inside embryos, light scattering compromises the illumination and the 
fluorescence detection, which results in degraded spatial resolution and increased 
background noise69. Deeper imaging is obtained by exciting within the so‑called 
‘optical transparency window’ (between wavelengths of 650 nm and 1,200 nm) owing 
to the minimal scattering of near-infrared light and minimal absorption by biological 
molecules (see the figure). This spectral region also provides decreased 
autofluorescence. Compared with other fluorescence microscopy techniques, the 
efficiency of multiphoton microscopy for deep-tissue imaging relies on three unique 
features: superior penetration of near-infrared illumination light; preserved 
three-dimensional confinement of the excitation volume even when focusing inside a 
scattering medium; and efficient collection of the fluorescence using both 
non-scattered and scattered photons. The optical sectioning in multiphoton 
microscopy is achieved by three-dimensional confinement of the multiphoton process 
within the focal volume. Therefore, the emitted signal is known to originate from this 
volume only, and all photons can be collected without requiring a pinhole to reject 
out-of-focus emission and scattered photons, as is required in confocal microscopy.  
As a consequence, and unlike most microscopy techniques, scattered and emitted 
photons contribute to the signal in multiphoton microscopy: this collection efficiency  
is a distinctive feature of multiphoton microscopy for deep-tissue imaging.
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Multiphoton
All photonic processes depend 
nonlinearly on light intensity. 
Multiphoton microscopy takes 
advantage of such nonlinear 
processes as a source of 
contrast.

Fluorescence decay after 
photoactivation or 
photoconversion
(FDAP). An imaging assay 
that is similar to traditional 
fluorescence recovery after 
photobleaching (FRAP) but 
that uses photoactivatable 
(or photoconvertible) proteins 
as labelling molecules. 
The added benefit of 
visualizing only a limited 
population of photoactivated 
or photoconverted molecules 
is that this avoids the very 
high laser powers that are 
necessary to carry out FRAP 
experiments. It also enables 
the analysis of the diffusion 
behaviour and turn-over 
of photoactivated or 
photoconverted molecules 
independently of other 
proteins that are newly 
synthesized.

When the core is excited by a photon, the nanocrystal 
emits light as it returns to the ground state. Quantum 
dot conjugates have been successfully used for various 
applications in live-animal targeting and imaging52,53 
and even for molecular tracking54. They have several 
unique optical properties that are highly desirable 
for in vivo imaging: the narrow emission wavelength 
of quantum dots can be precisely tuned by the size of  
the quantum dots — from the ultraviolet spectrum to the  
near-infrared spectrum; and the excellent long-term 
photostability is paired with a large light absorption 
cross section for two-photon microscopy, which renders 
them very bright for deep-tissue imaging applications. 
However, most quantum dots are composed of heavy 
metals that are known to be toxic in their soluble form.

Fluorescent nanodiamonds. Fluorescence from nano-
diamonds results from crystal defects that consist of a 
single nitrogen atom next to a ‘missing’ carbon atom 
(reviewed in REF. 55). Such ‘nitrogen vacancy’ centres are 
extremely photostable and show no photobleaching or 
blinking unless they are incorporated into small diameter 
(<5 nm) nanodiamonds56. As nanodiamonds fluoresce 
in the near-infrared spectrum with limited light scat-
tering and absorption in tissue (BOX 1), and have excep-
tional biocompatibility, they are beginning to be used 
as probes for in vivo cell and molecular targeting and 
imaging57 (FIG. 1d). However, the wide, single-band emis-
sion spectra of fluorescent nanodiamonds provides a 
challenge for multi-label imaging.

Upconverting nanoparticles. These are inorganic 
ceramic particles of 5–50 nm in diameter in which rare 
earth elements are embedded in a crystalline matrix 
(reviewed in REF. 58). Lanthanide ions are typically used 
to increase fluorescence and function as luminescent 
centres. Fluorescence from such nanoparticles is caused 
by a nonlinear process in which the sequential absorp-
tion of, for example, two photons in the near-infrared 
spectrum leads to the emission of light at shorter 
wavelengths. In contrast to other emission processes 
resulting from multiphoton excitation, upconverting 
nanoparticles can be efficiently excited even at low exci-
tation power, as the structure of the crystalline lattice 
provides an optimal positioning of the luminescence 
centres within the matrix. Upconverting nanoparticles 
have no observable photobleaching or blinking, and 
have recently been used for in vivo cell and molecular 
targeting and imaging59,60. However, upconverting 
nanoparticles require a surface coating to shield biologi-
cal tissues from toxic lanthanide ions. In addition, they 
have broad emission spectra, which limits the flexibility 
for multi-label imaging.

SERS nanoparticles. SERS nanoparticles are composed of 
specific organic Raman reporter molecules that are attached 
to the surface of metallic nanoparticles (for example, silver 
or gold nanoparticles) (reviewed in REFS 61,62). At the 
resonance frequency of these metallic nanoparticles, 
strong electromagnetic coupling between the nanoparticle 
and the reporter molecule produces a characteristic 

Table 1 | Properties to consider when choosing imaging probes for whole-embryo imaging

Properties Genetically encoded 
fluorescent proteins

Quantum 
dots

Fluorescent 
nanodiamonds

Upconverting 
nanoparticles

Surface-enhanced 
Raman scattering 
(SERS) nanoparticles

Second harmonic 
generation (SHG) 
nanoprobes

Genetically encoded Yes No No No No No

Size ~5 nm 2–20 nm ≥5 nm ≥5 nm ≥50 nm ≥20 nm

Photobleaching Yes No* No No No No

Blinking Yes Yes‡ No No Yes No

Tissue toxicity No No§ No No§ No No

Proven successful 
multi-marker imaging 
(can also be used in 
combination with 
fluorescent proteins)

Yes (NA) Yes (Yes) No (No) Yes (Yes) Yes (Yes) Yes|| (Yes)

Interference from 
background tissue 
autofluorescence

Yes Yes¶ Yes¶ No Yes# No

Depth-independent 
spectra**

No No No No Yes Yes

Proven in vivo 
molecular targeting 
(and molecular 
tracking)

Yes (Yes) Yes (Yes) Yes (No) Yes (No) Yes (No) No (No)

NA, not applicable. *Signal decay occurs under strong laser illumination. ‡Blinking has been markedly reduced in cadmium zinc selenide/zinc sulphide (CdZnSe/ZnS) 
quantum dots125. §Quantum dots and upconverting nanoparticles require a surface coating to avoid tissue toxicity. ||Relative SHG signal intensities from at least two 
distinct frequencies of illumination need to be compared to distinguish different SHG nanoprobe materials for a multi-SHG imaging modality50. ¶Given that quantum 
dots and fluorescent nanodiamonds have a substantially longer fluorescence lifetime than that of endogenous autofluorescence, a separation can be accomplished 
using fluorescence lifetime imaging microscopy (FLIM). #Although each signal peak is narrow, a wide-spectrum intensity profile is required to acquire the 
characteristic spectrum of the SERS nanoparticle. **The signal is lost at lower wavelengths, as the extent of tissue light absorption and scattering decreases with 
increasing wavelength.
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Blinking
Large intensity fluctuation 
between a bright state (On) 
and a dark state (Off) of an 
imaging probe that is under 
continuous excitation.

Raman reporter molecules
Nitrogen-containing cationic 
dyes, sulphur-containing dyes 
or thio-small molecules, which 
can inelastically scatter a 
fraction of the absorbed 
light into a series of different 
wavelengths that are indicative 
of the vibrational transitions in 
the molecules.

Bioorthogonal labelling
Labelling reactions that can 
occur inside living embryos 
without interfering with the 
native biological system.

Harmonic generation
A coherent contrast 
mechanism that relies on 
nonlinear scattering of light. 
Unlike fluorescence, 
second-harmonic generation 
(SHG) and third-harmonic 
generation (THG) do not 
involve light absorption.

Optical parametric 
oscillator
An optical device that converts 
an input laser wave into an 
output wave of a lower 
frequency (or greater 
wavelength). The one used in 
multiphoton microscopy is 
pumped by a standard 
titanium-sapphire laser in the 
750–900 nm range, which 
enables output wavelengths to 
reach the 1,000–1,500 nm 
range.

SERS spectrum that can be detected using laser Raman 
spectrometry or SERS microscopy. Functionalized SERS 
nanoparticles have no toxic effects in biological tissue and 
have been used in a targeted multi-label imaging modality 
in vivo63,64, as each SERS reporter has a unique spectral 
signature. However, SERS nanoparticles have a marked 
blinking behaviour.

SHG nanoprobes. SHG nanoprobes are inorganic 
nanocrystals consisting of noble metals or metal oxides 
that are arranged in a non-centrosymmetric crystal 
structure (reviewed in REF. 65). They can generate a sec-
ond harmonic signal under the intense illumination of 
a multiphoton microscope by converting two photons 
into one photon of half the incident wavelength. The 
optical signal of SHG nanoprobes neither photobleaches 
nor blinks, and the signal does not saturate with increas-
ing illumination intensity. The signal spectrum of SHG 
nanoprobes is tunable, which enables various combina-
tions of SHG nanoprobes and fluorescence proteins to 
be used for imaging. In addition, the signal spectrum is 
very narrow, which enables imaging in the absence of 
background noise by using optimized emission filters 
with very narrow bandwidths. Given that different 
SHG-capable materials have distinct SHG intensity 
spectral profiles, different SHG nanoprobes can be 
readily distinguished, in a so‑called ‘multi-SHG imag-
ing modality’, by comparing relative SHG signal inten-
sities from at least two distinct excitation wavelengths. 
Recently, physiologically inert barium titanate (BaTiO3) 
SHG nanoprobes have been applied to whole-animal 
imaging50,66 (FIG. 1c).

What all of these non-genetically encoded nano-
probes have in common is that their broader application 
will crucially depend on their reliable production, proper 
functionalization and targeted attachment to biological 
molecules of interest in embryos. This will ensure that 
engineered nanoprobes can be used as imaging probes 
for future in vivo cellular and molecular dynamic studies, 
which will eventually enable straightforward single-
molecule detection and tracking in whole-embryo 
imaging. A formidable challenge will be to provide 
robust bioorthogonal labelling strategies67 for nanoprobe 
bioconjugates, thereby securing proper cellular and 
molecular targeting and retaining full biofunctionality.

Microscopy techniques
To understand the genetic control of embryonic 
morphogenesis and how cells proliferate, differenti-
ate and organize into functional structures, devel-
opmental biologists were for a long time limited to 
static and two-dimensional analyses of fixed embryos.  
In the past two decades, the emergence of sophisti-
cated microscopy techniques has opened the field to 
three-dimensionally resolved, dynamic and long-term  
in vivo imaging. As embryos are often small enough for 
optical imaging, fluorescence microscopy became the 
method of choice for both structural and functional 
imaging of live embryos in combination with quantita-
tive analyses. The seminal but laborious efforts of John 
Sulston and colleagues in the 1980s to map embryonic 

cell lineages3 can now be efficiently recapitulated with 
automated lineage tracing in entire, live worm embryos 
using standard confocal microscopy68. However, the 
unique characteristics of live embryos still pose a formi-
dable challenge to current microscopy techniques: their 
inner structure is inhomogeneous and constantly moving; 
they can be highly sensitive to manipulation and photo-
damage; and their morphogenetic processes can occur at 
a wide range of temporal and spatial scales. In this con-
text, recent developments in multiphoton and light-sheet 
microscopy hold great promise for multidimensional and 
multiscale whole-embryo imaging.

Multiphoton microscopy. To capture single-cell dynamics  
inside living embryos, imaging depth into the tissue is 
often the main limitation of microscopy. The depth at 
which images can be recorded with sufficient quality is 
limited by the optical properties of embryonic tissues. 
These properties depend on the species and vary in time 
and space during development69. The most effective 
approach for deep-tissue fluorescence imaging is two-
photon excited fluorescence microscopy70 (BOX 1; TABLE 2), 
which has been successfully used to investigate cell popu-
lation dynamics in various embryonic model systems, 
including fly71–73, quail74 and mouse75,76. For example, 
two-photon microscopy has enabled the study of dif-
fusion properties within the highly scattering yolk of 
fly embryos77. Similarly, the large-scale dynamics of the 
deepest mesoderm cells during fly gastrulation have been 
followed using two-photon microscopy72 (FIG. 1e).

An attractive feature of multiphoton microscopy is 
its ability to carry out label-free imaging (without the 
need for fluorescent probes) of embryos using addi-
tional, nonlinear contrast mechanisms. In particular, 
harmonic generation signals, such as SHG and third-
harmonic generation (THG), from lipid bodies78, cell 
interfaces79, mitotic spindles79 or muscles80 enable struc-
tural imaging of unstained embryos, without the limita-
tion of photobleaching, and can be directly combined 
with fluorescence. Such intrinsic contrast has been used 
recently to reconstruct cell lineages and to study cell 
division patterns in early zebrafish embryos79 (FIG. 1f). 
In addition, a unique advantage of multiphoton imaging 
is its straightforward application for spatially confined 
photomanipulation inside embryos, including precise 
photoablation71,81 or photoactivation of proteins31,33.

Among recent improvements of multiphoton micros-
copy, the ability to reach longer excitation wavelengths 
with improved laser sources opens up new opportuni-
ties for whole-embryo imaging: moving from an excita-
tion wavelength of 800 nm to the 1,200–1,500 nm range 
provides sufficient energy for the excitation of imag-
ing probes in the red and near-infrared spectra, with 
increased optical penetration and decreased photodam-
age80 (BOX 1). In addition, reaching such wavelengths by 
combining the conventional titanium-sapphire laser with 
an optical parametric oscillator offers the ability to improve 
multicolour, multiphoton imaging by mixing excitation 
wavelengths. Using this methodology, simultaneous, effi-
cient and independent two-photon excitation of multi-
ple fluorophores in live Brainbow-labelled tissues and 
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Conformal scanning
Unlike raster scanning, which is 
used in most point-scanning 
microscopes, conformal 
scanning uses a laser scanning 
pattern that is adapted to the 
sample shape.

Dynamic aberration 
correction
An experimental procedure to 
correct for changing optical 
aberrations that are induced 
by embryonic tissues during 
development using adaptive 
optics and real-time 
corrections.

embryos was recently demonstrated82. Future progress 
in laser scanning microscopy will certainly benefit from 
the improved ability to tailor illumination and detec-
tion parameters at each point of the embryo and actively 
adapt them to the changing properties of developing 
organisms, as exemplified by conformal scanning that has 
been adjusted to the embryo shape79 or dynamic aberration 
correction in live embryos83.

Light-sheet microscopy. Although these advances in 
multiphoton microscopy hold great promise for expand-
ing our knowledge of how an organism develops, we still 
face challenges to truly appreciate the dynamic nature 
of a developing living organism with sufficient spati-
otemporal resolution. Recording embryonic develop
ment in multiple dimensions and scales often defies the 
speed performance of conventional microscopes. Both 
standard confocal and two-photon microscopes rely 
on point scanning: images are recorded one pixel at a 
time, resulting in pixel rates below 1 MHz (<106 pixels 
per second). However, much higher pixel rates are 
required to capture fast processes, including beating 
heart development84,85, fluid flow dynamics81,86 and cilia 
motility87. In addition, high-speed imaging is required 
for the multiscale investigation of slower processes, 

such as cell migration, shape changes or proliferation. 
To improve imaging speed, the past decade has seen 
the emergence of light-sheet microscopy as the most 
promising microscopy technique for fast, volumetric 
imaging of live embryos88. The ability to carry out 
fast, three-dimensional optical sectioning with both 
an extended field of view and limited photodamage is 
a unique advantage of light-sheet microscopy (BOX 2; 
TABLE 2). It has enabled the whole-embryo imaging 
of early zebrafish embryos with a sufficient pixel rate 
(>100 MHz) and spatial resolution to track in parallel 
thousands of cells during the first 24 hours of zebrafish 
development89. Recently, the favourable characteristics 
of light-sheet microscopy were beautifully illustrated by 
monitoring the activity of a large-scale ensemble of neu-
rons in larval zebrafish90,91. By using a vertical sample 
holder, which enables the embryo to be easily rotated 
and imaged from different angles, a better image qual-
ity92,93, an isotropic spatial resolution94 and a further 
improvement in imaging speed93,95,96 can be attained.

However, the imaging speed of light-sheet micros-
copy comes with several limitations for whole-embryo 
imaging, including uneven image quality and limited 
imaging depth (BOX 2). These properties compromise 
intensity-based measurements and deep-tissue imaging, 

Table 2 | Properties to consider when choosing microscopy techniques for whole-embryo imaging

Properties Confocal microscopy Multiphoton microscopy Light-sheet microscopy* Advanced light-sheet 
microscopy‡

Standard imaging speed 
(pixel rate)

<1 MHz <1 MHz§ >10–100 MHz >10–100 MHz

Standard spatial resolution <0.4 μm (lateral) and 
<2 μm (axial)

<0.5 μm (lateral)|| and 
<3 μm (axial)¶

<0.5 μm (lateral)# and 
<3 μm (axial)**

Up to <0.5 μm (lateral) and 
up to <0.5 μm (axial)

Imaging depth‡‡ Limited Best Limited Improved

Photodamage 
(photobleaching and 
phototoxicity)§§

Strong Medium|||| Low Low

Detection Point detector Point detector Widefield detector Widefield detector

Sample preparation Standard for upright and 
inverted microscope

Standard for upright and 
inverted microscope

Unusual mounting 
procedure that depends on 
the geometry of the scope 
(needs access from at least 
two orthogonal directions)

Unusual mounting 
procedure that depends on 
the geometry of the scope 
(needs access from at least 
two orthogonal directions)

Commercial availability Yes Yes Yes No

Main limitations Imaging speed, imaging 
depth and photodamage

Imaging speed and 
potential nonlinear 
photodamage

Imaging depth and 
inhomogeneity of image 
quality

Advances are not yet 
commercially available

Main advantages Accessible in most imaging 
facilities

Imaging depth Combined imaging 
speed, large field of view, 
low photodamage and 
quasi-isotropic spatial 
resolution can be obtained

Optimal compromise 
between signal to noise 
ratio, imaging speed, field 
of view, spatial resolution, 
imaging depth and 
photodamage

*Commercially available (using Gaussian beam illumination and one-photon excited fluorescence). ‡With recent developments, such as confocal detection, 
multiphoton excitation or Bessel beam illumination. §Using the same labelling method and specimen type as confocal microscopy. The pixel rate is in principle 
slightly lower than with confocal microscopy owing to lower signal levels; however, as multiphoton microscopy is better at imaging at greater depth, the pixel rate 
can be similar or higher when imaging deep into light-scattering embryos. ||Lateral spatial resolution is in principle lower than for confocal microscopy owing to 
longer excitation wavelengths; however, this resolution is maintained at a depth that is unreachable with confocal or light-sheet microscopy. ¶Axial resolution is 
strongly degraded in depth with all techniques; multiphoton microscopy is better suited for maintaining good axial resolution deep into light-scattering embryos. 
#Lateral resolution is more sensitive to light scattering and aberration in the detection path than with other techniques. **Axial resolution depends on the 
thickness of the light sheet and is not even within the field of view. ‡‡Absolute depth of imaging strongly depends on the optical properties of the embryo. §§This is 
representative, as photodamage strongly depends on labelling method, specimen type and fine-tuning of acquisition parameters. ||||Nonlinear photodamage can 
occur in multiphoton microscopy and can be minimized by adjusting excitation parameters, such as the laser pulse width, repetition rate or wavelength.
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High-NA
objective

a b cHigh-NA
objective

High-NA
objective

Low-NA
objective

Image plane

Single-photon
illumination

Multiphoton
illumination

Detection

Parallelization that is 
orthogonal to the
direction of illumination
results in increased
photodamage

Parallelization in the
direction of illumination
results in decreased
photodamage

Light
sheet

Collinear geometry Orthogonal geometry

Single-point scanning
• Confocal microscopy
• Multiphoton microscopy

Multiple-point scanning
• Spinning-disk confocal microscopy
• Multifocal multiphoton microscopy

Plane illumination
• Single-photon light-sheet microscopy
• Multiphoton light-sheet microscopy

Imaging speed
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Gaussian beam
The intensity profile of a laser 
beam after focusing it with a 
standard microscope objective.

Bessel beam
A specific laser beam profile 
with elongated axial and short 
lateral extensions of the focal 
volume. 

which are crucial requirements for future quantitative 
animal studies. To address these shortcomings, several 
approaches using multiphoton97,98, Bessel beam99,100 or 
multidirectional101 illumination have recently succeeded 
in improving either the penetration depth of the light 
sheet or the homogeneity of fluorescence excitation, and 
the spatial resolution throughout the field of view. For 
example, multiphoton light-sheet microscopy enabled 
both fast and deep imaging of live fly embryos with the 

additional benefit of decreased photodamage compared 
with standard multiphoton microscopy97. In terms of 
detection, the imaging depth of light-sheet microscopy 
is restricted by scattered photons that contribute to back-
ground noise. Among recently tested strategies to remove 
the background signal102–104 (FIG. 1g), confocal slit detection 
seems to provide the fastest acquisition speed and is the 
most straightforward to implement105,106. Although these 
approaches are neither fully mature nor commercially 

Box 2 | Increased imaging speed but limited imaging depth and image quality in light-sheet microscopy

Both confocal and multiphoton microscopes rely on single-point scanning and record images one pixel at a time (see the 
figure, part a), which provides slow imaging speed. To improve acquisition speed, the most effective strategy is to parallelize 
illumination and detection: starting with spinning-disk confocal microscopy, in which several discrete points are illuminated 
at a time (see the figure, part b), and progressing to the ultimate parallelization by light-sheet microscopy, in which the entire 
imaging plane is illuminated at once (see the figure, part c). In this case, a sheet of light is generated either using a cylindrical 
lens88 or by scanning a weakly focused Gaussian beam89,97, and imaged with a camera oriented orthogonally to the sheet. 
In light-sheet microscopy, the optical sectioning is due to the confinement of the fluorescence excitation within the 
illuminated sheet. Such illumination induces less photodamage. Compared with the collinear geometry of most microscopes 
(see the figure, parts a,b), the orthogonal geometry of light-sheet microscopes (see the figure, part c) results in decreased 
out-of-focus excitation and the parallelization of illumination along the light propagation direction, which reuses the same 
excitation energy. In multifocal approaches (see the figure, part b), the illuminating beam is split and highly focused, which 
uses more energy with stronger intensities and induces out-of-focus excitation.

Limited imaging depth and uneven image quality in terms of signal and spatial resolution throughout the field of view 
are two current limitations of light-sheet microscopy. Most light-sheet microscopes have a Gaussian light-sheet profile, 
which results in uneven axial resolution (better resolution in the image centre than at the edges). Gaussian beam 
illumination also imposes a compromise between axial resolution and field of view size: less focusing of the excitation 
beam results in a larger field of view but a thicker light sheet with degraded axial sectioning. The signal level is also 
sensitive to aberrations and absorption along the path of illumination propagation, often resulting in images with striped 
features along the illumination axis. Finally, light scattering when imaging deep into embryos quickly degrades axial 
resolution and increases background noise levels: the thickness of the light sheet increases with depth, and scattered 
emitted photons contribute to the image background noise. Substantial efforts by many microscopy laboratories are 
currently directed towards addressing these issues. 

The ability to gather light is indicated by the numerical aperture (NA).
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available yet, they reflect the active field of research to 
improve light-sheet microscopy. Recent initiatives to pro-
vide open access technology platforms will certainly help 
in disseminating this technique and its recent advances to 
the developmental biology community107,108.

Quantitative tools for processing and analysis
Advances in imaging probes and microscopy techniques 
have provided improved detection sensitivity with higher 
spatiotemporal resolution, larger fields of view and lower 
photodamage within entire living embryos. However, the  
size and multidimensional and multiscale nature of  
the resulting digital imaging data often hamper thorough 
investigation. To cope with the amount and complexity 
of data, and to gain insights into the molecular and struc-
tural dynamics of living biology, computer-based image 
processing and quantitative image analysis are necessary 
but remain a bottleneck in research. A typical quantitative 
analysis workflow for whole-embryo imaging includes 
image filtering and reconstruction, visualization, seg-
mentation and registration, or feature computation and 
analysis109,110. Such quantitative tools help to visualize, 
explore and interact with the multidimensional imaging 
data. They are crucial to feed theoretical models, imple-
ment high-throughput strategies and gain new biological 
insights that would be impossible to obtain otherwise. 
Recent quantitative imaging of live embryos has proved 
its potential to investigate embryonic development, with 
applications in morphogen gradient formation14–20, tran-
scription factor dynamics31, cell lineage analysis68, tissue 
morphogenesis72 and quantitative in vivo phenotyping111. 
In parallel, large-scale advances in computer vision and 
bioimage informatics in the past decade have resulted 
in crucial software developments for the visualization, 
processing and analysis of multidimensional biological 
imaging data, with both commercial software and open-
source options112. However, the case studies that are used 
to develop such informatics tools rarely focus on live-
embryo imaging data and are usually limited to static, 
three-dimensional approaches. The visualization-assisted 
analysis system V3D113 and the virtual brain explorer for 
zebrafish (ViBE‑Z) software114 are powerful tools that 
have been successfully applied to visualize, analyse or 
register complex three-dimensional neuronal tissue 
structures. In light of such promising developments, 
there is an overall consensus that quantitative computa-
tional analysis tools and imaging workflows need to be 
generalized and standardized to comprehensively capture 
dynamic developmental processes109,110,115,116. Here, we 
address this formidable task by discussing the challenges 
in three major areas — visualization, imaging data regis-
tration and feature computation — to accomplish a truly 
systematic workflow for the processing and analysis of 
whole-embryo imaging data.

Visualization. Embryonic development is fundamen-
tally a multidimensional and multiscale process. Both 
commercial and open-source software have made 
important progress in the past decade for rendering 
and visualizing multidimensional data, including space, 
time and colour dimensions. However, in practice, 

investigators are often faced with the difficult task of 
visualizing the experimental workflow at all levels: from 
raw whole-embryo image acquisition to graph or figure 
design for article publication. For example, when cells 
are moving within a densely packed three-dimensional 
tissue, visualization and exploration of the imaging data 
sets is challenging even with the best available visualiza-
tion tools. As a consequence, these tools should not only 
handle the large size of imaging data sets obtained with 
advanced microscopy techniques but also should help 
researchers to explore, interact with and understand 
complex data.

Despite the multidimensional nature of embryonic 
development, in some cases the dimensionality of the 
biological process can be reduced without losing cru-
cial information. For example, in the case of morphogen 
gradient formation in the fly wing, most molecules are 
restricted to the most apical region of the wing imaginal 
disc epithelium, which is composed of a single cell-layer 
sheet. This tissue geometry and subcellular morphogen 
distribution have enabled investigators to analyse the 
gradient in two dimensions by projecting optical sec-
tions that encompass the apical domain onto a single 
plane14. Similarly, projecting the fluorescent signal 
and unwrapping the cell tracks from four-dimensional 
imaging data to two-dimensional maps have recently 
been applied to follow cell movements or cell shape 
changes during the early stages of fly117 or zebrafish96 
development (FIG. 1h).

However, such direct projection of imaging data and 
smart use of embryonic geometry to reduce dimen-
sionality are often stage-, process- and species-specific 
approaches and are not always possible, in which case 
visualization tools are required to help to break down  
the complexity. For example, the V3D software113 aids the  
understanding of three-dimensional gene expression 
patterns by displaying gene expression profiles along 
lines that have been interactively drawn by the user. 
A spatial coordinate system, which has been adapted  
to the shape of the embryonic tissue, can also be used to 
decompose, visualize and comprehend complex three-
dimensional cell movements according to their biologi-
cally relevant components72. The investigation of several 
stereotypical and fundamental morphogenetic events, 
such as cell intercalation, would greatly benefit from the 
design of specific visualization tools. It is currently very 
challenging to visualize and identify cell intercalations 
that occur in all dimensions deep within an embryo. To 
this end, visualization tools could take advantage of the 
specific geometry of both planar and radial cell intercala-
tions118 to carry out local projections and to explore large 
imaging data sets. These examples strikingly illustrate 
how quantitative tools can help developmental biologists 
to visualize multidimensional whole-embryo imaging 
data by breaking down complexities. Obviously, such 
tools will need to be generalized in the future. A recent, 
fully multidimensional approach to quantitatively 
phenotype cell movements in the early worm embryo 
using three-dimensional representations — although it 
is limited to a small number of cells — is a promising 
advance in data visualization111.
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Whole-embryo imaging

FRAP and related techniques of
non-modifiable protein fusions
(such as, eGFP)

FDAP of photoactivatable
or photoconvertible protein
fusions (such as, paGFP or Dendra2)

FCS and related techniques of 
non-modifiable protein fusions
(such as, eGFP or mRFP)

Labelling of individual proteins and
lipids with engineered nanoprobes
(such as, quantum dots)

Confocal microscopy

Two-photon microscopy
for deep imaging or
light-sheet microscopy
for fast imaging

Confocal microscopy or
two-photon microscopy
for deep imaging

Probes (with assay)Microscopy technique

+

+

+

Photoactivatable or photoconvertible
transgenic strains (for example,
Dendra2 in PhOTO zebrafish)

Cre–loxP, FLP-FRT or PhiC31
integrase recombination strategies
for generating single cell colour
diversity (for example, 
Brainbow mice). 

Labelling of individual cells with
engineered nanoprobes
(for example, SHG nanoprobes)

Confocal microscopy or light-
sheet microscopy for fast
imaging

Confocal microscopy or
two-photon microscopy for
deep imaging

Two-photon microscopy for 
deep imaging or light-sheet
microscopy for fast imaging

Probes (with assay) Microscopy technique

+

+

+

Molecular dynamics
(such as, protein 
kinetics and 
membrane trafficking)

Cellular dynamics 
(such as, cell division, 
cell mobility, cell 
apoptosis and
cell–cell interactions)

Obtain kinetic parameters in two- 
dimensional tissue structures (for example, 
morphogens in wing imaginal disc)

Obtain kinetic parameters in complex 
tissue structures (for example, transcription 
factors in blastomeres)

Obtain kinetic parameters for an extended 
period of time in various tissue structures 
(for example, entire gastrulation)

Capture fast cellular dynamics with 
instantaneous and precise labelling 
(for example, early gastrulation)

Capture long-term cellular dynamics 
with clonal and stable labelling 
(for example, regeneration)

Capture cellular dynamics in 
challenging deep-tissue environments 
(for example, internal organs)

Imaging data registration. Registration corresponds to 
any transformation that is applied to the imaging data 
to enable data from different experiments to be com-
bined or compared. This task is crucial to investigate 
the variability between individual embryos, to carry out 
statistical analyses and to ensure the reproducibility of 
experimental data. Registration encompasses many pro-
cedures, including image reconstruction, alignment or 
stitching, drift correction, time synchronization or the 
definition of a coordinate system that has been adapted 
to the body plan. Building canonical digital atlases from 
different experiments is a powerful tool to investigate 
the complexity of signalling or morphological patterns.  
To combine data and to overcome variations in morphol-
ogy or patterning between individuals, inter-specimen 
registration has been used to map stereotypical cell 
locations in worms119 or gene expression patterns in 
flies120 into canonical digital atlases. More recently, the 
ViBE‑Z software114 introduced an automated registra-
tion procedure, which uses trainable landmark detection, 

reorientation of the imaging data and elastic deforma-
tion to align three-dimensional maps of gene expression 
patterns in the zebrafish larval brain into anatomical 
reference models. Such efforts provide the possibil-
ity to gain new insights by combining multiple experi-
ments, such as virtual colocalization of gene expression 
patterns. However, it will be essential to extend these 
approaches to live imaging data that encompass molecu-
lar and cellular dynamics. Such registrations of multi
dimensional, dynamic imaging data can provide a 
deeper understanding of variability beyond the static 
canonical patterns, potentially identifying stereotypical 
and non‑stereotypical dynamics during development.

Quantitative feature computation. Feature computation 
is a crucial step to obtain biological insights from imag-
ing data. These features are quantitative descriptors that 
are extracted from the images and that describe signal-
ling patterns or embryonic morphogenesis. New tools 
are emerging to quantify biological features that are 

Figure 2 | Quantitative whole-embryo imaging: a selection flowchart for specific applications in cellular and 
molecular dynamics.  The selection flowchart provides a comprehensive overview by specifying the main examples 
of applications, questions or problems (summarized in blue and green boxes), and by suggesting present and future 
imaging probes and microscopy techniques (summarized in beige boxes) for carrying out quantitative imaging studies 
during development. Only passive labels are considered as probes, excluding biosensors, optogenetic actuators and 
sensors. To capture cellular dynamics in deep-tissue environments, the currently available fluorescent proteins are of 
limited use owing to photobleaching and signal saturation. The detailed qualities of imaging probes and microscopy 
techniques are discussed in TABLE 1 and TABLE 2, respectively. Fluorescence recovery after photobleaching 
(FRAP)-related techniques include fluorescence localization after photobleaching (FLAP) and fluorescence loss in 
photobleaching (FLIP). Fluorescence correlation spectroscopy (FCS)-related techniques include fluorescence 
cross-correlation spectroscopy (FCCS) and image correlation spectroscopy (ICS). The PhiC31 integrase efficiently 
recombines sequences that contain attB sites with sequences containing attP sites. eGFP, enhanced GFP; FDAP, 
fluorescence decay after photoactivation or photoconversion; FLP, flippase; FRT, flippase recognition target; mRFP, 
monomeric red fluorescent protein; paGFP, photoactivatable GFP; PhOTO zebrafish, photoconvertible optical tracking 
of zebrafish; SHG, second harmonic generation.
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specific to embryonic development, such as morpho-
gen gradients, cell movement, cell division, cell inter
calation, tissue invagination or convergence extension at 
the level of the whole embryo109. Cell lineage reconstruc-
tion illustrates the potential of feature computation in 
whole-embryo imaging: it relies on three-dimensional 
cell tracking and identification of cell division by 
using in vivo recording of embryonic development 
to investigate cell fate68. Usually, fluorescent labelling 
of nuclei68,116 is used, but label-free (SHG and THG) 
microscopy in zebrafish embryos has also been accom-
plished79. Quantitative measures of molecular signalling 
and morphology recently revealed how coordinated 
morphogen gradients and cell motion establish tissue 
patterning during zebrafish neural tube formation121. 
However, feature computation in whole-embryo imag-
ing remains a difficult task, as the quantitative inves-
tigation of morphogenesis is often limited to manual 
investigation. Image segmentation and cell tracking 
are typically carried out or corrected manually, and 
quantitative measurements rely on visual inspections. 
Evidently, the current workflow is not compatible with 
the analysis of large data sets in whole-embryo imag-
ing. In addition, standard metrics are lacking for the 
quantification of many stereotypical features of embry-
onic morphogenesis, such as cell intercalation and tissue 
invagination. There is a need for automated approaches, 
expansion of segmentation tools and standard metrics. 
For example, cell membrane segmentation is crucial 
for investigating tissue morphogenesis or cell shape 
changes and can provide better accuracy for tracking 
cells in vivo. Efficient and automated three-dimensional 
membrane segmentation tools in live embryos are only 
now being developed122,123. In the near future, automated 
computation of multiple features by standard protocols 
will enable researchers to fully benefit from the rich 
content of whole-embryo images.

Conclusions
The imaging ‘toolbox’ that is available to developmen-
tal biologists has expanded markedly during the past 
decade. Embryonic development can now be investi-
gated in vivo with improved spatiotemporal resolution, 
at multiple scales and with more detailed quantitative 
analyses. More specifically, the application of a diverse 

set of genetically encoded proteins has enabled molecu-
lar dynamics inside living embryos to be investigated 
with sophisticated quantitative analyses, including FCS, 
FRAP or FDAP. The emergence of proteins with near-
infrared emission spectra and engineered nanoprobes 
with superior optical characteristics is poised to over-
come the current limitations of fluorescent probes, 
which will create new opportunities to investigate devel-
opment in unprecedented detail. In addition, recent 
applications and innovations in multiphoton and light-
sheet microscopy are moving the field towards deeper 
and faster in vivo whole-animal imaging with reduced 
photodamage, which will ultimately enable truly multi-
dimensional and multiscale investigations of embryonic 
development. Finally, whole-embryo image processing 
and analyses face challenges including visualization, data 
registration and feature computation, but there have 
been recent promising advances in these areas. The inte-
gration of such imaging tools to deliver a better under-
standing of the principles of development will demand 
a coordinated interdisciplinary effort. Developmental 
biologists will increasingly need to carry out and design 
experimental approaches in close interaction with 
chemists (for probe development and functionaliza-
tion), engineers (for image modality refinement), bio-
physicists (for modelling) and computer scientists (for 
data management and image analyses). In addition, 
developmental biologists need to critically evaluate new 
imaging tools, as it is often difficult to predict whether 
innovations are mature enough to be useful beyond the 
‘proof of principle’. Here, we provide a general selection 
framework to the reader with advice to help choose 
adapted tools for future cellular and molecular dynamic 
studies in whole-embryo imaging on the basis of recent 
literature and our own experience (FIG. 2; TABLES 1,2). 
An exchange platform can further facilitate the identi-
fication of the right tools for the desired experimental 
purpose. To this end, recently established imaging plat-
forms (such as BioEmergences110), networks of core 
facilities (such as Core for Life124) and ‘open hardware’ 
initiatives (such as OpenSPIM107) are encouraging first 
steps to promote this much-needed exchange. In light of 
these advances, developmental biologists enter an excit-
ing time to tackle the formidable challenge of exploring 
the complexities of life.
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